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Preface

Bacterial chromatin is the nucleoprotein complex consisting of genomic DNA and its
associated proteins in bacteria. In recent years, it has been increasingly appreciated that
bacterial chromatin is organized at various length scales and that organization affects
processes occurring within this structure and vice versa. Nevertheless, detailed information
of this structure—function relationship is lacking. The methods brought together in this
book can be used to explore this relationship ranging from the molecular to the cellular
scale. Next to detailed experimental protocols of iz vive and in vitro approaches, theoretical
contributions describing approaches to genome structure modeling and data analysis are
included. The book will be a useful up-to-date reference work for scholars in the bacterial
chromatin field, as well as others entering the field from adjacent research fields (transcrip-
tion, replication, and repair in bacteria), as well as the eukaryotic chromatin field.

Leiden, The Nethevlands Remus T. Dame
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Determination of the 3D Genome Organization of Bacteria
Using Hi-C

Fréedéric G. Cremazy, Fatema-Zahra M. Rashid, James R. Haycocks,
Lisa E. Lamberte, David C. Grainger, and Remus T. Dame

Abstract

The spatial organization of genomes is based on their hierarchical compartmentalization in topological
domains. There is growing evidence that bacterial genomes are organized into insulated domains similar to
the Topologically Associating Domains (TADs) detected in eukaryotic cells. Chromosome conformation
capture (3C) technologies are used to analyze in vivo DNA proximity based on ligation of distal DNA
segments crossed-linked by bridging proteins. By combining 3C and high-throughput sequencing, the
Hi-C method reveals genome-wide interactions within topological domains and global genome structure as
a whole. This chapter provides detailed guidelines for the preparation of Hi-C sequencing libraries for
bacteria.

Key words Hi-C, Chromosome, Bacterial chromatin

1 Introduction

Over the last decade, Chromosome Conformation Capture (3C)-
based methods have been used to resolve the 3D conformation of
genomes in eukaryotes [1]. The techniques have revealed how
genomes are organized and how this organization can influence
gene expression through long-range physical interactions between
regulatory elements [2, 3]. Hi-C is possibly the most powerful of
the 3C-based methods as it allows the interrogation of all possible
interactions across the genome in an unbiased manner at a resolu-
tion of up to 5 kb [4].

Only recently, Hi-C has been used to probe chromosome
conformation in prokaryotes [5—7]. The first genome-wide inter-
action frequency maps obtained from Bacillus subtilis and Caunlo-
bacter crescemtus demonstrated that, as in eukaryotes, bacterial
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genomes are organized into large-scale insulated chromosomal
structures called Chromosome Interactions Domains (CID). The
formation and maintenance of these domains is correlated with
DNA transactions such as transcription [6]. Hi-C has also revealed
how the 3D structure of the 07 macrodomain influences DNA
replication initiation and chromosome segregation [7]. These
results underline the relevance of using Hi-C to correlate 3D
structure of genomes with genome function.

Like other 3C-based methods, Hi-C relies on the proximity
ligation of DNA fragments connected together by architectural
proteins to probe the 3D organization of the chromosome (see
Fig. 1). First, a snapshot of the chromosome is obtained by treating
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Fig. 1 Schematic overview of the Hi-C method. Bacteria are cultured and fixed using formaldehyde to crosslink
proteins to DNA (proteins are shown in green, DNA fragments of interest in various colors and other DNA
fragments in gray dotted lines). After cell lysis, bacterial chromatin is digested with a restriction enzyme and
the cohesive extremities are filled using T4 DNA polymerase in buffer containing a biotinylated nucleotide
(light colors and gray circles). The digested DNA fragments are then diluted tenfold and ligated overnight. After
cross-link reversal and protein digestion, the purified DNA is fragmented enzymatically. For next-generation
sequencing, barcoded adapters are ligated to the DNA and the library is enriched for biotinylated junctions
using streptavidin beads (light brown circles). The library is further amplified by PCR and analyzed by paired-
end sequencing. After mapping and filtering of all the junctions, genome-wide interactions are displayed as a
colored matrix
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bacterial cells with a fixative, usually formaldehyde. After lysis of the
cells, the chromatin is digested using a restriction enzyme, either a
6- or 4-base pair cutter, fragmenting the genome into a heteroge-
neous population of DNA-protein complexes. Interactions
between distal DNA segments are retained after fragmentation.
Hence, overhanging DNA ends generated by restriction can be
filled using biotin-labeled nucleotides and blunt end ligated. Liga-
tion is carried out in dilute conditions to favor ligation of DNA
fragments in the same cross-linked chromatin complex. Hence, the
chance of ligation between unlinked DNA fragments is minimized.
After reverse crosslinking and DNA purification, biotin labels from
unligated restriction fragment ends are removed using the exonu-
clease activity of T4 DNA polymerase. The library produced is then
fragmented and the biotin-labelled junctions are enriched using
streptavidin-coated magnetic beads. The ligation-junctions
are identified by paired-end sequencing. After filtering and
mapping of the reads to a reference genome, a genome-wide prox-
imity map is generated in the form of a matrix of pairwise interac-
tion frequencies across the genome.

In this chapter, we present a detailed protocol for the prepara-
tion of Hi-C libraries from the bacterium Escherichia coli and
subsequent high-throughput sequencing. Data analysis and meth-
ods for generating Hi-C interaction maps are explained in more
detail in Chapter 2 of this book.

2 Materials

2.1 Cell Fixation

1. 1x PBS solution: 137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na,HPOy, 1.47 mM KH,POy,, pH 7.4. Place the solution
on ice.

2. 37% w /v formaldehyde solution.

3. 3% v/v formaldehyde solution: Add 1.6 mL of 37% w/v form-
aldehyde solution to 18.4 mL of cold 1x PBS solution (see
Note 1). Freshly prepare the 3% formaldehyde and place it on
ice. Keep the solution away from direct sunlight.

4.25 M Glycine solution filter-sterilized using a sterile,
non-pyrogenic 0.2 um filter.

5. 1x TE Buffer: 10 mM Tris-HCI, 1 mM EDTA-Na,, pH 8.0.
6. Dry ice.

7. Refrigerated benchtop centrifuge (e.g., Eppendorf centrifuge
5810R or 5430R).

8. Roller bench.
9. —80 °C freezer.
10. 50 mL Falcon tubes.
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2.2 Hi-C Library
Preparation

11.
12.
13.

14.
15.

92NN NN I S R

10.

11.
12.
13.
14.

15.
16.
17.
18.

Serological pipettes.

Pipette pump.

Elongated Pasteur pipette (made of soda lime silica glass): Heat
a 1 cm space of the Pasteur pipette above the tip and stretch the
heated region to reduce the diameter of the pipette bore. Use a

pair of tweezers to carefully break the pipette at the elongated
region to produce a Pasteur pipette with a narrow opening.

1000 pL micropipette.
Sterile 1.5 mL microfuge tubes.

. Ix TE Buffer: 10 mM Tris—HCI, 1 mM EDTA-Na,, pH 8.0.
. 40,000 U/pL Ready-Lyse Lysozyme (Epicentre).

. 1.0 M NaCl.

. Nuclease-free water.

. 10% w /v sodium dodecyl sulfate (SDS) solution: Dissolve 1.0 g

of SDS (ACS reagent, >99.0%) in 10 mL of nuclease-free
water.

. 10% v /v Triton X-100 solution: Dilute 1.0 mL of Triton X-100

(molecular biology grade) with 9.0 mL of nuclease-free water.
Store the solution at room temperature (20 °C-25 °C) in
the dark.

. 10x restriction enzyme buffer (as supplied with the restriction

enzyme).

. Selected restriction enzyme (se¢ Note 2).

. 100 mM deoxynucleotides (ultrapure dNTDPs as separate solu-

tions). Repeated freeze-thaw cycles may result in the degrada-
tion of ANTPs. To minimize degradation of the 100 mM stock,
dilute 20.0 pL of 100 mM dNTP with 180.0 pL of nuclease-
free water. Store the 10 mM dNTP solution at —20 °C as
50.0 pL aliquots.

Separate solutions of 1 mM dNTP: Dilute one 10 mM dNTP
aliquot tenfold with nuclease-free water. Store the dNTP solu-
tion at —20 °C and thaw on ice when necessary.

0.4 mM biotin-14-dATP (see Note 3).
5 U/pL DNA Polymerase I, Large (Klenow) fragment.
20 mg/mL bovine serum albumin (BSA).

10x T4 DNA Ligase buftfer: 0.5 M Tris—-HCI, 0.1 M MgCl,,
10 mM ATP, 0.1 M DTT, pH 7.5.

2000 U/pL T4 DNA Ligase.

0.5 M EDTA, pH 8.0.

10 mg/mL RNase A solution.

20 mg/mL Proteinase K solution.
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19.
20.
21.
22.
23.
24.
25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.

5.0 M NaCl solution.

25:24:1 Phenol:chloroform:isoamyl alcohol solution.
Chloroform.

1.0 M sodium acetate (NaOAc), pH 8.0.

5.0 mg/mL glycogen.

Cold 100% and 70% ethanol solutions.

10 mM Tris, pH 8.0.

dsDNA quantification kit (e.g., Qubit® dsDNA HS Assay Kit
from ThermoFisher Scientific).

10x T4 DNA Polymerase buffer: 0.5 M NaCl, 0.1 M
Tris—-HCL, 0.1 M MgCl,, 1 mg/mL BSA, pH 7.9 (available
as NEBufter 2.1).

3 U/uL T4 DNA Polymerase.

Thermomixer (e.g., Eppendorf Thermomixer® C).
Benchtop centrifuge (e.g., Eppendorf MiniSpin® plus).
Vacuum concentrator.

Vortex mixer.

—20 °C freezer.

2.5 pL, 20 pL, 200 pL, and 1000 pL. micropipettes.
Sterile 1.5 mL microfuge tubes.

Agarose gel electrophoresis setup.

. Solid Phase Reverse Immobilization (SPRI) beads (e.g., Agen-

court AMPure XP from Beckman). Store the beads as 1.0 mL
aliquots at 4 °C. Ensure that the beads are equilibrated to room
temperature and vortexed before use.

2. Elution buffer: 10 mM Tris, pH 8.0.

. Illumina

Elution buffer + 0.1% Tween 20.

Hlumina® library preparation kit (e.g., KAPA HyperPlus kit
from KAPA Biosystems).

®_compatible paired-end sequencing adapters at a con-

centration of 15 pM (e.g., KAPA Single-Indexed Adapter Sets
A and B from KAPA Biosystems). The sequencing adapters
should be barcoded to allow multiplexing during NGS.

Magnetic rack (e.g., DynaMag™-PCR Magnet from Thermo-
Fisher Scientific).

Streptavidin-coupled magnetic beads optimized for the enrich-
ment of biotin-labeled nucleic acids (e.g., Dynabeads®
MyOne™ Streptavidin T1 from ThermoFisher Scientific).
Store the beads at 4 °C and vortex well before use.
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8.

9.

10.

11.

12.
13.
14.

2 x Beads Wash Buffer (2x BWB): 10 mM Tris pH 7.5, 1 mM
EDTA, 2 mM NaCl, 0.1% Tween 20.

1x Beads Wash Buffer (1x BWB): 5 mM Tris pH 7.5, 0.5 mM
EDTA, 1 mM NaCl, 0.1% Tween 20.

dsDNA quantification kit (e.g., Qubit® dsDNA HS Assay Kit
from ThermoFisher Scientific).

Tapestation (Agilent Technologies) or Bioanalyzer (Agilent
Technologies).

Thermal cycler with a heated lid.
Vortex mixer.

PCR tubes.

3 Methods

3.1 Cell Fixation

This protocol is optimized for HiC in Escherichia coli. To process
other bacteria using this protocol, optimize the cell lysis and solu-
bilization steps (see steps 2 and 3 of Subheading 3.2) by adjusting
the treatment duration and/or the concentrations of Ready-Lyse
Lysozyme and SDS.

1.

Transter 6.0 mL of the Escherichia coli culture at the
mid-exponential phase (ODggp of 1.0) into a prechilled
50 mL Falcon tube (see Note 4).

. Collect the cells by centrifugation at 5000 rpm (3400 X g) for

5 min at 4 °C. Decant the supernatant and resuspend the cell
pelletin 18.0 mL of cold 1 x PBS to wash the bacterial cells (see
Note 1).

. Centrifuge the cells at 5000 rpm (3400 x g) for 5 min at 4 °C

and discard the supernatant.

. Resuspend the cell pellet in 18.0 mL of 3% formaldehyde

solution. Incubate the cell suspension at 4 °C for 1 h on a roller
bench at 30 rpm.

. Add 3.2 mL of 2.5 M glycine to the fixation reaction (to a final

concentration of 0.375 M) to quench the excess formaldehyde.
Incubate the cells for 15 min at 4 °C on a roller bench at
30 rpm.

. Collect the fixed cells by centrifugation at 5000 rpm (3400 x g)

for 5 min at 4 °C. Pour out the supernatant and carefully remove
the rest with a micropipette. Resuspend the cell pelletin 5.0 mL
of 1x TE.

. Divide the suspension of fixed cells into five aliquots of 1.0 mL

in sterile 1.5 mL microfuge tubes (see Note 5).
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8.

Pellet the fixed cells by centrifugation at 10,000 rpm (10,600 x 4)
for 2 min at 4 °C. Remove the supernatant with an elongated
Pasteur pipette.

. Flash freeze the cell pellets in dry ice and store the fixed cells at

—80 °C for up to 2 months.

. Resuspend a pellet of fixed cells in 50.0 pL of 1 x TE and place

the cell suspension on ice.

. Prepare a 1:10 dilution of 40,000 U/pL Ready-Lyse Lyso-

zyme (Epicentre) with 4.0 pL of 1x TE, 0.5 pL of 1.0 M
NaCl, and 0.5 pL of 40,000 U/pL Ready-Lyse Lysozyme.
Add 0.5 pL of the diluted enzyme to the cell suspension.
Incubate the tube for 15 min at 37 °C in a Thermomixer at
1000 rpm to lyse the cells.

. Add 2.5 pL of 10% SDS to the lysis reaction and mix by

pipetting. Incubate the tube for 15 min at 37 °C in a Thermo-
mixer at 1000 rpm.

. 5.0 pL of the cell lysate diluted with 45.0 pL of 1 x TE may be

kept aside at —20 °C as “chromatin.” This control serves as a
test to determine whether the extracted chromatin undergoes
degradation during cell lysis and solubilization (see Fig. 2)
(see steps 2 and 3 of Subheading 3.2). Continue with proces-
sing this control at step 13 of Subheading 3.2 and adjust the
volume of the cell lysate to 53.0 pL with 5.0 pL of 1 x TE to
continue with Hi-C library preparation.

. Transfer 53.0 pL of the cell lysate into 186.0 pL of the restric-

tion digestion mix (136.0 pL of nuclease-free water, 25.0 pL. of
10% Triton X-100, and 25.0 pL of 10x restriction enzyme
buffer). Incubate the sample at 37 °C for 10 min in a Thermo-
mixer at 1000 rpm to sequester SDS in the cell lysate with
Triton X-100 in the digestion mix.

. Add 100 U of Restriction enzyme to the digestion mix and, if

necessary, make up the volume of the reaction to 250 pL with
nuclease-free water. Incubate the reaction at 37 °C for 3 h with
shaking at 450 rpm.

. Fill in the restriction ends and tag them with biotin by adding

the following to 250 pL of the digestion reaction: 3.0 pL of
1.0 mM dTTPD, 3.0 pL of 1.0 mM dGTP, 3.0 pL of 1.0 mM
dCTP, 7.5 pL of 0.4 mM biotin-14-dATP, 1.5 pL of 20 mg/
mL BSA, 26.0 pL of nuclease-free water, and 6.0 pLL of 5 U /pL.
DNA Polymerase I, Large (Klenow) fragment (se¢c Note 3).
Mix well by gently inverting the tube and incubate the reaction
for 45 min at 25 °C in a Thermomixer at 450 rpm.

. Inactivate the restriction enzyme and Klenow fragment by add-

ing 15.8 pL of 10% SDS to the fill-in reaction to a final
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Fig. 2 Typical results obtained for different steps of the Hi-C library preparation.
Chromatin: Chromatin extracted from fixed cells during lysis and solubilization
runs as a high molecular weight band >10 kb. Digestion control: Chromatin
incubated in the restriction digestion mix for three hours in the absence of a
restriction enzyme should appear as a high molecular weight band similar to the
chromatin lane. A smear in this control indicates that the chromatin undergoes
degradation during restriction digestion. Digested chromatin: Chromatin
digested with a 6-cutter should run as a smear with a bulk of the fragments
having a size >2 kb. Fractionated chromatin: Fractionation pellets protein-cross
linked DNA. “Free floating” DNA fragments that may contribute to random
ligation and self-circularized products are eliminated. This step is associated
with a loss of shorter fragments. Ligation control: Fractionated chromatin in the
ligation mix in the absence of T4 DNA Ligase should run on the agarose gel with
a profile comparable to fractionated chromatin. Degradation will be observed as
a shift of the profile towards shorter DNA lengths. Hi-C library: A well-ligated
Hi-C library shows a shift of the DNA profile towards high molecular weights

concentration of 0.5%. Mix well by gentle inversion and incubate
the sample for 20 min at 25 °C in a Thermomixer at 1000 rpm.
Avoid inactivation at higher temperatures to minimize prema-
ture reverse cross-linking of the chromatin fragments.

9. Fractionate the chromatin by centrifuging the sample at
16,000 rpm (25,200 x g) for 1 h at 4 °C and discard the
supernatant. Resuspend the gel-like pellet in 200.0 pL of
Nuclease-Free Water. Use 2.0 pL of the sample to determine
the DNA concentration using the Qubit® dsDNA HS
Assay Kit.
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10. Keep a 1.0 pg aliquot aside as the R+ control. This control is
used to visualize the efficiency of restriction digestion (see
Fig. 2). Make up the volume of the control to 50.0 pL using
1x TE and store it at —20 °C. Continue with processing the
R+ control at step 13 of this subsection.

11. Adjust the volumes of 1.0-2.0 pg aliquots of resuspended
chromatin to 820 pL with Nuclease-Free Water. Add
100.0 pLL of 10x T4 DNA Ligase Buffer, 75.0 pL of 10%
Triton X-100, and 5.0 pL of 20 mg/mL BSA. Mix well by
inversion and incubate the samples at 16 °C for 20 min in a
Thermomixer at 1000 rpm to sequester SDS.

12. Add 3.0 pL of 2000 U/pL. T4 DNA Ligase and incubate the
reaction for 16 h at 16 °C. Terminate the ligation reaction by
adding 20.5 pL of 0.5 M EDTA.

13. Add 16.6 pL of 1:10 diluted 100 mg/mL RNase A to the
ligation reaction. Use 0.8 pL for the Chromatin and R+ con-
trol (see steps 4 and 10 of Subheading 3.2). Mix by pipetting
and incubate the samples for 30 min at 37 °C in a Thermo-
mixer at 450 rpm.

14. Add 12.5 pL of Qiagen Proteinase K solution and 120.8 pL of
5.0 M NaCl to the ligation reaction. To the Chromatin and R+
control (see steps 4 and 10 of Subheading 3.2), add 0.64 pL of
Qiagen Proteinase K solution and 6.2 pL. of 5.0 M NacCl.
Incubate the samples for 6 h at 65 °C in a Thermomixer at
450 rpm to reverse formaldehyde-mediated cross-links and
digest proteins.

15. Divide the ligation reaction over two tubes. Add an equal
volume of 25:24:1 phenol:chloroform:isoamyl alcohol to liga-
tion samples and controls and vortex the tubes for 10 s. Cen-
trifuge the samples for 10 min at 14,000 rpm (19,300 x 4) on a
benchtop centrifuge and transfer the top aqueous layer into a
sterile 1.5 mL microfuge tube. Perform this step twice.

16. Place the ligation solutions in a Vacuum Concentrator for 1 h
at 60 °C to reduce the sample volumes from 600 to 200 pL.
Pool the solutions.

17. Add 0.1 volumes of 1.0 M Sodium Acetate pH 8.0 and 0.025
volumes of 5.0 mg/mL Glycogen to each sample and vortex
well. Add 2.5 volumes of cold 100% ethanol. Mix the solutions
well by inversion or vortexing and incubate the samples over-
night at —20 °C.

18. Centrifuge the precipitation solutions for 20 min at
16,000 rpm (25,200 x g4) at 4 °C. Remove the supernatant
with an elongated Pasteur pipette. A white pellet should be
visible at the base of the microfuge tube.
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3.3 NGS Library
Preparation

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Add 500 pL of cold 70% ethanol to the microfuge tube to wash
the pellet. Centrifuge the tube at 16,000 rpm (25,200 x g) for
5 min at 4 °C and remove the supernatant with an elongated
Pasteur pipette. Perform this step twice.

Dry the pellets in a 37 °C incubator for 15 min or on a
benchtop for 1 h. Dissolve each pellet in 17.0 pL of
10 mM Tris.

Use 2.0 pL of the purified libraries and controls to determine
DNA concentration using the Qubit® dsDNA HS Assay Kit.

Visualize between 100 and 500 ng of each sample on a 1.5%
Agarose gel. Ensure that between 500 ng to 1.0 pg of the
purified, ligated Hi-C library is available for the next steps of
the protocol (see Fig. 2).

To 15.0 pL of the purified Hi-C library, add 23.75 pL of
nuclease-free water, 5.0 pLL of 10x NEBuffer 2.1, 5.0 pL. of
1 mM dGTP, 0.25 pL of 20 mg/mL BSA,and 1.0 pLof 3 U /p
L T4 DNA Polymerase. Incubate the reaction at 16 °C for 3 h
in @ Thermomixer at 450 rpm (se¢ Note 6).

Add an equal volume of 25:24:1 phenol:chloroform:isoamyl
alcohol to the sample and vigorously vortex the tube for 10 s.
Centrifuge the samples for 10 min at 14,000 rpm (19,300 x 4)
on a benchtop centrifuge and transfer the top aqueous layer
into a sterile 1.5 mL microfuge tube.

Add 0.1 volumes of 3.0 M Sodium Acetate pH 5.6 and 0.025
volumes of 5.0 mg/mL Glycogen and vortex the sample well.
Add 2.5 volumes of cold 100% ethanol and mix well by inver-
sion. Incubate the sample at —20 °C for at least 1 h.

Centrifuge the precipitation solution for 20 min at
16,000 rpm (25,200 x g) at 4 °C and remove the supernatant
with an elongated Pasteur pipette. A white pellet should be
visible at the base of the microfuge tube.

Add 500 pL of cold 70% ethanol to the microfuge tube to wash
the pellet. Centrifuge the tube at 16,000 rpm (25,200 x 4) for
5 min at 4 °C and remove the supernatant with an elongated
Pasteur pipette.

Dry the pelletin a 37 °C incubator for 15 min or on a benchtop
for 1 h. Dissolve the pellet in 17.0 pL of 10 mM Tris. Use
2.0 pL of the library to determine DNA concentration using
the Qubit® dsDNA HS Assay Kit. Ensure that at least 250 ng
of the Hi-C library is available for NGS Library preparation.

. Remove glycogen and excess salt from the Hi-C library by

mixing 45.0 pL. of Agencourt AMPure XP beads with
15.0 pL of the library in a PCR tube. Incubate the sample at
room temperature for 5 min and follow the wash steps
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according to the manufacturer’s instructions. Elute the DNA
in 37.0 pL of elution bufter (se¢ Note 7).

2. Use 2.0 pL of the library to determine DNA concentration
using the Qubit® dsDNA HS Assay Kit. Proceed with library
preparation if more than 200 ng of the Hi-C library is available.

3. Add 5.0 pL of 10x KAPA Frag buffer and 10.0 pL of the KAPA
Frag enzyme to the Hi-C library on ice.

4. Transfer the reaction to a thermocycler at 4 °C and run the
following program:

Step Temperature Time
Pre-cooled block 4°C N/A
Fragmentation 37°C 10 min
Hold 4°C 00

Maintain the temperature of the heated lid at 45 °C during
fragmentation (see Note 8).

5. Mix 7.0 pL of the End Repair and A-Tailing Buffer and 3.0 pL.
of the End Repair and A-Tailing Enzyme Mix on ice (supplied
with the KAPA HyperPlus kit).

6. Immediately transfer the mix (10.0 pL) to the fragmentation
reaction at 4 °C and run the program below on a thermocycler:

Step Temperature Time
Pre-cooled block 4°C N/A
End repair and A-tailing 65 °C 30 min
Hold 20°C 00

Maintain the temperature of the heated lid at 85 °C during end
repair and A-tailing (see Note 8).

7. Immediately add the following to 60.0 pL of end repaired and
A-tailed DNA: 5.0 uL of 15 uM Illumina® paired-end sequenc-
ing adapter (barcoded), 5.0 pL of elution buffer 4+ 0.1% Tween
20, 30.0 pL of ligation bufter (KAPA HyperPlus), and 10.0 pL.
of DNA Ligase (KAPA HyperPlus). To sequence several Hi-C
libraries in a single Illumina® lane, ligate each library to a
different sequencing adapter.

8. Incubate the reaction at 20 °C for 2 h.
9. Transfer 50.0 pL of Dynabeads® MyOne™ Streptavidin T1
into a PCR tube. Place the tube on a magnetic rack until the

solution clears and carefully remove the supernatant with a
pipette.
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10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Resuspend the beads in 50.0 pL of 1x BWB by vortexing.
Place the beads back on the magnetic rack until the solution
clears and remove the supernatant. Perform this step twice.

Resuspend the beads in 50.0 pL of 2x BWB by vortexing.

Clean up the ligation reaction (see step 8) with 110.0 pL of
Agencourt AMPure XP beads and elute the adapter-ligated
Hi-C library in 50.0 pL of elution buffer.

Mix the library with 50.0 pL of Dynabeads®™ MyOne™ Strep-
tavidin T1 in 2x BWB (see step 11). Incubate the sample for
45 min at 37 °C in a ThermoMixer at 500 rpm.

Place the sample on a magnetic rack to collect the beads and
carefully discard the supernatant.

Resuspend the beads in 50.0 pL of elution buffer + 0.1%
Tween 20 by vortexing. Collect the beads with the magnetic
rack and discard the supernatant. Repeat this step twice.

Resuspend the beads in 20.0 pL of elution buffer + 0.1%
Tween 20.

To the adapter-ligated Hi-C library on beads (step 16), add:
25.0 pL of 2 x KAPA HiFi HotStart ReadyMix, and 5.0 pL of
10x Library Amplification Primer Mix as supplied with the
KAPA HyperPlus kit. Run the following program in a ther-
mocycler to amplify the library:

Step Temperature Time Cycles

Initial denaturation 98 °C 45 s 1

Denaturation 98 °C 15 6-8 (see Note 9)
Annealing 60 °C 30s

Extension 72 °C 30s

Final extension 72 °C 1 min 1

Hold 4°C 0 1

Collect the beads with the magnetic rack and transfer the
supernatant (referred to hereafter as the sequencing library)
into a new PCR tube. Place the tube on ice until needed.
Proceed with processing the sequencing library at step 21.

Resuspend the beads in 50.0 pL of elution buffer + 0.1%
Tween 20 by vortexing and collect the beads using the mag-
netic rack. Remove the supernatant by pipetting. Repeat this
step twice.

Resuspend the beads in 20.0 pL of elution bufter + 0.1%
Tween 20 and store the sample at 4 °C. This adapter-ligated
Hi-C library on beads can be reused on a later date to prepare
the sequencing library as outlined in steps 17 to 24 of this
section.
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21. Purify the sequencing library (see step 18) with 35.0 pL of
Agencourt AMPure XP beads (see Note 7).

22. Elute the sequencing library in 11.0 pL of elution buffer.

23. Use 1.0 pL of the sequencing library to determine DNA
concentration using the Qubit® dsDNA HS Assay Kit.
Use the elution buffer to adjust library concentration to
5.0 ng/pL.

24. Measure the concentration of the sequencing library to
ensure that the dilution was performed accurately.

25. Multiple libraries, each marked with distinct Illumina® paired-
end sequencing adapters, can now be pooled for sequencing.
The ratio at which the libraries are pooled determines the
fraction of total reads available for each library.

26. Assess the quality of the sequencing library by determining
the size distribution of the DNA fragments using a Tapesta-
tion (Agilent Technologies) or Bioanalyzer (Agilent Technol-
ogies). If small amounts of adapters or adapter dimers remain,
perform a second 0.7x SPRI bead purification.

After deep sequencing, reads are mapped using an iterative method,
then assigned to each restriction fragment. Self-circularized, unli-
gated fragments and PCR artifacts are discarded using filtering and
valid junctions are assigned to bins by their midpoint coordinate to
generate a first raw contact map. If the binning process can reduce
the resolution of the map, it also increases signal-to-noise ratio. The
final normalized contact map is obtained after matrix balancing
based on the nonuniform distribution of the length of restriction
fragments and the nucleotide composition of the genome. In our
experience, 15 million valid junction reads are enough to produce a
normalized 5 kb resolution map. Chapter 2 provides a more
detailed description of the analysis workflow for processing raw
data into contact maps. Several software packages and online tools
are also available to support researchers in analyzing Hi-C data (see
Note 10).

4 Notes

1. Buffers used for cell fixation should lack compounds that con-
tain nucleophilic groups such as thiols, amines, and amides.
The carbonyl moiety of formaldehyde reacts with these groups
reducing the efficiency of cell fixation. It is therefore also
necessary to wash the bacterial cells with 1x PBS prior to
fixation (see step 2; Subheading 3.1) to remove components
of the growth medium that react with formaldehyde.
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2. Restriction enzymes define the resolution of the Hi-C library.

The enzyme is selected based on the criterion that it produces a
non-degenerate 5" overhang upon cleavage of its restriction
site. This is necessary as 3’ overhangs cannot be filled in, and
degenerate sticky ends may interfere with biotin tagging. It is
necessary that the enzyme functions optimally at 37 °C (or at
an even lower temperature; for instance, the optimal tempera-
ture for CviAll activity is 25 °C) as restriction digestion at
higher temperatures leads to premature reverse cross-linking
of DNA-protein complexes. To ensure a good digestion effi-
ciency during library preparation, it is important that the activ-
ity of the selected enzyme is not blocked by DNA methylation.
The size distribution of the predicted restriction fragments
generated by the enzyme should also be evaluated to ensure
that the enzyme generates limited, if any, restriction fragments
with sizes greater than the chosen Hi-C map resolution; long
restriction fragments introduce biases in the contact matrix.

. During the preparation of Hi-C libraries, restriction fragment

overhangs are filled in with biotin-labeled nucleotides to tag
ligation junctions generated during the subsequent proximity
ligation step. Ensure that the fill-in of the 5" overhang gener-
ated by restriction digestion allows the incorporation of the
selected biotin-labelled nucleotide. For instance, do not use
biotin-14-dATP to fill-in overhangs generated by Hpall
(CrCGG).

. Cells can be harvested for fixation at any stage of growth.

However, it is necessary to maintain cell concentration during
fixation. For this, adjust the volume of the harvested culture
when fixation is performed on E. coli cells at a different ODgpq

. Each 1 mL aliquot contains approximately 10 fixed cells. This

corresponds to ~10 pg of DNA.

. Some chromatin fragments may have been filled in with biotin-

labeled nucleotides, but may not have undergone ligation to
give a chimeric product. Unligated “dangling ends” that are
bound by streptavidin-coated magnetic beads and thereafter
sequenced reduce the number of useful reads per sequencing
run. Biotin removal from such ends is performed with T4 DNA
Polymerase under conditions that favor the 3’ exonuclease
activity of the enzyme in removing nucleotides past blunted
ends. This condition is provided by maintaining the concentra-
tion of selected free nucleotides in the reaction mix below
100 uM [7, 8]. For instance, for the removal of biotin-14-
dATP from the dangling ends of Psul- or Bglll-digested
Hi-C libraries (RGA*TC), 100 pM of dGTP is added to the
reaction mix, whereas dATP, dCTP, and dTTP are not (see step
23 of Subheading 3.2). This way, nucleotides up to but
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excluding G will be removed as a result of the activation of the
5 polymerase function of the enzyme at that site. The 3
exonuclease activity of T4 DNA Polymerase is also favored by
increasing enzyme concentration, extending reaction times,
and incubation at higher temperatures, for instance, 16 °C—
as opposed to 12 °C—to favor the breathing of DNA ends.

7. Solid Phase Reverse Immobilization (SPRI) beads reversibly
bind DNA fragments in solution in the presence of Polyethyl-
ene glycol (PEG). The immobilization is size selective and
depends on the concentration of PEG in the DNA-bead solu-
tion. Since PEG is present in the SPRI beads storage buffer
(as supplied by the manufacturer), the size selective immobili-
zation of DNA onto the SPRI beads is determined by the
volumetric ratio rather than the concentration ratio of beads
to DNA. Larger DNA fragments bind to the beads at low PEG
concentrations. Thus, a 0.7 x volumetric ratio of beads to DNA
solution is used to remove the short-length adapters and
adapter dimers from the sequencing library during NGS library
preparation (see step 21; Subheading 3.3). Shorter DNA frag-
ments can only be immobilized at higher PEG concentrations.
Therefore, to remove glycogen and excess salts from the HiC
library for NGS library preparation, a 3.0x volumetric ratio of
beads to DNA solution is used (see step 1; Subheading 3.3).

8. Using a heated lid at a temperature > 50 °C during library
fragmentation (see step 4; Subheading 3.3) or > 85 °C during
end repair and A-tailing (see step 6; Subheading 3.3) overheats
the reactions. This may result in a partial denaturation of the
enzymes and a lower efficiency of the reactions.

9. These are the recommended number of cycles for 500-200 ng
of input DNA as measured in step 2 of Subheading 3.3.

10. Software packages and online tools available to analyze and
display Hi-C interaction data:

— Juicer: https: //github.com /theaidenlab /juicer

— HiCUP: http://www.bioinformatics.babraham.ac.uk /pro
jects/hicup/

— Hi-C inspector: https://github.com/HiC-inspector,/HiC-
inspector

— Hi-C pro: https: //github.com/nservant/HiC-Pro

— HiTC: http://www.bioconductor.org/packages//2.10/
bioc/html /HiTC.html
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Processing and Analysis of Hi-C Data on Bacteria

Andreas Hofmann and Dieter W. Heermann

Abstract

The study of three-dimensional genome organization has recently gained much attention in the context of
novel techniques for detecting genome-wide contacts using next-generation sequencing. These genome-
wide chromosome conformation capture-based methods, such as Hi-C, give a deep topological insight into
the architecture of the genome inside the cell. This chapter reviews the steps to process next-generation
Hi-C sequencing data to generate a final contact probability map. We describe these steps using publicly
available Hi-C datasets of different bacteria. We also present strategies to assess the quality of Hi-C datasets.

Key words Hi-C, Hi-C data analysis, Bacteria

1 Introduction

In humans, nearly two meters of DNA must be folded to fit inside
the micrometer-sized cell nucleus. How is DNA compacted to this
level and how can it remain accessible for gene transcription, repli-
cation, and repair at the same time? Novel technologies, such as
“chromosome conformation capture” (3C)-based methods that
map genome-wide spatial interactions along the genome, have,
during the last 15 years, allowed to shed light on this question.
Massive improvements in the throughput of such methods produce
ever-increasing amounts of data. Most of the raw data are deposited
in repositories that are publicly available.

Mammalian interphase chromosomes are hierarchically
organized [1, 2]. Fluorescence microscopy and genome-wide 3C
studies, such as Hi-C, have revealed inter-chromosomal compart-
mentalization in the form of distinct chromosome territories
[3, 4]. Individual chromosomes also exhibit compartmentalization
to form domains [5-8]. These 3C studies indicate that eukaryotic
genomes are partitioned into discrete structural units with highly
increased frequency of internal contacts.

Besides studies of eukaryotic chromosomes of humans, mice
and Drosophila melanogaster, recently, the circular chromosomes of
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model bacterial species such as Caunlobacter crescentus, Bacilus sub-
tilis, and Mycoplasma pneumoniae have been shown to analogously
be composed of domains with the help of Hi-C analyses
[9-12]. Taken together, these results suggest that intra-
chromosomal compartmentalization is a fundamental building
block of chromosome structure of organisms.

3C was invented in 2002 by Dekker et al. [13]. It allows for
focused quantification of contact frequencies between selected
regions. All 3C-based techniques aim to generate a
two-dimensional library of three-dimensional chromosome con-
tacts. The first step in the procedure is cross-linking of chromatin
by addition of formaldehyde. This causes interacting chromatin
segments to be covalently linked together. The fixed chromatin is
then digested with a restriction enzyme. The ends of the fragmen-
ted cross-linked DNA are thereafter re-ligated under diluted con-
ditions to favor intramolecular ligation of the cross-linked
fragments. The ligated DNA molecules form a hybrid of two
DNA fragments consisting of the two segments that were cross-
linked. Next-generation sequencing is used to quantify the number
of such hybrid DNA-molecules.

Hi-C is a genome-wide 3C-based technology introduced by
Lieberman-Aiden et al. in 2009 [4]. Realizing a genome-wide
quantification of interactions, it constitutes a major breakthrough
in the study of chromatin architecture. The Hi-C protocol difters
from the standard 3C protocol in that there is an extra step needed
before ligation. It consists of filling in the restriction digest of the
chromosome with biotin-labeled nucleotides. After purification
and shearing/fragmentation of the Hi-C library, the biotin labeled
material is pulled down to ensure that only ligation junctions are
selected for further analysis.

“Chromosome  conformation capture carbon copy”
(5C) captures interactions between all restriction fragments within
a selected region [14]. For example, it was used to study the spatial
organization of the bacterial Caunlobacter crescemtus genome [15],
the regulatory landscape of mouse X inactivation [6], and the long-
range interaction landscape of gene promoters in the human
genome [16]. A technique similar to Hi-C, called genome confor-
mation capture (GCC), has been applied for mapping yeast chro-
mosome interactions [17] as well as for studying the spatial
organization of the Escherichin coli nucleoid [18].

All 3C-based methods, contrary to microscopy-based techni-
ques, allow for both a more systematic and quantitative characteri-
zation of genome topology and a higher resolution. The essential
drawback, however, is that the conventionally ensemble 3C-based
methods are mostly performed on large populations of cells, lead-
ing to loss of information at the single-cell level.

In this chapter, we give an overview of the data analysis
involved in the framework of a Hi-C experiment. Moreover, we
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present and discuss publicly available Hi-C datasets of bacterial
genomes and present possibilities to assess and compare them in
terms of data quality.

2 Hi-C Data Processing

This section covers the main steps involved in the data processing of
a genome-wide 3C-based study. Since the focus of this chapter is
mainly on genome-wide methods, such as Hi-C or GCC, methods
relevant for these technologies are discussed in this section. Hi-C
data processing can be subdivided into the following four main
steps: (1) Mapping to the reference genome, (2) Quality control,
(3) Binning and contact matrix generation, (4) Balancing (see
Fig. 1). Each of these steps is discussed in the following section.

2.1 Mapping The first step of genome-wide 3C data analysis consists of mapping
to the Reference reads back to the reference genome. The Hi-C method quantifies
Genome an interaction by a ligation product formed between two restriction

fragments. By using paired-end sequencing and mapping both ends
of each paired sequence to the reference genome, the two restric-
tion fragments in the ligation product can be determined. How-
ever, if the read length is larger than the length of one of the
restriction fragments, the mapping will not work. To solve this
problem, the mapping procedure can be refined by means of an
iterative mapping scheme that involves truncating reads to a smaller

@SRR824846.1 HWI-ST333_0267_FC:7:1101:1410:2200 length=40
CGCCGAGGCGACGCAARAAGCAGTTTCACTCAGATCTCGTN
+SRR824846.1 HWI-ST333_0267_FC:7:1101:1410:2200 length=40
__ ‘cccegg””cagdgad] ccfhhhgfdgf® cbgdgbB
@SRR824846.2 HWI-ST333_0267_FC:7:1101:1447:2213 length=40
CGCCTGCCTGGCCTTGGTCTGCGGCGATCCGGTAATCTGG
+SRR824846.2 HWI-ST333_0267_FC:7:1101:1447:2213 length=40
_a_cceeegggggihhhhiiibghih egedga g 'bffh

raw sequence reads

l 0 1 2 3 4

genome position [Mbp]

genome position [Mbp]

Mapping to the reference genome Contact matrix generation and bias-correction
| Data quality control and filtering e | Binning (i.e. accumulation) of read counts I

Fig. 1 Schematic overview of the general workflow for analyzing genome-wide 3C data such as Hi-C. The
input (at the top left) is raw sequencing data and as a typical output we illustrated a bias-corrected contact
matrix (at the top right). The dataset used here for illustration purposes is that of the study of Le et al. [9]
(SRR824846)
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2.2 Quality Control

2.3 Binning
and Contact Matrix
Generation

length prior to mapping [19]. Reads that are not aligned uniquely
at both ends are then re-aligned by iteratively increasing their
portions. This process is repeated until either all reads uniquely
map or until the read is extended to its entirety. Only paired-end
reads with both sides being uniquely mapped to the reference
genome contribute to the set of Hi-C interactions. All other
paired-end reads are discarded.

The next step is quality control to ensure that the aligned sequence
reads are likely to be the result of proximity-based ligation of
digested fragments, and that they are reflecting long-range chro-
matin interaction rather than just random collision. Self-
circularized or un-ligated (dangling-end) products will result in
reads that map with both ends on the same restriction fragment.
These reads should be removed. Also reads from neighboring frag-
ments that map to the same strand should be removed since they
are likely the result of incomplete digestion. Furthermore, reads
that map multiple times at the exact same location on the reference
genome are often the result of biased PCR-amplification and
should also be removed. Hi-C sequencing reads can be compared
to randomly generated control sequencing reads, whereby the
Hi-C reads should be significantly closer to the chosen restriction
sites than random reads [20]. The Hi-C reads should also be in the
correct orientation with respect to the restriction site.

After the alignment of the sequence reads and quality control the
next step is the construction of contact matrices of the interaction
data. To produce a contact matrix, the genome is divided into
equally sized loci, so called bins. The result of this aggregation of
read-counts across bins is a symmetric matrix composed of interac-
tion frequencies between bins covering the entire genome. The size
of these bins used to represent the meaningful contacts between
pairs of genomic loci can be referred to as the resolution of a Hi-C
experiment (see Fig. 2 for a comparison of a contact matrix depicted
at different bin sizes).

A linear increase of resolution requires a quadratic increase in
total sequencing depth; the size of the bins and effectively the
resolution is limited by sequencing depth. Moreover, the resolution
also depends on the restriction enzyme used for the Hi-C experi-
ment (see Subheading 3.4). To illustrate this relationship between
resolution and the total number of collected read pairs, we want to
highlight that for a resolution of 100 kbp in the first Hi-C study of
the human genome 8.4 million reads were collected [4]. Increasing
the resolution to 1 kbp required 4.9 billion reads [ 8 ]. Thus, increas-
ing the resolution by two orders of magnitude required increasing
the total number of reads by three orders of magnitudes.
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Fig. 2 Hi-C contact map depicted at two different resolutions (left: 4kbp and right: 16kbp). The contact map of
higher resolution reveals much more detailed structures, especially on the interactions within the domains
along the diagonal. Data on B. subtilis from Marbouty [10] (SRR2772323)

2.4 Balancing Besides the bias introduced by individual reads or restriction frag-
ments, binning generates biases, as well. Yaffe and Tanay identified
the origin of some of these biases, such as the nonuniform distribu-
tion of the length of restriction fragments with respect to ligation
efficiency, the nucleotide composition of the genome under inves-
tigation and issues with uniquely mapping the interactions back
onto the reference genome. They proposed an integrated probabi-
listic model [20] for eliminating these known systematic biases
from the “raw” contact maps. This procedure is referred to as
normalization.

Several other models for normalizing Hi-C contact maps have
been proposed [19, 21, 22]. However, these approaches do not
explicitly incorporate the aforementioned biases on the grounds
that it is not possible to know each and every bias. Since most of
these approaches are based on the Sinkhorn-Knopp (SK) balancing
algorithm [23], they can be more precisely referred to as balancing
instead of normalization. Explicit bias correction and balancing
yield comparable results [8].

In this section, we focus on the SK balancing algorithm [23]
that  transforms a  symmetric = non-negative  matrix
A = (a;), A€R?” into a doubly stochastic matrix S = (s;),
that is, a matrix whose rows and columns sum up to 1, i.e.,
Zf,‘j = Zf,‘j =1.

i j
The SK algorithm is an iterative process that consists in solving
S =D;A D>, (1)

where D; and D, are unique up to a scalar factor diagonal matrices
with positive main diagonal. The matrices D; and D, are obtained
by alternatingly normalizing columns and rows of.
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Applied to our situation, A constitutes the raw matrix of con-
tact frequencies, and the diagonal matrices D; and D, contain the
biases for the bins involved in the contacts between bins zand 7. S is
then the matrix of unbiased relative contact frequencies, which is
defined such that each row and column of the upper triangular
matrix sums to 1. The biases, and therefore the matrix S, can be
found by using the SK algorithm that converges to the solution of
Eq. (1).

Regardless of the method used, it is important to compare the
raw and the bias-corrected contact map to check the effect of the
procedure. Figure 3 depicts two such comparisons for two different
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Fig. 3 Comparison of “raw” Hi-C contact frequency matrices on the left and the respective balanced
equivalents, i.e., contact probability matrices, on the right. Data on C. crescentus of the study of Le et al.
[9] (SRR824846) in the upper row and on B. subtilis of the study of Marbouty et al. [10] (SRR2772323) in the
bottom row. We balanced the matrices by applying the Sinkhorn-Knopp (SK) algorithm. These two examples
illustrate that the balancing procedure leads to very different results depending on the input “raw” Hi-C
contact frequency matrix. In the case of the upper matrix on C. crescentus, the coverage of reads is homogenous
along the genome and the contact frequency matrix already indicates a domain structure along the diagonal. In
contrast, the coverage of reads is considerably more heterogeneous in the case of the lower matrix on
B. subtilis. The region from 1.7 up to 2.3 Mbp lacks reads. Therefore, the structure of the balanced contact
map in this region is rather an artifact of the balancing procedure than of biological relevance
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Hi-C datasets. In both cases, balancing has the effect of smoothing
the contact map such that no obvious high or low rows and col-
umns remain. In extreme cases (compare the two lower maps in
Fig. 3), large regions with a strikingly low number of captured reads
are completely reorganized by balancing. The resulting contact
map should be regarded with caution because it is likely to contain
artifacts caused by balancing, especially in and near the aforemen-
tioned regions.

It is important to be aware of the limitations of the experimental
elements that impact the computational data processing. In fact, 3C
experiments are never truly genome-wide since the usage of a
restriction enzyme is biased to where its sites are located in the
genome. Furthermore, the restriction enzyme chosen has to bal-
ance, among others, the frequency of cutting, fragment size, and
size uniformity across the studied genome.

Because of the necessity of balancing contact maps constructed
from 3C data, it is crucial to differentiate between raw contact maps
representing all the captured contacts and their raw frequencies and
the balanced contact maps representing contact probabilities.
Regardless, balanced contact maps should be compared with their
raw equivalent in order to check the effects of the balancing
procedure.

3 Hi-C Data Assessment

3.1 Hi-C Data
Availability

3.2 How Many
Reads?

In this section, we focus on Hi-C and other genome-wide 3C
experiments performed in bacteria. We also present a procedure
to assess data quality for comparison of datasets. Finally, we high-
light the importance of the choice of restriction enzymes for Hi-C
experiments in terms of data analysis.

The first Hi-C study was carried out by Lieberman-Aiden et al. [4]
and addressed the folding of the human genome. In 2011, Umbar-
ger et al. [15] described the first 3C-based study, here 5C, of a
bacterial genome. To date there have been several studies of bacte-
rial genomes using genome-wide 3C-based experiments. We have
summarized them in Table 1 in a chronological order. There are
several datasets for each study that correspond to Hi-C libraries that
differ, for example, in bacterial growth conditions, the restriction
enzyme used or the sequencing method. We listed studies with
publicly available Hi-C datasets.

Sequencing depth is decisive for the resolution of a Hi-C experi-
ment. More precisely, it is the number of valid reads, i.¢., those that
remain after the filtering step discussed in Subheading 3.4. There-
fore, given a Hi-C dataset the relevant question to ask is: How
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Table 1

Overview of genome-wide 3C-based (xC) datasets of bacterial species for different conditions

Bacterial Species xC Resmax RE Datasets  Reference
Caulobacter crescentus 5C 13 kbp  BglII 3 Umbarger et al. [15]
Escherichin coli GCC 20kbp  Hhal 8 Cagliero et al. [18]
Caulobacter crescentus Hi-C  10kbp  BglII, Ncol 23 Leetal [9]

Bacillus subtilis Hi-C 4 kbp HindIII, Hpall 15 Marbouty et al. [10]
Bacillus subtilis Hi-C  10kbp  HindIII 41 Wang et al. [11]
Mycoplasma pnewmonine  Hi-C 3 kbp HindIII, Hpall 8 Trussart et al. [12]

We list the restriction enzymes (RE) that have been used in the datasets as well as the highest achieved resolution (Res;.x)
and the number of datasets that have been published

3.3 What Kind
of Reads?

many “valid” reads remain after the filtering process? Although in
the end the absolute number of valid reads is decisive from the data
processing point of view, the relative fraction of the number of valid
and total reads is also very important from an experimental point of
view since it determines something like the efficiency of a Hi-C
experiment. There are large variations in the number of valid reads
in the datasets under discussion. While it exceeds 50% for the Hi-C
data on C. crescentus (Le et al. [9]), it amounts to less than 5% for
that on M. pneumoniae (Trussart et al. [12]). The latter means that,
in the extreme case, albeit 187 million total reads have been
sequenced, only 3 million valid reads contribute to the contact
map (ERR1413594). In most cases, the key limiting factor is
ligation efficiency, i.e., unligated fragments (dangling-ends), self-
ligated fragments (self-circles), and poor biotin label removal.

The result of a Hi-C experiment is a contact probability matrix of
the binned genomic interactions. It is visualized as a heat map of
relative interaction frequencies (a “contact map”) encoding the
interaction data using a color map. This graphical representation
gives the observer an immediate impression of the Hi-C data since
it highlights prominent features, such as domains along the diago-
nal or the presence of a secondary diagonal. The graphical repre-
sentation is highly dependent on the choice of the color map and
on its scaling that can either be linear or logarithmic. An example of
how different the same contact probability matrix can be visualized
is illustrated in Fig. 4. The heat map with the rainbow color map
and the appropriate lower limit on the color bar on the right high-
lights the hardly varying contact probabilities much better than the
map on the right.

For this reason, it is important to evaluate a Hi-C dataset
objectively in addition to heat map visualization. One possibility is
to regard the number of the captured reads as a function of the
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Fig. 4 Hi-C contact map depicted for two different color maps and different lower limits of the color bar. Since
the Hi-C data contains a high level of noise a lower limit on the color bar needs to be set. Moreover, a rainbow
color map highlights the hardly varying contact probabilities much better than the colormap in the heat map on
the right. Data on M. pneumoniae from Trussart [12] (ERR1413595)

3.4 Resolution of Hi-
C Data

and the Selection

of Restriction Enzymes

genomic distance between the interacting loci (see Fig. 5). In all
Hi-C experiments a lot of reads are detected between neighboring
genomic sites. This is, of course, due to the fact that these sites are
intrinsically linked to each other. Thus, these reads do not contain
relevant information. The read distribution shows how large this
fraction of trivial reads is compared to more interesting short-,
intermediate-, and long-range interactions related to the distinct
three-dimensional shape of the regarded genomes. It can therefore
be used as an indicator for the quality of the reads of a given Hi-C
dataset.

The read distribution also shows that the captured interactions
decrease with increasing genomic distance, such that short-range
interactions will typically have higher coverage and thus higher
effective resolution. In the contact map this is reflected by a gradual
decrease of the average interaction probability the further one
moves away from the diagonal. This finding follows the intuition
that topologically close loci interact frequently assuming random
motion in 3D space. Also, polymer models predict a power-law
decrease of the contact probability as a function of the genomic
distance [24].

Restriction enzymes are proteins that cut the DNA at specific sites.
There is a wide range of restriction enzymes and in addition to the
biochemical criteria referred to in Chapter 1 the choice of a certain
restriction enzyme is also relevant for data analysis since it inevitably
determines the resolution of a Hi-C map. This is due to the fact that
in a Hi-C experiment interactions between genomic loci are
measured in terms of restriction fragments. Thus, choosing an
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Fig. 5 Number of valid counts between different genomic loci / and j as a function of their genomic distance
(which has been normalized by the length L of the respective genome), depicted for different bacteria. Most of
the counts represent interactions between neighboring or near genomic loci and with increasing genomic
length between the interacting loci the counts decrease exponentially. This exponential decay is different for
the various datasets. This is a consequence of the distinct three-dimensional shape of the different genomes
that is reflected in distinct interaction patterns. Moreover, also experimental factors have an impact on the
interaction profile as can be seen from the interaction profiles of the two B. subtilis Hi-C datasets. The two
curves have approximately the same slope but one is shifted upward (Wang et al.) compared to the other one
(Marbouty et al.) because of the larger number of valid counts stemming from deeper sequencing of the
corresponding Hi-C library. Furthermore, the read distribution also reveals what kind of reads have been
captured in the Hi-C experiment, such as in the case of the GCC dataset of the study by Cagliero et al. where a
sharp decline of contacts indicates that it is highly biased toward contacts of neighboring restriction fragments
(99.5% of the valid read counts occur between neighboring bins)

appropriate bin size for a given Hi-C dataset very much depends on
the distribution of the lengths of the restriction fragments.

In Fig. 6 we have contrasted the distribution of the length of a
high-frequency restriction enzyme (frequent cutter) with a
low-frequency cutter (rare cutter) for the E. coli genome. Clearly,
we could choose the frequent cutter Hhal in order to obtain an
E. coli contact map of 1 kbp or even 500 bp resolution, whereas the
rare cutter BglII would limit the maximum possible resolution to
around 10 kbp. It is important to remark that the choice of a
frequent cutter predetermines the need of a high sequencing
depth. A summary of various restriction enzymes and the statistics
of the length of the respective restriction fragments for the E. cols
genome can be found in Table 2.
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Fig. 6 The distribution of the length of the restriction fragments for two different restriction enzymes (A: Bglll |
B: Hhal) using the example of the E. coli genome. The main graphs show the interesting part of the distribution
and the inset graphs show the overall distribution. The two distributions show the huge difference between the
restriction fragments generated by the frequent cutter Hhal and the rare cutter Bglll as regards the total
number of generated fragments as well as their typical lengths

Table 2
Overview of the statistics of the length of the restriction fragments for different restriction enzymes
using the E. coli genome as an example

Restriction enzyme Recognition site No. of RFs L L Lin [

HindIIT A*AGCTT 557 8333 4963 9 62,667
Ncol CrCATGG 614 7560 5163 21 47 514
BylIT A*GATCT 702 6612 5048 16 42,359
Minl A*CGCGT 1329 3493 2444 6 33,370
BstYT RAGATCY 3191 1455 958 6 18,605
Hpall C"CGG 24312 191 122 4 3376
Hinl GCG"C 32,795 142 90 4 4100

Listed are all restriction enzymes that have been used in the discussed Hi-C experiments. Besides its recognition site we
listed the number of restriction fragments (RFs) generated by the respective restriction enzyme for the E. coli genome
(MG1655, NC_000913.3) as reference. We also included the mean, median, smallest and biggest restriction fragment
length (L)

4 Summary

Genome-wide chromosome conformation capture-based methods
are now widely used. The resulting data, most of which is deposited
in publicly available repositories, is the starting point for the
computational modeling of the three-dimensional architecture of
a multiplicity of genomes. Besides the results of the modeling
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approaches, it is also interesting to know how reliable the underly-
ing Hi-C data is. It is not only the number of captured reads, but
also the distribution of these reads which is decisive for this ques-
tion. Moreover, contact maps before and after balancing can differ
significantly. It is therefore necessary to compare them and under-
stand possible deviations.

Acknowledgment

We would like to thank Remus T. Dame, Frédéric Crémazy and
Fatema Zahra Rashid for the stimulating and fruitful discussions.
This work was supported by a grant from the International Human
Frontier Science Program Organization (RGP0014,/2014).

References

1.

. Lieberman-Aiden E,

Gibcus JH, Dekker J (2013) The hierarchy of
the 3D genome. Mol Cell 49(5):773-782.
https://doi.org,/10.1016/j.molcel.2013.02.
011

. Bickmore WA, van Steensel B (2013) Genome

architecture: domain organization of inter-
phase chromosomes. Cell 152(6):1270-1284.
https://doi.org,/10.1016/j.cell.2013.02.001

. Cremer T, Cremer C (2001) Chromosome

territories, nuclear architecture and gene regu-
lation in mammalian cells. Nat Rev Genet 2
(4):292-301. https://doi.org,/10.1038 /
35066075

van Berkum NL,
Williams L, Imakaev M, Ragoczy T, Telling A,
Amit I, Lajoie BR, Sabo PJ, Dorschner MO,
Sandstrom R, Bernstein B, Bender MA,
Groudine M, Gnirke A,
Stamatoyannopoulos J, Mirny LA, Lander ES,
Dekker J (2009) Comprehensive mapping of
long-range interactions reveals folding princi-
ples of the human genome. Science 326
(5950):289-293. https://doi.org/10.1126/
science.1181369

. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y,

ShenY, Hu M, Liu JS, Ren B (2012) Topolog-
ical domains in mammalian genomes identified
by analysis of chromatin interactions. Nature
485(7398):376-380. https: //doi.org,/10.
1038 /nature11082

. Nora EP, Lajoie BR, Schulz EG, Giorgetti L,

Okamoto I, Servant N, Piolot T, van Berkum
NL, Meisig J, Sedat J, Gribnau J, Barillot E,
Bliithgen N, Dekker J, Heard E (2012) Spatial
partitioning of the regulatory landscape of the
X-inactivation Centre. Nature 485

10.

11.

(7398):381-385. https://doi.org,/10.1038 /
naturel1049

. Sexton T, Yaffe E, Kenigsberg E, Bantignies F,

Leblanc B, Hoichman M, Parrinello H,
Tanay A, Cavalli G (2012) Three-dimensional
folding and functional organization principles
of the Drosophila genome. Cell 148
(3):458-472. https: //doi.org,/10.1016/j.cell.
2012.01.010

. Rao SSP, Huntley MH, Durand NC, Stame-

nova EK; Bochkov ID, Robinson JT, Sanborn
AL, Machol I, Omer AD, Lander ES, Aiden EL
(2014) A 3D map of the human genome at
Kilobase resolution reveals principles of chro-
matin  looping. Cell 159(7):1665-1680.
https://doi.org,/10.1016/j.cell.2014.11.021

. Le TBK, Imakaev MV, Mirny LA, Laub MT

(2013) High-resolution mapping of the spatial
organization of a bacterial chromosome. Sci-
ence 342(6159):731-734. https://doi.org/
10.1126/science.1242059

Marbouty M, Le Gall A, Cattoni DI,
Cournac A, Koh A, Fiche J-B,
Mozziconacci J, Murray H, Koszul R, Noll-
mann M (2015) Condensin- and replication-
mediated bacterial chromosome folding and
origin condensation revealed by Hi-C and
super-resolution imaging. Mol Cell 59
(4):588-602. https: //doi.org,/10.1016/j.
molcel.2015.07.020

Wang X, Le TBK, Lajoie BR, Dekker J, Laub
MT, Rudner DZ (2015) Condensin promotes
the juxtaposition of DNA flanking its loading
site in Bacillus subtilis. Genes Dev 29
(15):1661-1675. https://doi.org/10.1101/
2ad.265876.115


https://doi.org/10.1016/j.molcel.2013.02.011
https://doi.org/10.1016/j.molcel.2013.02.011
https://doi.org/10.1016/j.cell.2013.02.001
https://doi.org/10.1038/35066075
https://doi.org/10.1038/35066075
https://doi.org/10.1126/science.1181369
https://doi.org/10.1126/science.1181369
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/nature11049
https://doi.org/10.1016/j.cell.2012.01.010
https://doi.org/10.1016/j.cell.2012.01.010
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1126/science.1242059
https://doi.org/10.1126/science.1242059
https://doi.org/10.1016/j.molcel.2015.07.020
https://doi.org/10.1016/j.molcel.2015.07.020
https://doi.org/10.1101/gad.265876.115
https://doi.org/10.1101/gad.265876.115

12.

13.

14.

15.

16.

17.

Processing and Analysis of Hi-C Data on Bacteria 31

Trussart M, Yus E, Martinez S, Bau D, Tahara YO,
Pengo T, Widjaja M, Kretschmer S, Swoger ],
Djordjevic S, Turnbull L, Whitchurch C,
Miyata M, Marti-Renom MA, Lluch-Senar M,
Serrano L. (2017) Defined chromosome structure
in the genome-reduced bacterium mycoplasma
pneumoniae. Nat Commun 8:14665. https://
doi.org,/10.1038 /ncomms14665

Dekker J, Rippe K, Dekker M, Kleckner N
(2002) Capturing chromosome conformation.
Science 295(5558):1306-1311. https://doi.
org/10.1126/science.1067799

Dostie J, Richmond TA, Arnaout RA, Selzer RR,
Lee WL, Honan TA, Rubio ED, Krumm A,
Lamb J, Nusbaum C, Green RD, Deckker ]
(2006) Chromosome conformation capture car-
bon copy (5C): a massively parallel solution for
mapping interactions between genomic ele-
ments. Genome Res 16(10):1299-1309.
https://doi.org/10.1101 /gr.5571506

Umbarger MA, Toro E, Wright MA, Porreca
GJ, Bau D, Hong S-H, Fero MJ, Zhu L],
Marti-Renom MA, McAdams HH, Shapiro L,
Dekker J, Church GM (2011) The three-
dimensional architecture of a bacterial genome
and its alteration by genetic perturbation. Mol
Cell 44(2):252-264. https://doi.org/10.
1016,/j.molcel.2011.09.010

Sanyal A, Lajoie BR, Jain G, Dekker J (2012)
The long-range interaction landscape of gene
promoters.  Nature 489(7414):109-113.
https://doi.org,/10.1038 /nature11279
Rodley CDM, Bertels F, Jones B, O’Sullivan JM
(2009) Global identification of yeast chromo-
some interactions using genome conformation
capture. Fungal Genet Biol 46(11):879-886.
https://doi.org,/10.1016 /j.fgb.2009.07.006

18.

19.

20.

21.

22.

23

24.

Cagliero C, Grand RS, Jones MB, Jin DJ,
O’Sullivan JM (2013) Genome conformation
capture reveals that the Escherichia coli chro-
mosome is organized by replication and tran-

scription. Nucleic  Acids Res 41
(12):6058-6071. https://doi.org,/10.1093/
nar/gkt325

Imakaev M, Fudenberg G, McCord RP,
Naumova N, Goloborodko A, Lajoie BR,
Dekker J, Mirny LA (2012) Iterative correction
of Hi-C data reveals hallmarks of chromosome
organization. Nat Methods 9(10):999-1003.
https://doi.org/10.1038 /nmeth.2148

Yaffe E, Tanay A (2011) Probabilistic modeling
of Hi-C contact maps eliminates systematic
biases to characterize global chromosomal
architecture. Nat Genet 43(11):1059-1065.
https://doi.org,/10.1038 /ng.947

Cournac A, Marie-Nelly H, Marbouty M,
Koszul R, Mozziconacci J (2012) Normaliza-
tion of a chromosomal contact map. BMC
Genomics 13:436. https: //doi.org,/10.1186/
1471-2164-13-436

Li W, Gong K, Li Q, Alber F, Zhou XJ (2015)
Hi-Corrector: a fast, scalable and memory-
efficient package for normalizing large-scale
Hi-C data. Bioinformatics 31(6):960-962.
https://doi.org,/10.1093 /bioinformatics/
btu747

. Sinkhorn R, Knopp P (1967) Concerning non-

negative matrices and doubly stochastic matri-
ces. Pac ] Math 21(2):343-348

Bohn M, Heermann DW (2010) Diffusion-
driven looping provides a consistent framework
for chromatin organization. PLoS One 5(8):
el2218.  https://doi.org,/10.1371 /journal.
pone.0012218


https://doi.org/10.1038/ncomms14665
https://doi.org/10.1038/ncomms14665
https://doi.org/10.1126/science.1067799
https://doi.org/10.1126/science.1067799
https://doi.org/10.1101/gr.5571506
https://doi.org/10.1016/j.molcel.2011.09.010
https://doi.org/10.1016/j.molcel.2011.09.010
https://doi.org/10.1038/nature11279
https://doi.org/10.1016/j.fgb.2009.07.006
https://doi.org/10.1093/nar/gkt325
https://doi.org/10.1093/nar/gkt325
https://doi.org/10.1038/nmeth.2148
https://doi.org/10.1038/ng.947
https://doi.org/10.1186/1471-2164-13-436
https://doi.org/10.1186/1471-2164-13-436
https://doi.org/10.1093/bioinformatics/btu747
https://doi.org/10.1093/bioinformatics/btu747
https://doi.org/10.1371/journal.pone.0012218
https://doi.org/10.1371/journal.pone.0012218

Check for
updates

GeF-seq: A Simple Procedure for Base Pair Resolution
ChiP-seq

Onuma Chumsakul, Kensuke Nakamura, Shu Ishikawa, and Taku Oshima

Abstract

Nucleotide sequences recognized and bound by DNA-binding proteins (DBPs) are critical to control and
maintain gene expression, replication, chromosome segregation, cell division, and nucleoid structure in
bacterial cells. Therefore, determination of the binding sequences of DBPs is important not only to study
DBP recognition mechanisms, but also to understand the fundamentals of cell homeostasis. While ChIP-seq
analysis appears to be an effective way to determine DBP-binding sites on the genome, the resolution is
sometimes not sufficient to identify the sites precisely. Here, we introduce a simple and effective method named
Genome footprinting with high-throughput sequencing (GeF-seq) to determine binding sites of DBPs at
single base-pair resolution. GeF-seq detects binding sites of DBPs as sharp peaks and thus makes it possible to
identify the recognition sequence in each “binding peak” more easily and accurately than using ChIP-seq.

Key words GeF-seq, High resolution ChIP-seq, DNasel footprinting, Genome footprinting, DNA-
binding proteins, Consensus sequence

1 Introduction

Chromatin immunoprecipitation coupled with high-throughput
sequencing (ChIP-seq) analysis is an effective method to identify
the binding sites of DNA-binding proteins (DBPs) on genomic
DNA [1, 2]. This method has been adopted for the analysis of
nucleoid proteins in bacterial cells, and to identify their binding
sites along the bacterial genome [3-7]. In this method, DBPs are
initially crosslinked to the genomic DNA through treatment of
living cells with a chemical crosslinker (e.g., formaldehyde). To
purify the DBPs crosslinked to DNA, the genomic DNA is first
fragmented, in general, by the use of sonication. Then, the protein-
DNA complexes are purified by chromatin immunoprecipitation
(ChIP) using a specific antibody to the target protein, or alterna-
tively by atfinity precipitation (ChAP) using an affinity resin for a
peptide tag fused to the target protein (e.g., nickel resin for a
histidine tag). After decrosslinking of the protein-DNA complexes,

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
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the DNA fragments are purified. The purified DNA fragments are
then sequenced using next-generation sequencing (NGS) and the
sequence reads are mapped to the genome to identify binding sites
of the DBPs [1, 2].

Due to the methodological limitations of ChIP-seq, the
protein-binding peak is detected as being much broader than the
actual binding site. In the general ChIP-seq procedure, genomic
DNA is physically fragmented by sonication. Assuming that the
genomic DNA is randomly fragmented, the sequence reads,
which are mapped around the binding site of the DBP, form two
separate peaks on the plus and minus strands of the DNA frag-
ments, which represent distribution of the 5" and 3’ ends of the
DNA fragments (Fig. 1A). Therefore, theoretically, the actual bind-
ing site of the DBP is located centrally between the two peaks
(Fig. 1A). Many programs to predict the real binding sites of
DBPs from ChIP-seq data have been developed based on this
theory [8]. Occasionally the prediction is confounded, for instance
when two binding sites are closely located, and the forward and
reverse peaks of the two binding sites are hardly separated, the
peaks are merged (Fig. 1B). Therefore, in such cases, incorrect
locations of the binding sites are predicted.

From ChIP-seq data, the DNA recognition sequence of the DBP
is also hard to identify at each binding site. Identification of the
recognition sequence is based on the simple idea that a DBP recog-
nizes and binds to conserved DNA sequences [9, 10]. Therefore, to
identify recognition sequences, we look for homologous DNA
sequences in the DBP-binding regions, and if we can find a consensus
sequence in a significant number of DBP-binding regions, it is con-
sidered a recognition sequence for the cognate DBP. However,
because the binding sites are predicted by the method described
above using peaks wider than the real binding region, and sometimes
overlapping peaks are acquired by ChIP-seq (Fig. 1A, B), the predic-
tions of the binding site sequences are not always accurate, and thus
no conserved sequence is found at many binding sites. In contrast,
in vitro DNA footprinting is able to precisely identify the regions
bound by DBPs by the use of the DBP to protect its cognate-binding
site from DNase I digestion [11]. DNA footprinting could therefore
be used to directly determine DBP recognition sequences at a
genome-wide scale, if it could be conducted.

To accurately and comprehensively identity the binding
sequences of DBPs on genomic DNA, we developed a technique
combining DNase I footprinting and ChIP-seq [12, 13]: GeF-seq
(Genome  footprinting with  high-throughput sequencing).
This method is very simple and straightforward, but detects the
binding sites of DBPs as very sharp and narrow peaks, with a resolu-
tion comparable to that of in vitro DNase I footprinting (Fig. 2) and
can thus be used to identify the DBP recognition sequence far more
accurately and comprehensively than generic ChIP-seq.
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Fig. 1 Identification scheme of binding sites of DBP from ChIP-seq mapping data A: (a) The DBP is crosslinked
to genomic DNA. The genomic DNA is fragmented by sonication and purified with chromatin immunoprecipi-
tation as protein-DNA complexes. (b) Both ends of the fragments (black and gray arrows) are sequenced by
high-throughput sequence. (¢) Schematic diagram of the mapping result of sequencing. Sequence reads of the
plus (black arrows) and the minus (gray arrows) strands of the DNA fragments mapped with mapping
programs developed for ChIP-seq yield peaks separated with the distance as long as the average size of
the DNA fragments purified by ChIP-seq procedures. The middle of two peaks is the location of the real binding
site of the DBP (indicated by a gray thick vertical line). B: schematic representation of false binding sites when
two real binding sites are closely colocated. Since peaks of the plus and the minus strands form wider peaks,
these peaks overlap to form two merged peaks. In this case, at the middle of the two merged peaks, the false
binding site (gray arrow) is identified. The real binding sites (white arrows) should be located to the left or right
of the false binding site, which would be predicted by the mapping results, when real plus and minus peaks
(black and gray dotted peaks) are mapped by GeF-seq. (reproduced from ref. 21 with permission from
YODOSHA)
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Fig. 2 The higher resolution of GeF-seq compared to ChAP-chip and ChAP-seq. (a) ChAP-chip, ChAP-seq and
GeF-seq results of AbrB (a possible nucleoid protein and grobal transcriptional regulator in B. subtilis [22])
binding sites shown for the sdpA locus. The lower panel of the ChAP-seq and GeF-seq results indicates plus
(dark gray) and minus (light gray) strand reads separately, whereas the upper panel shows merged images of
the plus and minus binding peaks. As previously shown in Fig. 1, the plus and minus strand peaks are gapped
in ChAP-seq, whereas they are consistent in GeF-seq. (b) This panel represents ChAP-chip, ChAP-seq and



Genome-Wide DNase | Footprinting 37

2 Materials

We use bacterial strains expressing a DBP with a 12 x Histidine-
tag, under the control of the original promoter on the genome. To
fuse the His-tag to the C-terminal end of the target DBP in B. sub-
tilis, the forward sequence for recombination, the His-tag coding
sequence, the antibiotic gene and the backward sequence for
recombination were connected in this order by overlap extension
PCR (OE-PCR), and inserted via double crossover event by natural
competence for DNA uptake [14]. For E. coli, DNA fragments
were similarly prepared and introduced by phage lambda Red
recombinase-mediated homologous recombination [15]. The fol-
lowing protocol was optimized for B. subtilisand E. colz and may be
applicable (with small modifications) to other bacteria.

2.1 Solutions 1. 3 M glycine: Dissolve glycine with H,O.

2. Tris-buffered saline (TBS) buffer: 8 gof NaCl, 0.2 gof KCl, 3 g
of Tris hydroxymethyl aminomethane are dissolved in 1 L
H,O. The pH of the solution is adjusted with HCI at 7.4.

3. SMM buffer: 0.02 M maleic acid, 0.5 M sucrose, 0.02 M
MgCl,. Prepare the appropriate volume of the solution and
adjust to pH 6.5 with NaOH.

4. Phenylmethylsulfonyl fluoride (PMSF): 100 mM PMES dis-
solved in methanol.

5. King2 buffer: 0.1 M Tris-CI (pH 7.5), 0.2 M NacCl, 1% Triton
X-100, 0.1% Na-deoxycholate, 0.2% Brij 58, 20% glycerol.
Prepare the appropriate amount of solution and store at
—25°C.

6. Mg-Ca solution: 0.1 MgCl,, 0.05 M CaCl,. Prepare the solu-
tion using a 1 M MgCl, and a 1 M CaCl, stock solution.

7. UT buffer: 0.1 M HEPES, 8 M Urea, 0.5 M NaCl, 10 mM
imidazole, 1% Triton X-100, 10 mM p-mercaptoethanol. Store
at —25 °C.

8. Elution bufter: 0.1 M Tris-HCI (pH 7.5), 0.5 M imidazole
(pH 7.5), 1% SDS, 10 mM DTT. Store at —25 °C.

9. M-wash buffer: 0.1 M Tris-HCI (pH 7.5), 1% SDS, 10 mM
DTT. Store at —25 °C.

Fig. 2 (continued) GeF-seq results of AbrB-binding site for the ygxM locus. (c) A magnified image of panel
B. The DNA sequence shown above the GeF-seq shows the corresponding DNA sequence of the window. The
AbrB-binding regions determined by in vitro DNase | footprinting are indicated by a rectangle [23]. The

GeF-seq resolution is similar to that of the in vitro DNase | footprint. (Reproduced from ref. 12 with permission
from Oxford University Press.)
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2.2 Equipments

2.3 Enzymes, Kit,
and Other Materials

2.4 Software

10.

11.
12.
13.
14.

Phenol/chloroform/isoamyl alchohol solution: 25(Phe-
nol):24(chloroform):1(isoamyl alchohol) to purify fragmented
genomic DNAs.

3 M sodium acetate (pH 5.2).
20 mg/mL glycogen.
TAE buffer: 0.04 M Tris-acetate, 0.001 M EDTA.

LB medium: 10 g/L tryptone, 5 g/L yeast extract, 5 or 10 g/
L NaCl (pH 7.0).

. Sonicator (suitable for rupture of cells in 3.5 mL solution for

protein purification).

. Magnetic stand (suitable for 1.5 mL and 2.0 mL microcentri-

fuge tubes).

. Instruments to determine the length and amount of short

DNA fragments (~150 bp) to confirm average length and
quantity of DNA library for illumina sequencing (see Note 1).

. Centrifuge tubes; 1.5, 2.0, and 15 mL.

. Lysozyme.

. RNase A: 10 mg/mL, DNase-free.

. DNase L.

. EDTA-free protease inhibitor: to inhibit degradation of
proteins.

5. Magnetic affinity resin for His-tag purification.

6. DNA Library generation kit: any Illumina sequencer compati-

ble kit is applicable.

. Low range agarose to prepare agarose gel to confirm the effi-

ciency of DNasel treatment and the average length of DNA
fragments purified from cells.

. 20 bp and 50 bp ladder marker.

. mpsmap, mkindx, pair_map: Programs to map short read

sequences to a reference sequence and identify binding sites
of DBPs [16]. This software and a detailed description of
its usage is available at the GeF-seq website http://
metalmine.mydns.jp/maps/pair_map/.

. mapsview (available from our GeF-seq website shown above):

Viewers of mapping results (see Note 2).

. MEME, Bipad: Programs to identify consensus sequences

across the binding sites of the DBP. Both programs are avail-
able at http://meme-suite.org/[17] (MEME), BiPad:http://
bipad.cmh.edu/ [18] (Bipad).


http://metalmine.mydns.jp/maps/pair_map
http://metalmine.mydns.jp/maps/pair_map
http://meme-suite.org
http://bipad.cmh.edu
http://bipad.cmh.edu
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3 Methods (See Note 3)

3.1 DNA-Protein
Crosslinking for ChAP

3.2 Optimization
of DNase | Digestion
Condition

1.

10.

11.

Cultivate B. subtilis cells expressing His-tagged DBP in LB
media (se¢ Note 4) until any desired OD corresponding to
~160 OD units. For the first experiment, 2 extra samples
should be prepared for optimization of DNase I digestion as
described in the next section.

. Add formaldehyde to a final concentration of 1%.

. Incubate at 37 °C for 30 min with shaking to crosslink protein-

DNA complexes (see Note 5).

. Stop the crosslinking reaction by adding 60 mL of 3 M glycine

(scalable, keeping the final concentration of glycine to
390 mM; see Note 6).

. Centrifuge at 6000 x g for 5 min at room temperature, then

discard the supernatant.

. Add 2 mL of TBS buffer, mix by pipetting and transfer the cell

suspension to a 15 mL tube.

. Add an additional 10 mL of TBS buffer and mix well.

. Centrifuge at 6000 x g for 5 min at room temperature and

discard the supernatant.

. Store the cell pellet at —80 °C until use.

. Use 2 of samples prepared in 3.1, resuspend cells in each tube

with 3 mL of TBS, and mix the samples together.

. Divide cell suspension to six fractions in 2 mL tubes.

. Centrifuge at 6000 x g for 5 min at room temperature and

then discard the supernatant.

. Add 1 mL of SMM butfer (supplemented with 5 mg/mL

lysozyme; see Note 7) to the pellet.

. Add 10 pL of 100 mM PMSF to prevent degradation of

proteins.

. Incubate at 37 °C for 20 min with mixing.
. Centrifuge at 6000 x g for 5 min at 4 °C and then discard the

supcernatant.

. Add 1 mL of SMM butffer to the cell pellet. Gently dissolve the

cell pellet by pipetting.

. Centrifuge at 6000 x g for 5 min at room temperature and

then discard the supernatant.

Add 126 pL of King?2 bufter, 6.8 pL. of 25 X protease inhibitor
cocktail and 3.4 pL of RNase A (10 mg/mL).

Add 17 pL of Mg-Ca solution (final concentration: 10 mM
MgCl,, 5 mM CaCly).
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3.3 DNase
I Digestion of Genomic
DNA for ChAP

12.

13.

14.

15.

16.
17.
18.

19.
20.

21.

10.

Prepare a DNase I dilution series at 10 x concentrations (for
example: 15, 12.5, 10, 5, 2.5, and 0 units/mL).

Add 17 pL of diluted DNase I solution (total reaction volume
is 170 pL, final concentration of the DNasel is 1.5, 1.25, 1.0,
0.5, 0.25, and 0 units/mL, see Note 8).

After thoroughly mixing the sample by gentle pipetting, incu-
bate at 37 °C for 30 min for DNase I digestion.

Add 1 mL of UT buffer and 11.7 pL of 100 mM PMSEF to stop
the DNase I reaction.

Break cells with sonication.
Centrifuge at 16,000 x g at room temperature for 10 min.

Purity DNA fragment as described in Subheading 3.6, step
2-12.

Dissolve the DNA pellet in 30 pL nuclease-free water.

To confirm DNA digestion efficiency, electrophorese 1 pL. of

the supernatant DNA using a 2% low-range agarose gel in TAE
bufter (see Fig. 3b).

Select optimum concentration of DNase I that generates DNA
fragments around 50 bp for further experiments.

. Add 3 mL of SMM buffer (supplemented with 5 mg/mL

lysozyme; see Note 7) to the frozen pellet.

. Add 30 pL of 100 mM PMSF to prevent degradation of

proteins.

. Incubate at 37 °C for 20 min with mixing.

. Centrifuge at 6000 x g for 5 min at 4 °C and then discard the

supernatant.

. Add 3 mL of SMM bulfter to the cell pellet. Gently dissolve the

cell pellet in SMM butfter by pipetting.

. Centrifuge at 6000 x g for 5 min at room temperature and

then discard the supernatant.

. Add 370 pL of King2 buffer, 20 pL of 25 x protease inhibitor

cocktail and 10 pL of RNase A (10 mg/mL).

. Add 50 pL of Mg-Ca solution (final concentration: 10 mM

MgCl,, 5 mM CaCl,) and 50 pL of DNase I (0.01 units/pL,
final concentration 1 unit/mL).

. After thoroughly mixing the sample by gentle pipetting, incu-

bate at 37 °C for 30 min for DNase I digestion.

Add 3 mL of UT buffer and 35 pL of 100 mM PMSEF to stop
the DNase I reaction.
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Fig. 3 The difference between ChIP-chip/ChiP-seq and GeF-seq methods and fragment size after DNase |
digestion. (a) Schematic diagrams of the GeF-seq and ChiIP-chip/ChIP-seq methods. The largest difference
between the procedures is at the fragmentation step. With this fragmentation step, the DNA fragment size is
close to the size of the binding region of DBP (~50 bo, see Fig. b). (b) Electrophoresis of the decrosslinked DNA
fragments after the DNase | digestion step in the GeF-seq procedure. Fragments of ~50 bp are optimal for
mapping of DBP-binding sites; they are suitable to acquire sharp peaks and to determine the recognition
sequence accurately and comprehensively. (Reproduced from ref. 12 and ref. 21 with permission from Oxford
University Press and YODOSHA.)
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3.4 Sonication

3.5 Purification
of the DNA-Protein
Complex for ChAP

. Rupture the cells by sonication (se¢ Note 9).
. Centrifuge the sample at 6000 x g for 10 min and recover the

supernatant.

. Before the purification of the DNA-protein complex, separate

200 pL of the supernatant from the sonicated sample (see
above, Subheading 3.6, step 2), and store at —25 °C (see
Note 10).

2. Transfer the remaining supernatant to two 2.0 mL tubes.

11.

12.

13.

14.
15.

. Add 50 pL of magnetic affinity resin for His-tag purification to

each tube.

. Gently mix the supernatant with the beads overnight at room

temperature (see Note 11).

. Centrifuge at 2000 x g for 1 min at room temperature.

. Set the tubes on the magnetic stand to separate the beads and

the supernatant.

. Discard the supernatant using aspirator (or pipette).
. Wash the magnetic beads with 1.5 mL of UT buffer. Separate

the supernatant and beads using the magnetic stand and dis-
card the supernatant.

. Repeat washing step 5 times.
10.

After the final wash, remove as much of the supernatant as
possible, then centrifuge at 16,000 x 4 for 3 min at room
temperature.

Set the tubes on the magnetic stand and completely remove the
supernatant using the pipette.

Add 55 pL of Elution buffer to the pellet of magnetic beads in
each tube and gently mix for 10 min.

Centrifuge at 16,000 x g for 3 min at room temperature, then
set the tubes on the magnetic stand and leave for about 1 min
at room temperature.

Collect the supernatant as the purified fraction.

The total amount of the purified fraction becomes ~110 pL.
The presence of protein included in the purified fraction
should be confirmed by SDS-PAGE or Western blotting.
(1) Mix 10 pL of the purified fraction with 2.5 pL. of 5x
SDS-PAGE loading buffer. (2) Heat at 90 °C for 45 min to
remove crosslinking between the DNA and proteins. (3) Per-
form SDS-PAGE and/or Western blotting. If the target DBP
forms a protein complex by this procedure, one can also deter-
mine the proteins included in the complex by protein complex
analysis using, €.g., mass spectrometry.



3.6 Decrosslinking
of the DNA-Protein
Gomplex

and Purification

of the DNA Fragments

3.7 GeF-Seq Data
Analysis (See Note 12)

10.

11.

12.

13.
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. Transfer 85 pL of the purified fraction to a PCR tube and mix

with 15 pLL of M-wash bulffer.

. Transfer 30 pL of the supernatant fraction to a PCR tube and

mix with 70 pL of M-wash butffer.

. Incubate the purified and supernatant fractions at 65 °C over-

night (15~18 h) to decrosslink protein-DNA complexes.

. To purify DNA fragments, Phenol /chloroform /isoamyl alcho-

hol treatment was used (se¢ Note 12). Transfer the purified and
supernatant fractions to 1.5 mL tubes and mix with 200 pL of
Phenol /chloroform /isoamyl alchohol solution.

. Add 100 pL of distilled water, 20 pL of 3 M sodium acetate

(pH 5.2) and 1 pL of 20 mg/mL glycogen, then mix well.

. Centrifuge at 16,000 x g for 5 min at room temperature and

transfer 160 pL of supernatant (upper phase) to a new
1.5 mL tube.

. Add 400 pL of ethanol (2.5x) and mix well, followed by

incubation at =80 °C for 20 min.

. Centrifuge at 16,000 x gfor 5 min at 4 °C and then discard the

supernatant.

. Add 500 pL of cold 70% ethanol and gently mix by inverting

the tube.

Centrifuge at 16,000 x g for 5 min at 4 °C and discard the
supernatant completely.

Dissolve the DNA pellet in 30 pL nuclease-free water. The
DNA recovered from the purified fraction is “ChAP DNA”
and that from the supernatant fraction is “supernatant DNA.”

To confirm DNA digestion efficiency, electrophorese 1 pL. of
the supernatant DNA using a 2% low-range agarose gel in TAE
buffer (se¢ Note 8).

Prepare the libraries for Illumina paired-end sequencing using
the NEBnext DNA Library Prep Reagent kit according to the
manufacturer’s instructions.

The detailed procedure for informatics analysis to determine the
DNA recognition sites of DBPs on the genome, based on GeF-seq
analysis, is described at our web site: http: //metalmine.mydns.jp/
maps,/pair_map/, and programs needed for the analysis can be
downloaded from the web site (see Subheading 2.4).

Here, we briefly describe the procedure to identify the

binding sites with basepair resolution using “pair_map” pro-
grams (see Note 13).

1.

Perform mapping of sequence reads on the reference genome
using “mpsmap”:


http://metalmine.mydns.jp/maps/pair_map
http://metalmine.mydns.jp/maps/pair_map
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mkindx —11 genome.fasta (index preparation).
mpsmap —a 8 <1 11 —r 36 —h 35 —-map —job jobname genome.
fasta gefseq.fastq (see Note 14).

. (Optional) Bias caused by copy number variation, as known as

ori-ter bias can be adjusted with data from regular genome
sequencing as a control. A detailed description of the proce-
dure can be found in http://metalmine.mydns.jp/maps/

gefseq/.

. Detect the binding peak positions using “pair_map”. The pre-

dicted protein recognition sequence segments are written in
gefseq.fastq_jobname_edge.fasta (see Note 14).

. Search the conserved sequence motif among the sequence

segments using software such as MEME or Bipad [17, 18].

. Visualize the mapping results and predicted binding sites using

mapsview.

4 Notes

. We use the Agilent Bioanalyzer (Agilent). However, other

instruments to measure precise length and amount of DNA
fragments are also applicable, for instance, the Tapestation
(Agilent).

. Mapsview can only be used with mpsmap. If you use other well-

known mapping program (for instance, Bowtie2 [19]), you can
use IGV [20]. Even in this case, mpsmap will be needed for the
determination of the edges of the DBP-binding sites.

. While we examplified the GeF-seq of the DBP (AbrB) highly

expressed in the B. subtilis cells cultivated in the LB medium,
this protocol can be applied to other DBPs lower or higher
expressed in B. subtilis and E. coli cells. Growth conditions and
reagent volumes can be adjusted according to the expression
level of the target DBP. Our standard cultivation medium is
LB. However, other media (for instance, 2 x YT) can also be
applied for GeF-seq.

. The volume of the bacterial culture can be variable. This pro-

tocol is optimized for 160 OD units of cells.

. Temperature, reaction time, and duration of the mixing for the

crosslinking reaction can be varied to optimize the crosslinking
efficiency, which may depend on the properties of the target
protein, bacterial species, and culture conditions.

. At step 6, Tris contained in the TBS buffer would stop the

reaction. Therefore, even if this step is omitted, the reaction
should be stopped at a later step.


http://metalmine.mydns.jp/maps/gefseq/
http://metalmine.mydns.jp/maps/gefseq/
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. Lysozyme should be added to SMM bufter immediately before

use. When E. coli is used for GeF-seq, it is necessary to add
1 mM EDTA into SMM bufter and leave the cell suspension for
15 min at room temperature to remove outer-membrane,
because Gram-negative bacteria is resistant to lysozyme by
their outer-membrane.

. The fragment size produced by the DNase I digestion can be

controlled by adjusting the amount of enzyme and the incuba-
tion time. Because DNase I activity can vary between suppliers
or different lots of the product, experimental conditions have
to be determined at the beginning of the analysis.

. We use the Astrason Ultrasonic Processor X1.2020 (Misonix,

NY, USA). The sonication conditions used are: level 5, with a
4 s ON period followed by a 10 s OFF period (which is the
interval required to avoid overheating of samples). The ON
(4 s) and OFF (10 s) cycle is repeated until the total ON time is
10 min.

The supernatant fraction will be used to confirm the sizes of
fragmented DNA from DNase I treatment, and to prepare the
control library for sequencing.

After inactivation of protease by PMSF in earlier steps, proteins
and DNA fragments are stable under this denatured condition.

Any methods that can recover small fragments of DNA also can
be used, e.g., silica-based DNA purification systems.

GeF-seq is based on DNase I footprinting. The accuracy of the
mapped positions for both ends of the DNA fragments
co-purified with the DNA-binding proteins is crucial to the
quality of the binding site predictions. Programs “pmapsr” and
“pair_map” have been developed to identify the edges of the
protein-binding sites with single base resolution using Illumina
sequencing data.

To identify the protein-binding sequences, first, our mapping
program, “mpsmap”, assigns short reads including the
adapter-oligo sequence by permitting the presence of a large
mismatch region. Then the “pmapsr” program identifies the 5’
and 3’ edges of the DNasel digested DNA fragments based on
the positions as the first position of the read, and the mismatch
start position, from each read. Alternatively, the “pair_map”
program identifies the both end of the digested DNA frag-
ments as the genome regions in between the initial positions of
the read pairs facing each other.
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Genomic SELEX Screening of Regulatory Targets
of Escherichia coli Transcription Factors

Tomohiro Shimada, Hiroshi Ogasawara, and Akira Ishihama

Abstract

The genome of Escherichin coli K-12 is transcribed by a single species of RNA polymerase. The selectivity of
its transcriptional targets is modulated via two-steps of protein-protein interaction: at the first step, seven
species of the sigma subunit are involved, at the second step, a total of approximately 300 species of
transcription factor (TFs). For the identification of the regulatory targets of these two groups of regulatory
proteins, we developed two in vitro approaches, “Genomic SELEX” (currently designated as gSELEX) and
“PS (promoter-specific)-TE” screenings. Here, we describe a detailed protocol of the genomic SELEX
screening system which uses purified regulatory proteins and fragments of genomic DNA from E. coli.

Key words Genomic SELEX, Transcription factor: Sigma factor, RNA polymerase, DNA-protein
interaction, Regulatory target, Escherichin coli

1 Introduction

Bacteria constantly monitor the physical, chemical and biological
conditions of their environment, and respond for adaptation and
survival by modifying their gene expression pattern. Transcription
of genes is carried out by a single species of RNA polymerase
(RNAP). The model organism Escherichia coli K-12 harbors
about 4500 genes on its genome, but the total amount of RNAP
is only about 2000 molecules per genome [1, 2]. The pattern of
genome transcription is determined by controlling the use of this
limited number of RNAP along the genome [2, 3]. The RNAP core
enzyme with subunit composition opp’® carries the activity
required for RNA polymerization, but lacks the ability of promoter
recognition and transcription initiation. The holoenzyme, which is
formed after binding the o subunit, is capable of performing these
steps. E coli K-12 expresses seven species of the o subunit, each
capable of recognizing a specific set of promoters [1, 4-6] (see
Fig. 1a). The promoter selectivity of the RNAP holoenzyme is
further modulated via protein-protein interaction with another

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
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Fig. 1 Functional differentiation of RNA polymerase. E. coli RNA polymerase core
enzyme with the subunit composition of af’w is assembled in a sequential
manner. The core enzyme lacks the activities of promoter recognition and
transcription initiation, but gains these activities by binding one of seven species
of the o subunit, forming the holoenzyme. Each holoenzyme recognizes a
specific set of the regulatory target promoters of genes that are involved in
specific cell functions as indicated [2, 3]

group of regulatory proteins, referred to as transcription factors
(TF)[2, 3]. E. coli K-12 expresses approximately 300 species of TF,
most of which associate with DNA targets, usually located near
promoters and interact with the promoter-bound RNAP (see
Fig. 1b). DNA-bound TFs interact directly with promoter-bound
RNAP via one of its subunits [ 7-9]. Identification of the regulatory
targets for all seven o subunits and all 300 TFs is important in order
to understand global gene regulation in E. cols.
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Several experimental approaches have been established for the
identification of regulatory targets of the o subunits and TFs,
among which microarray-based transcriptome analysis for monitor-
ing mRNA levels of the full set of genes in the presence and absence
of test factor [10-12]. Transcriptome analysis has also been per-
formed under an endless variety of conditions for monitoring the
genes involved in stress response. Currently, the microarray tech-
nology for transcriptome analysis has been replaced by direct
sequencing of all transcripts (RNA-Seq analysis) [13, 14] (for
details see Note 1). In parallel, TE-binding sites on the E. cols
genome have been mapped by using the ChIP-chip (chromatin-
immunoprecipitation) method [15, 16]. This method has been
further improved by replacing microarray detection by deep
sequencing (ChIP-Seq), which enables true genome-wide mapping
of TF-binding sites. A huge amount of transcription data has been
collected in databases such as EcoCyc [17] [https: //EcoCyc.org]
and RegulonDB [18] [http://regulondb/ccg.unam.mx]. The
data set identified so far, however, does not necessarily represent
the regulatory targets under the direct control of the test ¢ factor
and test TF, but instead include large numbers of indirectly affected
genes [2, 3, 19]. Generally the direct targets of TFs represent only
minor fractions of the genes detected by Microarray and RNA-Seq
analyses, because downstream of a specific regulator, genes encod-
ing other transcription regulators are organized, altogether form-
ing a complex regulatory network. Moreover, caution is needed
when selecting in vivo transcription datasets as unexpected difter-
ences have been found between E. cols strains due to differences in
genetic background, even between lab stocks of the same E. cols
K-12 strain (for details see Note 2).

To avoid the complexity inevitably associated with in vivo
systems, we developed two in vitro approaches, one aimed at
identifying the regulatory target promoters of each sigma factor
and each TF, and the other aimed at identitying all sigma factors
and TFs involved in regulation of each promoter. “Genomic
SELEX (systematic evolution of ligands by exponential enrich-
ment)” allows identification of target promoters, genes and oper-
ons under the direct control of each sigma factor and each TF
([19, 207]; also see TEC database [http://www.shigen.nig.ac.jp/
ecoli/tec/]). The “PS-TF (promoter-specific TF)” screening
system allows identification of all TFs involved in regulation of
each promoter [24]. By using Genomic SELEX screening sys-
tem, we have identified all “constitutive promoters” under the
direct control of each sigma factor in the absence of other acti-
vators and repressors [21, 22]. Here, we describe details of the
Genomic SELEX procedure for identification of regulatory tar-
gets of TFs.


https://ecocyc.org
http://www.shigen.nig.ac.jp/ecoli/tec
http://www.shigen.nig.ac.jp/ecoli/tec
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2 Materials

2.1

2.2

23

24

25

2.6

2.7

28

Bacterial Strains

Chemicals

DNA

Oligonucleotides

Tiling Array

Enzymes

Culture Media

Gels

Escherichia coli K12 W3110 type-A [23].
Escherichia coli DH5a.

Escherichin coli BL21(DE3).

Escherichia coli JM109.

Ni-NTA Agarose.
Protein marker.
Cy3-dCTP.
Cy5-dCTP.

Human Cot-1 DNA.

pBR322 plasmid.
pET21a plasmid.
100 bp DNA ladder marker.

F-primer (100 pmol/pL): 5 CTTGGTTATGCCGGTACTGC 3'.
R-primer (100 pmol /pL): 5* GCGATGCTGTCGGAATGGAC 3'.

E. coli K12 4x44 Universal array (Oxford Gene Technology)
Backing plates (Oxford Gene Technology)
Hybridization chamber

EcoRV.

HindIII.

BamHI.

T4 polynucleotide kinase.

CIAP (Calf intestine alkaline phosphatase).
Proteinase K.

Ex Taq polymerase.

LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl).
SOC medium (20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L
NaCl, 186 mg/L KCl, 2 mM MgCl,, 8 mM p-glucose).
LB plate (LB medium with 15 g/L agar).

5% Polyacrylamide (1.67 mL 30% acrylamide solution (29:1),
0.1 mL 10% APS, 0.01 mLL TEMED, 1.0 mL 10xTBE buffer,
and H,O to make 10 mL).

Agarose gel (0.8~1.0 g agarose in 100 mL TAE bufter for
0.8~1.0% gel).

SDS-polyacrylamide lower gel (30% acrylamide solution
(29.2:0.8), 0.1 mL 10% APS, 0.01 mLL TEMED, and Laemmli
lower-gel bufter (see Subheading 2.9) to make 10 mL gel).



2.9 Buffers

2.10 Reagents

2.11 Reaction Kits
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SDS-Polyacrylamide upper gel (30% acrylamide solution
(29.2:0.8), 0.1 mL 10% APS, 0.01 mL TEMED, and Laemmli
upper-gel buffer (see Subheading 2.9) to make a 10 mL gel).

TAE bufter (40 mM Tris-base, 20 mM acetate, ] mM EDTA, and
adjust pH to 8.0).

TBE buffer (500 mM Tris-base, 485 mM boric acid, 20 mM
EDTA, and adjust pH to 8.0).

10x Binding buffer (10 mL 1 M Tris-HCI, pH 7.8 at 37 °C,
6 mL 0.5 M Mg acetate, 30 mL. 5 M NaCl, 1 mL 25 mg/mL BSA,
and H,O to a final volume of 100 mL).

Protein elution buffer (appropriate concentration of imidazole
in binding buffer).

Imidazole elution buffer (in Binding buffer).

Cell wash buffer (0.16 M NaCl, 10 mM Tris—HCI, pH 8.0 at
4°C).

Cell suspension buffer (0.10 M NaCl, 50 mM Tris-HCI, pH
8.0 at 4 °C).

4x Laemmli lower-gel buffer (181.7 mg/ml Tris-base,
4.0 mg/mL SDS, pH 8.8).

4x Laemmli upper-gel buffer (60.6 mg/ml Tris-base,
4.0 mg/mL SDS, pH 6.8).

10x Laemmli running buffer (30.28 mg/mL Tris-base,
144.14 mg/mL glycine, 10 mg/mL SDS).

5x SDS dye (1 M Tris-HCI, pH 6.8 at 25 °C, 0.5 g SDS,
2.5 mL 2-mercaptoethanol, 0.1 mL 1% BPB, 0.5 mL glycerol).

Storage bufter (50% glycerol, 10 mM Tris—-HCI, pH 7.5 at
4 °C, 20 mM MgCl,, 200 mM KCl, 5 mM EDTA).

30% Acrylamide solution [29:1] (290 mg,/mL acrylamide, 10 mg/
mL N’ N’-methylene bis-acrylamide).

30% Acrylamide solution [29.2:0.8] (292 mg/mL acrylamide,
8 mg/mL N, N'-methylene bis-acrylamide).

6% loading dye (5 mg bromophenol blue, 3 mL glycerol,
0.1 mL 0.5 M EDTA, 6.9 mL H,O).

Tris-saturated phenol (500 g crystallized phenol, 400 mL
0.5 M Tris—HCI, pH 8.0, 0.5 g 8-quinolinol).

Phenol-Chloroform solution (50 mlL Tris-saturated phe-
nol + 50 mL chloroform).

10x Blocking agent (Agilent).

2 x HiRPM hybridization buffer (Agilent).

DNeasy blood & tissue Kit (Qiagen).
Blunting kit (T4 DNA polymerase) (Takara).
DNA ligation kit (Takara).

Plasmid extraction kit (QIAGEN-tip 500).
PCR purification kit (QIAGEN QIA quick).
CBB (Coomassie brilliant blue) staining kit.
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2.12 Equipment

Protein assay kit (Biorad).

BioPrime DNA labeling system (Invitrogen).

Oligo aCGH /ChIP-on-chip hybridization kit (Agilent).
Oligo aCGH wash-buffer-1 and -2 sets (Agilent).

Microcentrifuge.

Centrifugal concentration spin dryer.

UV transilluminator.

SUPREC™-01 tube (TaKaRa).

Muromac Column (5 x 50 mm) (Muromachi Technos).
Photometer.

Sonicator.

Thermal cycler.

Hybridization oven (Agilent).

Glass container (Agilent).

High resolution microarray scanner (G2565CA Agilent).
Image analyzer (GE Healthcare).

DNA sequencer.

3 Construction of the Genomic DNA Library

3.1 Preparation
of the Genomic DNA
Segments

1.

10.

Purify genomic DNA from E. co/i cells using DNeasy blood and
tissue kit. Solubilize the purified DNA in nuclease-free water,
and measure its DNA concentration.

. Check DNA purity by 0.7% agarose gel electrophoresis.
. Sonicate 0.5 mL aliquot of the genomic DNA (0.2 mg/mL)

using a sonicator at 10 s interval for a total of 120 s.

. Check the fragmentation of genomic DNA by 5% PAGE (poly-

acrylamide gel electrophoresis). Use 100 bp DNA ladder as a
reference. The size distribution of major DNA segments
should be in the range 200~300 bp. [ Note: if the size is longer
than this level, repeat the sonication].

. Excise the part of the gel containing 200-300 bp-long DNA

segments with a surgical knife.

. Elute DNA from smashed gel pieces by soaking at 4 °C in

400 pL of elution buffer overnight.

. Centrifuge the gel suspension for 17,800 x g for 10 min at

room temperature.

. Remove the supernatant and keep for further processing.
. Repeat the DNA elution by adding 400 pL of elution bufter to

the gel.

Combine supernatant with that obtained at step 8 and transfer
into SUPREC™ ™! tube to remove remaining gel pieces.



3.2 Blunt-End
Formation

and Phosphorylation
of the Genomic DNA
Fragments

3.3 Preparation

of EcoRV-Digested
and Dephosphorylated
PBR322 Vector

11.

12.

13.
14.

15.
16.

17.
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Centrifuge the tube for 9100 x g for 5 min at room
temperature.

Add 1 mL of 100% chilled ethanol to the flow-through fraction
tor DNA precipitation.

Centrifuge the tube for 17,800 x g for 20 min at 4 °C.

After the removal of the supernatant, add 200 pL of 70%
ethanol.

Centrifuge the tube for 17,800 x g for 5 min at 4 °C.

Remove the supernatant with microcentrifuge and dry DNA
precipitates under centrifugal concentration spin dryer.

Dissolve DNA in 100 pL of nuclease-free water and measure
the DNA concentration.

. Treat 10x 1 pg of DNA isolated at step x.17 with Takara

blunting kit to obtain 10 pg of blunt-ended DNA.

. Purify the DNA with phenol /chloroform solution and precipi-

tate it with ethanol.

. Dissolve the DNA in 80 pL of nuclease-free water.
. Add 10 pL of 10x polynucleotide kinase buffer, 10 pL. of

20 mM ATP solution, and 1 pL (10 units) of T4 polynucleotide
kinase.

. Incubate for 30 min at 37 °C.

. Purity the DNA with phenol/chloroform solution, and precip-

itate it with ethanol in the presence of 2 M ammonium acetate
for the removal of ATP.

. Dissolve the DNA in 0.1 mL nuclease-free water and determine

the DNA concentration by measuring OD3601m-

. Digest 5 pg of pBR322 with 15 units EcoRV restriction

enzyme.

. Purify the plasmid with phenol-chloroform solution, and pre-

cipitate DNA with ethanol.

. Dissolve the DNA in 90 pL of nuclease-free water.
. Add 10 pL of 10x alkaline phosphatase buffer and 0.5 pL

(10 units) of calf intestine alkaline phosphatase (CIAP).

. Incubate for 30 min at 37 °C.

. Add 0.5 pL (10 units) of CIAP.

. Incubate for 30 min at 37 °C.

. Add 5 pL of 10% SDS solution for inactivation of CIAD.

. Add 1 pL of 500 mM of EDTA solution, and then 0.5 pL of

proteinase K (20 mg/mL).
. Incubate at 56 °C for 30 min.
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3.4 Ligation
and Transformation

3.5 Quality Check
of the Plasmid Library

11.
12.

13.

O 00 N O\ Ul

10.
11.

Extract the DNA with phenol/chloroform solution.

Precipitate the DNA with ethanol, and then dissolve in 20 pL
of nuclease-free water.

Determine the DNA concentration of EcoRV-digested and
dephosphorylated plasmid solution by measuring ODj60nm-

. Mix 15 ng of blunt-ended genomic DNA segments, and

100 ng of EcoRV-digested and dephosphorylated vector
DNA in a volume of 5 pL so as to keep the molar ratio of insert
DNA:vector DNA at 3:1.

. Add 5 pL. of DNA Ligation Kit and incubate overnight at

16 °C.

. Transform 10 pL of ligated DNA solution into 100 pL of the

competent cells.

. Incubate on ice for 30 min.

. Incubate at 42 °C for 45 s for heat shock
. Cool-down on ice for 3 min.

. Add 300 pL. SOC medium.

. Incubate for 30 min at 37 °C.

. Spread 50 pL each of the transformant solution on

LB-ampicillin plate using cell spreader.
Incubate the plate at 37 °C overnight.

Check the number of colonies [Note: the number should be
more than 1000 on each plate].

. Pick up few dozens of colonies in 2 mL of LB-ampicillin

medium and cultivate at 37 °C up to log phase.

. Harvest cells and isolate plasmid DNA with phenol-chloroform
. Digest each plasmid DNA by treatment with HindIII and

BamHI restriction enzymes.

. Run on 1.0% agarose gel, in parallel with 200 bp DNA ladder

marker, and stain using ethidium bromide.

. Check the fragment size of the digested plasmid [Note: when

200-300 bp-long DNA segments were cloned into plasmid,
550-650 bp-long fragments can be observed].

. Prepare a total number of 1 x 10° transformants [Note: the

total amount of genomic DNA segments should be 5~6 times
more than the size of E. cols K-12 W3110 genome of 4.6 Mbp].

. Suspend individual colonies in plasmid extraction kit

(QIAGEN-tip 500).

. Purify the plasmid DNA following the procedure of supplier.
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4 Preparation of DNA Substrates for SELEX

4.1 Regeneration

of DNA Segments from
the Genomic DNA
Library

1.

Mix 3 ML of the plasmid library of genomic DNA (1 ng/pL),
1 pL of F-primer (100 pmol/pL), 1 pL of R-primer
(100 pmol/pL), 10 pL of 10x Ex Taq buffer, 8 pL of ANTP
mixture, 76.5 pL of ddH,0O, and 0.5 pL of Ex Taq polymerase.

. Subject to PCR under the conditions: 94 °C for 5 min treat-

ment; and then [94 °C-30 s -> 50 °C-1 min -> 70 °C-1 min]
for 20 cycles followed by 70 °C treatment for 3 min. [Note:
Optimization is required depending on the type of thermal
cycler].

. Add 20 pL of 6x loading dye to the PCR product and run it,

together with 100 bp DNA ladder marker, on 5% polyacryl-
amide gel for 40 min at a constant voltage of 150 V.

. Stain using ethidium bromide solution and visualize on

UV-transilluminator to verify synthesis of products of the
expected length.

. Cut the gel piece containing 200-400 bp-long DNA segments

with a surgical knife.

. Extract the DNA from gel pieces as noted above (1-1).

. Dissolve DNA in 40 pL nuclease-free water and measure the

DNA concentration. Store the DNA sample at —20 °C.

5 Expression and Purification of TFs

5.1 Construction
of TF Expression
Plasmids

1.

For cloning of TF, design both 5'- and 3'-primers, each hybri-
dizing the flanking sequences of 5'- and 3’-termini of the
coding sequence of the TF of interest. For the insertion into
the expression plasmid pET21a, add one unique restriction
enzyme sequence to each primer (for details see [25]).

. Amplify TF-coding sequences by PCR using the 5'- and

3/-primers thus prepared under the PCR conditions: 94 °C
for 5 min treatment; and then [94 °C-30 s > 50 °C-1 min
> 70 °C-1 min] for 20 cycles followed by 70 °C treatment
for 3 min.

Purify the PCR-amplified DNA with phenol-chloroform.

. Digest the purified PCR-amplified DNA fragment with two

kinds of restriction enzyme, each introducing a single cleavage
within one of the primer pairs, and insert it into pET21a vector
between the same restriction sites as used for the preparation of
insert DNAs.
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5.2 Preparation

of Transformants
Garrying TF Expression
Plasmids

5.3 Check the Small-
Scale Expression
of His-Tagged TF

10.

11.

12.

13.

14.
15.

. Add 0.1 ng of pTF plasmid DNA into 1.5 mL tube including

50 pL of E. coli BL21 competent cells.

. Incubate on ice for 10 min and then expose to 42 °C for 45 s.

After cooling down on ice, add 120 pL of LB medium.

. Incubate at 37 °C for 40 min, and then spread onto LB plate

containing Amp for isolation of transformants.

. Pick a single colony and inoculate into 3 mL of LB medium.

. Incubate at 30 °C in a water bath shaker at 150 rpm until an

ODgop = 0.7 ~ 1.0, and then store at 4 °C.

. Add an aliquot of this pre-culture into 20 mL of fresh LB

medium containing 0.1 mg/mL ampicillin.

. Incubate at 30 °C in a water bath shaker at 150 rpm until an

ODyggo = 0.5~0.7.

. Add 0.5 M IPTG as an inducer to achieve a final concentration

of 1 mM IPTG, and continue the incubation.

. Take 1 mL aliquots at one-hour intervals to measure the

expression level of TF.

. Harvest cells by centrifugation by using a refrigerated

centrifuge.

. Suspend the cells in more than 0.3 mL of cell suspension

buffer.

. Add 100 mM PMSF solution to achieve a final concentration of

0.2 mM PMSE.

After storage on ice for 20 min, sonicate the cell suspension
using the following setting: each 0.5 s a pulse at amplitude of
14% for a total of 30 s [Note: the condition of sonication
should be controlled depending on the equipment used].

Take 0.1 mL cell lysate and centrifuge at 4 °C for 20 min at
20,400 x g, and save supernatant (S1).

Suspend cell pellets in 0.1 mL lysis buffer containing 2%
TritonX-100, centrifuge at 4 °C for 20 min at 20,400 x g,
and save the supernatant (S2).

Resuspend cell pellets in 0.1 mL lysis buffer containing 2 M
guanidine, centrifuge at 4 °C for 20 min 20,400 x g, and save
the supernatant (S3).

Suspend the final cell pellet in 0.1 mL of lysis buffer.

Take 12 pL each of the supernatant fractions (S1-3) and the
cell pellet fraction and add 3 pL of 5x SDS dye. Run all four
samples alongside a protein size maker on 6-10% of
SDS-PAGE at a constant current of 30 mA for
appropriate time.



5.4 Large-Scale
Expression

and Purification of His-
Tagged TF

16.

17.

10.

11.

12.

13.

14.
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Stain the gel using CBB (Coomassie brilliant blue) staining kit
for 1 h. Rinse the gel and detect with use of Image analyzer.

Compare the gel patterns for samples collected at different
time points after the addition of IPTG to confirm TF induc-
tion, and among supernatant and precipitate fractions to find
the best condition of TF extraction.

. For large-scale expression of TFs, follow the culture conditions

as described for small-scale culture and harvest cells at the time

following IPTG addition that resulted in maximum induction
of TF.

. Suspend TF-expressing cells in 30 mL of lysis buffer and add

0.06 mL of 100 mM PMSF solution to obtain a final concen-
tration of 0.2 mM PMSF. [Note: PMSF is a protease-inhibitor |

. Add 0.9 mL of 10 mg/mL lysozyme (final 0.3 mg/mL) and

incubate on ice for 20 min.

. Sonicate the cell suspension using the same settings as

employed for small-scale expression.

. Centrifuge the cell lysate at 4 °C for 30 min at 20,400 x g4.
. Collect the supernatant.

. In case a TF is found to be present in the precipitate during the

small-scale test, extract the TF with use of TF suspension buffer
containing 1% TX-100 and/or 1 mM guanidine.

. Into the combined TF extract, add 4 mL of Ni-NTA agarose

suspension, and mix well using a rotator at 4 °C for 1 h.

. Load the Ni-NTA agarose suspension onto a column and

collect the flow-through fraction as the unbound TF sample.
[ Note: His-tagged TFs bind to agarose-attached Nickel].

Wash the column with 20 mL of lysis buffer (containing
TX-100 and/or guanidine).

Wash the column with 20 mL of lysis buffer containing 25 mM
Imidazole.

Elute TF using by applying wash buffer containing increasing
Imidazole concentrations: (1) 2 mL of wash buffer containing
100 mM Imidazole, (2) 2 mL of wash buffer containing
200 mM Imidazole and (3) 4 mL of wash buffer containing
400 mM Imidazole.

Take a 12 pL aliquot from each fraction and add 3 pL of
5xSDS dye.

Run samples, alongside 3 pL of protein marker, on a 6~10%
SDS-PAGE at a constant current of 30 mA for an appropriate
time estimated from the mobility of marker dye
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15. Stained the gel with CBB stained kit for 1 h. Based on the
location of TF bands. Choose the fraction(s) containing high-
level TF.

16. Combine the imidazole eluates containing high-level TF and
dialyze against the storage buffer at 4 °C.

17. Measure the protein concentration by any protein staining
reagent and store the purified TF at —80 °C.

6 Genomic SELEX Screening

Genomic SELEX was developed to identify regulatory targets of
E. coli TFs using a library of genomic DNA segments (see Subhead-
ing 4) and purified His-tagged TFs (see Subheading 5) [20] (see
Fig. 2). For enrichment of specific targets, SELEX is often repeated
several cycles.

Genomic SELEX Screening System

Genome DNA E. coli DNA
— ~cmm  lib
= d}l rary p(ég
c-- -

DNA fragments & g
(200-300 bp) ﬂHw-tagged
s Elution Ni-NTA ’ ﬁ.
--ﬂ = == =
“’ ~~$ ‘gﬁ‘ - .-
SELEX-clos SELEX-chip
(Cloning- (DNA-chip
Sequencing) analysis) SELEX

Systematic Evolution of Ligands by Exponential Enrichment

Fig. 2 Genomic SELEX screening system. The genome DNA of E. coli
K-12 W3110 was sonicated into a mixture of 200~300 bp-long fragments,
which were inserted into a multi-copy plasmid pBR322. For genomic SELEX
screening, these DNA fragments can be regenerated by PCR. The encoding
sequence of each transcription factor (TF) was PCR-amplified and inserted into
protein-expression plasmid pET21a. His-tagged TF was over-expressed in
transformants, and affinity-purified. Formation of His-tagged TF and DNA seg-
ments carrying its recognition target sequence was formed and isolated by using
Ni-NTA affinity column [20]. DNA was isolated from TF-DNA complexes and the
mapping of TF-bound DNA can be performed by either SELEX-clos or SELEX-chip
method as described in text
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. Mix 10 pL of 10x Binding buffer, 5 pmol DNA fragment

mixture and 10 pmol His-tagged TF in a final volume of
0.1 mL.

. Incubate DNA-TF mixture for 30 min at 37 °C.

. Load the mixture onto a Ni-NTA agarose column [Note:

Ni-NTA column should be prepared as follows: put 0.4 mL
Ni-NTA suspension into a column (5 x 50 mm); wash the
column three times with 0.2 mL. 5 mM imidazole]

4. Wash 5 times with 0.2 mL of 10 mM Imidazole buffer.

. Elute DNA-TF complexes with 1 mL of 200 mM imidazole

buffer.

. Take an aliquot of 0.01 mL DNA-TF complex fraction and

subject to PCR by adding (in a total volume of 0.1 mL): 1 pL of
F-primer (100 pmol/pL), 1 pL of R-primer (100 pmol/pL),
10 pL of 10 x Ex Taq buffer, 8 pLL of ANTP mixture, 0.5 pL of
Ex Taq polymerase, and 69.5 pL of redistilled H,O.

. Perform PCR under the conditions: 94 °C-3 min for

complete denaturation followed by [94 °C-30 s > 50 °C-1
min > 70 °C-1 min] cycles. To find the best PCR cycle to give
the optimum level of DNA amplification, interrupt PCR at cycles
16, 18 and 20 and check the level of DNA amplification
as follows.

. For the detection of PCR products, run a 5 pL aliquot together

with 1 pL of 6 x loading dye on a 5% PAGE at a constant
voltage of 150 V for 40 min alongside a 100 bp DNA-ladder
marker.

. After staining with ethidium bromide, elute DNA bands of

200 to 400 bp in length, and after ethanol precipitation, store
DNA samples for mapping using SELEX-clos or SELEX-chip
(see below).

7 Mapping of SELEX Library

7.1 SELEX-clos
(Cloning
and Sequence) System

To identifly the DNA segments isolated by SELEX and contain a
TE-binding sequence two approaches can be used: SELEX-clos
(cloning and sequencing) (see Fig. 3) and SELEX-chip (tiling chip
analysis) (see Fig. 4).

1.

Mix 5 pmol of SELEX DNA fragment mixtures, and 100 ng
(about 0.5 pmol) of TA-cloning vector (pT7 Blue-T vector,
Novagen) in a total volume of 5 pL. [Note: the ratio of insert
DNA to vector DNA should be approximately 10:1].

2. Add 5 pL of DNA Ligation Kit.

. Incubate at 16 °C for more than 3 h.
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CecR (SELEX-clos)

CecR box
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Fig. 3 SELEX-clos analysis for mapping TF-binding sequences: Representative
result. SELEX-clos is one of the methods for mapping DNA segments isolated by
genomic SELEX screening. SELEX DNA segments were cloned into a multi-copy
plasmid, and the recombinant plasmids were isolated from transformed E. coli
cells. DNA sequences were determined for inserts from as many as recombinant
plasmids. By alignment the sequences, the binding sequence of test TF can be
predicted. The number of same sequences correlates with the affinity of test TF
to each DNA segment. The data shown represent the SELEX-clos analysis for
CecR (regulator of cefoperazone and chloramphenicol sensitivity) [29]

4. Add 10 pL of ligated DNA solution to 0.1 mL E. coli compe-
tent cell suspension.

5. After incubation on ice for 10 min

6. Expose the cell suspension to heat shock at 42 °C for 45 s and
then cool down on ice for 3 min.

7. Add 0.3 mL SOC medium.
8. Incubate at 37 °C for 30 min.

9. Centrifuge at 4 °C for 1 min at 9,100 x g, and suspend the cell
pellet in 0.1 mL of LB medium.

10. Spread 0.1 mL each of these transformant solutions on to LB-
ampicillin-X gal plate using cell spreader.

11. Check the number of white colonies [ Note: Insertion of DNA
inside the /acZ gene results in forming while colonies. The
number of white colonies should be more than 100 on a single
plate].

12. Pick up a single white colony, inoculate into 1-5 mL LB
medium containing ampicillin, and incubate at 37 °C
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Fig. 4 SELEX-chip analysis for mapping TF-binding sequences: Representative
result. SELEX-chip is one of the methods for mapping DNA segments isolated by
genomic SELEX screening. SELEX DNA segments were Cy3-labeled and,
together with Cy5-labeled, subjected to DNA-chip analysis [19, 20]. Mapping
regulatory targets of uncharacterized LysR-type YnfL is shown as an example of
SELEX-chip analysis. (@) SELEX samples at SELEX-cycle 3, 4 and 5 were
analyzed by agarose gel electrophoresis (left) and PAGE (right). Enrichment of
specific DNA segments with binding affinity to YnfL is observed. (b) SELEX-chip
pattern of SELEX-cycle 3. (c) SELEX-chip pattern of SELEX-cycle 5. The binding
sites of YnfL are classified as shown in Fig. 5
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7.2 SELEX-Chip
System

13.

14.

15.

16.

17.

overnight [Note: for accurate mapping, more than 100 inde-
pendent colonies should be examined].

Harvest cells by centrifugation and purify plasmid DNA by
QIAprep Spin Miniprep kit protocol.

For PCR amplification of DNA segments inserted into plas-
mids, approximately 100 ng plasmid DNA is mixed with
3.75 pL of 5x Sequencing buffer, 1 pL 2T7P primer
(3.2 pmol/pL), 0.5 pL BigDye Terminator v3.1 and
nuclease-free doubly distilled water to make a total volume of
20 pL.

Run the PCR reaction under the conditions: 95 °C-20 s >
50 °C-15 s > 60 °C-1 min (25 cycles).

After the PCR reaction, purity PCR products by using the
QIAGEN PCR purification kit.

Sequence the purified PCR products and map the sequence on
the genome.

Note that: the combined size of substrate DNA segments used
for SELEX is approximately 5~6 fold longer than that of E. cols
genome (4,650 Kbp), and thus a number of different DNA
segments can be isolated by SELEX, each binding to a specific
test TF and carrying the common TEFE-binding sequence (see
Fig. 3).

For a faster identification of DNA segment isolated by SELEX they
can be analyzed by using a tilling array of E. coli K-12 genome.
SELEX-isolated DNA segments are labeled with Cy3, while the
original DNA library is labeled with Cy5. After simultaneous hybri-
dization of two fluorescent labeled DNA samples onto a single
tiling array, the genome DNA fragment that formed complexes
with test TF can be easily identified by measuring the Cy3/Cy5
ratio (see Fig. 4).

1.

Prepare both SELEX DNA samples and the original library
DNA at concentrations of approximately 20 ng/pL.

. Mix 20 pL each of these DNA (about 400 pg each) and 2.5 x

Random primer (BioPrime kit).

. Incubate at 94 °C for 3 min for DNA denaturation.

4. Add 5 pL ANTP mix (Bioprime kit), 3.75 pL Cy3-dCTP (or

Cy5-dCTP) and 1 pL Klenow (Bioprime kit).

. Incubate the mixture at 37 °C for 6 h.

6. Purify DNA by using the PCR amplification kit and dissolve

purified DNA in nuclease-free water.

. Mix 21 pL Cy3 labelled DNA, 21 pL Cy5 labelled DNA,

5.5 pL of 1 mg/mL Human Cot-1 DNA, 12 pL of 10x
Blocking Agent and 59.5 pL. of 2x HiRPM hybridization
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buffer. [Note: Prepare the 10x Blocking Agent by adding
1.35 mL water to the 10x Blocking Agent tube. After standing
at room temperature for 1 h, resuspend it by vortexing and
store at —20 °C].

. Incubate the mixture at 94 °C for 3 min for DNA denaturation,

and then incubate at 37 °C for 30 min.

Pipette 110 pL each of the first hybridization mix onto the top
chamber of SureHyb gasket slide (Backing plate) [Note: the
gasket slide contains four chambers to be used simultaneously
for four sets of the sample].

Place a 4x44 universal array onto each chamber of the gasket
slide so as to make contact with the hybridization mix.

Place the clamp assembly (Hybridization chamber) on the slide
and tighten the thumbscrew. [Note: Remove air bubbles on
top of slides]

For hybridization of DNA samples with the tilling array, treat
the gasket at 65 °C for 24 h by rotating at 20 rpm with use of a
hybridization oven. [ Note: the E. coli K12 4 x44 K tilling array
(OGT technology) contains a total of probes, each 60 base-
long probe aligned at 105 bp interval in the order of E. coli
genome sequence .

Scan of the tilling array as follows: (1) Place wash bufter-1 into
the glass container-1 and disassembly glass dishes; (2) place a
flea and slide rack in the container-1; (3) take the jig from
hybridization oven, remove slide/gasket sandwich, place
them in disassemble bath; (4) put the gasket slide from the
array under the surface of the buffer; (5) transfer the slide
quickly to rack in container-1 bath; (6) wash it at room tem-
perature for 5 min with moderate stirring; (7) place
pre-warmed wash buffer-2 into the glass container-2;
(8) remove the rack place quickly into glass container-2;
(9) wash it at 37 °C for 1 min with moderate stirring; and
(10) remove the rack slowly [Note: Wash buffers and glass
containers should be pre-warmed at 37 °C overnight. All
glass containers, forceps, fleas and slide rack should be cleaned
up with use of deionized distilled water].

Scan the slide using a high-resolution microarray scanner. Ana-
lyze the scan image by Agilent feature extraction software. The
grid file can be downloaded from the array supplier (OGT
technology).

Normalize the fluorescent intensity of the Cy3-labeled SELEX
sample for each probe with respect to that of the Cy5-labeled
original library sample. Plot the Cy3/Cy5 ratio versus genome
position. [ Note: approximately 300 bp-long SELEX fragments
should bind to two or more consecutive 60 bp-long probes
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aligned at 105 bp intervals. This criterion should be employed
to avoid the background noise of nonspecific binding of test
TF to non-target DNA sites. Usually the cut-off level of 4 is
employed to identify specific binding. ]

8 Prediction and Confirmation of the Regulatory Targets of TFs

1.

2.

Predict the regulatory target genes of test TF based on its sites
along the map of E. coli genome (see Fig. 4).

Classify the type of TF-binding: type-A binding site, inside
spacer of bidirectional transcription unit; type-B binding site,
upstream of one transcription unit but downstream of another
transcription unit; type-3 binding site, inside spacers of both of
transcription units; and type-4, inside open reading frames (see
Fig. 5). [Note: The list of regulatory targets of E. coli TFs thus
predicted based on SELEX patterns are assembled in TEC
(Transcription Profile of Escherichia coli) database (www.
shigen.nig.ac.jp/ecoli/tec/)] [19].

. For confirmation of the prediction of regulatory target by a test

TF, perform the following experiments:

(a) In vitro assays: Gel shift assay of TF-target DNA com-
plexes; direct observation of TE-DNA complexes by

TF-binding Types
—

O —a—)
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J
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—
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Fig. 5 Classification of TF-binding sites and the prediction of regulatory targets.
The binding sites of TF on the genome can be classified into four types: type-A
spacer between bidirectional transcription units; type-B, upstream of a
transcription unit but downstream of another transcription unit; type-C, spacer
downstream of two transcription units; and type-D, upon open reading frames.
Number of the regulatory targets are estimated to be one or two for type-A and
one for type-B
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AFM; DNase-I footprinting assay of TF-binding sites;
in vitro transcription of target DNA in the presence of TFs

(b) In vivo assays: transcriptome analysis in the presence and
absence of TFs; ChIP-chip or ChIP-seq analyses; reporter
assay of the promoter activity; Northern blot analysis of
target RNAs; pRT-PCR assay of target RNAs; S1-nuclease
assay of target RNAs; primer extension assay of
target RNAs.

(c) Insilico analysis: Search of the consensus sequence of TF
binding among regulatory targets.

9 Notes

. Limitation of transcription analysis in vivo

Identification in vivo of the full set of regulatory targets for two
classes of regulatory proteins, the o factors and TFs, in E. coli is
impossible because (1) regulatory proteins are not at all times
present in E. coli cells, (2) some regulatory proteins are not
always functional, but their activities are controlled by post-
translational modification such as phosphorylation and acetyla-
tion, or through interaction of effector ligands of small
molecules, (3) some regulatory proteins function as hetero-
mers with other proteins and (4) regulatory proteins compete
for binding to the RNAP core enzyme (in the case of 6 subunit)
or to overlapping DNA sites (in the case of DNA-binding TFs).

. Problems associated with the published databases

Transcription-related data in databases such as RegulonDB
[http://regulondb/ccg.unam.mx]| are obtained using differ-
ent E. coli strains grown under various conditions. Recent
findings of the difference in genome sequences between vari-
eties of E. coli strains indicate the presence of huge amounts of
difference in genetic background between E. coli strains
[26, 27], including the difference in the set of genes for regu-
latory proteins of transcription. Care should be taken to use the
data bases for modeling the genome regulation [19].

. Usefulness of Genomic SELEX and PS-TF systems in vitro

To overcome the problems associated with in vivo analysis of
transcription, we have developed two in vitro approaches:
Genomic SELEX screening of regulatory target promoters,
genes and operons by a specified regulatory protein [19, 20]
and PS-TF screening for search of TFs involved in regulation of
a specified promoter [19, 24]. The SELEX system has been
applied for the identification of the regulatory targets of all
seven o factors [21, 22]. In the case of TF analysis, the SELEX
screening system is, in particular, useful for identification of
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Identification of Regulatory Functions of Uncharacterized TFs by SELEX

Yagl => XynR | Regulator of xylonate catabolism

YbaO => DecR | Regulator of cysteine detoxification

YbiH => CecR

YbjK => RcdA

YcdC => RutR

YcjZ => PgrR | Regulator of peptidoglycan (PG) recycling

YdeO => PhhR | Regulator of intracellular pH homeostasis

YdcN => SutR | Regulator of sulfur utilization

YdhM => NemR| Regulator of N-ethylmaleimide reductase

YeaM => NimR | Regulator of resistance to 2-nitroimidazole

YedW => HprR | HprSR TCS response regulator of H,0, sensitivity
YgiP => Dan Nucleoid-associated regulator for anaerobic growth

Regulator of cefoperazone and chloramphenicol sensitivity
Regulator of csgD (master regulator of biofilm formation)
Regulator of pyrimidine metabolism and purine degradation

Fig. 6 Use of genomic SELEX for identification of regulatory functions of uncharacterized TFs. The genomic
SELEX is most useful for short-cut identification of regulatory targets of uncharacterized TFs. So far we have
identified the regulatory functions for more than hitherto uncharacterized TFs

regulatory targets of hitherto uncharacterized TFs [19], of
which the regulatory targets have been identified for more
than ten species using the SELEX system (see Fig. 6).

. Limitation and improvement of transcription analysis in vitro

For successful application of these in vitro systems, however, it is
essential to prepare the regulatory proteins in functional forms.
At present, however, the functional forms have not determined
for a number of TFs. A systematic search for effectors affecting
TF activities is in progress in our research team, including
screening in vitro of natural and synthetic chemical compounds
affecting the DNA-binding activity of TFs [28]. Phenotype
microarray (PM) system is one selection for screening in vivo

of effectors affecting the functions of TFs [29, 30].
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Modular Assembly of Synthetic Secondary Chromosomes

Celine Zumkeller, Daniel Schindler, and Torsten Waldminghaus

Abstract

The development of novel DNA assembly methods in recent years has paved the way for the construction of
synthetic replicons to be used for basic research and biotechnological applications. Questions of how
chromosomes need to be constructed to maintain the genetic information can now be answered by a
learning-by-building approach. Here, we describe an efficient pipeline for the design and assembly of
synthetic, secondary chromosomes in Escherichia coli based on the popular Modular Cloning system
(MoClo).

Key words Synthetic chromosomes, Escherichia coli, Modular cloning, synVicIl, Genome engineer-
ing, DNA libraries, Oligo design

1 Introduction

Chromosomes harbor the genetic information in cells of all
domains of life. This storage of genetic information implies more
than simply getting genes into a linear order. The genetic informa-
tion needs to be copied before cell division, it needs to be
distributed into daughter cells and errors and damage needs to be
repaired. All these processes have underlying molecular mechan-
isms that are a central part of chromosomes to function as such. The
question of what actually makes a chromosome a chromosome has
fascinated researchers for decades, but is now asked from a new
perspective with synthetic biology becoming a scientific discipline.
It is now possible to actually construct entire bacterial or eukaryotic
chromosomes from synthetic DNA oligonucleotides [1-3]. This
technical revolution raises the question what engineering rules one
has to follow when constructing a chromosome from scratch.
Which genes need to be inserted and how should they be arranged,
which replication origin(s) could be used and which functional
DNA motifs are relevant to support chromosome maintenance
[4-6]. The upcoming synthetic genomics makes it possible to try
and answer chromosome biology questions with a learning-by-
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building approach. If one thinks that this or that part or factor is
needed to make a functional chromosome one could go ahead and
construct a synthetic chromosome to verify this hypothesis. Such an
experimental chromosome construction is not entirely new since so
called mini-chromosomes have been used for many years to better
understand chromosome biology [7-9]. However, the efficient
assembly of larger replicons provides unprecedented opportunities
to answer basic research questions on mechanisms that maintain
chromosomes. Many different DNA assembly methodologies have
been developed over the last years [1-3, 10, 11]. The method of
choice will largely depend on the specific replicon to be con-
structed. One important set of DNA assembly approaches omits
the classical use of specific restriction digests and ligation and is
instead based on short homologous regions on the ends of the
DNA fragments to be assembled. Such homology can be used
in vitro in combination with an exonuclease, a DNA polymerase,
and a DNA ligase to assemble multiple DNA fragments in the
so-called Gibson assembly [1]. The same fragments with homology
can alternatively be transformed into the yeast Saccharomyces cere-
visine to make use of'its powerful recombination system to join the
respective DNA parts [12]. Assembly in yeast is popular in synthetic
chromosome construction may it be bacterial chromosomes or
actually synthetic yeast chromosomes [2, 13, 14]. Another DNA
assembly approach making use of short sequence homologies is the
ligase cycling reaction (LCR). Here, the homology is brought in by
short bridging oligonucleotides [15]. Besides allowing cloning of
multiple DNA fragments within a single reaction, the described
methods are able to construct larger assemblies without so-called
scars. Such scars occur if cloning is based on the use of conventional
restriction enzymes because here specific sequences need to be
inserted that will remain after assembly. Alternative assembly meth-
ods make the actual assembly reaction and the reuse of fragments
easier. One example is the Modular Cloning system (MoClo)
developed by Marillonnet and coworkers [16, 17]. This method
is based on the activity of type I1S restriction enzymes, which unlike
conventional restriction enzymes, used for classical cloning, cleave
DNA outside their recognition site. Correct positioning of the
recognition sites on a DNA fragment and within a vector will lead
to a loss of the respective recognition sites in case the desired
assembly takes place (see Fig. 1a).

Such a reaction can therefore be carried out in one-pot with a
combination of the type IIS restriction enzyme and the DNA ligase.
Four base-pair overhangs mediate the fusion of the fragment and
the vector. The MoClo system comprises a set of seven such recep-
tor vectors with the second four-base overhang always matching
the first of the following vector (see Fig. 1b). This design deter-
mines the order of the fragments to be assembled. Importantly,
such an assembly of multiple fragments is performed with whole
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Fig. 1 The working principles of the MoClo system. (a) Directional cutting with the type IS restriction enzyme
Bsal leads to loss of the recognition sites on the fragment and the backbone following subsequent /acZ-gene
release. The reaction mix contains both the restriction enzyme and the DNA ligase because the correct fusions
will not be cleaved anymore. Fragments can be released by cutting with a second type IIS endonuclease (here
Bpil) allowing the assembly of multiple fragments. (b) Matching overhang sequences determine the order of

fragments (color-coded rectangles). Mixing of respective plasmids with a suitable acceptor vector results in
efficient assembly of multiple fragments within the vector without the need for prior fragment isolation

plasmids carrying the fragments to be assembled and the respective
receptor vector. No prior cleavage and purification of the fragments
is required. In addition, the plasmids are designed for hierarchical
assemblies with alternating restriction enzymes and antibiotic resis-
tance markers allowing reuse of vectors by continuous switching.
A rise in popularity of the MoClo system has recently been
observed, and diverse sets of specialized genetic parts for different
organisms have been described [16, 18-21]. The modularity of the
system allows reuse of parts and easy sharing between research
groups. Here, we outline how the MoClo system can be used to
construct synthetic secondary chromosomes. A clear-cut distinc-
tion between secondary chromosomes and plasmids may actually
not be possible [22, 23]. One well-studied example of a secondary
chromosome is found in Vibrio cholerae [24, 25]. The secondary
replication origin has been shown to replicate a mini-chromosome
in E. coli [25, 26]. Based on this work we have developed the core
replicon synVicll and characterized its replication in the heterolo-
gous host E. colz [22, 27] (see Fig. 2). The most recent version is
compatible with the MoClo system introduced above. This proto-
col outlines the entire assembly of synthetic secondary chromo-
somes including the final assembly with the core synVicll.
However, the protocol could also be adjusted to combine the
assembled sequence with any other plasmid or chromosomal repli-
cation origin. The only requirement would be that a respective core
replicon is compatible with the MoClo system (see Note 1).
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b FRT site
[JlMoClo overhangs

Synthetic sequence

Fig. 2 Schematic overview of synVicll and its most relevant features. SynVicll
carries the origin of replication of the Vibrio cholerae chromosome Il (orill), genes
encoding the respective replication initiator rcfB and the native parAB2 segre-
gation system (all light blue). Selection for the core replicon is maintained by the
bla gene (AmpR) (orange), mediating ampicillin resistance. GFP (green) might be
used for the analysis of the replicon, e.g., regarding stability [22]. Remaining
features are required for different cloning procedures such as yeast recombina-
tion (2 i ori, ura3) or conjugational transfer (oriT). MoClo assembly of the final
chromosome building block and the core replicon synVicll results in the loss of
the MoClo cloning cassette and allows easy selection for correct clones. Cloning
features enclosed by FRT sites (red triangles) can be removed by a flippase-
dependent, site-directed recombination reaction after final assembly

2 Materials

1. Standard reagents and instrumentation for PCR reactions
(a) DNA polymerase and corresponding reaction buffer.

(b) Dinucleoside triphosphate set: dATP, dCTP, dGTP, dTTP
(10 mM).

(c) PCR tubes.
(d) PCR Thermal Cycler.
2. Standard reagents and equipment for gel electrophoresis
(a) Electrophoresis chamber.
(b) Gel casting tray and gel comb.
(c) Power supply.
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Agarose for nucleic acid electrophoresis.
DNA ladder.
(f) DNA gel stain.

(g) Gel documentation system.

. Standard PCR purification kit.

. Vortex mixer.

. Mini-centrifuge.

. Chemically competent E. coli cells.

. LB medium: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1%

(w/v) sodium chloride.

. 0.5 mL PCR tubes.

. Plasmid purification kit.

. MARSeG (http: //synmikro.com /research /chassis-and-genomes,/

torsten-waldminghaus/marseg /).

Please contact the authors to request the pMA vectors (see Fig. 5).
The pICH vectors described in this article were built by Weber et al.
and are available from Addgene [4].

1.

o Ul B N~

B N

Subheading 3.3, step 1: Custom designed forward and reverse
oligonucleotides for amplification of sequences by PCR.

. Subheading 3.3, step 1: Designed mixture of oligonucleotides

for annealing reaction.

. Subheading 3.3, step 4: lib_fw: 5-TTTTAGGNNGGTCTC

NGGAG-3'.

. Subheading 3.3, step 4: lib_rv: 5-TTAATCCNNGGTCTC

NAGCG-3'.

. Tag DNA Polymerase (5 U/pL).

. Phusion DNA Polymerase (2 U/pL).

. Bsal (10 U/uL).

. T4 DNA-Ligase (5 U/pL) and T4 DNA-Ligase (HC) (20 U /p

L).

. Bpil (10 U/pL).
. RNase A (10 mg/mL).

. Ampicillin in EtOH (100 pg/mL).

. Spectinomycin in H,O (100 pg/mL).

. Kanamycin in H,O (35 pg/mL).

. Chloramphenicol in EtOH (35 pg/mL).


http://synmikro.com/research/chassis-and-genomes/torsten-waldminghaus/marseg
http://synmikro.com/research/chassis-and-genomes/torsten-waldminghaus/marseg
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2.6 Chemicals

5. Isopropyl p-p-1-thiogalactopyranoside (IPTG) in H,O
(100 pg/mL).

6. 5-Bromo-4-chloro-3-indolyl p-p-galactopyranoside (X-Gal) in
Dimethylformamide (DMF) (20 pg/mL).

1. TAE buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA.

Resuspension buffer: 50 mM Glucose, 10 mM EDTA, 10 mM
Tris—HCI (pH 8.0).

Lysis Solution: 0.2 M NaOH, 1% SDS.

7.5 M ammonium acetate.

N

Chloroform.

Precipitation solution: 30% PEG 8000, 1.5 M NaCl.
Sodium dodecyl sulfate (SDS).

DNA dye (e.g., Ethidium Bromide or SYBR Green).

® N g

3 Methods

3.1 Overall Design
of Synthetic
Chromosomes

The design of a synthetic chromosome will depend on the specific
research question being asked or the practical application being
desired. Replicon construction is based on a number of basic build-
ing blocks within a set of plasmids, which are stepwise assembled in
a hierarchical scheme. Even though the chromosome assembly is
highly modular, the overall principle is defined by the 4-base over-
hangs generated during the MoClo assembly rounds. Figure 3 gives
an overview of the building blocks and overhangs that constitute
the synthetic chromosome and serves as guideline for overall design
considerations such as positioning of the sequences of interest. The
desired position of a specific DNA sequence within the final repli-
con will be determined by the initial order of building blocks to be
assembled.

The assembly shown in Fig. 3 is based on 125 basic building
blocks, which can be extended or reduced based on individual
design ideas (see Note 2).

1. Plan the overall design of your synthetic secondary chromo-
some and fill out a table analogous to the example shown in
Fig. 4 to define your level-1 building blocks. Consider different
aspects such as the nature of your building blocks (defined or
variable sequences; synthetic or natural), the position of those
sequences within the chromosome, the presence of scars
between building blocks and possible utilization of the mod-
ularity conferred by the MoClo system (see Note 3).

2. Familiarize yourself with the consecutive MoClo cloning steps
and the different vectors available for various requirements (see
Fig. 5).
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Fig. 3 Overall design principle of the synthetic secondary chromosomes based on the overhangs generated
during consecutive MoClo rounds. Synthetic chromosome assemblies start with basic building blocks (dark
gray, bottom panel) with universal overhangs (white rectangles) used for cloning into seven different level-1
vectors. Dependent on the level-1 vector, this process adds different four-base overhangs (colored rectangles,
compare Fig. 5a). Identical overhangs (same color) are complementary and can be fused together. With each
consecutive MoClo round (black arrow), five building blocks will constitute a new building block on a higher
MoClo assembly level. Consequently, two different contexts exist within the MoClo assembly scheme, the
7 different MoClo vectors and the assembly of 5 of them at a time to generate the next building block. This
alternating order is essential for one-pot MoClo assembly rounds. Finally, five level-P-building blocks are
assembled with the synVicll core resulting in the synthetic secondary chromosome. Positioning of desired DNA
sequences as level-1 building blocks will determine the position in the final construct, as shown here for the
dif-site of E. coli (black star). Chromosome building blocks can be reused and used at different positions with
some restrictions. An example is given on level M where every seventh building block has the same four-base
overhangs (color-coded) and is therefore interchangeable

Synthetic chromosome assembly starts with level-1 MoClo
vectors (see Fig. 5b), where basic building blocks are cloned into
(see Fig. 5¢) (see Notes 4 and 5).

(a) Decide whether to use the lacZ MoClo version or the ccdB
version for standard cloning of basic building blocks (secNote 6).

(b) DPreferably use the ccdB MoClo vectors for your library-based
basic building blocks (se¢ Note 6).

(c) Check if your basic building blocks should be assembled in a
certain orientation. Choose your level-1 vector versions
accordingly, to get either a forward (fw) or reverse
(rv) orientation (see Note 7).

(d) For the assembly of building blocks from level M onward use
the required end-linker to bridge the ends of the desired
building block to the respective MoClo vector carrying the
universal “H” overhang (see Fig. 5, black rectangle). The
end-linkers are removed in subsequent assembly steps.

3. The assembly process continues with level-M MoClo vectors
(see Fig. 5b) which confer a spectinomycin resistance to allow
counterselection against level-1 vectors.
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Level-P BB |Level P Vector & EL |Level-M BB |Level M Vector & EL |Level-1 BB Level 1 Vector |Characteristics
Level P-1 A-H: pMAG7 LevelM-1  |A-H: pMAGO Level1-1 A-B: pMAS3 Random Spacer
Level1-2 B-C: pMA54 Promoter A
Level1-3 C-D: pMAS5 CDS A
Level1-4 D-E: pMAS6 Terminator A
EL F-H: pICH50914 |Level1-5 E-F: pMAS57 Random Spacer
Level M-2 F-H: pMABS Level 1-6 F-G: pMAS8 Random Spacer
Level1-7 G-A: pMAS9 Random Spacer
Level 1-8 A-B: pMAS53 Random Spacer
Level1-9 B-C: pMAS54 Promoter B
EL_D-H: pICH50892 |Levell-10 C-D: pMAS5 CDS B
LevelM-3  |D-H: pMA63 Level1-11 D-E: pMAS6E Terminator B
Level1-12 E-F: pMAS57 Random Spacer
Level1-13 F-G: pMAS8 Random Spacer
Level1-14 G-A: pMA59 Random Spacer
EL B-H: pICH50872 |Levell-15 A-B: pMAS53 Random Spacer
Level M-4 B-H: pMAG1 Level1-16 B-C: pMAS4 Promoter C
Level1-17 C-D: pMAS5 CDS C
Level1-18 D-E: pMASE CDSD
Level1-19 E-F: pMAS7 CDSE
EL G-H: pICH50927 [Level1-20 F-G: pMAS8 Terminator C
LevelM-5  |G-H:pMA66 Level1-21 G-A: pMAS59 Random Spacer
Level1-22 A-B: pMAS3 Random Spacer
Level1-23 B-C: pMAS4 Promoter F
Level1-24 C-D: pMAS5 CDS F
EL E-H: pICH79289 EL E-H: pICH50900 [Level1-25 D-E: pMAS6 Terminator F
Level P-2 E-H: pMmAT1 Level M-6 E-H: pMAG4 Level1-26 E-F: pMAS7 LacO,4-TetO,
Level1-27 F-G: pMAS8 LacO,-TetO,
Level1-28 G-A: pMASS LacO4-TetO,
Level1-29 A-B: pMAS3 LacO;-TetOy
EL_C-H: pICH50881 |Level1-30 B-C: pMAS4 LacO,4-TetO,4
LevelM-13 [E-H: pMAG4 Level1-61 E-F: pMAS57 Random Spacer
Level 1-62 F-G: pMA58 Random Spacer
Level1-63 G-A: pMAS9 dif site
Level 1-64 A-B: pMA53 Random Spacer
EL C-H: pICH50881 |Level1-65 B-C: pMA54 Random Spacer
LevelM-25 [B-H: pMA61 level1-121  |B-C: pMAS4 Random Spacer
Level1-122  |C-D: pMAS55 Random Spacer
Level1-123  [D-E: pMAS6 Random Spacer
Level1-124  |E-F: pMAS57 Random Spacer
EL_G-H: pICH79300 EL G-H:pICH50927 |level1-125 |F-G:pMA58 Random Spacer

Fig. 4 Exemplary extract of a list of the chromosome building blocks and MoClo vectors. The table names the
different building blocks (BB) on level-1, M and P (column: Level-1 building block, Level-M building block and
Level-P building block). It describes the characteristics of the level-1 building block (column: Characteristics)
and shows which MoClo vectors and end-linkers (EL) must be used for consecutive MoClo rounds (Column:
Level-1 Vector, Level-M vector & end-linker, Level-P Vector & end-linker). Note that building blocks are partly
interchangeable. For example, vectors level1-9 and level1-23 could be exchanged in the assembly (or an
alternative assembly) to switch the inserted promotors. Capital letters refer to the four-base overhangs
according to Fig. 5
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Fig. 5 (a) Overview of specific overhangs and their respective sequence. (b) Overview of MoClo vectors used
for chromosome assembly. Tables show available MoClo vectors of level-1, level-M, and level-P, together
with end-linkers (EL) required for level-M and level-P cloning. Overhangs are shown as colored rectangles,
colors are equivalent to the ones used in Fig. 3. According to the present overhangs, vectors are designated
alphabetically, e.g., “A-B” for the first level-1 vector. Alternative types of vectors are available for each MoClo
level with the same overhangs as indicated. Vectors differ regarding their genetic features and hence confer a
different application range (cf. Subheading 3.1). Vectors denoted as pMA plasmids can be requested from the
authors, pICH vectors were created by Weber et al. [16] and are available on Addgene. (c) Exemplary assembly
of level-1 building blocks and consecutive assembly steps. Building blocks and basic building blocks are
shown as gray and dark gray rectangles respectively, containing the specific (colored rectangles) and
universal level-1 overhangs (white rectangle). They are designated according to their position in the
chromosome (cf. Fig. 3). Together with the correct MoClo vectors and end-linkers (where necessary),
consecutive one-pot cloning reactions result in the final construct

(a) Use the 072V dependent vectors for routine assembly of
building blocks.

(b) Consider using vectors dependent on the conditional
replication origin 07R6K if integration of building
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3.2 Sequence-

and Oligo Design

for the Generation

of Basic Chromosome
Building Blocks

3.2.1 Primer Design
for Fully-Defined Basic
Building Blocks

3.2.2 Design of DNA
Oligonucleotides

for Synthetic Sequence
Libraries

blocks into the primary chromosome is desired (see Note
8).

(¢) Choose the MoClo-compatible synVicll for the final
assembly of a synthetic secondary chromosome (see Sub-
heading 1 and Fig. 2) [22, 27].

(d) On the next hierarchy level level-P vectors will be used.
An encoded Kanamycin resistance enables counter-
selection against level-M vectors. Except for the selection
marker level-P vectors share all features of level-M
vectors.

The nature of the basic building blocks will determine how the first
design and assembly steps will take place. Basic building blocks might
be fully defined sequences of interest such as transcription units.
However, a fraction of the building blocks for synthetic chromo-
somes might constitute random spacer or scaffolding sequences. The
most efficient and cost-effective solution for the generation of such
random sequences is working with DNA libraries generated from
mixtures of oligonucleotides (se¢ Note 9). Regardless of the building
blocks’ nature, it is essential to remove or avoid any Bsal and Bpil
recognition sites, which would interfere with the MoClo system.

One type of chromosome part will typically be some sort of defined
sequence such as coding sequences or transcription units that can
be amplified from a template DNA. We describe here how such
sequences are made compatible to the MoClo system by PCR
amplification with specific primers.

1. Identify the sequences of interest for amplification by PCR.

2. For sequences of interest without internal Bsal and Bpil recog-
nition site, design Primer 1 and 4 as illustrated in Fig. 6. Extend
the 25-30 bp homology region to include a Bsal recognition
site and level-1 universal overhangs (black frame) as shown.

For sequences of interest with internal Bsal or Bpil recognition
sites, design two more primers (Primers 2 and 3) that will introduce
a single nucleotide exchange to remove the recognition site while
maintaining the native function of the sequence (e.g., the amino
acid sequence of a protein) (see Fig. 6) (see Note 10). Extend
primers 2 and 3 for Bsal recognition sites that will allow Bsal-
dependent cloning of the two fragments in the respective level-1
destination vector (Subheading 3.3) [16].

The basic principle of generating a library of synthetic sequences
used here is the annealing of two DNA oligonucleotides based on
pairing of a homologous sequence region at their respective 3’ and 5’
ends (see Fig. 7). Elongation of such annealed oligonucleotides will
then result in a mixture of DNA sequences based on the diversity
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Fig. 6 Strategy for the generation of specified building blocks with modification of internal Bsal or Bpil
recognition sites. The coding gene X (dark gray) is carrying an internal Bpil recognition site (red letters).
Primers 14 consist of 25-30 bp homology (black arrow) to allow annealing to the coding gene X. Additionally,
Primers 1 and 4 carry the recognition site (highlighted in yellow) and universal overhangs required for the
generation of level-1 building blocks (black frame). Primers 2 and 3 anneal on the internal Bsal recognition
site, thereby introducing a single nucleotide exchange (green letters). They also contain a Bsal recognition site,
to allow a single-pot MoClo reaction of the two resulting building blocks into a level-1 MoClo vector, which
then constitutes a level-1 building block free of internal restriction sites [16]

Bsal recognition site
Universal level-1 overhang
28 bp annealing region -

E. coli dif-site
NNGGTCTCNGGAGIIEE N S e R TEa il GG TGCGCATAATGTATAT TATGTTAAAT E‘On.g.a"o")
G Q0G0 | CCACGCGTATTACATATAATACAATTTA IS T I G C GANC TC TGGNN

Fig. 7 Use of oligonucleotides for the creation of basic building block libraries by annealing and elongation.
Annealing will take place at the 28 bp-long annealing region (highlighted in light blue) (Here, the dif-site of
E. coliwas used as an example. The oligonucleotides also contain Bsal recognition sites (highlighted in yellow)
and level-1-specific overhangs (black frame) for subsequent MoClo rounds. Elongation at the 3’ end of the
annealed oligonucleotides will give the library of basic building blocks

determined by the design of the oligonucleotides. When working
with DNA libraries it is necessary to avoid certain DNA sequences
with biological function such as promoters, replication termination
sites, or restriction sites that would otherwise affect function or
qualitative analysis of the synthetic chromosomes. The computer
program MARSeG (Motif Avoiding Randomized Sequence Genera-
tor) fulfils this requirement and generates degenerated sequences
with a high degree of diversity while excluding a list of DNA
sequences provided by the user (see Fig. 8) (see Note 11) [21].

1. Download MARSeG from the website http: //synmikro.com/
research /chassis-and-genomes/torsten-waldminghaus /mar
seg/ and follow instructions given in the detailed manual on
the same web page to obtain your custom, degenerated
sequence.


http://synmikro.com/research/chassis-and-genomes/torsten-waldminghaus/marseg
http://synmikro.com/research/chassis-and-genomes/torsten-waldminghaus/marseg
http://synmikro.com/research/chassis-and-genomes/torsten-waldminghaus/marseg
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3.3 Generation
of Level-1 Building
Blocks

5 -NNNNNNNNNNNNNNNNNNNNNNNNNNNN- 3°
List of excluded motifs:

+ Bsal recognition site
MARSeG * Bpil recognition site

5-NNCNDTGNCRNCNCNTWTNNGYBGHNGC- 3

Fig. 8 Operating principle of MARSeg: The program requires an input sequence
(with or without fully defined sequence regions) and a list of DNA motifs to be
excluded. It then returns a degenerated sequence that excludes the respective
DNA motifs

2. Extend the 5" or 3’ end of the MARSeG-designed oligonucleo-
tides to include a Bsal recognition site and level-1 universal
overhangs according to Fig. 7.

3. Optional: If not previously included in MARSeG (as prefix or
suffix), add homologous sequences to the 3’ or 5’ end of the
oligonucleotides as shown in Fig. 7 to allow annealing of
oligonucleotides (see Notes 12 and 13).

4. Order the designed oligonucleotides from your manufacturer
of choice (se¢ Note 14).

Based on the two different DNA oligonucleotide designs described
above (Subheading 3.2) the generation of level-1 building blocks
begins with two distinct procedures. For one, DNA libraries are
annealed, elongated, enriched, and extracted (steps 1-8). For
another, defined sequences of interest are amplified by PCR
(steps 10-12). These DNA fragments are then treated similarly
in subsequent steps 13-15.

1. For DNA library construction based on annealing of synthetic
DNA oligonucleotides prepare the following 50 pL reaction on
ice (see Notes 15 and 16):

0.5 pL Taqg-Polymerase.

5 pL 10x reaction buffer (delivered with corresponding
enzyme).

0.5 pL ANTPS (10 mM).

2.5 pL oligonucleotide 1 (10 pM).

2.5 pL oligonucleotide 2 (10 pM).

39 pL ddH,O0.

2. Mix and spin down.

3. Use the following cycling conditions to anneal and extend
oligonucleotides:
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Temperature

Cycle Step (°C) Time (min:s) Cycles
Initial 95 3:00 1 x

denaturation
Denaturation 95 3:00 5 x
Annealing 50-65 (see Note 0:20

16)
Elongation 72 Template length in
kb x 1 min

Final 72 10:00 1 x

elongation
Hold 10 00 1 x

4. Purify the double-stranded DNA products (see Note 17) with a
standard PCR purification kit (elute two times with 100 pL. H,O
each) and amplify the library by standard PCR with primers
5-TTTTAGGNNGGTCTCNGGAG-3' (lib_fw) and 5-
"“"TTAATCCNNGGTCTCNAGCG-3’ (lib_rev) (sec Note 18).

5. To do this prepare the following 50 pL reaction on ice:

1 pL Phusion Polymerase.
10 pL 5x polymerase reaction buffer (delivered with
corresponding polymerase).

1 pL ANTPS (10 mM).
1 pL Template DNA.
1.25 pL lib_fw (10 pM).
1.25 pL lib_rev (10 pM).
34.5 pL ddH,0.

6. Mix and spin down reaction.

7. Use the following PCR cycling conditions:

Temperature
Cycle Step (°C) Time (min:secs) Cycles
Initial 95 3:00 1 x
denaturation
Denaturation 95 0:30 35 x
Annealing 55 0:20
Elongation 72 Template length in
kb x 1 min
Hold 10 0 1 x

8. Run the whole PCR product on an agarose gel and extract the
band of the expected size with a standard gel extraction kit
(elute two times with 25 pl. H,O each) to obtain the DNA
library (see Note 19).
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9.
10.

11.

12.

13.

14.

15.

Continue with step 13 using the DNA libraries you produced.
For all chromosome parts with defined sequences that can be
amplified by PCR use primers 1 and 4 (see Fig. 6) for full
amplification. For sequences with internal Bsal or Bpil sites
amplify the sequence in parts (see Fig. 6, Primers 1 and 2;
Primers 3 and 4) by PCR. Prepare the PCR reaction mix as
mentioned in steps 4 and 5 with primers described in Subsec-
tion 3.2.1. Use the PCR cycling conditions given under point 7.

Run 3 pL of the PCR product on a gel to confirm successful
amplification.

Purify the PCR products with a standard purification kit.

In the second stage of building, extracted DNA library frag-
ments and PCR products (= basic building blocks) are cloned
into the appropriate MoClo vector to convey position-
dependent overhangs for the level-1 MoClo assembly step
(cf. Subheading 3.1 and Fig. 5).

Perform a Bsal-dependent MoClo reaction using the basic
building blocks as inserts with the appropriate level-1 MoClo
vectors (E.G., pMA53-59) [16]. To this end, prepare the
following 25 pL reaction.

1 uL T4 DNA-Ligase (5 U/uL) (see Note 20).

25 pL 10 x T4 DNA-ligase buffer (delivered with
corresponding enzyme).

40 fmol level-1 vector (see Note 21).
40 fmol of each basic building block.
1 pL Bsal.

Add up to 25 pL. with ddH,O.

Run the MoClo reaction using the following conditions:

Temperature (°C) Time (min)
37 300

50 20

80 10

10 00

Transform an Escherichia coli cloning strain with the MoClo
reactions and plate 50 pL of cell culture on ampicillin-LB plates
containing IPTG, and X-Gal, where appropriate (se¢ Notes
22-24). For cloned libraries, use the rest of the cell culture
to inoculate 5 mL liquid ampicillin-LLB medium (see Note 25).
Incubate the liquid culture and the plates overnight at 37 °C.



3.4 Consecutive
MoClo Assembly Steps
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. Evaluate the bacterial colonies on the plates. For working with

sequence libraries, the presence of many (several hundreds)
colonies is not only expected, but also essential to confirm
high diversity of the plasmid library. For cloned PCR products
of defined sequences, isolation of a single, white colony must
be possible (see Note 26).

. For building block libraries, purify the plasmid library from

5 mL of the liquid culture using a standard plasmid
purification kit.

. For fully defined PCR building blocks, pick a white colony

from the plate and inoculate a liquid ampicillin-LB culture.
Incubate overnight at 37 °C. Purify the plasmid from the
culture using a standard plasmid purification kit.

. Check isolated plasmids for the presence of the desired build-

ing block by either restriction digest or PCR combined with gel
electrophoresis or sequencing.

. For sets of five building blocks to be assembled according to

your assembly scheme, perform a Bpil-dependent level-M
MoClo reaction with five level-1 vectors containing either
one specific DNA building block or a library of building blocks
(see above) and the respective level-M vectors and end-linkers
(ct. Subheading 3.1 and Fig. 5) (see Note 27).

Prepare the following 25 pL reaction:
e 2.5puL 10 x T4 DNA-ligase bufter.

40 fmol level-M vector.
40 tmol of each level-1 vector with building blocks.
40 fmol of the respective end-linker vector.
1 pL. T4 DNA-Ligase (5 U/pL).
1 pL Bpil.
Add up to 25 pL with ddH,O.

. Run the MoClo reaction using the parameters given in Sub-

heading 3.3, step 14.

. Transform E. coli with the MoClo reaction and plate 50 pL. of

cell culture on spectinomycin plates with IPTG and X-Gal
where appropriate (sec Note 23).

. Isolate plasmids from individual colonies and check for the

presence of the building block by either restriction digest and
gel analysis or sequencing.

. Perform sets of Bsal-dependent level-P MoClo reactions with

five level-M building block vectors and the respective level-P
vectors and end-linkers (cf. Subheading 3.1 and Fig. 5) (see
Note 28).
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Prepare the reaction as described in Subheading 3.3, step 13
and run the MoClo reaction using the parameters as given in
Subheading 3.3, step 14.

10. Transform E. colz cells with the MoClo reactions and plate cells
on ampicillin-plates with IPTG and X-Gal where appropriate
(see Note 23). Incubate plates for 12 h at 37 °C.

11. Isolate and check plasmids as described above.

12. Perform a Bpil-dependent level-M MoClo reaction with five
level-P building block vectors, the MoClo-compatible synVicIl
backbone and end-linker as described in step 5 (cf. Subheading
3.1 and Fig. 5) (see Note 29). In this step, it is critical to only
use the end-linker vectors encoding chloramphenicol resis-
tance (see Note 30). Use a 0.5 mL PCR Tube for the prepara-
tion of the reaction to leave space for the addition of competent
E. coli cells (see Note 31).

13. Transfer 400 pL competent E. coli cells to the MoClo reaction.
Follow the standard transformation protocol.

3.5 Extraction Extraction of large replicons is difficult due to not only their size
of Synthetic Secondary ~ but also their low copy number. The procedure described below is
Chromosomes based on a protocol first described by Rondon et al. [28] and later

adapted by Heringa et al. [29]. This procedure is best suited for
analysis of synthetic chromosomes of 40-100 kb. Extracted DNA
can be used for restriction analyses and transformation of E. co/s.

1. Grow cells harboring the synthetic secondary chromosome in
liquid medium with ampicillin.

2. Harvest 5 mL of cells by centrifugation and discard the culture
medium.

3. Resuspend cells by vortexing in 100 pL resuspension buffer (see
Note 32).

4. Add 200 pL Lysis solution and mix by inverting several times.
Incubate at room temperature for 5 min (se¢ Note 33).

5. Add 150 pL. ammonium acetate (7.5 M) and 150 pL chloro-
form, quickly afterward. Invert several times. Let it chill on ice
for 10 min. Centrifuge for 10 min at maximum speed.

6. Pipette 200 pL precipitation solution into a reaction tube. Add
the upper aqueous phase of the supernatant. Invert several
times and let chill on ice for 15 min.

7. Centrifuge at maximum speed to pellet DNA. Remove the
supernatant and resuspend in 25 pl. ddH,O (see Note 34).
Store DNA on ice and proceed promptly with downstream
procedures.
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Fig. 9 Cut and uncut DNA of a 42,500 bp building block on a 0.4% agarose gel.
DNA of a building block cloned into a level-M MoClo vector was separated by gel
electrophoresis on a 0.4% agarose gel containing SDS either cut or uncut as
indicated. The DNA separates into a 42,500 bp fragment presenting the building
block and the MoClo vector of 1800 bp upon Bsal digest

One way to analyze constructed synthetic chromosomes is a restric-
tion digest combined with a standard agarose gel (1% agarose in
TAE buffer) at standard parameters (120 V for one hour). How-
ever, this is difficult if restriction sites are unknown and respective
building blocks exceed 10 kb. In other cases, a size verification of
the final building block into the core replicon might be desired.
Both demands require a specialized gel electrophoretic separation
as follows:

1. Incubate 12 pL ofisolated DNA (cf. Subheading 3.5) in a total
volume of 20 pL with either 5 U Bsal or Bpil (the enzyme that
releases the building block from the core replicon) for 1 h
according to the manufacturer’s instructions.

2. Run restriction digested DNA on a 0.4% agarose gel in TAE
buffer containing 0.2% SDS (cf. Chemicals) at 30 V overnight
(see Note 35). Use a DNA ladder that sufficiently resolves the
size of the synthetic chromosome.

3. Stain DNA with your dye of choice and visualize under UV
light. An example is shown in Fig. 9.

4 Notes

1. To construct a MoClo compatible core replicon one could
follow the procedure using homologous recombination in
yeast as described for synVicIl [27].

2. The final size of the synthetic secondary chromosome will
depend on the number and size of individual basic building
blocks. Level-P and level-M vectors can be used in alternating
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12 bp scar

cTcc/Teec/ Accd Building Block A-B |cTcc Ac,cc' Building Block B-C CTCC-AGCG

Fig. 10 Fusion of level-1 building blocks leaves a 12 bp scar. Building Blocks A-B and B-C (gray) are fused at
the B overhang (dark purple), which will consequently remain between the two building blocks. Moreover, the
universal basic building block overhangs “CTCC” and “AGCG” (black frame) acquired during generation of
basic building blocks, add additional 8 bp to the scar

assembly steps basically infinitely. The size limit might however
be set by the decreasing transformation efficiency of E. coli with
increasing size of DNA fragments as well as shearing forces
which lead to DNA damage by pipetting. We routinely assem-
ble and transform replicons up to 100,000 bps.

3. The length, as well as the nature of the level-1 building blocks,
can be varied according to the respective replicon design. It
might be advantageous to work with DNA libraries for example
if spacers are constructed where the exact sequence is not
essential. On the other hand, one might use specific sequences
of interests such as genes, promoters, or entire transcription
units that can be amplified by PCR from template DNA. The
position of single building blocks within the final synthetic
chromosome is dependent on the four-base overhangs that
are generated in the first assembly step with level-1 vectors
(cf. Generation of Level-1 Building Blocks 3.3). With consec-
utive assembly steps, a 12 bp long scar sequence will remain
between the basic building blocks due to the MoClo assembly
system (see Fig. 10). Note that the length of those scars is
dependent on the exact MoClo vectors being used. Level-1
pMA vectors shown in Fig. 5b will create a 12 bp scar but the
use of other MoClo vectors can result in longer scars encoding
specific restriction sites to facilitate assembly analyses
[16, 21]. Building blocks containing the same overhangs are
interchangeable. This can reduce the total number of basic
building blocks required for chromosome assembly especially
when using DNA libraries. Furthermore, it makes shuffling of
building blocks (efficient creation of different synthetic chro-
mosome versions) possible. This is, for example, relevant when
studying position-dependent effects on gene expression or
chromosome maintenance.

4. Chromosome assembly starts with level-1 vectors instead of
level-0 vectors (used in the original MoClo system [16])
because all seven level-1 vectors carry the same overhangs for
the insertion of DNA building blocks (depicted as black frame
in Fig. 10 and white rectangle in Fig. 5b, ¢). Consequently, all
basic building blocks (independent of how exactly they were
constructed) contain the universal level-1 overhangs (depicted
as black frame in Figs. 6 and 7 and white rectangle in Fig. 5b, ¢)
and can be cloned into any level-1 vector.
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. All level-1 vectors described here, differ from the original

MoClo vectors [16] in such a way that a 12 bp long sequence
between the Bpil and Bsal recognition sites has been deleted to
reduce the danger of homologous recombination events taking
place in the final constructs.

. Level-1 vectors are available either as lacZ version, where selec-

tion of building block carrying vectors is dependent on blue
white screening or as ccdB version, where cells harboring the
vector without building block insertion will consequently die
because of the expression of the CcdB toxin [21]. The ccdB
version is particularly suited for library cloning where it is
critical to recover only positive clones to prevent the presence
of any MoClo vector parts in the final construct.

. In addition, level-1 vectors are available as forward (fw) and

reverse (rv) versions. The difference between the two versions
is the switched position of the universal overhangs “GGAG”
and “AGCG.” By choosing the vector, one determines the
direction of the respective basic building block (e.g., the orien-
tation of a gene).

. Replication of oriR6K requires specially engineered E. coli

strains carrying the pir gene. By using these vectors for the
assembly of chromosomal integration cassettes, one omits the
presence of false positive clones, harboring the plasmid.

. Many companies offer the production of mixtures of oligonu-

cleotides based on a single degenerated sequence determined
by the customer (mixtures of nucleotides are used, e¢.g., Y for
pyrimidines). DNA library building blocks might be used inter-
changeably at different positions within the chromosome as
long as the MoClo vectors share the same overhangs. This
saves costly working time.

Multiple restriction sites can be removed this way in a single
cloning step. However, if a very high number of internal sites
need to be changed it may be cheaper or more convenient to
order synthetic DNA fragments.

The degree of diversity of the DNA library will decrease with
increasing number of motifs to be excluded by the user
[21]. Consider this when using the MARSeG program.

The length of the region to be annealed should not be too
short to allow efficient pairing. On the other hand, long
annealing regions raise the risk of homologous recombination
events taking place within the final replicon if building blocks
are used at multiple positions. One solution is to introduce
degenerated nucleotides (such as Ns) into the annealing
region. This is possible as far as the variability is not increased
too much since each oligonucleotide needs to anneal to a
matching oligonucleotide and this likelyhood decreases with
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

increasing diversity of the annealing region. We have success-
fully worked with annealing regions of 30 bps including five Ns
at various positons leading to 1024 different annealing region
variations. Annealing sites might also consist of defined
sequences such as DNA motifs (e.g., dif-site of E. coli shown
in Fig. 7) or promoters, where the use of degenerated nucleo-
tides is not possible.

To save time by avoiding a subsequent extension step, oligo-
nucleotides can be designed in such a way that annealing occurs
over the entire length. However, full annealing is limited by the
annealing efficiency that decreases with an increasing number
of degenerated sequences (cf. Note 11) as well as by the
practical limitations of chemical oligonucleotide synthesis
(200 bps).

4 nmol of standard desalted oligonucleotides with a size of
200 bps is sufficient for annealing and subsequent elongation.

The use of Tag-Polymerase is highly advisable, because it tol-
erates mismatches.

The annealing temperature is dependent on the oligonucleo-
tides. Oligonucleotides consisting of defined sequences should
be annealed according to their melting temperature. Degener-
ated oligonucleotide mixtures should be annealed in 12 parallel
reactions with different annealing temperatures ranging for
example from 57 to 62 °C (depending on specific design).

Double-stranded DNA products of library fragments run as
gradient at different temperatures should be pooled before
purification.

Primers bind annealed and elongated reaction products within
the universal level-1 MoClo overhangs. The PCR product
expected will not change in size, but will have a higher yield.
This step is required because the concentration of gel-extracted
DNA tends to be relatively low.

Annealing, extension, and enrichment of the oligonucleotides
may result in unwanted reaction products of different sizes.
This step is critical to obtain DNA library building blocks of
correct size.

For library cloning, efficiency of the MoClo reaction can be
increased by using a highly concentrated T4 DNA-Ligase
(20 U/uL).

40 fmol is equivalent to about 100 ng of a 4 kb vector based on
the average molecular weight of a nucleotide pair being 660 g/
mol.

Escherichia coli cloning strains including but not limited to
DHb5a, DHb5alpir, Topl0, XLI1-Blue are suitable because of
the lack of recombination systems that would interfere with
cloning and plasmid maintenance.
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Addition of IPTG and X-Gal is only useful when using the /acZ
MoClo vectors.

When working with the ccdB-based MoClo vectors, make sure
to use a CcdB-sensitive E. coli strain such as E. coli Top 10. For
cloning with the original /acZ-based MoClo vectors, only use
AlacZ E. coli strains to allow blue-white-screening on plates
containing IPTG and X-Gal (e.g., E. coli XLL1-Blue). On these
plates, clones that do not have the plasmid-borne /acZanymore
because of a successful cloning event can be identified by their
white color, while clones without insert will express /zcZ and
consequently show a blue color.

Inoculation of a liquid culture is required to obtain a highly
diverse plasmid library and not individual clones.

Several hundreds of colonies are expected. The number of
colonies is dependent on the quality of the competent cells
rather than on the efficiency of the MoClo reaction.

For library cloning only use the level-M c¢cdB vectors
(pMAGO-66) (cf. Note 6). In most cases, assembly of five
level-1 vectors will contain at least one fully defined subse-
quence. In these cases, the assembly is continued with individ-
ual level-M vectors carrying the desired sequence arrangement.
However, if the five level-1 building blocks assembled into one
level-M vector are all derived from sequence libraries, one can
continue with further assemblies based on level-M vector
libraries if desired. This could for example apply if larger spacer
sequences are constructed from smaller building blocks.

For library cloning only use the level-P ccdB vectors,
(pMAG67-73) (cf. Note 6).

To increase efficiency of large-building block assemblies use
highly concentrated T4 DNA-Ligase (20 U/pL).

End-linker vectors mediating ampicillin resistance (but not the
end-linker vectors mediating chloramphenicol) would result in
E. coli colonies carrying these end-linker vectors only, because
counter-selection against the amp encoding synVicll is not
possible.

Addition of competent cells to the MoClo reaction will prevent
plasmid shearing during pipetting of the DNA. This improves
overall transformation efficiency. It is advisable to eventually
transform a conjugation-proficient E. coli strain such as
MED-pir [30] to allow future transfer of the mobilizable syn-
thetic chromosome to other E. coli strains.

To eliminate RNA in this DNA isolation it is advised to add
1 pL. RNase A to the resuspension buffer as done in conven-
tional plasmid isolation procedures. However, in our experi-
ence some RNA remains. If a restriction digest is performed
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later, RNase A can alternatively be added to the reaction mix

(0.1 pL per reaction).

33. The Lysis buffer should always be mixed freshly from stock
solutions of NaOH and SDS.

34. Purified DNA (100 kb synthetic chromosome) of a 5 mL
culture is of sufficient quality and concentration for two restric-
tion digests. When used for next-generation sequencing, resid-
ual E. coli chromosomal DNA was detected. As suggested by
Heringa et al. DNA can be further purified by gel electropho-
resis and subsequent gel extraction.

35. SDS must only be added after heating up the agarose!
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High-Resolution Characterization of DNA/Protein
Complexes in Living Bacteria

Nicole A. Becker, Justin P. Peters, and L. James Maher Il

Abstract

The occurrence of DNA looping is ubiquitous. This process plays a well-documented role in the regulation
of prokaryotic gene expression, such as the Escherichia coli lactose (lac) operon. Here, we present two
complementary methods for high-resolution in vivo detection of DNA /protein binding within the bacte-
rial nucleoid by using either chromatin immunoprecipitation combined with phage A exonuclease digestion
(ChIP-exo0) or chromatin endogenous cleavage (ChEC), coupled with ligation-mediated polymerase chain
reaction (LM-PCR) and Southern blot analysis. As an example we apply these in vivo protein-mapping
methods to E. coli to show direct binding of architectural proteins in the Lac repressor-mediated DNA
repression loop.

Key words Architectural proteins, Chromatin endogenous cleavage (ChEC), Chromatin immuno-
precipitation (ChIP), Phage lambda exonuclease, High-resolution mapping, Ligation-mediated PCR
(LM-PCR), Polymerase chain reaction (PCR), Lac repression loop, Southern blot

1 Introduction

A common mechanism of gene repression in bacteria is to sequester
a gene promoter inside a tightly bent DNA loop. This type of gene
repression depends on many factors, including the mechanical
properties of the looped DNA and the concentration and binding
strength of the protein that anchors the repression loop [1-4]. A
classic, well-studied example is the Lac repressor protein anchoring
lac repression loops [5—-11]. However, many aspects of this looped
system remain difficult to access experimentally. In particular, many
groups have speculated about the participation of other, sequence-
nonspecific “architectural” DNA-binding proteins in repression
loop formation and stabilization [12-15], but the lack of high-
resolution protein-mapping techniques in vivo has prohibited
such analyses. We recently sought to test whether tight looping of

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
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DNA in /ac promoter repression is aided or facilitated by direct
binding of architectural proteins within the DNA loop [16]. Here,
we describe methodology for two complementary high-resolution
protein-mapping techniques and their utility in showing that an
exogenous architectural protein can directly bind tightly looped
DNA to facilitate gene repression by the Lac repressor in living
E. coli cells.

The first method combines chromatin immunoprecipitation
(ChIP), which identifies where a DNA-binding protein of interest
is located on the genome, with phage A exonuclease digestion
(exo), which degrades each 5'-phosphorylated DNA strand in the
5'—3’ direction until a protein-DNA cross-linking point is encoun-
tered, followed by ligation-mediated Polymerase Chain Reaction
(LM-PCR) and Southern blot analysis, which allows for mapping of
these protein-DNA boundary sites at single base resolution in a
chosen genomic region of interest. A schematic overview of this
method is shown in Fig. 1. The chromatin immunoprecipitation-
exonuclease (ChIP-exo) analysis method was adapted for bacterial
analysis from [17, 18] and LM-PCR was adapted from standard
methods [19-22]. Since ChIP-exo is an immunoprecipitation-
based method, it requires either an antibody to the targeted protein
or a derivative of this protein which is tagged and can be targeted
for immunoprecipitation.

The second method utilizes chromatin endogenous cleavage
(ChEC), in which specifically designed endonucleases are cross-
linked in vivo and then activated with Ca®* ions to locally introduce
double-stranded DNA breaks at the sites of protein-DNA cross-
linking, followed by LM-PCR and Southern blot analysis. A sche-
matic overview of this method is shown in Fig. 2. The chromatin
endogenous cleavage (ChEC) analysis method was adapted for
bacterial analysis from previous publications [23, 24]. ChEC
requires that a protein fusion be created between the desired
mapping protein and micrococcal nuclease (MNase), which can
be appended to the N or C terminus of the fusion (se¢ Note 1).

2 Materials

2.1 Equipment

. Microcentrifuge.

. Floor shaker.

. Spectrophotometer.
. Sonicator.

. Paramagnetic stand.
. Water baths.

. Thermocycler.

N O o W N~
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% y wd I:I% Formaldehyde X-link bacterial cells

oz ®
Lyse cells and shear DNA

IP DNA/protein complexes

Capture on magnetic beads

Phage A exonuclease digest

5 Mark protein boundaries
5
5. = Reverse X-links and remove proteins
3 < Gene-specific primer extension

Linker ligation
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PCR amplification and Southern blot

Fig. 1 Schematic overview of ChlP-exo-based method of high-resolution protein mapping

8. Lyophilizer.
9. Sequencing gel apparatus.
10. Owl semi-wet transfer system.
11. UV Stratalinker.
12. Hybridization oven.
13. Phosphorimager.
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Fig. 2 Schematic overview of ChEC-based method of high-resolution protein mapping

2.2 Reagents 1. Bacterial strain of interest and necessary antibiotic(s).

2. Necessary antibody reagents for ChIP-exo, e.g., antibodies
against IgG (AbCam, polyclonal antibody), Lacl (LSBio, poly-
clonal antibody), and Myc epitope tag (Sigma, polyclonal
antibody).

3. Autoclaved ultrapure (18 MQ-cm) water.

. Miller’s Luria-Bertani (LB) media (10 g/L tryptone, 5 g/L
yeast extract, 10 g/L NaCl, pH 7.0).

. 1x DPBS, no calcium, no magnesium (ThermoFisher).
. Fresh 37% formaldehyde.

. 2 M Tris—HCI, pH 8.0.

. 20% SDS.

S

o N O v
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9.
10.
11.
12.
13.
14.

15.
l6.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.

37.

5 M NaCl.

0.5 M EDTA.

100 mM EGTA.

10% Triton-X.

1% sodium deoxycholate.

FA lysis buffer (50 mM HEPES-KOH, pH 8.0, 2 mM EDTA,
150 mM NaCl, 1% Triton-X, 0.1% sodium deoxycholate).

100 mM PMSF (phenylmethylsulfonyl fluoride).
Protease inhibitor cocktail (Roche).

10 mg/mL ribonuclease A (RNaseA).

Protein A/G magnetic beads (Pierce).

FA high salt wash buffer (50 mM HEPES-KOH, pH 8.0,2 mM
EDTA, 1 M NaCl, 1% Triton-X, 0.1% sodium deoxycholate).

FA low salt wash bufter (50 mM HEPES-KOH, pH 8.0, 2 mM
EDTA, 500 mM NaCl, 1% Triton-X, 0.1% sodium deoxycholate).

FA wash butffer 3 (10 mM Tris-HCI, pH 8.0, 2 mM EDTA,
25 mM LiCl 1% Igepal, 1% sodium deoxycholate).

TE + Triton-X buffer, pH 8.0 (10 mM Tris-HCI, pH 8.0,
1 mM EDTA, 0.1% Triton-X).

TE + Triton-X buffer, pH 8.9 (10 mM Tris-HCI, pH 8.9,
1 mM EDTA, 0.1% Triton-X).

TE + Triton-X buffer, pH 7.4 (10 mM Tris-HCI, pH 7 4,
1 mM EDTA, 0.1% Triton-X).

10x Lambda (M) exonuclease reaction buffer, pH 9.4 (New
England Biolabs).

5 U/pL A exonuclease (New England Biolabs).
10x NEB buffer 2, pH 7.4 (New England Biolabs).
30 U/pL RecJ¢ (New England Biolabs).

Elution buffer (50 mM Tris—HCI, pH 8.0, 10 mM EDTA, 1%
SDS).

10 mg/mL proteinase K.
3 M NaOAc, pH 5.2.

10 mg/mL glycogen.
1:1 phenol:chloroform.
100% ethanol.

70% ethanol.

ChEC lysis buffer (50 mM HEPES-KOH, pH 8.0, 10 mM
EGTA, 1 mM EDTA, pH 8.0, 150 mM NacCl, 1% Triton-X,
and 0.1% sodium deoxycholate).

2x stop solution (2% SDS, 400 mM NaCl, 20 mM EDTA,
5 mM EGTA, and 0.2% glycogen).
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38
39

40.

41.
42.
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.

57.

58.
59.

60.

61.
62.
63.

64.
65.
66.
67.

. 100 mM CaCl,

. 20 U/pL terminal (deoxynucleotidyl)transferase (New Eng-
land Biolabs).

10x terminal (deoxynucleotidyl)transferase buffer (New Eng-
land Biolabs).

2.5 mM CoCl,.
2.5 mM ddNTP mix.

10x phi29 DNA polymerase reaction buffer (New England
Biolabs).

10 U/pL phi29 DNA polymerase (New England Biolabs).
2.5 mM dNTP mix.

1 mg/mL BSA (bovine serum albumin).

50 mM ATP.

10x T4 DNA ligase buffer (New England Biolabs).

10 U/pL T4 polynucleotide kinase (New England Biolabs).
400 U/pL T4 DNA ligase (New England Biolabs).

10 mg/mL tRNA.

Ligation stop mix (1.2 M NaOAc, pH 5.2 with 20 pg/p
L tRNA).

10x Tagq polymerase buffer.
5 U/pL Tag polymerase.

Tag stop mix (0.53 M NaOAc, pH 5.2, 70 pg/pL tRNA, and
18 mM EDTA).

Deionized formamide dye mix (99.5% deionized formamide,
1 mg/mL xylene cyanol, 1 mg/mL bromophenol blue, and
10 mM EDTA).

DMS (dimethyl sulfate).

DMS buffer (50 mM sodium cacodylate, pH 6.5 with
1 mM EDTA).

DMS stop buffer (1.5 M NaOAc, pH 7.0 with 1 M
B-mercaptoethanol).

Formic acid.
Hydrazine.

Hydrazine stop buffer (0.3 M NaOAc, pH 7.5 with
0.1 M EDTA).

1 M piperidine.
0.1 M piperidine.
40% 19:1 acrylamide:bisacrylamide solution.

0.5x TBE buffer (40 mM Tris-HCI, pH 8.3, 45 mM boric
acid, and 1 mM EDTA).
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68.

69.
70.
71.
72.
73.
74.
75.
76.

77.

78.

6% Denaturing polyacrylamide gel mix (6% 19:1 acylamide/
bisacrylamide, 7.5 M Urea, 0.5x TBE).

2.5 mM dCTP.

2.5 mM dGTP.

2.5 mM dTTPD.

a-32P dATP (3000 Ci/mmol; 10 mCi/mL).
Chroma-spin + TE columns (Clontech).
Zeta-probe nylon membrane (Bio-Rad).

17 mm Whatman paper.

Hybridization buffer (0.25 M Na,HPO,, pH 7.3, 1 mM
EDTA, 7% SDS, and 10 mg/mL BSA).

Wash buffer 1 (20 mM Na,HPO4, pH 7.3, 1 mM EDTA, 2.5%
SDS, and 2.5 mg/mL BSA).

Wash buffer 2 (20 mM Na,HPOy, pH 7.3, 1 mM EDTA, and
1% SDS).

3 Methods

3.1 In Vivo Cross-
Linking
with Formaldehyde

. Grow desired bacterial strain(s) to saturation in 5 mL of LB

with appropriate antibiotic(s).

. Start a 40 mL LB subculture, with appropriate antibiotic(s),

from 500 pL of the saturated overnight bacterial culture.
Grow at 37 °C with constant agitation at 280 rpm, until cells
are at log phase with an ODgg in a 1 cm path cuvette between
0.4 and 0.8.

. In a 50 mL conical tube, collect each cell pellet by centrifuga-

tion at 4000 x g for 10 min at room temperature. Discard the
supernatant and completely resuspend each pellet in 20 mL of
room temperature DPBS.

. Add 37% formaldehyde (se¢ Note 2) to a final concentration of

0.75%. For 20 mL of DPBS suspension add 405 pL 37%
formaldehyde. Incubate samples at room temperature for
20 min with constant rotation.

. Stop the formaldehyde cross-linking with 6 mL 2 M Tris-HCl,

pH 8.0, for a final concentration 260 mM (see Note 3). Further
incubate at room temperature with constant rotation for an
additional 5 min.

. Harvest cross-linked cells by centrifugation at 4000 x 4 for

10 min at 4 °C. Resuspend in 10 mL of cold DPBS. Wash the
cell pellets 3 times with 10 mL of cold DPBS by centrifugation
at 4000 x g for 10 min at 4 °C. Following the final wash and
centrifugation, decant the supernatant and store the cross-
linked pellets at —80 °C until ready to proceed with lysis.
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3.2 Chromatin 1. Thaw cross-linked bacterial pellets (see Subheading 3.1, step 6)
Immunoprecipitation- on ice for 10 min, then resuspend the cell pellets in 1 mL cold
Exonuclease (ChiP- FA lysis buffer supplemented with 1 mM PMES, protease
Exo) Analysis inhibitor cocktail, 100 pg/mL RNaseA, and 0.2% SDS. Trans-

fer the cell suspension from 50 mL conical tube to a 1.7 mL
microfuge tube.

2. Lyse cells and shear cellular DNA with sonication on ice with
four 10-s bursts at 10 W (see Note 4). Place samples on ice
between pulses for a minimum of 30 s to allow the lysates to
remain cold.

3. Remove cellular debris with centrifugation at 14,000 x g for
3 min at 4 °C. Transfer clarified supernatant to a fresh 1.7 mL
microfuge tube. A small amount, ~10 pL, of lysate should be
checked on a 0.8% agarose gel (see Fig. 3) to check the quality
and size distribution of the sheared DNA (see Note 5).

4. Aliquots of the lysate can be frozen at —80 °C, to be thawed
on ice for future immunoprecipitations. The clarified lysate
can also be used immediately in the immunoprecipitation
protocol.

l

1000 bp
850 bp 1000 bp
65050 850 bp
S00bp 650 bp
400 b 500 bp
P —

300bp 400 bp

300 bp

200 bp

100 bp

4 5 6 7 8 9

Fig. 3 Quality and size distribution of sheared DNA. (a) Representative ChIP-exo lysate samples following
formaldehyde cross-linking and lysis. Lanes 1-3 show three different bacterial strains grown, treated, and
lysed in parallel. (b) Representative ChEC DNA samples following cross-linking, lysis, and MNase cleavage.
Lanes 4-9 represent a single bacterial strain with MNase activation time points of 0, 5, 15, 30, 45, and
60 min, respectively. Ideal size distribution for the majority of the DNA for both ChIP-exo and ChEC DNA is
between 300 bp and 1000 bp. A 1 kb Plus DNA ladder, with fragment sizes (in base pairs) is indicated, M
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5.

10.

11.

12.

13.

14.

For a standard immunoprecipitation, on ice combine 75 pL
lysate sample (equivalent to 3 mL original bacterial culture)
and 675 pL FA lysis buffer. Add 6 pg of antibody specific to
protein of interest. Incubate immunoprecipitations overnight
with gentle rotation at 4 °C.

. Capture the desired antibody/DNA complexes on protein

A/G magnetic beads (see Note 6). Prepare 20 pL of protein
A/G magnetic beads by washing 2 times with cold FA lysis
bufter. Wash by adding 20 pL of beads to 500 pL of cold FA
lysis buffer with a 1 min capture on a paramagnetic stand. Then,
aspirate unbound solution using care to avoid the pellet. Add
the washed A /G beads to the overnight lysate antibody mix and
then incubate at room temperature for 2 h with gentle rotation.

. Wash the magnetic complexes following each reaction below

using the steps as described here. Perform each wash with
500 pL of cold buffer followed by gentle agitation for 3 min
at room temperature, capture on a magnetic stand for 1 min,
and then aspirate of unbound solution.

. Wash samples once with FA lysis buffer, twice with FA high salt

wash buffer, twice with FA low salt wash buffer, twice with FA
wash buffer 3, and once with TE + Triton-X buffer, pH 8.0.
Perform one final wash with TE + Triton-X bufter, pH 8.9 to
prepare the samples for exonuclease treatment.

. Map the position of the protein/DNA cross-links in 60 pL

digests containing 1x A exonuclease reaction buffer, pH 9.4
and 10 U A exonuclease. Incubate for 30 min at 37 °C.

Wash the magnetic beads samples once with TE + Triton-X
bufter, pH 8.0, once with FA high salt wash buffer, once with
FA low salt wash buffer, and once with FA wash buffer 3. Per-
form one final wash with TE + Triton-X buffer, pH 7.4 to
prepare the samples for RecJ treatment.

Remove contaminating DNA in a 60-uL RecJ; endonuclease
digestion, containing 1x NEB buffer #2, pH 7.4 and 30 U
RecJs. Incubate for 30 min at 37 °C.

Wash the magnetic bead samples once with TE + Triton-X
bufter, pH 8.0, once with FA high salt wash buffer, once with
FA low salt wash buffer, once with FA wash buffer 3, and one
final additional wash with TE + Triton-X bufter, pH 8.0.

Recover the DNA samples from the magnetic beads in 200 pL.
elution buffer at 65 °C for 30 min. Capture the magnetic beads
with the magnetic stand for 1 min. Transfer the DNA /protein
containing supernatant to a fresh 1.7 mL microfuge tube.

Add proteinase K to 0.5 mg/mL final concentration, and
incubate each sample overnight at 65 °C to reverse
DNA-protein cross-links and digest proteins.
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15.

3.3 Chromatin 1.

Endogenous Cleavage

(ChEC) Analysis
2
3
4
5
6

Following the cross-link reversal, purify the 200 pL. DNA
sample with the addition of 22 pl. 3 M NaOAc, pH 5.2, 1 pL
10 mg/mL glycogen and an equal volume 1:1 phenol:chloro-
form. Mix samples thoroughly after the addition of phenol:
chloroform. Subject samples to centrifugation at 14,000 x g
for 5 min to separate phases. Transfer 220 pL of upper aqueous
layer to a fresh tube, add 2.5 volumes 100% ethanol, and place
samples on dry ice for ~15 min. Pellet DNA with centrifuga-
tion at 14,000 x g for 15 min, decant the supernatant, and
wash the pellet with 750 pl. 70% ethanol. After final centrifu-
gation, remove all ethanol traces by pipetting. Allow the pellet
to air dry at room temperature for ~10 min. Resuspend the
DNA pellet in 30 pL of ultrapure water. The ChIP-exo DNA is
now ready to be analyzed by LM-PCR.

Thaw cross-linked bacterial pellets on ice for 10 min. Resus-
pend the cell pellets on ice in 1 mL cold ChEC lysis buffer (see
Note 7) supplemented with 1 mM PMES, protease inhibitor
cocktail, 100 pg/mL RNaseA, and 0.2% SDS. Transfer the cell
suspension from a 50 mL conical tube to a 1.7 mL
microfuge tube.

. Lyse the cells and shear cellular DNA by sonication on ice with

four 10-s bursts at 10 W. Place samples on ice between pulses
for a minimum of 30 s to allow the lysates to remain cold.

. Remove cellular debris with centrifugation at 14,000 x g for

3 min at 4 °C. Transfer the clarified supernatant to a fresh
1.7 mL microfuge tube.

. For endogenous MNase cleavage, transfer 600 pL of cell lysate

to a new 1.7 mL microfuge tube. Place samples at room tem-
perature for 5 min to allow the sample to equilibrate. As a
negative control, transfer 100 pL of cell lysate to a fresh tube
containing an equal volume of 2x stop solution. To the
remaining 500 pL of cell lysate add CaCl, to 13 mM final
(65 pL of 100 mM CaCl,) to activate the MNase fusion pro-
tein. Remove 100 pL samples at desired time points, typically
5, 15, 30, 45, and 60 min, and transfer to an equal volume of
2 x stop solution (see Note 8).

. Add proteinase K to 0.5 mg/mL final concentration and incu-

bate each sample overnight at 65 °C to reverse DNA-protein
cross-links and digest proteins.

. Following cross-link reversal, purify the 200 pL DNA sample

with the addition of 1 pLL 10 mg/mL glycogen and an equal
volume of 1:1 phenol:chloroform. Mix samples thoroughly
after the addition of phenol:cholorform. Subject samples to
centrifugation at 14,000 x 4 for 5 min to separate phases.
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3.4 Ligation-
Mediated Polymerase
Chain Reaction
(LM-PCR)

3.4.1 Primer Design

10.

1.

Transfer 200 pL of upper aqueous layer to a fresh tube, add 2.5
volumes 100% ethanol, and place samples on dry ice for
~15 min. Pellet the DNA with centrifugation at 14,000 x g4
for 15 min, decant the supernatant, and wash the pellet with
750 pL 70% ethanol. After final centrifugation, remove all
ethanol traces with pipetting. Allow the pellet to air dry at
room temperature for ~10 min. Resuspend the DNA pellet in
500 pL of ultrapure water.

. Quantitate the DNA using a spectrophotometer, and check

~1 pg of total DNA on a 0.8% agarose gel for the quality and
size distribution of cleavage products (sec Note 5).

. Block nicked DNA termini with terminal (deoxynucleotidyl)

transferase (TdT) in a 50 pL reaction containing 2 pg ChEC
DNA, 1X TdT buffer, 250 uM CoCl,, 250 pM ddNTP mix,
and 10 U TdT enzyme. Incubate the samples at 37 °C for
30 min.

. To each 50 pL sample add 129 pL ultrapure water, 20 pL. 3 M

NaOAc (pH 5.2), and 1 pL. 10 mg/mL tRNA.

Extract samples with equal volume, 200 pL, of 1:1 phenol:
chloroform. Mix samples thoroughly after the addition of
phenol:chloroform. Subject samples to centrifugation at
14,000 x g for 5 min to separate phases. Transfer 200 pL
of upper aqueous layer to a fresh tube, add 2.5 volumes
100% ethanol, and place samples on dry ice for ~15 min.
Pellet DNA with centrifugation at 14,000 x g for 15 min,
decant the supernatant, and wash the pellet with 750 pL 70%
ethanol. After final centrifugation, remove all ethanol traces
by pipetting. Allow the pellet to air dry at room temperature
for ~10 min and then resuspend in 30 pL ultrapure
water. The ChEC samples are now ready to proceed with
LM-PCR.

When designing primers for LM-PCR, select sequences ~150
base pairs upstream and downstream from the genomic region
of interest (see Fig. 4). Primers 1 and 4 should have T, values of
~50 °C, to allow for complete annealing prior to phi29 DNA
polymerase extension. Primers 2 and 5 should overlap 1 and
4, respectively, by ~10 bp and have T, values of 61-67 °C, for
optimal PCR amplification with 7Tag polymerase. Primers
3 and 6 should overlap 2 and 5, respectively, by 6-10 bp
and have T,, values of 58-63 °C. Primers 3 and 6 amplify
the genomic DNA to create a template for radioactive probe
synthesis (se¢ Note 9).
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Fig. 4 Schematic of primer design in genomic region of interest. Primers 1 and
4 should have T, values of ~50 °C, to allow for complete annealing prior to
phi29 DNA polymerase extension. Primers 2 and 5 should overlap 1 and
4, respectively, by ~10 bp and have T,, values of 61-67 °C, for optimal PCR
amplification with Tag polymerase. Primers 3 and 6 should overlap 2 and
5, respectively, by 6-10 bp and have T, values of 58-63 °C

3.4.2  Phi29 Extension 1.

and Linker Ligation

for ChIP-Exo and ChEC

Samples
2
3
4
5
6
7

Use one third of the processed ChIP-exo or ChEC DNA
samples as templates for gene-specific primer extension using
phi29 DNA polymerase (see Note 10). In a 0.2 mL PCR tube,
combine 11 pL of the cleaved sample (ChIP-exo or ChEC)
DNA with 1x phi29 bufter in a final volume of 20 pL that also
contains the following components at the indicated final con-
centrations: 0.2 mg/mL BSA, 125 pM dNTPs, and 1 pM
primer 4.

. Inathermal cycler, denature at 95 °C for 5 min, anneal at 60 °C

for 5 min, cool the sample to room temperature, and finally add
10 U of phi29 polymerase (see Note 11). Extend the annealed
DNA primer for 20 min at 30 °C, followed by heat inactivation
at 65 °C for 10 min.

. For the ChEC sample only, to the 0.2 mL PCR tube containing

the 20 pL phi29 extension product, add 17 pL ultrapure water,
2 pL 10x T4 DNA ligase buffer, 0.5 pL. 50 mM ATP, and
0.5 pL PNK (10 U/pL). Incubate the sample at 37 °C for
30 min. Inactivate the PNK enzyme by heating the sample for
20 min at 65 °C.

. Cool all samples (ChIP-exo and ChEC) on ice and consolidate

by brief centrifugation.

. To each 20 pL phi29 extension reaction from ChIP-exo, add

30 pL of ChIP-exo linker ligation mix (1X T4 DNA ligase
buffer, 1.7 pM unidirectional linker, 0.8 mM ATP, and
6.7 UT4 DNA ligase). To each 40 pL phi29/PNK reaction
from ChEC, add 10 pL of ChEC linker ligation mix (1x T4
ligase buffer, 5 pM unidirectional linker, 1 mM ATP, and 20 U
T4 DNA ligase). The linker ligation mixes each contain unidi-
rectional linker (see Note 12).

. Mix samples well and incubate overnight at 16 °C.

. Following the overnight incubation, heat-inactivate the T4

DNA ligase for 10 min at 70 °C.
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3.4.3 PCR Amplification
of ChiP-Exo and ChEC
Samples

8.

10.

Transfer the ligation samples to fresh 1.7 mL microfuge tubes.
Add 50 pL of ligation stop mix and 100 pL ultrapure water for
a final sample volume of 200 pL.

. To ethanol precipitate the samples add 600 pL of 100% etha-

nol, mix well, chill on dry ice for 15 min, and subject to
centrifugation for 15 min at 15,000 x gin a 4 °C microcen-
trifuge. Carefully remove the supernatant. Wash one time with
750 pL of 70% ethanol, subject to centrifugation for 5 min at
15,000 x g. Carefully remove the supernatant, being careful to
not disturb the pellet, and allow the samples to air dry for
5 min.

Resuspend the DNA pellets in 25 pL. of ultrapure water. Flick
gently and let it stand at room temperature for 10 min.

. For both ChIP-exo and ChEC samples, perform 19 cycles of

PCR in the presence of 1zq DNA polymerase using gene-
specific primer 5, here a nested /ac promoter-specific primer
(5'-AT,A,GT,G3TA,CGC,AG), and the unidirectional linker
primer (5'-GCG,TGAC;G3AGATCTGA,T,C).

. Transfer 25 pL of ligated DNA sample from a 1.7 mL micro-

fuge tube to a fresh 0.2 mL PCR tube.

. Prepare 2x Ting polymerase mix (25 pL per sample) contain-

ing 2x Tag polymerase buffer, 0.2 mg BSA, 4 mM MgCl,,
0.4 mM dNTDs, 0.8 uM gene-specific primer 5, 0.8 pM linker
primer, and 3 U Taq polymerase, adding the polymerase as the
last step.

. Before the addition of Tag polymerase, mix gently and transfer

60 pL of 2 x polymerase mix to a fresh tube. To this tube add an
equal volume of ultrapure water. This is now a 1 x Tag mix and
will be used as a booster mix after the initial amplification to
ensure all extensions are complete. Place this 1 x 7zg mix on ice
until ready for use.

. Once Tagq polymerase has been added to 2x polymerase mix,

transfer 25 pL of this mix to each PCR sample and mix gently.

. Perform PCR using an annealing temperature that is optimal

for gene-specific primer 5. After an initial denaturation step at
95 °C for 3 min, perform 19 cycles of amplification at 95 °C for
30s,57 °C for 30 s, and 72 °C for 1 min.

. When PCR amplification is complete add 5 pL of 1 x Tizg mix

with added Tag polymerase to each sample. This booster mix
contains 1 U of Tag polymerase per 5 pL. of 1x 7Tag mix.
Further incubate the reactions at 72 °C for 10 min to ensure
completion of all extensions.

. To each reaction add 70.5 pL. Tag stop mix. Transfer the

samples to fresh 1.7 mL microfuge tubes and add 190 pL of
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3.5 Southern Blot 1.
Analysis

3.5.1 Generation

of Sequencing Ladders
as Markers Within

the Gel Blot

1:1 phenol:chloroform, followed by vortex mixing for 5 s.
Subject samples to centrifugation at 15,000 x g for 5 min to
separate phases. Transfer 125 pL of the upper aqueous layer
to a fresh 1.7 mL microfuge tube and add 330 pL 100%
ethanol. Ethanol precipitate by mixing well, chilling on dry
ice for 15 min, and subjecting to centrifugation in a micro-
centrifuge at 4 °C for 15 min at 15,000 x g. Carefully remove
the supernatant. Wash one time with 750 pL of 70% ethanol,
subject to centrifugation for 5 min at 15,000 x g. Carefully
remove the supernatant, being careful to not disturb the
pellet, and let the samples air dry at room temperature for
5 min.

. Resuspend each sample in 6 pL deionized form dye mix.

Prior to Maxam-Gilbert base-specific reactions [25], ethanol
precipitate ~40 pg of purified genomic DNA: add 600 pL of
100% ethanol, mix well, chill on dry ice for 15 min, and subject
to centrifugation at 4 °C for 15 min at 15,000 x g. Carefully
remove the supernatant. Wash one time with 750 pL of 70%
ethanol, and subject to centrifugation for 5 min at 15,000 x g.
Carefully remove the supernatant, being careful to not disturb
the pellet, and allow the samples to air dry for 5 min. Resus-
pend the dried pellets in an appropriate amount of ultrapure
water for the base-specific reactions that follow.

. G reaction chemistry: Resuspend DNA pellet in 5 pL ultrapure

water and let it stand at room temperature for 10 min. On ice,
combine 5 pLL of genomic DNA solution (~40 pg), 200 pL of
DMS butffer, and 1 pL. DMS (stored at —80 °C under argon).
Incubate at room temperature for 4 min. Terminate the reac-
tion by adding 50 pL. of DMS stop buffer. Mix by pipetting a
few seconds and then add 750 pL of cold 100% cthanol. Place
the sample on dry ice.

G + A reaction chemistry: Resuspend DNA pellet in 11 pL
ultrapure water and let it stand at room temperature for
10 min. On ice, combine 11 pL of genomic DNA solution
(~40 pg) and 25 pL of cold formic acid (stored at 4 °C).
Incubate at room temperature for 10 min. Add 200 pL of
DMS stop buffer. Mix by pipetting a few seconds and then
add 750 pL of cold 100% ethanol. Place the sample on
dry ice.

C > Treaction chemistry: Resuspend DNA pellet in 5 pL ultra-
pure water and let it stand at room temperature for 10 min. Mix
on ice 5 pL of genomic DNA (~40 pg) and 15 pL. 5 M NaCL
Mix well before adding 30 pL of cold hydrazine (keep frozen at
—20 °C and minimize exposure to light). Incubate at room
temperature for 7.5 min. Terminate reaction by adding 200 pL.
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10.

11.

12.

13.

14.

15.

16.

of hydrazine stop buffer. Mix by pipetting a few seconds and
then add 750 pL of cold 100% ethanol. Place the sample on
dry ice.

. Keep all samples in dry ice for at least 15 min.

. Warm samples to room temperature. Subject to centrifugation

for 15 min at ~15,000 x g at room temperature.

. Remove the supernatant, subject to centrifugation briefly, and

carefully remove all remaining liquid.

. Resuspend the pellets in 270 pL of ultrapure water. Make sure

pellets are completely dissolved.

. Ethanol precipitate as follows. Add 1,/10 volume 3 M NaOAc,

pH 5.2 (30 pL) and then 2.5 volumes (750 pL) of cold 100%
ethanol. Mix the samples and place on dry ice for at least
15 min. Warm the samples to room temperature. Subject to
centrifugation for 15 min at 15,000 x g at room temperature.
Remove supernatants with a pipette. Wash pellets with 1 mL
70% cold ethanol. Subject samples to centrifugation at
15,000 x g for 5 min at room temperature. Aspirate the
supernatant with a pipette, subject to centrifugation briefly,
and carefully remove all remaining liquid. Let the pellets air
dry at room temperature for ~5 min.

For G reaction chemistry, dissolve pellets in 100 pLL 1 M piperi-
dine (10%). For G + A reaction chemistry, dissolve pellets in
100 pL 0.1 M piperidine (1%). For C > T reaction chemistry,
dissolve pellets in 100 pL. 1 M piperidine (10%).

Heat the samples at 90 °C for 30 min (either apply cap locks to
tubes or cover with a heavy object to prevent the lids from
popping open due to increased pressure).

Cool samples completely and subject to centrifugation briefly
to consolidate droplets. Apply parafilm to the open tubes.
Puncture the parafilm 4-6 times to give ventilation holes.
Freeze samples on dry ice.

Place samples in lyophilizer overnight to remove all traces of
piperidine.

Resuspend samples to a concentration of 1 pg/pl. Assume a
10% loss of sample due to treatment and processing when
determining amount of ultrapure water to use to resuspend.

Before use for LM-PCR, electrophorese ~1 pg of the
piperidine-treated sample on a 1.5% agarose gel along with
100 bp ladder to confirm the cleavage profile. Optimal samples
for LM-PCR have the bulk of the cleavage in the range of
300-600 nucleotides.

Quantify treated DNA and dilute to a final concentration of
20 ng/pL. For Maxam-Gilbert reference ladders, use 11 pL
during a standard LM-PCR method.
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3.5.2 Gel Electrophoresis 1. Resolve the amplified DNA samples on a 6% denaturing poly-

of ChiP-Exo and ChEC acrylamide (19:1 acrylamide:bisacrylamide) 45 cm x 35 cm
Samples and Probe sequencing gel.
Synthesis 2. Pre-run the gel in 0.5x TBE buffer at 80 W until gel tempera-

ture reaches ~45 °C.

3. Denature the formamide dye DNA samples at 95 °C for 3 min,
followed by immediate placement on ice.

4. Load the samples and sequencing ladders (se¢ Note 13).

5. Electrophorese the samples at 85 W, making sure that the gel
temperature does not go above 55 °C. The size of the samples
will determine electrophoresis time. For the /ac promoter
sequence the 6% gel electrophoresis continues for one addi-
tional hour after the xylene cyanol dye reaches the bottom of
the gel.

6. During electrophoresis of the DNA samples, the radioactive
probe for the Southern blot can be prepared using single-
strand DNA extension with gene-specific primer 6,
5'-G,TA,CGC,AG3T,4C for the /ac promoter region.

7.In a 0.2 mL PCR tube, assemble a 100 pL probe synthesis
reaction containing 0.8 ng DNA template from primer 3/6
amplification product, 2 mM MgCl,, 10 pM dCTP, 10 pM
dGTP, 10 pM dTTP, 1x Tag polymerase buffer, 1 pM gene-
specific primer 3, 0.03 U Tag polymerase, and 10 pL a->2P
dATP (3000 Ci/mmol; 10 mCi/mL). Perform the following
PCR protocol for the labeling reaction using an annealing
temperature equal to the 7, of gene-specific primer 6. Cycle
at 95 °C for 1 min, 61 °C for 1 min, and 75 °C for 2 min for
35 cycles.

8. When probe synthesis is complete, split the radiolabeled probe
into two samples and pass over chroma-spin + TE columns to
remove unincorporated radioactive nucleotides.

3.5.3 DNA Transfer 1. Transfer the sequencing gel to a Zeta-probe nylon membrane
and Southern Blotting using an Owl semi-wet transfer system. To the center of the
Protocol bottom metal plate, add ~20 mL of 0.5x TBE buffer (same as

gel running buffer).

2. Onto this plate place two layers of pre-wet 17 mm Whatman
paper. Use a rolling pin to remove all the air bubbles. Add an
additional 40 mL of buffer to the top of the blot paper.

3. Add one additional pre-wet piece of 17 mm Whatman paper,
starting with contact in the center and then out to the edges.
Roll again to remove air bubbles.

4. Evenly distribute 50 mL 0.5x TBE bufter to top of blot paper.

5. Place gel onto blot paper. Carefully add from center out to
edges, taking care that bubbles are not introduced.
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3.5.4 Blot Washing
and Exposure

10.
11.

12.

13.

. Evenly add 20 mL of buffer on center of gel.

. Place pre-wet membrane (center out to edges) without intro-

ducing air bubbles.

. Add one sheet pre-wet 17 mm Whatman blot paper. Use a

rolling pin with minimal pressure to remove air bubbles.

. Add 50 mL of buffer to the top of blot paper and then add two

sheets pre-wet 17 mm Whatman blot paper, and roll out air
bubbles with rolling pin using moderate pressure (always roll
from center out).

Perform transfer at 1.6 amp and ~12 V for 50 min.

Following the transfer, cross-link the DNA to the membrane
using the auto-crosslink setting of a UV Stratalinker unit.

Roll the cross-linked membrane, DNA side in, into a hybridi-
zation tube containing 14 mL of hybridization bufter, warmed
to 55 °C. Allow the membrane to block and pre-hybridize for
lhat62.4°C.

After pre-hybridization, decant the pre-hybridization buffer
and add 6 mL of fresh 55 °C hybridization buffer and
100 pL of gene-specific radiolabeled probe. Allow the mem-
brane and probe to hybridize overnight at 62.4 °C.

. Following the overnight hybridization, remove the membrane

from the hybridization tube and place in a wash container that
can hold ~500 mL of liquid. The membrane should also be able
to lay completely flat in the container.

. Wash the radioactive membrane, one time with 400 mL wash

buffer 1 and two times with 400 mL wash buffer 2. Perform
each wash at room temperature, with buffer warmed to 65 °C,
for 5 min with gentle agitation (sec Note 14).

. When the last membrane wash is complete, allow the mem-

brane to air dry for ~5 min. Wrap the membrane in plastic-wrap
and expose to a storage phosphor screen overnight.

. Perform imaging on a Typhoon FLA 7000 (GE LifeSciences).

Representative images from both ChIP-exo and ChEC are
shown in Fig. 5.

4 Notes

. When creating MNase fusion proteins it is important to con-

firm both the retained function/binding properties of the
desired mapping protein and MNase functionality. We have
always added MNase to the C terminus of mapping proteins
with success.
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Fig. 5 ChEC and ChIP-exo in vivo protein-mapping Southern blots of engineered E. coli strains exogenously
expressing the yeast architectural protein Nhp6A. Schematic map of the engineered /ac promoter region
analyzed with high-resolution mapping, far right. DNA operators, Os,m and Oy, are sequences that are bound
by Lac repressor (Lacl) in the absence of allolactose analog, IPTG, to allow repression loop formation. Cis
elements include —35 and —10 (open boxes), +1 (bent arrow), and Shine-Dalgarno (black triangle). (a)
Nhp6A-MNase fusion mapping around the /ac promoter region with ChEC-LM-PCR. Bacterial lysates expres-
sing either Nhp6A (lanes 1-3) or Nhp6-MNase fusion (lanes 4-6) were given 10 mM Ca2* for 0, 5, or 10 min.
Nhp6A without the MNase fusion is added as a control for potential background cleavage, which as seen in
lanes 1-3 is minimal. MNase cleavage regions of particular interest are indicated (white boxes). The flexibility
of the fusion allows for some MNase cleavage on either side of the binding site, though preferential cleavage is
seen in the upper white box. (b) ChlP-exo-LM-PCR mapping of protein binding sites for Lacl, and c-Myc tagged
Nhp6A. Bacterial lysates were immunoprecipitated with either o-Lacl (lanes 7-9) or a-Myc (lanes 10-12).
ChlIP-exo protein-binding boundaries, of interest, are indicated (white boxes). Endogenous Lacl robustly binds
to the 0, operator, as expected, and this binding is attenuated in the absence of the endogenous architectural
protein, HU, deleted in the indicated samples (middle and lower white boxes). The signal detected at the
Nhp6A binding site, upper white box, is likely a cross-linking bystander effect, since this signal is increased in
the presence of Nhp6A-Myc (lane 9). Immunoprecipitation with o-Myc definitively shows the Nhp6A-Myc
binding site (white box at right). Only samples in lanes 11 and 13 were grown in the presence of IPTG,
inhibiting Lacl binding to operator DNA sequences, as indicated. Nhp6A-Myc binding appears largely
dependent on the formation of the Lac repression loop (lane 12). C. Summary of high-resolution data from
ChEC and ChIP-exo mapped onto the engineered /ac promoter sequence. Protein-binding boundaries are
identified for ChEC (Nhp6A-MNase, crosses) and ChiP-exo (Lacl, open circles and Nhp6A-Myc, closed circles).
The Nhp6A binding site is indicated within the dashed black box. All data shown are representative of at least
three replicates [16]. Sequencing ladders (G and G + A) were created by standard Maxam-Gilbert chemical
modifications of genomic DNA in vitro
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2.

10.

Use of fresh formaldehyde is best to ensure proper cross-link-
ing with monomeric formaldehyde. Over time formaldehyde
can form paraformaldehyde polymers, which are not as reactive
or cell-permeable. Do not use a formaldehyde solution that
contains a white precipitate.

. It is necessary to quench unreacted formaldehyde after the

cross-linking reaction. Glycine has been the typical quenching
agent, but Tris has recently been shown to be more
efficient [26].

. We recommend using 50% power on a model 60 sonic dis-

membrator (Fisher Scientific).

. Following lysis and sonication of samples for both ChIP-exo

and ChEC it is important to check the quality and size distri-
bution of the harvested bacterial DNA. A size distribution of
DNA fragments between 300 bp and 1000 bp offers best
results for LM-PCR analysis with a desired resolution of
~100-150 bp.

. The use of magnetic beads allows for a rapid and easy method

to change buffers and purify samples between enzymatic steps.

. Addition of EGTA is necessary to control for early activation of

MNase during the initial lysis steps.

. For best results with ChEC, the 2x stop solution should be

made fresh prior to each use.

. Primer design considerations are important for the success of

LM-PCR. All primers used for LM-PCR should be gel purified
to ensure that the oligonucleotides used for all extension/
amplification steps are full length and that any shorter, failed
syntheses are not present in the oligonucleotide stocks. It is
important to perform a trial PCR reaction with the designed
PCR pairs to ensure that each pair generates the single desired
PCR product from a genomic DNA template. Heterogeneous
PCR products will degrade LM-PCR results. We find that
primers designed to a region of ~300 bp will yield ~100 bp or
~150 bp resolution on 8% or 6% denaturing gels, respectively.

The choice of which primer set, 1-3 or 4-6, depends on which
strand of the DNA is desired for analysis. Each strand can be
analyzed in separate LM-PCR processing steps from the same
initial ChIP-exo or ChEC samples. The present example analysis
uses primers 4—6, where primer 4 (5’-GCA,G,CGAT,A,GT,G) is
gene-specific to the /ac promoter region. DNA cleavage with
MNase leaves 5" hydroxyl and 3’ phosphate termini so that in
order to proceed with LM-PCR, we treat the phi29 extension
with polynucleotide kinase (PNK) to create phosphorylated 5’
termini. Otherwise, the steps are identical for the two sample types.



To ensure that the gene specific region is fully extended to the
cleavage site, phi29 DNA polymerase is used because it has
good strand displacement and high processivity.

The unidirectional linker is annealed by combining 20 pM of
LIM-648 (5'-GCG,TGAC;G3AGATCTGA,T,C), 20 pM of
LIM-649 (5'-GA,T,CAGATC), and 250 mM Tris—HCI,
pH 7.6. Heat the mixture to 95 °C for 5 min, then transfer
to a 70 °C water bath. Allow the water bath to cool to room
temperature over 1 h and leave at room temperature for an
additional hour. Further cool the linker to 4 °C over 1 h and
leave at 4 °C overnight in a water bath. The annealed linker can
now be frozen at —20 °C in aliquots. Avoid repeated freeze
thaw cycles of the linker aliquots and always thaw on ice, to
ensure the unidirectional linker remains annealed.

At the start of gel electrophoresis it is important to include
sequencing marker samples (G and G + A ladders) created by
standard Maxam-Gilbert chemical modifications of purified
genomic DNA. This allows for the orientation of the genomic
region within samples and identification of cleavage locations.

Care must be taken when working with radioactivity and in
properly disposing of radioactive liquid waste.
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Imaging of Transcription and Replication in the Bacterial
Chromosome with Multicolor Three-Dimensional
Superresolution Structured lllumination Microscopy

Carmen Mata Martin, Cedric Cagliero, Zhe Sun, De Chen, and Ding Jun Jin

Abstract

Superresolution imaging technology has contributed to our understanding of the subnucleoid organization
in E. coli cells. Multicolor superresolution images revealing “bacterial nucleolus-like structure or organiza-
tion,” “nucleolus-like compartmentalization of the transcription factories,” and “spatial segregation of the
transcription and replication machineries” have enhanced our understanding of the dynamic landscape of
the bacterial chromatin. This chapter provides a brief introduction into multicolor three-dimensional
superresolution structured illumination microscopy (3D-SIM) used to study the spatial organization of
the transcription machinery and its spatial relationship with replisomes from a microbiological research
perspective. In addition to a detailed protocol, practical considerations are discussed in relation to (1) sam-
pling and treatment of cells containing fluorescent fusion proteins, (2) imaging the transcription and
replication machineries at single-cell levels, (3) performing imaging experiments to capture the spatial
organization of the transcription machinery and the nucleoid, and (4) image acquisition and analysis.

Key words Bacterial nucleolus-like structure or organization, Transcription machinery, RNA poly-
merase, Replisomes, Three-dimensional structured illumination microscopy, Superresolution imaging,
E. cols

1 Introduction

Shortly following the first applications of green fluorescent protein
(GFP) technology in eukaryotes in the early 1990s, this important
tool was used in bacteria to image the transcription and replication
machineries at the single-cell level [1-4]. Escherichia coli (E. coli) as
a simple model system has many advantages for imaging studies,
mainly because it is one of the most thoroughly studied organisms,
particularly in terms of genetics, physiology, and biochemistry. Due
to its rapid response it is a powerful tool to investigate the effects
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of environmental signals and system perturbations. First, an E. cols
chromosomal »poC-gfp fusion was constructed and used for studies
of RNA polymerase (RNAP) during rapid growth and stress
response [5, 6]. Since then, many derivatives of the RNAP-GFP
reporter have been constructed to study different aspects of RNAP
in E. coli cells [7-11]. Fluorescent fusions to components of E. coli
replisomes at replication forks, such as SSB and SeqA, have also
been constructed to study the replication machinery in the cell
[12,13].

Until recently, imaging the transcription machinery and repli-
somes relied on widefield fluorescent microscopy, which is restricted
by a diffraction limit of ~250 nm in the lateral dimension and
~500 nm in the axial dimension for GFP. Because E. coli cells are
small (~1 pm [short axis] X ~1 to 5 pm [long axis] on average in
growing cells with different growth media and temperatures) and the
nucleoids inside cells grown in different media and environments are
even smaller [14], it is challenging and /or impossible to study sub-
nucleoid organization in detail using conventional widefield micros-
copy. Recently, superresolution microscopy has been established as a
powerful tool for microbial cell biology studies [15]. For instance,
photoactivated localization microscopy (PALM) or stochastic optical
reconstruction microscopy (STORM) has been used to determine
the distribution and movement of RNAP at the single-molecule level
in living cells [7, 9, 11]. However, many PALM and STORM
instruments currently are limited to one-color imaging in bacteria.
In contrast, three-dimensional structured illumination microscopy
SIM (3D-SIM), which increases the lateral resolution by a factor of
two compared to classical widefield fluorescent microscopy, is capa-
ble of simultanecous multiple-color imaging [16, 17]. 3D-SIM has
proven to be particularly useful in studying the spatial relationship
between the transcription and replication machineries in the nucle-
oid of E. colz [18, 19].

Obtaining high resolution images of fast-growing bacterial
cells is a challenge inherent to E. coli physiology. Both the distribu-
tion of E. cols RNAP and the nucleoid structure are extremely
sensitive to perturbations in the environment. It has been shown
that procedures as short as 5-12 min involved in sampling of fast-
growing cells from a shaking flask in a water bath to mounting the
cells onto a microscopy slide followed by imaging will result in
changes in growth environments and cause perturbation of bacte-
rial physiology. Consequently, the resultant live-cell images will be
an adapted state, rather than images of the fast-growing cells as
intended [6, 10]. This problem has been underappreciated in the
field and it is important to consider potential changes in bacterial
physiology when performing live-cell imaging or when interpreting
live-cell images. To overcome this problem, a procedure using
formaldehyde to fix cells immediately after sampling was developed
to capture snapshots of the dynamic organization of transcription
machinery and the nucleoid in changing environments. The fixed-
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cell procedure is able to “freeze” or immobilize RNAP and other
subcellular structures before being imaged [6]. The fixed-cell
images are consistent with extensive studies of E. coli genetics and
physiology [10, 14].

In this chapter, we provide a detailed protocol for the applica-
tion of three-color 3D-SIM to study the spatial organizations of the
transcription machinery and replisomes in fast-growing cells. We
describe the strains used for these studies, followed by a detailed
description of cell sampling procedures and image acquisition by
SIM. Finally, we describe image reconstitution and analysis using
imaging tools such as Nis-Elements Ar/Nis-Elements C from
Nikon, Matlab, and Fiji J.

2 Materials

2.1 Ghromosomal All strains are derivatives of E. coli MG1655.
Zfs% ‘;ss”"'”’ Protein 7. MG1655 rpoC-Venus [8].

to the Transcription 2. CC341: CC72 nusA-mCherry::Kan™ [18].
Machinery 3. CC376: CC72 ssB-mCherry:: Kan® [18].
and Replisomes

2.1.1 Bacterial Strains

2.2 Bacterial Culture 1. Luria Broth (LB) medium: tryptone 10 g/L, yeast extract 5 g/
and Fixation Reagent L, NaCl 5 g/L. Adjust the pH to 7.0.

2. Formaldehyde solution for molecular biology (Sigma-Aldrich
F8775), 36.5-38% in H,O.

. Heated water bath with agitation (37 °C, 225 rpm).
. Culture flasks.

. Tubes for bacterial growth (15 mL culture tube).

QN U1 W

. UV /Visible spectrophotometer.

2.3 Materials 1. Wash medium (Supplemented M63 medium): 100 mL 10x
for Microscope Slide M63 medium, 1 mL 0.1 M CaCI2, 1 mL 1 M MgSO,_distilled
and Cover Glass H,0 (dH,0) up to 1 L. Sterilize with autoclave. Recipe for 1 L
10x M63 medium [20]: 20 g (NH4),SOy4, 136 g KH,PO4,
5 mg FeSO4.7H,0, dH,O up to 1 L and adjust to pH 7 with
KOH. Aliquot to 100 mL /bottle. Sterilize with autoclave.
2. Poly-1-lysine solution, 0.1% (w/v) in H,O.
3. 70% (v/v) solution of ethanol in water.
4. Microscope slides (Globe Scientific Inc. 1301),25 x 75 x 1 mm
Y5 gross.

5. Microscope cover glass high precision (Denville Scientific Inc.
M1100-15), size 22 x 22 mm, tolerance 170 &+ 5 pm, No.1.5H.
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2.4 Microscope

[N I S

. Hoechst 33342 10 pg/mL.
. Mounting medium: 9 mL glycerol, 1 mL Tris-HCI (1 M pH

8.5) and 1 mg/mL poly (diallyldimethylammonium chloride
(PDDA)). Add H,O up to 10 mL. Aliquot and store in dark at
—80 °C.

. 0.1 pm TetraSpeck microspheres fluorescent blue/green/

orange/dark red (Life technologies, Molecular Probes 7279),
used for calibration instrument optics in 3D-SIM.

. Nail polish for sealing edges of cover glass on microscope slides.

. Nikon N-SIM Ti-2E inverted microscope.

. LU-NV series laser unit, 405 nm, 488 nm, 561 nm, 640 nm.

. Objective CFI SR HP Apochromat TIRF 100XC Oil (NA 1.49).
. Camera ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photon-

ics K K).

. Software NIS-Elements Ar/NIS-Elements C with additional

software modules NIS-A 6D and N-SIM Analysis.

. Operations conditions, maintaining the temperature in a range

20 °C-28 °C (£0.5 °C) at the working room.

. Inmersion oil NF type 2 Nikon (1.515 reflective index, 40.8

dispersion index, 4500 st viscosity, 23 °C).

. 100% pure spun cellulose fiber optical lens tissue (Electron

Microscopy Sciences 71712-01).

9. Nikon lens cleaner solution.
2.5 Alignment 1. Software NIS-Elements Ar/NIS-Elements C.
and Reconstruction
2.6 Data 1. MATLAB (Mathworks).
2. Image] /Fiji and Adobe Photoshop.
3 Methods

3.1 Cell Gulture,
Sampling and Fixation

. Inoculate the strain (from the frozen stock at —80 °C) in 3 mL

LB and grow overnight with vigorous agitation at 37 °C.

. Dilute the overnight culture 1:200 into fresh LB medium in a

culture flask at 37 °C in a water bath with vigorous and constant
agitation.

. At early exponential growth phase point (~ODggo 0.2, no more

than 0.3) transfer 900 pL cell culture from the flask into a
1.5 mL Eppendorf tube containing 100 pL. of Formaldehyde
37% (final concentration 3.7%) to fix cells. Keep at room tem-
perature for at least 20-30 min.
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3.3 Microscope
Instrumentation

Imaging of

Transcription and Replication in the Bacterial Chromosome. .. 121

Unless otherwise mentioned, the procedures are performed at

room temperature (23 °C).

1.

[S20N NG I S )

10.

11.

12.

13.

14.

15.

After 20-30 min fixation, spin the cells at 3300 x g4 for 1 min.
. Wash the pellet once with 1 mL supplemented M63 medium.
. Spin the cells at 3300 x g for 1 min.

. Resuspend the cells in 20 pL supplemented M63 medium.

. Add 2 pL Hoechst 33,342 10 pg/mL and incubate in dark for
~10-15 min.

. Add appropriate amount of supplemented M63 medium; the
amount should be adjusted according to the cell concentration
in the sample. Use 200 pL supplemented M63 medium for
cells from ODggg 0.2 cultures.

. Wash the microscope slides, first with ethanol 70% and then
with water. Let slides dry.

. Dilute the 0.1 pm TetraSpeck fluorescent microspheres 1:1000
in dH,O.

It is important that the microsphere beads are uniformly sus-
pended by mixing on a vortex mixer for at least 1 min
before use.

Drop 8-10 pL of poly-L-lysine onto a cover glass. Let dry
passively for 20 min.

Drop 2 pL of sample of cells on top of the poly-L-lysine. Let dry
passively for 15 min.

Drop 1 pL of TetraSpeck microspheres dilution at one corner
of the cover glass. Let dry passively for 15 min.

Drop 6-8 pL of mounting medium at the center of the micro-
scope slide.

Put the cover glass (with cells sample face down) on top of the
mounting medium on the microscope slide. Press gently but
firmly on a flat surface.

Seal all sides of cover glass on the microscope slide with nail
polish.

Visualize on microscope, or keep in dark at —20 °C

. Turn on the camera, lasers, microscope and computer at least

30 min before the beginning of image acquisition to allow the
camera to reach the targeted temperature (—80 °C).

. Add a drop of immersion oil on the top of cover glass of the

microscope slide and then place the cover glass of the slide on
top of the lens.
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3.4 Alignment
and Reconstruction

3. Focus the cells.
4. Open the software and adjust the settings.

Optimized acquisition settings are as follows:

— mCherry, 60 ms exposure with 561 nm laser (556-566 nm
excitation range, 30% transmission). Emission range:
570-640 nm. EM Gain Multiplier 250.

— Venus, 200 ms exposure with 488 nm laser (470-490 nm
excitation range, 30% transmission). Emission range:

500-545 nm. EM Gain Multiplier 250.

— Hoechst 33342, 40 ms exposure with 405 nm laser
(395-415 nm excitation range, 99% transmission). Emission
range: 435-485 nm. EM Gain Multiplier 250.

For 3D-SIM imaging, image stacks should be composed of at
least 15 Z-sections of 0.1 pm to acquire to whole cell (sample
thickness of 1.4 pm).

. After acquisition clean the objective lens using optical lens tissue.

Sample slides can be cleaned by removing the immersion oil
from the cover glass using Nikon lens cleaner solution and
then stored at —20 °C in dark.

. Images are processed for optimal alignment using calibration

microsphere beads in the images to correct for chromatic aber-
ration with the Software NIS-Elements Ar/NIS-Elements
C. The TetraSpeck fluorescent microspheres facilitate the cali-
bration process. It is important to verify the colocalization and
resolve objects emitting different wavelengths of light in the
same optical plane. The calibration profile of one image can be
used to realign all the images from the same acquisition day.

. Image reconstruction is carried out wusing Software

NIS-Elements Ar/NIS-Elements C. To avoid introducing arti-
facts, it is important to carefully set the following parameters:

— TIllumination Modulation Contrast.

Typical value setting 0.70.
— High Resolution Noise Suppression.

Typical value setting 1.
— Out-of-Focus Blur Suppression.
Typical value setting 0.05.

This should be determined by the user because the quality of

the acquired images is different and is affected by different factors.
The user should set slice reconstruction parameters on the N-SIM
Pad tab sheet.
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3.5 Image
Processing and Editing

3.6 Analysis

Use Image]/Fiji to crop representative isolated cells. Analysis
requires at least ~100-150 cells, but the more, the better.
For each cell, three formats of image are necessary:

— TIFF format photo 16-bit, with all channels (c) and all slices per
channels (z), used for image analysis. Do not merge the channels
and slices.

— TIFF format photo 16-bit maximum intensity projection, one
slice (z) per each channel (c). Useful for editing. Do not merge
the channels.

— TIFF format photo 16-bit best slices (z) per each channel (c).
Useful for editing. Do not merge the channels.

Three sets of representative 2D images of the transcription and
replication machineries in the bacterial chromatin in fast-growing
cells from the three strains are described in the procedure
(Fig. la—c). Because 3D-SIM acquires images in Z-stack, the infor-
mation in XYZ dimensions can be used to build volume and obtain
rotation projection information with movie editor software. Using
the software NIS-Elements Ar/NIS-Element C with the navigation
axis or navigation cube option, 3D model movies can be generated.
Three 3D model Videos (A, B, and C), generated from 3D-SIM
images of the three strains are presented in supplement.

Images are processed and analyzed using Image Processing Tool-
Box™ MathWorks written in MATLAB context, an image analysis
program that has been written for the purpose of analyzing 3D
microscope images by foci detection and colocalization.

Foci detection. Clustering algorithms identify the foci locali-
zations that represent the spatial organization of the proteins in
cells, including k-means, nearest neighbor clustering, and point-
correlation analysis.

Protein colocalization analysis. The colocalization frequency
of a particular protein-mCherry fusion and RNAP-Venus in each
cell is measured using a subcellular colocalization analysis where the
positions of the weighted centroids of the foci in the two channels
are determined and the distance between each mCherry-weighted
centroid and its closest RNAP-Venus-weighted centroid is
recorded.

Two foci are scored as colocalized if the distance between the
two centroids is below the theoretical microscope resolution for
mCherry (140 nm).

The colocalization frequency is represented as the fraction of
mCherry foci which colocalizes with at least one of the transcrip-
tion foci (RNA-Venus) in a cell and the central tendency of the
distribution in a population of cells is represented by the median.

Colocalization of mCherry foci and RNAP-Venus foci is also
represented as a cumulative distribution of pairwise distance.
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Fig. 1 2D images from 3D-SIM, coimages, and analysis (A) Coimaging of RNAP and DNA reveal spatial
compartmentalization of transcription foci in fast-growing cells. (A.l) Images of DNA (nucleoid), RNAP, and
overlay of DNA (blue) and RNA (green) from a representative fast-growing CC72 single cell (LB, 37 °C). The cell
shape is outlined by a dotted line. The scale bar represents 1 um. Images were reconstructed using Software
NIS-Elements Ar/NIS-Elements C, processed using ImagedJ/Fiji and edited with Adobe Photoshop. The loga(-
RNAP/DNA) image (heat map) is a quantitative representation of the relationship between RNA Pol and DNA,
which is represented by a color scale bar with values ranging from —3 to 3. Note that regions enriched in
RNAP up to eightfold over DNA are at the periphery of the nucleoid (red foci) and regions enriched in DNA up to
eightfold over RNAP are in the center of the nucleoid (blue regions). (A.ll) Histogram of a number of apparent
RNAP foci in fast-growing cells processed. The red line indicates the median number of transcription foci in
the population of cells. Similar results were reported by Cagliero et al. [18]. A 3D model movie is shown in
supplement Video A. (B) Transcription elongation factor NusA forms foci and colocalizes with transcription foci
in fast-growing CC341 cells. (B.I) Images of DNA, RNAP, NusA, overlay of RNAP (green) and NusA (red), overlay
of RNAP (green), NusA (red), DNA (blue). The cell shape is outlined by a dotted line. The scale bar represents
1 um. Images have been processed as described in Fig. a.l. NusA image indicates that NusA forms foci and
perfectly colocalizes with RNAP foci (overall yellow color on the RNAP/NusA overlay). (B.Il) Colocalization
analysis: the cumulative distribution of the distances between NusA foci and their closest RNAP foci in the
population of cells (—) NusA-mCherry RNAP-Venus and (- - -) NusA-mCherry RNAP-Venus random. The gray
rectangle represents the colocalization area (<140 nm), as the theoretical SIM microscope resolution for the
mCherry is 140 nm. 87.1% of the NusB foci are within 140 nm of the closest transcription foci. Similar results
were reported by Cagliero et al. [18]. A 3D model movie is shown in supplement Video B. (C) Spatial
segregation of transcription foci and replisome tracked by SSB protein using the strain CC376. (C.lI) Images
of DNA, RNAP, SSB, overlay of RNAP (green) and SSB (red), overlay of RNAP (green), SSB (red), DNA(blue). The
cell shape is outlined by a dotted line. The scale bar represents 1 pum. SSB forms foci, which are separate from
RNAP. (C.1I) Colocalization analysis: the cumulative distribution of the distances between SSB foci and their
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To generate the random data set, the regions of interest from
different channels are combined. Within the combined region of
interest, the position of each mCherry centroid is randomly shuf-
fled and similar analyses are performed. Only the distances ranging
from 0 to 1000 nm are included in the plots to avoid scaling issue
and to increase the readability.

4 Notes

1. Notes and general considerations on the bacterial strains used in
this work:

CC72: This strain contains a chromosomal 7poC-Venus fusion
and is used to coimage RNAP and DNA to reveal nucleolus-like
compartmentalization of the transcription machinery in fast-
growing cells.

CC341: This strain has both 7poC-Venus and nusA-mCherry
fusions in the chromosome; the latter is linked to a kanamycin
resistant marker. This strain is used to coimage RNAP, NusA,
and DNA to reveal colocalization of RNAP and NusA.

CC376: This strain contains both chromosomal 7poC-Venus
and ssB-mCherry fusions; the ssB-mCherry fusion is linked to a
kanamycin resistant marker. This strain is used to coimage
RNAP, SSB, and DNA to reveal spatial segregation (different
territories) of the transcription and replication machineries in
the landscape of the bacterial chromosome.

It is important to verify that the growth phenotypes of the
strains carrying the fluorescent fusion protein(s) are similar to
that of the isogenic wild type. It is known that some fluorescent
fusion protein(s) cause aggregation and artifacts [21, 22].

2. General considerations about Materials used in the procedure:

— The poly-1L-lysine is commonly used as an attachment factor
which improves cell adherence. This phenomenon is based on
the interaction between the positively charged polymer and
negatively charged cells.

— 70% ethanol used for cleaning microscope slides.
— Hoechst is a fluorescent stain of DNA and nucleoid.

— Mounting media holds cells in place between the cover glass
and the microscope slide. It enables the transfer of the speci-
men into a medium which matches the refractive index of the

A
Y

Fig. 1 (continued) closest RNAP foci in the population of cells Only 22.3% of the SSB foci are within 140 nm of
the closest transcription foci. Similar results were reported by Cagliero et al. [18]. A 3D model movie is shown
in supplement Video C
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4.

objective (# = 1.515 in the case of oil immersion lenses).
Mounting media often scavenge free radicals and thus pre-
serve the brightness and retard photobleaching.

0.1 pm TetraSpeck microspheres fluorescent as daily calibra-
tion and instrumentation adjustment are required for high-
precision imaging, particularly in multicolor applications.
Mix the TetraSpeck dilution with the cells samples and drop
them together on a cover glass.

The Formaldehyde is used because it is a small four-atom
molecule that rapidly penetrates cells and cross-links stably
bound complexes of proteins to proteins and proteins to
DNA [23].

. General considerations for sample preparation:

Make sure that the sample is properly fixed and mounted
onto the slide.

The sample should be as bright as possible. Dim samples may
require long acquisition times, which increases the risk of
vibration-induced artifacts and higher EM gain levels, which
could introduce more noise (noise = artifacts). Note that
3D-SIM takes 15 images for each time-point/z slice. This
can lead to excessive photobleaching.

The cells should be flat, and cover glass should be made of
high quality 1.5 optical glass. Lack of flatness will affect the
illumination modulation contrast.

The cover glass with correct thickness is critical for SIM. Use
“High Performance” No. 1.5H cover glass (thickness toler-
ance = 170 pm = 5 pm, compared to £+ 15 pm for standard
cover glass).

It is critical that the cover glass and the objective lens are kept
clean for optimal imaging.

The correct density of single cells on the slide (z > 100) is
important for image analysis. A high density of cells causes
cells touch each other, resulting in poor resolution of single
cells; however, a low density of cells requires more pictures to
be taken, which is time-consuming.

Slides with samples should be kept on ice and in dark. Before
imaging, however, the slides should be returned to room
temperature to avoid condensation, during which the slides
are covered with foil to avoid light exposure.

The samples can be stored in dark at —20 °C (no more than
1 month).

General considerations for image acquisition:

The objective correction collar should be adjusted under the
same conditions as used for sample imaging, i.e., the same
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mounting medium, cover glass thickness, temperature, etc. If
the collar is not correctly adjusted, the Point Spread Function
(PSF) of any diffraction limited object will be distorted, and
reconstruction of the resulting 3D-SIM images will be
affected. The PSF should always be as close to symmetrical
as possible.

— Cells should be focused using transmitted light illumination
and not using high-energy wavelengths to prevent photo-
bleaching of samples.

— Optimize signal-to-noise ratio of images using a short expo-
sure time and a maximum intensity value that does not exceed
~12.000 counts for 16-bit mode and ~4000 for 14-bit mode
for the camera.

— Recommended acquisition camera settings:

Format: No binning.
Conversion Gain: 1.0X.

Readout Mode: EM Gain 1 MHz, 16-bit or 10 MHz,
14-bit recommended for speed.

EM Gain Multiplier: Keep as low as possible to reduce noise (nor-
mal range 200 to 300).

Maximum pixel value: The reconstruction process involves additive
functions. To avoid oversaturation and artifacts in the final
reconstructed image, use the “histogram window” to help
adjust settings to achieve the following intensity values.

— There are no standard acquisition parameters; thus, optimum
parameters have to be empirically determined by the user for
each specific fluorescent fusion construction and experimen-
tal condition. The quality of the acquired images not only
depends on the quality of the microscope components but
also on numerous factors such as the brightness, the dynam-
ics and the quantity of fluorescent molecules present in the
cells.

3D-SIM imaging requires multiple exposures which
means that photobleaching of the fluorescent molecule can
be a serious issue. To compromise, it is necessary to reduce
the exposure time to the minimum that allows for satisfying
fluorescent signal collection.
— At least a couple of microsphere beads per image should be
captured, because the beads are essential for alignment.

An ideal field should have about 20 single cells and a few
calibration microsphere beads in the same focal plane.

Remember analysis requires at least ~100-150 cells to be
statistically significant
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— Keep the system in a stable environment. Make sure that the

room hosting the system is isolated from environmental
vibrations (check antivibration table) and, critically, from
temperature fluctuations. Optimal system operation is at
23 °C.

5. General considerations for image reconstruction:

Image

reconstruction is carried out using Software

NIS-Elements Ar/NIS-Elements C. To avoid introducing arti-
facts, it is important to carefully set the following parameters:

Illumination Modulation Contrast.

The purpose of this parameter is to improve image recon-
struction when the contrast of the illumination pattern is low.
This can happen in highly scattered amples or where there is a
large amount of out-of-focus light.

High Resolution Noise Suppression.

This parameter is to remove noise from the image and elimi-
nate artifacts that can be introduced during the process.
Out-of-Focus Blur Suppression.

This parameter removes the out-of-focus light and corrects
the intensity distribution spread.
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Genetic Approaches to Study the Interplay Between
Transcription and Nucleoid-Associated Proteins
in Escherichia coli

Karin Schnetz

Abstract

Bacterial nucleoid-associated proteins are important in nucleoid-structuring, homeostasis of DNA super-
coiling, and in regulation of transcription. Vice versa, transcription influences DNA supercoiling and
possibly DNA-binding of nucleoid-associated proteins. Here, I describe genetic tools to study the interplay
between transcription and nucleoid-associated proteins such as H-NS in Escherichia coli. These standard
methods include construction of genomic promoter reporter gene fusions to study regulation of promo-
ters, genome insertion of promoter cassettes to drive expression of a gene of interest, and construction of
isogenic Azns mutants and precautions when doing so.

Key words Transcription regulation, Transduction, Phage T4, Recombineering, Chromosomal inte-
gration, Attachment site

1 Introduction

Genetic analysis of transcription regulation includes a plethora of
experimental approaches and assays. A common principle of these
approaches is comparing the regulatory output in wild-type and
isogenic mutants. In Escherichia coli genetic tools to generate iso-
genic mutants include classical methods such as transduction of
markers with the help of phages, but also various methods to
mutate genes in the genome. Further, reporter gene fusions are
still an invaluable tool for studying transcription regulation, despite
current methods for the quantification of transcripts like QRT-PCR
and RNA-seq.

For deletion and replacement of genes in the genome Lambda
Red recombineering is commonly used [1]. However, recombi-
neering with this method leaves a Flp recombinase target-site
( frt-site) as a scar in the genome. Such a scar may have no impact
in many cases, but may be perturbing in other cases. Methods for
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introducing mutations, including point-mutations, that are scar-
less have been described; these methods rely on dual, positive and
negative, selection markers including pairs of selectable loci such as
tetA-sacB or neo-ccdB [2]. Recombineering with such a dual selec-
tion system involves two rounds of recombination. Recently, a
straightforward direct approach for scarless recombineering has
been described in which a CRISPR /cas selection system is com-
bined with Lambda Red recombineering [3, 4]. Lambda Red
recombineering can also be used to insert fragments at specific
sites in the genome. This includes the insertion of constitutive or
regulated promoter cassettes upstream of a gene of interest, as
described here. Insertion of promoter cassettes allows to uncouple
expression of a gene from its natural regulation and to constitu-
tively express or to control expression of this gene.

In general, for studying regulation of transcription initiation
the use of fusions of the promoter to be studied to a reporter gene
is very useful. A classical reporter gene is [acZ encoding
B-galactosidase which can be monitored qualitatively (e.g., on
X-Gal plates) or quantitatively [5]. Plasmid encoded promoter-
reporter gene fusions are useful to study regulation of a promoter.
However, to achieve physiological conditions, to avoid titration of
regulatory proteins by high copy numbers of the promoter region,
and to avoid fluctuation of plasmid-copy number, it can be an
advantage to integrate the promoter reporter gene fusion into the
genome. In principle promoter-reporter gene fusions can be
integrated anywhere in the genome, e.g., by Lambda Red recom-
bineering. Another possibility is using phage-based site-specific
recombination systems such as the phage lambda Integrase system
that catalyzes recombination between a chromosomal phage
lambda attachment site a#zB and the phage aztP site. Diederich
et al. [8] have established a plasmid-based aztP-aztB system, of
which a slightly modified version is described here.

The genetic analysis of transcription regulation of a gene or a
promoter-reporter gene fusion by a specific transcription regulator
or a pleiotropic transcription regulator, such as the nucleoid-asso-
ciated H-NS, involves the use of a wild-type and isogenic mutant
(s) in which the regulator encoding gene is deleted or carries other
mutations. This genetic comparison requires that the mutant allele
encoding the regulator is transferred to the strain carrying the
reporter or that this mutation is constructed in the strain of inter-
est. In case the required allele is present in another strain back-
ground it can be transferred by transduction, i.e., by phage-
mediated transfer of DNA between strains. Selection of clones
that carry a transferred allele can be a difficult task for alleles that
are not coupled to an easily selectable marker. However, often
alleles are used that have been tagged with a selectable antibiotic
resistance gene by Lambda Red recombineering. In addition, by
recombineering a selectable marker can easily be inserted next to
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the allele that needs to be transferred. The transfer of such a tagged
allele to a recipient strain can be selected on antibiotic plates. After
the selection of the transductants on selective antibiotic plates the
presence and integrity of the transduced allele and the presence of
other alleles of the recipient strain need to be carefully validated,
e.g., by PCR and by sequencing. Transduction by phage Plviris a
standard method in E. cols genetics [5]. Here, I describe transduc-
tion by a phage T4 mutant (T4GT7) which is likewise a general
transducing phage, as described [6].

Of the plethora of genetic tools available for the analysis of
transcription regulation and the interplay of transcription and reg-
ulation by nucleoid-associated proteins, here three methods are
described. These include the construction and genome integration
of promoter-reporter gene fusions, the insertion of promoter cas-
settes to control expression of a specific gene, and generalized
transduction by phage T4G17.

2 Materials

2.1 Antibiotics
and Media

2.2 Plasmids
and Strains

1. 50 mg/mL spectinomycin stock solution in 30% ethanol stored
at —20 °C, for selection use 50 pg/mL final concentration.

2. 10 mg/mL kanamycin stock in water solution stored at 4 °C,
for selection use 25 pg/mL final concentration.

3. 50 mg/mL ampicillin stock solution in 50% ethanol stored at
—20 °C, for selection use 50 pg/mL final concentration.

4. LB medium. Dissolve 10 g tryptone, 5 g yeast extract, 5 g NaCl
per liter, for plates add in addition 15 g bacto agar. Autoclave.

5. SOB medium. Dissolve 20 g tryptone, 5 g yeast extract, 0.5 g
NaCl, 1.25 mL 2 M KCl, adjust pH to 7.0 with NaOH.
Autoclave. After autoclaving, prior to use add 10 mL 1 M
MgCl, per liter.

6. T4 top-agar. Weigh in 6 g agar, 10 g tryptone, 8 g NaCl, 2 g
trisodium citrate dehydrate, 3 g glucose per liter. Autoclave and
store in approximately 50 mL aliquots.

1. Plasmids pKES148, pKES263, pKES304, pKES305, pKEAR3,
pKES219, and pKESK22 (available upon request).

2. Plasmid pLDRS8 is available from ATCC (https:/www.
lgestandards-atcc.org) as ATCC® 77357,

3. Plasmid pKD46 (available from CGSC as CGSC#7669,
http: //cgsc2.biology.yale.edu).

4. E. coli strains BW23473 (pir", CGSC#7837) and BW23474
(pir-116, CGSC 7838) that are needed for the propagation of
Pir-dependent plasmids carrying an R6Ky origin of replication
(available from CGSC, http://cgsc2.biology.yale.edu).
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Fig. 1 Principle of the construction and genomic integration of promoter lacZ
reporter gene fusions. Plasmid pKES148 is a vector for cloning of promoter-/acZ
fusions and subsequent integration into the chromosomal attB-site. For integra-
tion plasmid derivatives carrying the promoter-/acZ fusion are digested with
BamHI (B), the promoter-/acZ the fragment is isolated and self-ligated. In a next
step the E. coli strain of interest, which harbors pLDR8, is made competent at
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5. E. coli strain U65 A(araC-araBAD) A(lacl-incZYA) prrPeps-
araE A(araH-avaF)grr [ 7] (available upon request).

3 Methods

3.1 Generation

of Chromosomal
Promoter Reporter
Gene (lacZ) Fusions

Integration of reporter gene fusions into the chromosomal phage
lambda attachment site a¢zB of E. coli K12 using plasmids has been
established by Diederich et al. [8]. The principle of the method is
site-specific integration of origin-less circular DNA carrying a
phage Lambda azzP-site, a promoter /acZ tusion, and a resistance
gene cassette for selection (see Fig. 1). The site-specific recombinase
is provided by a belper plasmid, pLDRS [8]. This plasmid carries the
int gene, encoding phage lambda integrase, under control of the
phage lambda Pi promoter. In addition, lambda cI repressor allele
¢clgs7 is carried on the plasmid, which encodes a temperature-
sensitive cI repressor protein mutant. Therefore, int expression is
repressed at low temperature (28 °C or 30 °C) and induced at high
temperature 42 °C (or 37 °C). Further, the pSCI101-derived
pLDRS8-plasmid replicates only at low temperature (28 °C or
30 °C), since the plasmid-encoded replication protein, RepA, is
temperature-sensitive. Thus, at low temperature the plasmid is
maintained and znt is repressed, while upon a shift to high temper-
ature ¢nmt expression is induced and integrase for catalyzing site-
specific integration is synthetized, and the belper plasmid pLDRS is
lost. Accordingly, cultures for preparing bacterial cells competent
for uptake of DNA and integration at a#tB are grown at elevated
temperature (37 °C), and integrants are selected on spectinomycin
plates at 42 °C and then validated by PCR. Here, I describe a
slightly modified version [9] of the original method [8]. For inte-
gration we use plasmids carrying a#tP, an omegon-spectinomycin-
resistance cassette (spectinomycin-resistance encoded by aadA)
[10], a polylinker-site for cloning of promoter fragments, and the
lncZ reporter gene (see Fig. 1).

1. Clone a promoter fragment into vector pKES148 or one of its
derivatives carrying the /acZ reporter gene (see Fig. 1).

2. Digest DNA of the plasmid that carries the promoter-/acZ
fusion with BamHI (or BglII depending on the vector), sepa-
rate the fragments by agarose gel electrophoresis, and elute the
fragment carrying the promoter-/acZ fusion, the azzP-site, and

A
Y

Fig. 1 (continued) 37 °C for induction of int and then transformed with the
religated fragment. Integration of the re-ligated fragment at attB is catalyzed by
Int (integrase) and integrants are selected by plating on LB spectinomycin plates
at 42 °C. Integrants are analyzed by PCR using the indicated primer pairs. Primer
pair b-e is used to exclude integration of dimeric re-ligated fragments
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11.

the aad A gene (coding for spectinomycin resistance), but lack-
ing the origin of replication and the #neo gene (kanamycin
resistance). Gel purification of the origin-less fragment reduces
contamination by plasmid DNA.

. Carefully determine the concentration of the isolated fragment.

Use maximally 10 ng of this fragment for self-ligation in a
20 pL ligation sample (0.5 ng/pl) to create an origin-less
circular DNA. Higher amounts are disadvantageous for self-
ligation, because the likelihood of intermolecular ligations
increases (see Note 1). This self-ligated circular DNA is used
for integration into the attB-site (step 9).

. In parallel, use a standard method to prepare competent cells of

the E. coli K12 strain of interest, which needs to be a lacZ
mutant. In general, chemically (CaCl,) competent cells
work fine.

. Transform the strain with the helper plasmid pLDRS [8]. Select

the transformants on a LB kanamycin plate, and incubate the
plate overnight at 28 °C (or 30 °C).

. Use the transformants of your E. coli strain with pLDRS to

inoculate a small culture in LB kanamycin (3—4 mL) and grow
overnight at 28 °C (or 30 °C).

. Use the fresh overnight culture to inoculate a culture in LB

kanamycin medium for preparing competent cells. For exam-
ple, inoculate 25 mL of LB kanamycin medium with 500 pL of
the fresh over-night culture. Grow the culture for 90 min at
37 °C to induce expression of znt and then harvest it on ice.

Of this harvested culture prepare chemically competent cell.

For the integration of the promoter-/acZ fusion, transtorm the
competent cells of the E. co/z strain harboring pLDR8 with the
self-ligated circular fragment (from step 3). Half of the ligation
sample is sufficient and the ligation sample may be used directly
without any need for the purification of the DNA. Plate the
transformants on LB spectinomycin plates that have been
pre-warmed at 42 °C, and incubate the plates at 42 °C
overnight.

To analyze clones for the integration of the promoter lacZ
fusions pick several individual colonies (usually 4-8 are suffi-
cient) and re-streak them on LB spectinomycin plates, incubate
the plates overnight at 37 °C. In case colonies differ in size,
select representatives of these size variants for analysis.

Characterize the selected clones by analytical scale PCRs using
primer pairs specific for the aztB/attP fusion-sites arzL and
attR (see Fig. 1). This analysis includes PCR reactions to
exclude integration of dimers, and to confirm the integrity of
the promoter /acZ fusion, respectively (see Fig. 1). For setting
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3.2 Integration
of Promoter Cassettes
into the Genome

up the PCRs pick a tiny aliquot of bacteria from the selected
clone or from a single colony of the re-streaked clone and
suspend this aliquot in 100 pL. H,O. Use 1 pL of this suspen-
sion as a template in the PCR reactions. The PCR works best if
only very few bacteria are used (see Note 2).

12. To test for loss of the helper plasmid pLDRS8 and to make sure
that not the intact plasmid carrying the /acZ reporter plasmid
was transformed, replica-plate the clones by re-streaking on LB
kanamycin plates. The colonies need to be kanamycin-
sensitive.

13. Store two independent validated clones as glycerol or DMSO
stocks at —80 °C. For storing as a glycerol stock, to 1 mL of a
fresh overnight culture add glycerol to a final concentration of
15-25%, and freeze at —80 °C. For storing as DMSO stock,
add 50 pL. DMSO to 1 mL of fresh overnight culture and
freeze at —80 °C.

Genomic insertion of inducible or constitutive promoter cassettes is
a tool to control expression of a gene of interest. Here, plasmids are
described for integration of such promoter cassettes by Lambda
Red recombineering, as described [1]. One of these plasmids
(pPKEAR3) carries an araC Pyaqp cassette for arabinose inducible
expression of a gene of interest. In case, gradual induction of the
Ppap promoter is required use strain U65 [7], which does not
ferment arabinose (se¢ Note 3). The second set of plasmids carries
a constitutive variant of the /acUV5 promoter (pKES304) and the
phage Lambda Pp, promoter (pKES263), respectively. A further
plasmid (pKES305) carries the constitutive /acUV5 promoter fol-
lowed by phage Lambda terminator R I. In this case expression can
be induced by Lambda antiterminator protein N that is provided %
trans by plasmid pKES219. In Fig. 2 schemes of the plasmids,
primer sequences for PCR amplification of the fragment used for
recombination into the genome, as well as the basic strategy for
integration and validation of strains are shown, as described [1]. It
is reccommended that the allele that has been generated by Lambda
Red recombineering is transferred by transduction to the strain
background of interest, at least in case the strain of interest carries
additional alleles that were generated by Lambda Red recombineer-
ing, since such alleles may serve as off-targets in recombineering (see
Note 4). As a last step the selection marker that is flanked by Flp
recombinase target sites ( f7t) may be deleted by Flp recombinase
catalyzed site-specific recombination, as described [1].

1. For Lambda Red recombineering amplify the fragment encom-
passing the FRT-flanked resistance gene and promoter cassette
by PCR (see Fig. 2). The 5’ end of the primers used for amplifi-
cation needs to carry a 30-50 bp sequence homologous to the
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primer Pqg4: 5'30-50bp+TTTCCCTTCAGGCGGGATTATCCGTC
primer Pp: 5'30-50bp+TCATGGTGGTCAGTGCGTCCT
primer UV5: 5'30-50bp+GGATCCGAATTCTACTAGTAGTCAATTGGTTTT
primer UV5-tR1: 5'30-50bp+GGATCCGAATTCTACTAGTAATTGATTGA
primer BAD: 5'30-50bp+GCCATGGTCCATAGGATCCATACTAG
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or/
“o
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Fig. 2 Plasmids for targeted genome integration of promoters by recombineering. (a) Principle of integration of
fragments carrying promoters and the fri-flanked neo gene (kanamycin resistance) by recombineering. (b)
Plasmids that serve as templates for generating the fragments for integration. Plasmids pKES262, pKES263
[14], pKES304, and pKES305 are derivatives of pKD13, while pKEAR3 is a derivative of pkD4 [1]. Indicated are
primer sequences for amplification of fragments. (¢) In plasmid pKES219 the Lambda N gene is expressed
under control of the fac promoter. This plasmid is needed to induce expression by the /acUV5 promoter and
IR1 terminator cassette that has been inserted to direct expression of a gene of interest. Plasmid pKESK22
[15] serves as control
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10.

11.

genomic target locus. It is recommended that the PCR frag-
ment is purified by gel electrophoresis followed by gel elution.
It is important that the fragment is eluted in H,O and that the
concentration of the fragment is 100 ng/pL or higher.

. For Lambda Red recombineering transform the E. co/z strain of

choice (strain X) with plasmid pKD46 [1] which carries the
red-gam-exo genes under control of the arabinose inducible
Pp4p promoter. Any standard transformation method may be
used. Transformants are selected on LB ampicillin plates at
28 °C (or 30 °C), since replication of plasmid pKD46 is tem-
perature-sensitive.

. Grow strain X carrying pKD46 bacteria in SOB medium with

ampicillin and 10 mML-arabinose at 28 °C (or 30 °C) and
prepare electro-competent cells.

. Electro-transform strain X/pKD46 with the linear purified PCR

fragment. Use 1 pL (>100 ng/pL) of DNA in H,O for transfor-
mation. Select the integrants by plating half of the sample on LB
plates containing the appropriate antibiotic (kanamycin) and
incubate the plates at 37 °C overnight. If no clones grow over-
night, plate the remainder of the transformation sample, which
has been kept at room temperature until the next day.

. Re-streak resistant clones on selective plates.

. Analyze the re-streaked clones using primers specific for the

target locus. The PCR fragment may be used for sequencing.

. In addition, re-streak the clones on ampicillin plates and incu-

bate the plates at 37 °C to check for loss of the helper plasmid
pKD46. The clones need to be ampicillin sensitive.

. Store at least two independent ampicillin-sensitive clones

which carry the cassette inserted as glycerol or DMSO stocks
at —80 °C (as described above in Subheading 3.1, step 13).

. Recommended: transduce the newly generated allele into the

E. coli strain of interest.

To delete the f7t flanked resistance gene, transform the strains
with temperature-sensitive plasmid pCP20, and select transfor-
mants at 28 °C (or 30 °C) on LB ampicillin plates. Plasmid
pCP20 carries the flp gene under control of the Py, promoter
which is repressed by the temperature-sensitive clgs» repressor
at low temperature only. In addition, replication of pCP20 is
temperature-sensitive.

Re-streak 2—4 transformants on LB plates and incubate over-
night at 42 °C. Screen by replica-plating for loss of the kana-
mycin resistance cassette as well as for loss of pCP20, i.e., loss
of ampicillin resistance. Incubate the replica-plates at 37 °C
overnight.
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3.3 Construction
of Isogenic Mutants
(hns and Others) by
Transduction

3.3.1 Preparation of a
Phage T4GT7 Lysate
on the Donor Strain

12. Analyze kanamycin sensitive clones by PCR using the target
locus-specific primers. The PCR fragment may be sequenced
for validating proper recombineering.

13. Store at least two independent clones as glycerol or DMSO
stocks at —80 °C.

Transduction is a convenient method to transfer A#us alleles or any
other allele encoding nucleoid-associated proteins from a donor
strain, and to create isogenic mutants of strains. The use of isogenic
mutants is important in genetic analyses such as analyses of expres-
sion levels. In the following a protocol for transduction by phage
T4GT7 is given [6]. Alternatively, for transduction the commonly
used phage Plvir [5] may be used. By routine, after transduction,
the transduced allele and all other alleles should be validated by
PCR or by sequencing. This is important to exclude false positives.
False positives may include failure of transduction of the allele
although the selected marker was present or selection of clones
that are not of the expected strain background.

Furthermore, E. coli strain carrying mutations in sus have a
tendency to accumulate secondary mutations, including mutations
in 7poS or stpA [11]. Therefore, hns mutant strains should be
immediately stored when constructed, several independent isolates
should be kept for comparative studies, and for each experiment the
mutants should be freshly streaked from frozen stocks. Sequencing
of stpA and 7poS is recommended. In our hands, methods to
manipulate the genome can work less efficiently for Ans mutants.
Therefore, it is recommended that Azsalleles are transferred as a last
step in strain construction.

1. To prepare a lysate on the donor strain (e.g., an /ns mutant,
carrying an bus allele that is tagged with a resistance gene), set
up a serial dilution series of a T4GT7 lysate. Depending on the
titer of the lysate set up 107>, 10~ *, 107>, and 10~ dilutions.
Use 100 pL of each dilution and add to a 100 pL aliquot of an
overnight culture of the donor strain. Incubate for 10-20 min
at room temperature for adsorption of the phage.

2. Add 1 mL of LB medium to each bacteria/phage sample and
transfer to 10 mL culture tubes.

3. Add 3 mLT4-Topagar (melted by boiling and kept liquid at
45 °C in a water-bath). Mix shortly and carefully by rolling the
tube (avoid air bubbles and work quickly). Immediately pour
the sample onto fresh LB plates so that a homogenous layer of
top agar is formed on the plate. The plates that are used for
plating should be freshly made on the same day or the day
before.
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3.3.2 Transduction
of the Recipient Strain

4.

Incubate the plates with the top agar facing up at 37 °C for
8-14 h. Longer incubation results in reduced transduction
rates.

. Use the plate that shows an almost confluent lysis. Pipette 1 mL

of LB onto this plate, scratch off the top-agar oft, and transfer
to a 10 mL glass tube or 15 mL plastic tube.

. Extract the sample at least twice with pure chloroform. To this

end, add approximately half volume of pure chloroform, mix
well (e.g., using a glass pistil), centrifuge, and take off the
aqueous upper layer. Repeat the chloroform extraction until
no interphase is apparent.

. Store the T4GT7 lysate at 4 °C. Storage is possible for several

weeks to months. However, upon storage the titer of the lysate
decreases and therefore older lysates may not work well for
transduction.

. Optional: determine the phage titer by setting up serial dilu-

tions of the lysate and plating with bacteria as described above.
The expected titer is 10'° to 10" phages/mL.

. For transduction prepare 200 pL aliquots of a fresh overnight

culture of the recipient strain. Add 2 pL, 1 pL, 0.5 pL, and
0.2 pL of the T4 GT7 lysate that was grown on the donor strain.
Incubate the samples for 10-20 min at room temperature for
adsorption of the phage. In addition, set up control samples
that lack bacteria or phage.

. Plate the samples onto appropriate plates for selection of trans-

ductants and incubate the plates overnight (up to 24 h).

. Re-streak colonies immediately on the same type of plates.

Re-streaking must be repeated several times (3—4 times) to
get rid of contaminating T4GT7 phages. It is important to
re-streak colonies as soon as possible. Old colonies may contain
T4 resistant mutants which cannot be transduced further.

. Analyze the transductants by PCR using primer pairs specific

for the transduced allele. In addition, analyze other genetic
markers of the recipient by PCR or by genetic methods such
as validation of the phenotype.

. Store at least 2 independent validated clones as glycerol or

DMSO stocks at —80 °C.

4 Notes

. For ligation of origin-less DNA circles and for other cloning

procedures accurate determination of the concentration of the
DNA fragment is required. As a standard, an aliquot of the



142 Karin Schnetz

fragment should be separated on an agarose gel, which allows
evaluating both the size of the fragment and the concentration.
Measurement of the DNA concentration by OD,¢ (for exam-
ple using a Nanodrop instrument) is valuable when used in
addition, but may be misleading when used as the only
method.

2. Analysis of colonies by analytical scale PCR can be set up by
adding bacteria to the PCR tubes and does not require isola-
tion of DNA or lysis of the bacterial cells. However, for E. coli
colony PCR works best if only very few bacteria are added to
the PCR reactions. To achieve this, a tiny aliquot of a colony
may be resuspended in 100 pL. H,O, and then only 1 pL of this
suspension is added as a template to the PCR reaction. Usually,
the yield of the specific product drops and unspecific PCR
products are obtained when too many bacteria are added.

3. The arabinose-inducible promoter Pg4p has the advantage that
it is tightly regulated [12]. Induction of the promoter by
arabinose can be achieved in any medium and strain back-
ground if a high concentration of arabinose (1-10 mM) is
used. However, the Pp4p is catabolite regulated and arabinose
is consumed as carbon source by E. coli. Therefore, induction
works better when cells are not grown in LB medium, but
when they are grown in a medium that lacks glucose, such as
tryptone medium or minimal media. Further, for homogenous
and gradual induction of Pgy4p by arabinose it is reccommended
to use a strain with a modified arabinose regulon [13]. We
commonly use strain U65 that is derived from MG1655 »ph*
strain BW30270 [7]. In strain U65 the araC-araBAD and
araFGH lodi are deleted. In addition, the expression of araE
encoding an arabinose transporter is constitutive. In strain U65
gradual induction of Pgap using a range of 2 pM-100 pM
arabinose is achievable.

4. Lambda Red-mediated integration of PCR fragments generally
is very specific. However, if the target strain already carries one
or more FRT sites elsewhere in the genome, the Lambda-Red
system may catalyze homologous recombination into one of
these FRT sites. As a consequence false positives are selected.
To avoid this, an allele may by mutated in the wild-type E. cols
background and then transferred by transduction to the strain
background of interest.
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Abstract

This protocol describes the application of atomic force microscopy for structural analysis of the prokaryotic
and organellar nucleoids. It is based on a simple cell manipulation procedure that enables step-wise
dissection of the nucleoid. The procedure includes (1) on-substrate-lysis of cells, and (2) enzyme treatment,
followed by atomic force microscopy. This type of dissection analysis permits analysis of nucleoid structure
ranging from the fundamental units assembled on DNA to higher order levels of organization. The
combination with molecular-genetic and biochemical techniques further permits analysis of the functions
of key nucleoid factors relevant to signal-induced structural re-organization or building up of basic
structures, as seen for Dps in Escherichin coli, and TrmBL2 in Thermococcus kodakarensis. These systems
are described here as examples of the successful application of AFM for this purpose. Moreover, we describe
the procedures needed for quantitative analysis of the data.

Key words Nucleoid structure, On-substrate lysis, Reconstitution of nucleoid, Atomic force micros-
copy, Data analysis

1 Introduction

In general prokaryotic genomes are circular. The mm scale sized
genomic DNA is packed in a cell only a few pm in diameter in the
form of a “nucleoid” [1, 2]. Electron microscopy observations of
isolated bacterial nucleoids have revealed that the circular genome
is fibrous and bundled at the core to form a rosette-like structure
with interwound loops emanating from the core [3-5].

Atomic Force Microscopy (AFM) has been applied to under-
stand nucleoid architecture via two different approaches. The
in vitro approach consists of analysis of re-constituted DNA-protein
complexes to understand structural units of the nucleoid.
Hundreds of proteins are associated with the Escherichia coli nucle-
oid, including proteins such as HU (heat-unstable nucleoid pro-
tein), H-NS (histone-like nucleoid structuring protein), FIS (factor

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
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for inversion stimulation), and Dps (DNA-binding protein from
starved cells) [6-10]. AFM analyses demonstrated that HU binding
induces multiple forms of DNA-protein complexes such as com-
pacted, rigid filamentous, or corkscrew DNA structures [11, 12].
H-NS “zips up” the double-stranded DNA to form a bridge
between adjacent strands [13, 14]. FIS preferably binds to A/T-
rich regions with a highly degenerated dyad symmetry, bends
DNA, and stabilizes DNA loops at high concentration [15]. This
approach has contributed to our understanding of the basic prin-
ciples that shape nucleoid architecture. However, these nucleoid
proteins constitute only a small fraction of all proteins associated
with the nucleoid [9, 16], giving limited information on over-
all nucleoid structure.

We have developed another approach to analyze nucleoid archi-
tecture. We “dissect” cells by removing cellular components step by
step, and analyze the structure of the whole nucleoid by AFM. In
this chapter, we introduce the sample preparation and image analy-
sis methods in the “dissection approach” with practical notes on
application to E. coli, Thermococcus kodakarensis, chloroplasts in
spinach cells, and mitochondria in Hela cells.

2 Materials

2.1 Culture Medium

2.2 Buffers

Lysogeny (Luria) Broth: 10 g/L peptone, 5 g/ yeast extract, 5 g/
L sodium chloride, pH 7.0.

Brain Heart Infusion Broth: 5 g/L beef heart (infusion from
250 g), 12.5 g/L calf brains (infusion from 200 g), 2.5 g/L
NaHPOy, 2 g/L p(+)-glucose, 10 g/L peptone, 5 g/L NaCl.

0.8x ASW-YT-SO: 0.8x ASW (16 g/L NaCl, 2.4 g/L
MgCl,»6H,0, 4.8 g/L MgSO,7H,0, 0.8 g/L (NH4),SOy,
0.16 g/L NaHCO3, 0.24 g/L CaCl,»2H,0, 0.4 g/L KCl,
0.34 g/L KH,PO4, 40 mg/L NaBr, 16 mg/L SrCl,e6H,0,
8 mg/L Fe(NH4) citrate), supplemented with 5 g/L of yeast
extract, 5 g/L of tryptone, and 0.2% elemental sulfur).

Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum.

Phosphate-buffered saline (PBS): 100 mM NaCl, 10 mM phos-
phate bufter, pH 7.2.

Lysis buffer A: 10 mM Tris-HCI pH 8.2, 1 mM NaN3, 0.1 M
NaCl, milliQ water.

Topo I butfer: 35 mM Tris—HCI, pH 8.0, 72 mM KCI, 5 mM
MgCl,, 5 mM DTT, 5 mM spermidine, 0.01% bovine serum
albumin.

Extraction buffer: 25 mM HEPES-NaOH pH 7.0, 15 mM
MgCl,, 100 mM NaCl, 0.4 M sorbitol, and 0.5% Triton X-100).



2.3 Ghemicals
and Enzymes

2.4 Equipment
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MNase buffer: 20 mM TrissHCl pH 7.4, 5 mM NaCl, 2.5 mM
CaClz.

Sucrose gradient (SG) buffer: 20 mM Tris-HCIl pH 7.4, 5 mM
NaCl, 50 mM EDTA.

AFM fixation buffer: 10 mM Tris-HCI pH 8.0, 5 mM NaCl,
0.3% glutaraldehyde.

Chloroplast isolation buffer: 350 mM sorbitol, 25 mM
HEPES-NaOH pH 7.0, 2 mM EDTA, 2 mM sodium L-ascorbate.

50% percoll solution: 50% percoll, 1.5% PEG 6000, 0.5% ficoll
400, 0.3% BSA in chloroplast isolation buffer.

Chloroplast nucleoid isolation buffer: 20 mM Tris—HCI
pH 7.0, 2% Nonidet P-40, 0.5 mM EDTA, 1.5 mM spermidine,
7 mM 2-mercaptoethanol, 0.4 mM PMSE.

5 mg/mL Lysozyme.

5 mg/mL Brij 58 (polyoxyethylene hexadecyl ether).
1 mg/mL Sodium deoxycholate.

1 mg/mL Spermidine.

RNase A (DNase free).

Protease K (RNA grade, DNase free).
Topoisomerase 1 (DNase free).

Micrococcal nuclease (MNase).

Atomic Force Microscope; Bruker Nanoscope/MultiMode 3-8®

and Other Materials (Bruker Corporation, USA) Tapping Mode™, Seiko SP3800N/
SPI400® (Seiko Instruments, Japan) Dynamic Mode™.
AFM probe; OMCL-AC160TS (Olympus, Japan).
Nitrogen-gas blower with a yellow tip at the nozzle.
Mica (Ted Pella, Inc., Pelco Mica Sheets, Grade V5).
Gold particles (with diameters 10, 30, and 80 nm; BBInterna-
tional, Cardiff, UK).
pBluescript II (Stratagene).
3 Methods
3.1 Dissection 1. Harvest E. coli cells (100 pL aliquot of 5 mL culture in LB) by
of Bacterial Cells centrifugation (13,000 x g, 1 min, 4 °C), and wash the cells
and Structural once with 1 mL of phosphate-buftered saline (PBS, pH 7.2).

Analysis of Nucleoid
by AFM

2. Resuspend the cell pellet in 250 pL. of PBS. Place a 50 pL
aliquot on a round cover glass (15 mm in diameter) at room
temperature for 5 min (se¢ Note 1).

3. Remove excess liquid by gentle nitrogen gas blow from a
micropipette tip at the end of tubing. Control the strength of
gas by pressure regulator.

4. Immerse the cover glass in 2 mL of Lysis buffer A for 5 min,
and add a lysozyme solution to the final conc. of 25 pg/mL (see
Note 2).
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5.

10.

11.

3.2 Further 1.

Enzymatic Treatment

Incubate the sample for 2 min at 25 °C, and add Brij 58 and
sodium deoxycholate to final concentrations of 0.25 mg,/mL
and 0.1 mg/mL, respectively (see Note 3).

. Incubate the sample for 10 min, and dry the cover glass under

nitrogen gas.

. Wash the sample surface gently with distilled water and dry it

again.

. Examine the sample by AFM in air with tapping mode (see

Note 4).

. Analyze Data (see Notes 5 and 6). In the case of nucleoid

fibers, the sample (fiber diameter) is much smaller than the
tip of the cantilever. Thus the following equation according
to the circular cone model [17] can be used for the estimation
of real diameter.

S= A x W+ B, where Sis the real width of the sample, Wis the
apparent width of the sample in the image, and A and B are
constants determined by the tip characters. To obtain the
values of A and B, gold particles (with diameters 10, 30, and
80 nm) can be used as the standards.

Plot the estimated size of all analyzed particles as histogram
using software such as Origin and Excel (Figs 1g—j, 2¢, d, g, h,
k-n).

Determine the average size of the analyzed particles by Gauss-
ian fitting to the obtained histogram (Figs 1g—j, 2¢, g, h, k-n).

(Optional) Additional enzymatic treatment can be performed
after step 6 in Subheading 3.1. Treat the sample (lysed E. col

of Dissected Nucleoid cells) with 5 pg/mL RNase A (more than 5 min) at room
Fibers temperature, 1 mg/ml protease K (more than 5 min) at
room temperature, and/or 4 U Topoisomerase I (more than
30 min) at 37 °C (see Note 7).
2. Dry the sample under nitrogen gas. Then move to step 7 in
Subheading 3.1 (see Note 8).
3.3 Dissection The dissection approach is also applicable to analysis of other
of Archaea Cells nucleoids such as those of archaea, chloroplasts, and mitochondria.
and Structural Archaea constitute a distinct domain of life, along with bacteria and
Analysis of Nucleoid cukarya [18]. Although both archaea and bacteria are prokaryotes,
by AFM they use a totally different set of proteins for genome folding

[19]. Most species in Euryarchaeota, a major phylum within
archaea, encode proteins homologous to eukaryotic histones.

1.

Culture T. kodakarensis KODI cells anaerobically in ASW-YT-
$° medium at 85 °C and harvest by centrifugation for 1 min at
6,000 x gat 4 °C. Wash cells in 0.8 x ASW bulfter.
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Fig. 1 AFM imaging and analysis of E. coli nucleoid structure. The lysed E. coli cells are observed by AFM: (a,
b) in log phase, (c) in stationary phase, (d) after treatment with RNase A in log phase, (e) after treatment with
RNase A, Protease K and Topoisomerase | in log phase, and (f) plasmid DNA (pRSFDuet-1, 3829 bp, Novagen).
(g-i) Population distribution of the width of released fibers (see Methods 3.1. Step 9). Scale bars represent
500 nm

2. Make a cell suspension of ODgg9 = 0.5 by adding appropriate
volume of 0.8x ASW. The cell suspension (50 pL) is applied
onto a cover glass and left for 10 min at 25 °C (se¢ Note 9).

3. Remove excess liquid by gentle blowing of nitrogen gas using a
micropipette tip as the nozzle.

4. Lyse the cells on the cover glass through addition of Milli-Q
water, and incubate it for 10 min at 25 °C (see Note 10).
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Fig. 2 AFM imaging and analysis of T. kodakarensis nucleoid Structure. (a—d) Chromosome fiber of
T. kodakarensis analyzed through AFM (a) Chromosome released from T. kodakarensis in the log phase by
on-substrate lysis. Scale bar, 2 pm. (b) Detailed AFM analysis of the chromosome fiber. Beads-on-a-string
structures (filled triangle) as well as thick structures (open triangle) were observed in areas where chromo-
somes were well spread out (boxed area in (a)). Scale bar, 200 nm. (c—d) Histograms indicate the diameters of
beads (c) and fibrous structures (d). The means =+ s.d. of the distributions are indicated. (e—h) Separation of
chromosome fragments with different structures and protein components by sucrose-density gradient
sedimentation. (e—f) AFM images of chromosome fragments in the lighter fraction (e) and the heavier fraction
(f). Scale bars, 50 nm. (g—h) Histograms below the images indicate the diameter of each structure. The means
=+ s.d. of the distributions are indicated. (i-n) Recombinant chromatin proteins form distinct structures on
dsDNA in vitro. (i—j) AFM images of 3-kbp linear DNA incubated with recombinant Histone A (i), TrmBL2 (j) at a
protein: DNA ratio of 10: 1 (wt: wt). Scale bars, 100 nm. (k—I) Diameters of the structures formed in the DNA by
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5. Remove liquid gently by gentle blowing of nitrogen gas, and
subject the sample to AFM examination in air with tapping
mode. Fibers released from the cells can be analyzed by scan-
ning areas where chromosome is well-spread (see Note 4).

6. Analyze data as in Subheading 3.1, step 9 (see Note 11).

On-substrate lysis followed by AFM analysis gives a clue on what
kind of structural units exist in the nucleoid. However, it does not
provide information regarding the protein(s) giving rise to these
different structures. One way to answer such a question is to use
deletion strains which lack genes encoding specific nucleoid pro-
teins and analyze the resulting chromosome structure. Another way
is to combine AFM analysis with sucrose-density gradient sedimen-
tation of Micrococcal nuclease (MNase)-digested chromosome
fragments, enabling individual analysis of different structures
depending on their densities, and mass spectrometry to identify
the constituent proteins.

1. Culture T. kodakarensis cells anaerobically in ~60 mL of
ASW-YT-S° medium at 85 °C, and then harvest and wash the
cells with 0.8 x ASW as in Subheading 3.3, step 1.

2. Make cell suspensions with 50 pL 0.8 x ASW, and disrupt the
cells by the addition of 450 pL. Extraction buffer containing
sorbitol and a detergent Triton X-100 (see Note 12).

3. After incubating for 10 min at 4 °C, separate soluble proteins
(supernatant) and a chromosomal DNA-enriched insoluble
fraction (pellet) by centrifugation at 14,000 x g for 20 min.
Wash the insoluble chromatin fraction, containing DNA and
chromatin-associated protein, with the extraction buffer. Chro-
matin can be frozen at this step for later use (see Note 13).

4. Digest chromatin fraction extracted from ~60 mL of culture
with 1 unit of MNase in 100 pLL of MNase buffer for 30 min at
37 °Cin the presence of 10 pg/pL. RNase. Stop the reaction by
adding EDTA to 50 mM.

5. Apply the digested chromatin onto 5 mL of 5-10% sucrose
density gradient made in SG buffer. Perform ultracentrifuga-
tion at 28,000 x g for 16-24 h at 4 °C in a swinging bucket
until sedimentation equilibrium has been attained.

6. Collect 500 pL each of ten fractions from the surface by means
of careful pipetting (see Note 14).

<
Y

Fig. 2 (continued) Histone A (k), TrmBL2 (I) are shown in histograms. (m—n) Contour length of the 3-kbp DNA
molecule when bound with recombinant Histone A (m), TrmBL2 (n) are indicated in histograms. Dotted lines
indicate the length of a 3 kbp double-stranded DNA (~1000 nm). The means =+ s.d. of the distributions are

indicated



154 Ryosuke L. Ohniwa et al.

3.5 Reconstitution
of Nucleoid Fibers.

3.6 Dissection

of Chloroplasts

to Analyze Nucleoid
Structure by AFM

7. Pass 50 pL of each fraction through a size exclusion spin

column pre-equilibrated with SG bufter (see Note 15).

. Fix the samples containing chromosome fragments with 0.3%

glutaraldehyde for 30 min at 25 °C, dilute the samples to
concentration suitable for AFM analysis, and apply the samples
onto a mica surface. Mica is pretreated with 10 mM spermidine
for 10 min at room temperature and washed with water, dried
with nitrogen gas before sample application. Analyze chromo-
some fragments by AFM (see Notes 16 and 17).

Reconstitution of chromosome structure with defined factors ofters
the possibility of proving more directly which protein is responsible
for forming each structural unit (sec Note 18).

1.

Digest a 3 kbp plasmid pBluescript II (Stratagene) with the
restriction enzyme HindIIl, which is a single-cutting enzyme
on this plasmid. Purify the linear DNA and mix the DNA with
each recombinant protein (in 10 mM TrissHCI pH 8.0,
200 mM NaCl) in DNA-to-protein ratios (wt:wt) of 1:0,
1:0.3, 1:1, 1:3, or 1:10 and incubated for 20 min at 50 °C
(see Note 19).

. Dilute the protein—-DNA complexes to 1:20 in AFM fixation

buffer. After incubation for 30 min at 25 °C, deposit 10 pL of
the mixture (containing ~2.5 ng of DNA) on mica that had
been pretreated with 10 mM spermidine for 10 min.

. After 10 min of incubation, wash the mica with 1 mL of pure

water, dry the sample with nitrogen gas, and subject the sam-
ples to AFM analysis (see Note 20).

Chloroplasts can be isolated from plant cells such as spinach by the
following procedure. Genomic DNA of isolated chloroplast is
released by a treatment with hypotonic solution.

1.

Cut 50-100 leaves of Spinach (Spinacia oleracen) into pieces
on ice with scissors in 50 mL of chloroplast isolation buffer.
Then, further crush them by homogenization.

. Filter the sample through a double layer of absorbent gauze

and a double layer of Miracloth.

. Centrifuge the filtered sample at 1000 x g for 5 min, and

resuspend the pellet in 500 pL of chloroplast isolation buffer.

. Pre-centrifuge 5 mL of 50% percoll solution in a fixed angle

rotor at 43,000 x g for 10 min.

. Load the resuspended sample onto the linear percoll gradient,

centrifuge the sample in a swing-out rotor at 7800 x g for
10 min, and collect intact chloroplast (lower green band in
percoll gradient) (see Note 21).
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. Incubate the isolated chloroplasts in chloroplast nucleoid iso-

lation buffer at 25 °C for 30 min.

. Place the collected chloroplasts onto a coverglass, and remove

the extra liquid under nitrogen gas.

. Immerse the sample in milli-Q water for 5 min at room tem-

perature, and dry the sample by nitrogen gas (see Note 22).

. Observe the sample by AFM in air with tapping mode and

analyze the data (see Note 23).

Mitochondria can be isolated from cultured cells such as HelLa cell
using mitochondria isolation kits. Genomic DNA of isolated mito-
chondria is released by a treatment with hypotonic solution.

1. Culture Hela S3 cells in Dulbecco’s modified Eagle medium

(Sigma) supplemented with 10% fetal bovine serum (Bio Whi-
taker) in 5% CO, at 37 °C. Harvest cultured cells with 70%
confluency in a 100 mm dish, and centrifuge the cells at
1000 x g for 5 min at 4 °C.

. Isolate HeLa cell mitochondria by mitochondria isolation kits

(see Note 24), and suspend the mitochondria in 200 pL PBS
with protein inhibitor cocktail.

. Place the collected mitochondria onto a coverglass, and remove

the extra liquid under nitrogen gas.

. Immerse the sample in milli-Q water for 5 min at room tem-

perature, and dry the sample by nitrogen gas (see Note 25).

. Observe the sample by AFM in air with tapping mode.

4 Notes

. Bacterial cells easily attach on the cover glass.

. E. coli is a Gram-negative bacterium, and removal of the cell

wall and membrane is necessary to observe the nucleoid. In this
procedure, we use an enzyme (lysozyme) and detergent (Brij
58 and sodium deoxycholate) to remove cell wall and mem-
brane, respectively. This procedure is applicable for investiga-
tion of nucleoids of Gram-positive Bacillus subtilis. For the
analysis of the Gram-positive Staphylococcus aurens, lysozyme
must be replaced with Lysostaphin (80 pg/mL) and
N-Acetylmuramidase (170 pg/mL).

. The nucleoid is dispersed from the cell after removing cell wall

and membrane.

4. We use Nanoscope III, IV or V (Tapping Mode™) or

SP3800N (Dynamic Mode™) with OMCL-AC160TS probe.
Images are analyzed using Nanoscope software. Bead diameter
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and fiber width are calculated based on apparent bottom-to-
bottom distance of particles, using the circular cone model to
estimate real dimension of sample width (Subheading 3.1, step

9).

. The apparent horizontal dimensions of the samples measured

by AFM are generally much larger than the real dimensions
owing to the effects of the edge curvature and point angle of
the cantilever [20, 21]. Therefore, the real dimensions need to
be estimated from the apparent dimensions. AFM image data
consists of a set of pixel data. If the image is takenin 2 pm x 2 pm
with 512 x 512 pixel, each pixel represents about 5 nm x 5 nm.
Thus, in this case, it is not reasonable to discuss the size
difference less than 5 nm. Researchers should consider appro-
priate image size and pixel to analyze the sample size.

. When E. colz cells are harvested in the log phase, and lysed

under physiological salt conditions, fibers with widths of
30-80 nm (thicker than the 2 nm naked DNA) are released
(Fig. 1a). Loop structures composed of the 80 nm fibers are
also detectable inside the cell (Fig. 1b). These fibers are further
condensed into beaded structures toward the stationary phase
(Fig. 1c). This implies the existence of step-wise folding
mechanisms of DNA, in achieving the higher-order architec-
tures. According to our analyses of E. co/z strains lacking a series
of the nucleoid proteins, the lack of none of these nucleoid
proteins disrupts the 30-80 nm fiber structures [17]. Interest-
ingly, the 30-80 nm fiber structures are also commonly found
in S. aureus and Clostridium perfringens [22]. S. aurens does
not encode the genes for nucleoid proteins found in E. co/i such
as H-NS and FIS. Shot-gun MS/MS analyses showed that just
a few percent of total proteins in the isolated nucleoid was
orthologous between E. coli and S. anreus [9].

. RNase A and Topoisomerase I can be added simultaneously,

but protease K treatment should be separate, as protease K
degrades both RNase A and Topoisomerase 1. Topoisomerase
I works in Topo I buffer. RNase A and Protease K work both in
milli-Q and Topo I buffer.

. Enzymatic treatments enable further dissection. RNase A treat-

ment of the lysed cells converts thicker fibers into 10 nm fibers
in both E. coli and 8. aurens (Fig. 1c), suggesting that the
10 nm fibers are the thinnest fiber unit without RNA [23]. In
the case of E. coli, the 10 nm fiber is the thinnest fiber unit even
in the mutants lacking any one of the major nucleoid proteins.
These 10 nm fibers are disrupted into naked-DNA with a
diameter of 2 nm by additional treatment with protease K
and topoisomerase I, suggesting that nucleoid proteins and
DNA supercoiling are required to build up the 10 nm fiber
(Fig. 1d) [17].
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. Archaeal cells are easily attached on a cover glass.
10.

On-substrate lysis and dissection of the hyperthermophylic
archacaon T. kodakarensis can be performed in a similar way
as for E. coli. Enzymatic treatment is not required because this
cell is easily disrupted by hypotonic solution. However, this
method may not be applicable to all other types of archaea. The
cell rupture method needs to be determined for each type of
archaea.

On-substrate lysis of a histone possessing hyperthermophilic
archacaon T. kodakarensis exposed both “beads-on-a-string”
structures which has 8-10 nm diameter and fiber structures
with width of 10-20 nm, suggesting the existence of several
different structural units in its nucleoid (Fig. 2a—d) [24].

As described above, enzymatic treatment is not necessary to
disrupt the cell. Before adding Extraction buffer, cells are
resuspended in small volume of buffer to achieve homoge-
neous cell lysis.

This method is based on a method previously reported for a
Pyrococcus species, which is closely related to Thermococcus
[25]. Cells are disrupted by detergent. Sorbitol is added to
prevent osmotic shock. This simple separation method may
only work well for species closely related to Thermococcus.
Other methods should be developed for other types of archaea.
Separation of chromosomal DNA can be tested by agarose gel
electrophoresis. If antibodies specific to proteins with known
cellular localization are available, they can be used in Western
blotting to prove a successful separation of the chromosome
and other cellular components.

A fraction collecting device can be used if available.

Size exclusion (gel filtration) is performed to remove free
(unbound) proteins and sucrose which might interfere with
AFM analysis. For example, Micro Bio-Spin Tris column
(Bio-Rad) can be used. Protein is concentrated from the rest
of the fraction for SDS-PAGE, Western blotting, or mass spec-
trometry analysis.

Glutaraldehyde treatment could be omitted if overfixation is a
concern. Dilution factor to achieve appropriate concentration
of chromosome fragment usually would be enough to termi-
nate glutaraldehyde fixation. A given fraction can be submitted
to either structure analysis by AFM or the identification of
protein composition by mass spectrometry.

In the case of T. kodakarensis, AFM analysis shows that “beads-
on-a-string” and fibrous structures with diameters comparable
to those of the structures observed in the on-substrate lysis
(Fig. 2a—d) are enriched in the lighter and heavier fractions of a
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18.

19.

20.

21.

22.

sucrose-density gradient, respectively (Fig. 2e—h). Mass spec-
trometry identifies histone in the lighter fraction and TrmBL2,
a transcription factor-like protein, in the heavier fraction, sug-
gesting that these proteins are the building blocks of each
structure. When a deletion strain of TrmBL2 gene is subjected
to the same analysis, fibrous structure is no longer detected in
the heavier fraction, further supporting that TrmBL2 is the
component of the fibrous structure [24].

In the case of E. coli, reconstitution of higher-order nucleoid
fibers has not been successful because proteins involved in the
fiber structures seem to be heterogeneous. Although research-
ers identified so-called nucleoid proteins such as HU, H-NS,
FIS, etc., each of them is not essential to sustain the higher-
order fiber structures thicker than 10 nm [17].

Instead of using a bacterial plasmid, using its own genomic
DNA sequence might be preferable to reconstitute physiologi-
cal structures. For this purpose, an appropriate genomic region
can be amplified by PCR, purified and subjected to incubation
with recombinant proteins. Methods for protein expression
and purification are described elsewhere [24].

Reconstitution of DNA-protein complex with recombinant
Histone A and B, which were identified in T. kodakarensis,
successfully exhibited “beads-on-a-string” structures with a
diameter of approximately 9 nm (Fig. 2i, k). Recombinant
TrmBL2 binds on DNA and forms relatively smooth fiber
structures with a diameter of 15 nm (Fig. 2j, 1). These struc-
tures are similar to those found in on-substrate lysis of the cell
(Fig. 2a-d), or in sucrose- density gradient fractions
(Fig. 2e-h). AFM analysis also gives an indication of how
these proteins interact with genomic DNA. By measuring the
contour length of the DNA molecule on the AFM images, it is
possible to tell whether DNA is wrapped around the protein as
in the case of histone protein (Fig. 2m), or the protein simply
binds and covers the DNA molecule like TrmBL2 (Fig. 2n).
In addition to re-constituting fiber structures with a diameter
of 10 nm by using DNA fragments and Alba, which is a well-
known DNA-binding protein in archaea, we revealed the fun-
damental nucleoid structure existing in the cell of
T. kodakarensis [24].

In step 4, after centrifugation, two separated green bands may
be found. The upper band mainly consists of partially disrupted
chloroplast.

Isolated chloroplasts can be burst by hypotonic liquid such as
water. Nucleoid is observable around the debris of chloro-
plasts. Enzymatic treatment is applicable as is the case of bacte-
rial nucleoid.
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Fig. 3 AFM images of spinach chloroplast and human mitochondria nucleoids. (a) The lysed chloroplasts and
(b) lysed chloroplasts subsequently treated by RNase A observed by AFM. (¢) The lysed human mitochondria
and (d) subsequently treated lysed human mitochondria observed by AFM. Scale bars represent 500 nm

23. In the case of chloroplast and mitochondria, the lyses of
isolated chloroplasts and mitochondria exposed the 30 nm
beaded structures which were, in turn, disrupted into 10 nm
fibers by the treatment of RNase A (Fig. 3) [22].

24. Mitochondria isolation kits such as MITOISO2 SIGMA.

25. Isolated mitochondria can be burst by hypotonic solution.
Nucleoid is observable around the debris of mitochondria.
Enzymatic treatment is applicable as is the case of bacterial
nucleoid and chloroplast.
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Dynamic Light Scattering of DNA-Ligand Complexes

Guangcan Yang and Yanwei Wang

Abstract

Dynamic Light Scattering (DLS) enables the characterization of sizes and electrokinetic properties of
colloids, polymers, macromolecules. DNA is a charged semiflexible polyelectrolyte, which is condensed
or compacted by counterions, proteins, and other condensing agents in processes such as chromosome
compaction and gene therapeutic applications. DNA condensation is closely related to charge screening,
since packaging requires effective neutralization of its surface negative charges. In this chapter, we describe
in detail the protocol for DLS of DNA-ligand complexes. As an example, we describe data for condensation
of DNA by chitosan and the measurement of size, zeta potential, and electrophoretic mobility of the
DNA-ligand complex by DLS.

Key words Dynamic light scattering, DNA condensation, Chitosan, Zeta potential, Electrophoretic
mobility

1 Introduction

Light scattering is a consequence of the interaction of light with
small particles or molecules in medium. When particles become
larger than the tenth of wavelength of light, the scattering changes
from being isotropic to a distortion in the forward scattering direc-
tion. When the size of the particles increases further, being equiva-
lent to or greater than the wavelength of the laser, the scattering
becomes a complex function with maxima and minima along the
scattering angle. The Dynamic Light Scattering (DLS) technique
was developed for analyzing the size distribution profile of small
particles in suspension or polymers in solution [1, 2].

In practice, DLS signal is obtained by the extraction of spectral
information derived from time-dependent fluctuations of the light
scattered from a limited volume within the sample. More precisely,
when a suspension of particles is illuminated with a monochromatic
coherent beam of light, the corresponding scattered light waves
spread out in all directions. The interference of scattered waves in
the far field region generates a scattered light intensity angular
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1.1 Particle Size

distribution. Due to the random motion of the suspended particles
within the sample the interference can be stochastically either con-
structive or destructive. The stochastic interference light intensity
can be recorded by photomultipliers and is usually analyzed by
means of the intensity or photon auto-correlation function. The
correlation function method is also referred to as photon correla-
tion spectroscopy or quasi-elastic light scattering. In the time
domain, the autocorrelation function (ACF) usually starts decaying
from zero delay time, and depends on particle size. The faster
dynamics due to smaller particles lead to faster decorrelation of
the scattered intensity trace. Actually, the intensity ACF is the
Fourier transformation of the power spectrum. Therefore, we can
perform DLS measurements in the spectral domain, and then
transform them into the time domain.

From the signal of DLS, we can extract speed information of
particles undergoing Brownian motion, influenced by particle size,
medium viscosity, and temperature. According to the Stokes-
Einstein theory, we can calculate the particle size from these
measured quantities. When an oscillating electric field is applied
to the sample, an electrophoretic light scattering is developed for
surface charged particles. Thus, we can obtain additional electroki-
netic properties such as zeta potential and electrophoretic mobility
of particles.

In the section, we describe the measurement of particle sizes by
DLS. As we have mentioned before, particles in medium scatter the
light and thereby imprint information about their motion in the
scattered light. Because the fluctuation of the scattered light is
related to the stochastic motion of particles, its analysis yields
physical information of the particles. Experimentally one investi-
gates intensity fluctuations by computing the intensity correlation
function, whose analysis and decomposition provide the diffusion
coefficient of the particles D, relating to the radius R of the
particles.

More specifically, the suspended particles of the colloidal dis-
persion in measurement naturally undergo Brownian motion. This
stochastic motion leads to fluctuations of the distances between the
particles and hence also in fluctuations of the phase relations of the
scattered light. Meanwhile, the number of particles within the
scattering volume may vary in time. Both the factors yield a fluctu-
ating scattered intensity. The corresponding measured normalized
intensity correlation function can be expressed as

<Is(% t)IS(q’ ? +T)>

(I1(a.07) Y

ﬂZ(qu) =



1.2 Electrophoretic
Mobility and Zeta
Potential of Particle
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where I is the scattered intensity, 7 is the time lag, and g is the
scattering vector. The electric field correlation function g;(g, 7) is
defined as

(E(q,1)E] (1. + 7))
(IE2.01)

where E; is the electric field of scattered light. The two correlation
functions are connected by the expression

J2(0,7) =1+ Blg,(4,7) (3)

where f is a factor representing the degree of spatial coherence of
the scattered light over the detector. The field correlation function
decays with time and can be used to determine the diffusion coeffi-
cient D of the scattering particles. For a monodisperses ample, we
can fit it to an exponential function to extract the decay rate T,
which is related to the diffusion coefficient by the expression

r=¢’D (4)

5(4,7) = (2)

’ 2

Therefore, one obtains the diffusion coefficient once we have
the decay rate of the field correlation function. Furthermore, by
using the Stokes-Einstein equation one can obtain the hydrody-
namic radius as

R— kT
6mnD

(5)

where % is the Boltzmann constant, T is the temperature of the
suspending medium in Kelvins, and 7 is its viscosity.

The setup of DLS is shown schematically in Fig. 1. A mono-
chromatic light source, usually a laser, is shot through an attenuator
and into a sample. The scattered light then goes through a polarizer
and focusing lens and is next collected by a photomultiplier. All of
the molecules in the solution are being hit with the light and all of
the molecules diffract the light in all directions. The diffracted light
from all of the molecules can either interfere constructively or
destructively. This process is repeated at short time intervals and
the resulting patterns are analyzed by an autocorrelator that com-
pares the intensity of light at each spot over time. The output of
the autocorrelator is fed into a computer and analyzed to give
information about particle sizes.

Colloids or polyelectrolytes with dissociating groups in aqueous
solution usually have an electric surface charge, resulting in an
electrostatic Coulomb force when an external electric field is
applied. According to the double layer theory [3], all surface
charges in solution are screened by a diffuse layer of ions, which
has the same absolute charge but opposite sign with respect to that
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Fig. 1 Schematic illustration of dynamic light scattering

of the surface charge. The electric field also exerts a force on the
ions in the diffuse layer which has direction opposite to that acting
on the surface charge. This latter force is not actually applied to the
particle, but to the ions in the diffuse layer located at some distance
from the particle surface, and part of it is transferred all the way to
the particle surface through viscous stress. This part of the force is
also called electrophoretic retardation force. In the electric field the
charged particle is at steady movement through the diffuse layer
with zero total resulting force. The electrophoretic technique can
be incorporated in DLS to probe electrokinetic properties of col-
loids or polyelectrolytes.

In an instrument using electrophoretic light scattering, a sam-
ple is subjected to light while its particles move under the influence
of an oscillating electric field. In DLS, the phase of laser light
scattered from the particles is monitored over time; particles drift-
ing at constant velocity in an electric field yield a phase that evolves
linearly in time at a rate proportional to their mobility. Analysis of
shifting wavelength, or Doppler shift, in the resulting scattered
light allows determination of electrophoretic mobility—from
which zeta potential can be calculated.

Figure 2 shows the capillary sample cell for zeta potential and
electrophoretic mobility measurement. In the cell, we can find two
electrodes at the terminals of U channel, where an alternating
electric field is applied to particles in solution, inducing electropho-
retic motion of particles. When a beam of laser enters the sample
cell through the bottom part of cell, as shown in the inset of Fig. 2,
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Fig. 2 Schematic illustration of a capillary sample cell for zeta potential
measurement

the frequency of the scattered light is shifted due to the directional
motion of the particles with the applied electric field. The scattered
light is coherent with the reference light, producing a very small
modulated light source, whose frequency is equal to the difference
between the reference and scattered light frequencies. The fre-
quency difterence is related to the velocity of the particles and can
be expressed as

Af =2vsin (60/2)/2 (6)

where » is the velocity of the particles to be measured, 4 is the
wavelength of the incident laser, @ is scattering angle. A second
beam of light (the reference beam) is mixed with the scattered beam
in order to sensitively extract the frequency shift in the scattered
light. The scattered and reference beams interfere to form a beat,
which is used to extract the magnitude of the frequency shift, then
being used to determine the particle velocity. The electrophoretic
mobility of colloids can be expressed as y = v/ E, where v is particle
velocity and Eis the applied electric field. Thus the zeta potential of
particles can be calculated by the Smoluchowski equation

¢=H (7)

where ¢ is the dielectric constant of the dispersion medium, and 7 is
dynamic viscosity of the dispersion medium.

In this protocol, electrophoretic-mobility measurements were
carried out using a Malvern Zetasizer NanoZS$90 instrument using
a combination of laser Doppler velocimetry and phase analysis light
scattering (PALS). A typical measuring result of zeta potential is
shown in Fig. 3, where the Tris buffered DNA sample was used.
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1.3 DNA
Condensation

and Electrophoretic
Mobility of DNA-
Ligand Complex
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Fig. 3 A typical DNA zeta potential distribution by DLS

DNA is one of the most important biological polyelectrolytes, and
is highly negatively charged in solution. It is tightly packaged from
viruses to eukaryotic cells in order to store, transport, and preserve
the genetic material. In vitro, the highly-charged stift polymer can
be condensed into compact structures by multivalent ions and
many other condensing agents or ligands [4—6]. The understand-
ing of DNA compaction is not only important for the study of
fundamental biological processes such as chromosome compacting,
but also for the development of new gene carriers in therapeutic
applications [7-9]. DNA condensation refers to the process of
compacting DNA molecules in vitro or in vivo. Meanwhile, DNA
condensation has many potential applications in medicine and bio-
technology [ 10]. Mechanistic details of DNA packing are essential
for its functioning in the process of gene regulation in living
systems [11].

The diameter of DNA is about 2 nm, while the length of a
stretched single molecule may be up to several dozens of centi-
meters depending on the organism. Many features of the DNA
double helix contribute to its large stiffness, including the mechan-
ical properties of the sugar-phosphate backbone, electrostatic
repulsion between phosphates, stacking interactions between the
bases of each individual strand, and strand-strand interactions.
Obviously, an unpacked DNA would randomly occupy a much
larger volume than when it is orderly packed. To cope with volume
constraints, DNA can pack itself in the appropriate solution condi-
tions with the help of ions and condensing agents. When DNA
condensation occurs, extended DNA chains collapse into compact
and orderly particles containing only one or a few molecules. On
the other hand, DNA compaction is closely related to its charge
neutralization, because structural packaging requires an effective
screening of the negative charges on DNA. In some conditions,
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overcompensation or charge inversion occurs when the charge of
counterions surrounding the DNA surface is greater than the bare
charge of polyelectrolyte itself [12—14]. Charge inversion of DNA
is a counterintuitive phenomenon in which the effective charge of
DNA switches its sign from negative to positive in the presence of
some counterions or ligands. However, the underlying microscopic
mechanism of attraction between like-charged macroions and their
charge inversion is still controversial although these effects have
been observed in various systems from simple colloids to intricate
protein-DNA complexes by various experimental approaches. Two
driving mechanisms have been proposed: pure electrostatic interac-
tion from a strong correlation effect and specific chemical adsorp-
tion of counterions. In some cases, the strong correlation effect
plays a dominant role as shown in mixing counterions, changing
pH value of solution or lowering dielectric constant of solution
[15-17].

DLS is a reasonable and noninvasive method to study DNA
collapse transition because the substantial reduction in its gyration
radius in the compact form leads to a large increase in the scattered
intensity. It can also provide the information of zeta potential or
electrophoretic mobility of DNA-ligand complexes when a specific
designed capillary sample cell with electrodes is used. They charac-
terize the charge screening or charge inversion of DNA induced by
counterions, ligands, or other condensing agents.

In this protocol, we use chitosan as a ligand to condense
lambda DNA. Chitosan is a linear polysaccharide composed of
deacetylated unit and acetylated unit. It is made by treating the
chitin shells of shrimp and other crustaceans with an alkaline sub-
stance, like sodium hydroxide. It is highly positively charged in
solution. Therefore, the linear copolymer chitosan has recently
emerged as an attractive gene delivery vehicle because of its non-
toxic and biodegradable nature [18-21]. Furthermore, DNA—chi-
tosan complexes also have recently been reported to have high
transfection efficiency [22-24].

2 Materials and Experimental Conditions

1. Double-stranded A-phage DNA (48,502 bp) (New England
Biolabs) diluted in 1 x TE buffer (10 mM Tris~sHCI and
1 mM EDTA, pH = 8.0) at a DNA concentration of
500 ng pL .

2. Chitosan (MW = 5000, hydrosoluble).
3. Measurement buffer: 10 mM Tris-HCI, pH 8.0.

All solutions are made with 18.2 MQ deionized water purified
through the Milli-Q water purification system (Millipore
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Corporation, USA). All reagents are prepared and stored at
room temperature (unless indicated otherwise).
ZetasizernanoZS90 (Malvern, UKO or NanoBrook Omni
(Brookhaven, USA).

. The laser source is a He-Ne gas laser (A = 633 nm). Light

scattering by the avalanche photodiode mounted on the
goniometric arm in the direction of the incident radiation.

DTS1070 sample cell for zeta potential measurement or
ZE0118 sample cell for particle size measurement.

3 Methods

3.1 Particle Size
Measurement

. Turn on power of the DLS instrument, then wait for 30 min for

preheating. When the indicator light is changed from yellow to
green, it is ready for measurement.

Start up the Zetasizer Software, then click File--New--Mea-
surement file to select or setup a storage path and input a file
name to store for measurement conditions and data.

. Open Measure menu, click Manual, and use the right key

single-click measurement type, select Size to set measuring
conditions.

4. Click Sample to input the name of sample.

10.

11.

12.

13.

In terms of sample, select material and medium.

. The temperature is set to be 25 °C, and the equilibration time

is set to 90 s (see Note 1).

Click the measurement cell.

. Single-click measurement, choose measurement angle as 90;

choose measure duration as automatic or manual (see Note 2).

Click Data Processing to choose the granularity calculation
model, General Purpose option is used.

After all settings are completed, click OK to confirm all the
options.

Before loading the sample, the sample cell must be rinsed
thoroughly by ultrapure water (se¢ Notes 3 and 5).

The DNA molecules and chitosan were diluted in Tris buffer
(10 mM, pH = 8.0). The final DNA concentration is 1 ng pL. ™!
and the concentration of chitosan varies from 0.001 to 2 mM.
All measurements were carried out after 5 min incubation at
room temperature. Gently load 50 pL sample into measure-
ment cell using a pipette.

Open the sample chamber cover according to the manufac-
turer’s instructions. Place the sample cell into the sample cham-
ber (make sure the symbol v points toward the operator.



Table 1

Dynamic Light Scattering of DNA-Ligand Complexes 169

Particle sizes of condensed DNA at different concentrations of chitosan

Concentration (mM)

Error
N Particle sizes (nm) Mean value SD

0.001

0.01

0.05

0.1

0.5

450
480 456.67 20.81
440
477
395 427.33 43.66
410
329
255 294.33 37.22
299
311
187 257.33 34.38
223
131
225 240.33 63.79

W N = W N

W b

144
450
480 166.67 50.93
440

W N = W N = W N

14. In the popup Manual measurement window of Zetasizer Soft-
ware, click Start to start the measurement.

15. All experiments were repeated at least three times to ensure
consistent results while taking the standard deviation as the
error bar.

As an example the particle sizes of DNA-chitosan complexes
are shown in Table 1 and Fig. 4. The particle sizes of condensed
DNA gradually decrease with increasing concentration of chitosan.
This behavior implies DNA condensation and compaction by chit-
osan, corresponding to a change in DNA conformation from being
loosely extended to compact. The trend of particle sizes of
condensed DNA is shown in Fig. 4. Three typical measuring results
of particle size distribution of condensed DNA by chitosan are
presented in Fig. 5.
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Fig. 4 The particle sizes of condensed DNA as a function of chitosan
concentration. The value is the average value for three times. The error is the
standard deviation
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Fig. 5 The particle size distributions of condensed DNA at three concentrations of
chitosan
3.2 Zeta Potential The zeta potential and electrophoretic mobility measurements of
and Electrophoretic DNA ligand use the same procedure since they are related by the

Mobility Measurement ~ Smoluchowski Eq. (7). They are presented simultaneously by the
equipped measurement software. The procedure for measuring zeta
potential and electrophoretic mobility is basically the same as the one
for particle size described above except some measuring options. For
completeness and consistency, we still present it as follows.

1. Turn on power of the DLS instrument, then wait for 30 min for
preheating. When the indicator light is turned from yellow to
green, it is ready for measurement.
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. Double-click desktop icon of Zetasizer Software, then click.

File--New--Measurement file to choose or set up a path to save
data, and input a file name of saving measurement conditions
and data.

. Open Measure menu, click Manual, and use the right key

single-click measurement type, select Zeta potential to set
measuring conditions.

. Click Sample to input the name of sample.

. Select Material and medium.

6. The temperature is set to be 25 °C, and the equilibration time

10.

11.

12.

13.

14.

15.

is set to 90 s (see Note 1).

. Choose the measurement cell.

. Single-click Measurement, choose measurement angle as

90, choose measure duration as automatic or Manual (see
Note 2).

. Click Data Processing to choose the granularity calculation

model, General Purpose option is used.

After all settings are completed, click OK to confirm all of the
options.

Before loading the sample, the sample cell must be rinsed
thoroughly by ultrapure water (see Notes 4 and 5).

The DNA molecules and chitosan were diluted in Tris buffer
(10 mM, pH = 8.0). The final DNA concentration is 1 ng pL. !
and the concentration of chitosan varies from 0.001 to 2 mM.
All measurements were carried out after 5 min incubation at
room temperature. Gently load 1 mL sample into measure-
ment cell using a pipette.

Open the sample chamber cover according to instruction of the
instrument, place the sample cell into the sample chamber
(make sure symbol Malvern pointing to the operator).

In the popup Manual measurement window of Zetasizer Soft-
ware, click Start to start the measurement.

All experiments are repeated at least three times to ensure
consistent results while taking the standard deviation as the
error bar.

Typical zeta potentials of condensed DNA as a function of

chitosan concentration are listed in Table 2. As the concentration
of chitosan increases, the Zeta potential of the complex gradually
increases and finally switches from a negative to a positive value.
The trend of zeta potential of the DNA-ligand complex can be seen
in Fig. 6. For instance, when the concentration of chitosan
increases from 0.05 mM to 0.1 mM, the zeta potential of the
complex changes from about —4.7 to 4.22 mV, corresponding to
DNA charge inversion in addition to DNA compaction.
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Table 2
Zeta potential of condensed DNA at different concentrations of chitosan in 10 mM Tris

Error
Concentration (mM) N Zeta potential (mV) Mean value SD
1 -20.70
0.01 2 —18.80 -20.27 1.31
3 —21.30
1 —4.72
0.05 2 —5.16 —4.70 1.28
3 —4.32
1 6.36
0.1 2 2.88 422 1.87
3 3.42
1 20.70
0.5 2 19.33 19.43 1.23
3 18.25
1 22.70
1 2 21.32 22.57 1.19
3 23.69
30
204 !.__——-————"”‘""".
104
T
a
N -10-
-20 4
S+ 7
0.0 0.2 0.8 1.0

0.4 0.6
c(mM)

Fig. 6 The zeta potential &, of condensed DNA as a function of chitosan
concentration. The value is the average value for three times. The error is the
standard deviation
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Table 3
Electrophoretic mobility of condensed DNA at different concentrations of chitosan

Concentration (mM) N Mobility (10 *cm®v—"s™) Mean value E:er
1 —1.335
0.01 2 —-1.572 -14 0.12
3 —1.404
1 —0.332
0.05 2 —0.215 —-0.4 0.28
3 —0.755
1 0.113
0.1 2 0.236 0.32 0.25
3 0.611
1 1.132
0.4 2 0.687 091 0.22
3 0.932
1 1.315
0.5 2 1.576 1.4 0.13
3 1.443
1 1.402
0.6 2 1913 1.6 0.25
3 1.664
1 1.923
2 2 2.161 1.98 0.15
3 1.881
The measured electrophoretic mobility of DNA-chitosan com-
plexes is shown in Table 3. The electrophoretic mobility of the
complex changes from a negative value to a positive value with
increasing chitosan concentration, implying DNA charge inversion.
The trend in electrophoretic mobility is shown in Fig. 7.
3.3 Conclusions In summary, DLS is a powerful and easy tool to measure particle

sizes and electrokinetic properties of biomacromolecules and their
complexes. In the present protocol, we outlined the sample prepa-
ration and measurement procedure for the DNA-chitosan system.
We note that the particle sizes of DNA-chitosan complexes
decrease with increasing concentration of chitosan. In mild
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Fig. 7 The electrophoretic mobility 1, of condensed DNA as a function of chitosan

concentration. The value is the average value for three times. The error is the
standard deviation

solution condition, their typical zeta potential varies from negative
to positive, while the corresponding electrophoretic mobility varies
accordingly. These results imply the compaction of DNA by chit-
osan, the neutralization of DNA, and the even inversion of its
surface charge.

4 Notes

1. The temperature is set at 25 °C and the equilibration time is set
to 90 s. The equilibration time can be set to 120 s or more for
iced samples for better equilibration at 25 °C.

2. Using the automatic option, the number of measurement
cycles is selected according to the quality of the sample auto-
matically by the system. In the Manual option, the number of
measurement cycles can be input manually.

3. The sample cell needs to be rinsed by ethanol prior to use and
then rinsed by ultrawater before loading the sample.

4. It is recommended that the cell is flushed with ethanol or
methanol to facilitate wetting. A syringe or a wash bottle may
be used. Fill one of the syringes with deionized water, or the
dispersant being used for the measurement. Place the full
syringe in one of the sample ports on the cell and the empty
syringe into the other. Flush the contents of the full syringe,
through the capillary, into the empty syringe. Repeat the flush-
ing process 5 times, flushing the liquid back and forth between
the syringes. After this the cell is ready for use.
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5. Never attempt to clean the optical surface of the folded capil-
lary cell as this will cause small surface scratches that will give

inaccurate results.
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Microscale Thermophoresis Analysis of Chromatin
Interactions

Ivan Corbeski, Velten Horn, Ramon A. van der Valk, Ulric B. le Paige,
Remus T. Dame, and Hugo van Ingen

Abstract

Architectural DNA-binding proteins are key to the organization and compaction of genomic DNA inside
cells. The activity of architectural proteins is often subject to further modulation and regulation through the
interaction with a diverse array of other protein factors. Detailed knowledge on the binding modes involved
is crucial for our understanding of how these protein-protein and protein-DNA interactions shape the
functional landscape of chromatin in all kingdoms of life: bacteria, archaea, and eukarya.

Microscale thermophoresis (MST) is a biophysical technique that has seen increasing application in the
study of biomolecular interactions thanks to its solution-based nature, its rapid application, modest sample
demand, and the sensitivity of the thermophoresis effect to binding events. Here, we describe the use of
MST in the study of chromatin interactions, with emphasis on the wide range of ways in which these
experiments are set up and the diverse types of information they reveal. These aspects are illustrated with
four very different systems: the sequence-dependent DNA compaction by architectural protein HMfB; the
sequential binding of core histone complexes to histone chaperone APLF; the impact of the nucleosomal
context on the recognition of histone modifications; and the binding of a LANA-derived peptide to
nucleosome core. Special emphasis is given to the key steps in the design, execution, and analysis of MST
experiments in the context of the provided examples.

Key words MST, HMf, Nucleosome, Histones, DNA, Binding affinity

1 Introduction

Biophysical characterization of functional chromatin interactions
has typically relied thus far on band-shift assays (electrophoretic
mobility shift assays, EMSA) for protein-DNA interaction, as well
as on common biophysical techniques such as surface plasmon
resonance (SPR), isothermal calorimetry (ITC), and nuclear mag-
netic resonance (NMR). Thorough characterization of binding
modes and binding affinities is often a critical step preceding
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1.1 MST

1.2 MST
of Chromatin Systems

subsequent structural and functional studies. This calls for a flexible
technique which is fast and can characterize interactions in solution
with reasonable throughput and modest sample demands. Micro-
scale thermophoresis (MST) fulfills these criteria and thus provides
an efficient option for the analysis of biological interactions.

Analogous to electrophoresis, thermophoresis is the flow or
directed movement of molecules along a temperature gradient
[1]. Technological advances have made it possible to use small
temperature gradients (typically 2—-6 °C) and detect the resulting
micrometer-scale movements, allowing the application in molecu-
lar biology as microscale thermophoresis (MST) [2]. MST typically
requires fluorescent labeling of the protein of interest for high
sensitivity of detection. Samples are loaded onto glass capillaries
and a specific spot is heated by an infra-red laser (see Fig. 1a). The
resulting temperature gradient causes thermophoresis of the
labeled molecule, typically away from the heated spot, which is
observed through a decrease in fluorescence in the heated region
(see Fig. 1b). Since thermophoresis is sensitive to molecular size,
charge, and hydration shell [3], changes in these properties due to
binding will cause changes in thermophoresis. For analysis of inter-
actions, MST curves are recorded as titration series with increasing
amounts of ligand and normalized with respect to their initial
equilibrium fluorescence (F,omm) (Fig. 1b). A binding curve is
extracted by plotting the F, .., values at the end of the laser on
—period (phase 1V, Fig. 1b), which captures binding induced
changes both in thermophoresis and in the intrinsic temperature
dependence of the fluorophore (indicated by the arrow “Thermo-
phoresis + T-Jump” in Fig. 1b). Both effects can also be analyzed
separately. Since the observed F,,., values are the population
weighted averages of the unbound and bound molecules, standard
methods can be used to fit the binding curve and extract the
binding affinity. Furthermore, MST can be performed in virtually
every buffer [4] and other characteristics such as thermodynamic
properties, binding stoichiometry, and enzyme kinetics can be
extracted with customized experimental designs [5].

The study of chromatin function is strongly connected to
DNA-protein and protein-protein interactions that modulate the
chromatin state. An increasing number of studies has employed
MST to investigate binding events in chromatin related systems
(see for instance [6-10]), and some of the earliest examples have
been included in reviews [11-14]. A variety of labeling strategies
have emerged, in particular for the study of nucleosome-protein
interactions. Fluorescent nucleosomes have been constructed using
Cy5-labeled DNA [14], or AlexaFluor647-labeled histone H3
[15]. Furthermore, MST has been used to derive insights in
protein-binding mechanisms, e.g., demonstration of cooperative
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Fig. 1 Principle of MST. Schematic depiction of the MST experiment (a) and MST time trace (b). In (a), the
capillaries (left) and particles in a cross-section thereof (right) during different stages of the experiment (I-VI)
are shown. Starting from equilibrium (phase 1), laser irradiation is started (phase Il), causing particles to move
out or into the heated volume (thermophoresis, phase lll). When thermophoresis is counter balanced by mass
diffusion a steady state is reached (phase IV). When the laser is switched off, the particle concentration
re-equilibrates (phase VI). In (b), a four-sample titration series is shown, ligand concentration indicated. Each
sample is characterized by a distinct thermophoresis curve. The rapid change in normalized fluorescence in
phases Il and V is caused by the temperature dependence in fluorescence (T-jump). Binding curves can be
extracted by plotting Fom values for regions “Thermophoresis + T-jump” (I vs. IV), Thermophoresis
(start vs. end of Ill), or T-jump (I vs. Il)

binding [16] or determination of binding sites from a comparison
of different deletion mutants [17].

Here, we describe in detail the use of MST to study chromatin
interactions. We put particular emphasis on the step-by-step opti-
mization of experimental conditions. We present examples on the
interaction of architectural proteins with both DNA and other
proteins, which illustrate the additional information MST can pro-
vide on the binding mechanism, the sensitivity of the thermophore-
tic effect, and the merits of custom data analysis. With these, we
provide first-hand reports on assay issues observed for various
chromatin-related samples and strategies to detect and
overcome them.

2 Materials

2.1 Fluorescent
Labeling

1. Monolith NT™ Protein Labeling Kit RED /GREEN/BLUE,
either NT-647-NHS, which reacts with solvent exposed pri-
mary amines, or NT-647-MALEIMIDE which reacts with
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22 MST

2.3 Stock Solutions

A

sulthydryl groups to form dye-protein conjugates (NanoTem-
per Technologies) (see Note 1).

Variable speed benchtop microcentrifuge.

1.5-2 mL microcentrifuge tubes.

10 mL assay buffer (see Note 2).

100% dimethylsulfoxide (DMSO).

Eppendorf heating block capable of reaching 95 °C (for the
preparation of labeled dsDNA only).

Prepare all solutions using water (resistivity 18.2 MQ x cm and

organic content less than five parts per billion) and analytical grade
reagents.

1.

N Ul W

MST instrument Monolith NT.115 equipped with “Red”
channel (NanoTemper Technologies) (see Note 3).

. Capillaries: NT.115 standard, hydrophobic, hydrophilic (see

Note 4) or premium treated capillaries, or the NT.115™
Capillary Selection Set (NanoTemper Technologies).

. PC with dedicated NT Control and MO Affinity Analysis soft-

ware (version 2.1.5). Custom analysis scripts are available upon
request from the corresponding author.

. Small volume reaction tubes (e.g., as found in the labeling kit

or 200 pL. PCR tubes).

. Calibrated pipettes in the range 2-1000 pL.
. NanoDrop™ Spectrophotometer (Thermo Scientific).

. Aluminum foil.

. At least 100 pL of 20 pM of biomolecule to be labeled (see

Note 5).

. 100 pL of biomolecule to be titrated with a concentration

20 times the expected dissociation constant (se¢ Note 5).

. 10 mL of assay buffer.

. 10-100 mg,/mL bovine serum albumin (BSA).
. 5-10% Tween-20.

. 4 M NaCl.

3 Methods

3.1 Design of MST
Experiment: Choice
of Fluorescent
Labeling

The MST experiment can be performed with either of the interac-
tion partners fluorescently labeled (see Note 6). Proteins and pep-
tides can be labeled either with the manufacturer’s labeling kits or
with other widely available fluorophores and coupling strategies (see
also Note 1). DNA molecules are readily labeled using custom
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oligo synthesis using commercially available labeled nucleotides, or
using modification of the termini for coupling of dyes. For the
applications described below, proteins were labeled using the man-
ufacturer supplied labeling kits, as detailed in Subheading 3.1.1,
labeling of DNA is described in Subheading 3.1.2.

1.

2.

Prepare a solution of pure protein at a concentration of 20 pM
in a volume of 100 pL.

Prepare the spin column for buffer exchange into labeling
buffer, using the manufacturer supplied spin columns and
instructions (see Note 7). Resuspend the dried labeling buffer
in 3.0 mL water. Prepare column A by resuspending the slurry.
Remove excess storage solution by placing the column in a
1.5-2 mL microcentrifuge tube and centrifuging at 1500 x g
for 1 min. Wash the column three times with 300 pL labeling
buffer.

. Exchange the protein to labeling buffer by placing the protein

solution from step 1 at the center of the resin. Be careful not to
disturb the resin. Place the column in a new microcentrifuge
tube and centrifuge at 1500 x g for 2 min.

. Dissolve the solid fluorescent dye in 30 pL. DMSO (yielding a

~470 uM solution) and mix thoroughly by vortexing (see Note
8). Prepare 100 pL 20-60 pM dye solution in Labeling Buffer
(see Note 9) and take 100 pL 20 pM protein solution in
Labeling Bufter. Add the dye to the protein in a 1:1 volume
ratio for a final 1:1-3:1 molar ratio of dye to protein in a 200 pL.
volume. Incubate the reaction for 30 min at room temperature
and in the dark (see Note 10). Proceed with step 5 in the
meantime.

. Prepare the gravity flow column for purification of labeled

protein and removal of unreacted dye (se¢ Note 11). Pour off
the storage solution in column B and wash the column three
times with 3 mL assay buffer (see Note 2) in a 15 mL tube using
the supplied adapter through gravity flow.

. Separate the labeled protein obtained at step 4 from unreacted

dye. Apply the labeling reaction mixture to the center of col-
umn B from step 5. Let the sample enter the bed completely,
then add 300 pL assay buffer and discard the flow-through (see
Note 12). Place the column in a new 15 mL tube. Add 600 pL
assay buffer and collect the eluate in ~50 pL fractions (one drop
at a time) in appropriate tubes, e.g., 1.5 mL microcentrifuge
tubes.

. Verify the presence of labeled protein in elution fractions by

determining their fluorescence intensity and their capillary scan
signal shape (see Subheading 3.2) in the MST instrument.
According to the gel filtration principle, larger particles will
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3.1.2 DNA Labeling

3.2 Optimization
of Experimental
Conditions

10.

elute prior to smaller particles (see Note 13). At 20% LED
power, 10 nM labeled protein should yield fluorescence inten-
sities of approximately 100-200 counts (see Note 14 and Sub-
heading 3.2).

. Pool the fractions that contain labeled protein and shield them

from light.

. Determine the protein and dye concentrations and derive the

labeling efficiency by measuring the absorbance at 280 (Ajg0)
and 650 nm (Ags0) in a suitable spectrophotometer, ¢.g., using
a NanoDrop instrument (Thermo Scientific) and applying the
Lambert-Beer law (see Note 15).

Aliquot the labeled protein as 10 pL aliquots (e.g., into 200 pL
PCR tubes), flash-freeze in liquid nitrogen, and store for sev-
eral weeks to months at —80 °C (see Notes 5 and 16).

. Design a DNA polynucleotide sequence according to the

requirements of the experiment. In this example, a polynucle-
otide was obtained from a commercial supplier.

. Design a second complementary polynucleotide sequence,

with the addition of a 5> Cy5-label (see Note 17).

. In the following steps it is imperative that the samples be

shielded from light (kept in the dark) as much as possible to
prevent photo bleaching.

. Combine the single-stranded DNA sequences by mixing

10 nmol of each strand and increase the volume to a total of
100 pL (see Note 18).

. Heat the sample to 95 degrees Celsius and let the DNA strands

anneal by slowly returning to room temperature. You now have
a 100 pM stock of fluorescent double-strand DNA.

. Verify the integrity of the DNA by running it on a 1% agarose

gel, for very short polynucleotides on a 5% polyacrylamide gel
(see Note 19).

Optimization of experimental conditions is paramount to obtain
high-quality data and derive accurate binding parameters, which is
in particular due the sensitivity of the MST experiment to protein
adsorption to exposed surfaces and protein aggregation. To avoid
such experimental artifacts, the correct capillary type has to be
chosen, and the buffer composition needs to be optimized to
ensure a homogeneous state of the sample, free from aggregation.
Here we outline this procedure step-by-step (see Fig. 2), but we
note that some parameters are interrelated and that addition of
ligand may result in the need for further optimization.

1.

Set the machine to the desired temperature and wait for tem-
perature equilibration (see Notes 20 and 21).
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Fig. 2 Optimization of assay conditions (a) Capillary scans of a dilution series of the fluorescently labeled
molecule. The addition of additives (0.5 mg/mL BSA and 0.05% Tween) prevents sticking to reaction tubes
and leads to a consistent dilution series. (b) Capillary scans of different types of capillaries loaded with the
same labeled molecule. Asymmetric peaks are a sign of adsorption to the capillary wall. (c) Time-dependent
changes in the capillary scans for the same molecule. While both premium and hydrophilic coatings show no
adsorption initially, only hydrophilic capillaries remain free of adsorption. (d) Capillary scans of a titration
series of the same molecule. Addition of 0.5 mg/mL BSA and 0.05% Tween-20 together with diligent pipetting
improves the reproducibility of the fluorescence intensity to within the required limits (compare the left and
middle panels). Gradual fluorescence intensity changes are indicative of a binding reaction and can be used
for analysis (see Note 36). (e) Aggregates in the sample led to irregularly shaped MST-traces (red), which were
prevented by spinning the sample for 20 min at 20,000 x g and 4 °C to remove aggregates (see Note 26)
(blue). All data are acquired on NT-467 labeled APLF”° and its interaction with core histone complexes (see
Subheading 3.6.2)
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2. Make a calibration curve of the dye alone at the set temperature.

For this purpose prepare 20 pL. 200 nM dye solution in assay
buffer in a capped, small volume reaction tube to avoid evapora-
tion (e.g., 200 pL PCR tubes) and label this tube 1. Label 8 more
PCR tubes 2 through 9. Add 10 pL assay buffer in each tube 2-9.
Add 10 pL from tube 1 to 2 and mix by pipetting up and down.
Then add with a new pipette tip 10 pL from tube 2 to 3 and mix
by pipetting up and down. Continue this series through to tube
9. Fill all samples in standard capillaries (see Note 22) and per-
form a capillary scan (button “Start CapScan” in NT Control) at
50% LED power to measure the fluorescence intensity at each
concentration. Prepare a calibration curve with fluorescence
intensity on the y- and dye concentration on the x-axis.

. Determine the optimal concentration of the fluorescently

labeled molecule. To this purpose prepare a dilution series
using the stock of labeled protein as in step 2. Fill the samples
in standard capillaries and start the capillary scan with 50% LED
power. If the fluorescence is much lower than expected com-
pared to the calibration curve or not linear over the dilution
series, the protein likely sticks to the reaction tube or pipette tips
(see also step 4). In that case add of 0.05% Tween-20 or another
detergent (see Fig. 2a) and repeat the experiment. If the sample
behaves well, adjust the concentration to be lower or at most in
the order of the expected Kp, while still resulting in a fluores-
cence signal with high signal-to-noise (see Notes 23 and 24).

. Determine the optimal type of capillary coating to ensure a

homogenous sample. For this purpose load capillaries of each
type (Monolith NT™ Standard, Hydrophobic, Hydrophilic
(see Note 4) and Premium Treated) with working concentra-
tion of the labeled biomolecule determined in step 3 and
perform a capillary scan. Inspect the shape of the fluorescence
signal, which reflects the distribution of the labeled molecule in
a cross-section of the capillary. Ifa “U”- or “M”-shaped peak is
observed instead of a smooth Gaussian-shaped fluorescence
peak, the sample adsorbs to the capillary wall (Fig. 2b). Also
verify that no sticking occurs over time by running a second
capillary scan ~15 min after the first one (see Fig. 2c and Note
25). For further experiments select capillaries with minimal or
no sticking. In case of sticking in all capillary types, proceed to
step 6 and optimize the assay buffer.

. Use the capillary profiles to also judge the reproducibility of the

fluorescence intensity from the four replicates, or from a bind-
ing experiment. Random variations larger than 10% can be
caused by inaccurate pipetting or sticking to the walls of reac-
tion tubes and pipette tips (Fig. 2d). In that case test whether
addition of detergents like Tween-20, passivating agents like
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BSA, or higher salt concentrations in the assay buffer improve
the results (see Note 26).

Check the thermophoresis signal for sample aggregation. For
this purpose start a thermophoresis measurement with the
following settings: labeled molecule at working concentration;
LED power adjusted to yield at least 200 fluorescence counts;
40% MST power; 30,/5 s MST power on/oft time. Aggregates,
when present, will be transported in and out of the measure-
ment volume, causing sharp increase and decrease in fluores-
cence over time and a bumpy appearance of the MST curve
(Fig. 2e). Make sure to use stocks and buffers that are free from
aggregates or particulate matter, and adjust the assay buffer
composition to prevent later aggregation (see Note 27).

To determine the dissociation constant (Kp) of a molecular inter-
action, a dilution series of up to 16 titration points is prepared,
where the concentration of the fluorescent binding partner is kept
constant and the concentration of the unlabeled binding partner is
varied (see Notes 28 and 29).

1.

Prepare 200 pL of the fluorescently labeled biomolecule (from
Subheading 3.1.1, step 10) in the optimized buffer with dou-
ble the concentration of the final reaction to account for
two-fold dilution with titrant (se¢ Note 30). Here, and in
subsequent steps, use small volume reaction tubes to avoid
evaporation (e.g., 200 pLL PCR tubes).

. Prepare the titrant stock concentration to be 40-fold the

expected Kp (see Note 31) in assay buffer (labeled tube 1)
(see Note 32) and determine the concentration (see Note 33).

. Prepare 15 tubes labeled 2 through 16 with 15 pL of the assay

buffer. With a clean tip, transfer 15 pL from tube 1 to tube
2 and mix well by pipetting. Continue this serial dilution until
tube 16 (see Note 34).

. Transfer 10 pL from tubes 1-16 to new reaction tubes and add

10 pL of your fluorescently labeled sample stock to the tubes (see
Note 35). Mix very well by pipetting up and down. After an
adequate incubation time (typically 5 min, se¢ Note 36), place
the capillaries in the tubes to load the samples (see Note 22).

. Load the capillaries of the previous step in the MST machine

(see also Note 21) and perform a full MST measurement using
the LED power setting determined earlier, and two consecutive
measurements using 20% and 40% MST power (button “Start
CapScan + MST Measurement”) (see also Note 25).

. Analyze the outcome of the measurement carefully to ensure

the data is of sufficient quality. Inspect results of the capillary
scan to see if there is ligand-induced sticking; inspect the



186 Ivan Corbeski et al.

3.5 MST Data
Analysis

reproducibility of the fluorescence intensity to see if the varia-
tion is larger than 10% (Fig. 2d, see Note 37); inspect the MST
traces to see if there is ligand-induced aggregation (see Fig. 2¢).
If any of these issues are observed, carefully re-evaluate the
previous steps. A new round of assay condition optimization,
this time including the ligand, can help to solve these issues.
When no issues are encountered, proceed to step 3.

. Analyze the MST-derived binding curve in the MO Affinity

Analysis software. If a transition is observed, estimate its ampli-
tude. Estimate the noise from the scatter in the data points at
the lowest concentration of ligand where no binding is
expected. Minimum amplitude should be 5 units (5%o normal-
ized fluorescence intensity change) and minimum signal-to-
noise should be 3. If either the amplitude or signal-to-noise is
too low, increase the MST power to 60-80% (see Notes 38 and
39).

. Once the final conditions have been established, perform the

serial dilution (Subheadings 3.3, steps 3 and 4) in triplicates
each with two MST powers of the same dilution series. Next,
proceed to data analysis (see Subheading 3.5).

The manufacturer’s MO Affinity Analysis software provides multi-
ple options to extract a binding curve from the raw MST traces (see
Note 40). The resulting binding curves can be fit directly in the
software for a 1:1 binding model, or the data can be exported to be
used in third-party software. Here we describe the default proce-
dure using the instrument software, together with options for
custom analysis (see Note 41).

1.

In a new analysis set, click and drag the three replicates in a
single experiment for a combined analysis.

If binding-induced changes in fluorescence intensity are
observed, fit the binding curve using the “Initial Fluorescence”
button (see also Note 37). Otherwise, proceed to step 3.

Extract replicate-averaged binding curves using the two default
settings: (1) “Thermophoresis + T-Jump”; (2) “Thermophor-
esis,” and fit these using the thermodynamic model to extract the
Kp (see Note 42). Compare the extracted values for consistency.

. Use the “Temperature Jump” method to see if there is a

binding-induced change in the fluorophore, which may hold
structural information if the location of the fluorophore is
known.

. Export the data for further analysis, error estimation of fit--

parameters or fitting to custom-binding models using, e.g.,
MatLab (scripts available upon requests), Python, or the
PALMIST program of Scheuermann et al. [18].
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HM{B is an archaeal histone protein from Methanothermus fervidus
with a sequence-dependent ability to either bend or wrap DNA
[19,20]. Here, we analyzed the HMfB-DNA interaction using two
DNA sequences (78 bp), either with a specific HMfB-binding site
(“specific sequence”) or without (“aspecific sequence”). Premium
capillaries were used as reduced affinity was observed for the regular
and hydrophobic capillaries, likely due to the protein sticking to the
capillaries. The F,omm values derived from the MST traces were
normalized to obtain AF,,.,, values to facilitate comparison
(Fig. 3a, b). Note that a custom dilution series was made to better
sample the transitions regions.

For the aspecific sequence a single binding transition is
observed that can be fit yielding a Kp of 1 £ 0.2 pM (Fig. 3b).
For the specific DNA sequence two transitions are observed. The
AF,om decreases at low protein concentrations, indicating that the
bound DNA is more mobile than free DNA. At higher protein
concentrations however, the AF,,., increases indicating a less
mobile, and possibly larger protein-DNA complex. This second
binding mode occurs at concentrations identical to those found
for aspecific DNA, indicating that this is an aspecific DNA-binding
mode. Together, this suggests that at high protein concentrations,
HMI(B forms the same structure independent of DNA sequence,
while at low protein concentrations it forms a more compact struc-
ture at specific sequences. This hypothesis is supported by data
from complementary techniques (such as TPM described in
Chapter 14), and summarized in Fig. 3c.
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Fig. 3 MST analysis of HMfB interaction with two DNA substrates (a) MST-thermophoresis curves for a range
of HMfB concentrations. Data acquired at 22 °C, 40 nM of Cy5-labeled DNA in 50 mM Tris—HCI pH 8.0, 75 mM
KCl, premium capillaries, 20% laser power, 40% MST power. (b) Change in normalized fluorescence (4 Form)
for HMfB binding to a specific (red) or aspecific DNA sequence. Error bars indicate the standard deviation in a
triplicate of experiments. (¢) Model depicting the possible conformations of the HMfB-DNA complex. Without a
specific binding site in the DNA substrate, HM{B binds as a multimer, forming a large structure. If a preferred
DNA sequence is present, HMfB forms first a compact nucleosome-like structure. At higher HMfB concentra-
tions similar structures as seen for the aspecific DNA sequence can be formed
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3.6.2 Histone Binding by
Histone Chaperone APLF

3.6.3 Binding of a
Nucleosome-Mimicking
Peptide to a Reader Protein

Histone chaperones are involved in the assembly and disassembly of
the nucleosome for DNA replication, transcription, and repair
[21]. Aprataxin and Polynucleotide kinase Like Factor (APLF) is
a DNA repair protein with histone chaperone function [22]. Here,
we studied the interaction of the APLF acidic domain (APLE*P)
with histone complexes using MST. APLF*" was labeled with the
manufacturer’s red dye NT-647 according to Subheading 3.1.1.
Given the low labeling efficiency (~15%) and the expected high
affinity, 25 nM of APLF*P was used with 100% LED power to
arrive at an optimal fluorescence intensity of 400 counts. The assay
bufter was supplemented with both 0.5 mg/mL BSA and 0.05%
Tween-20 and experiments were conducted in hydrophilic-treated
capillaries to prevent sticking to the reaction tubes and the capil-
laries (see Fig. 2).

The MST data show that APLFAP binds with high and compa-
rable affinity to both H2A-H2B and (H3-H4),, suggesting that
APLF is a generic histone chaperone (Fig. 4). Interestingly, the
binding curves show in both cases two transitions, suggesting two
separate binding events (se¢ Note 43), one with affinity in the
higher nanomolar range and one in the micromolar range. The
data were fitted to a sequential binding site model using an
in-house written MatLab script. Errors in the best-fit parameters
represent the 95% confidence interval based on statistical F-tests
[18]. The additional binding mode of histones to APLF*" may be
relevant in its chaperoning mechanism, promoting the retention of
multiple copies of histone complexes.

Posttranslational histone modifications are key regulators of chro-
matin function, mostly through their specific interaction with
so-called reader proteins. We recently found that the recognition
of trimethylated lysine 36 on H3 (H3K36me3) by the PSIP1-
PWWP domain is driven by the nucleosomal context of this modi-
fication [23]. PSIP1-PWWP binds with very low affinity (Kp
17 mM) to a H3K36me3 peptide, but with 10,000-fold enhanced
affinity to modified nucleosomes [23]. To address the importance
of electrostatics, we here investigate by MST the binding of PSIP1-
PWWP to a H3Kc36me3 peptide modified with a stretch of gluta-
mate residues (H3Kc36me3-E;) to mimic nucleosomal DNA.
NanoTemper dye NT-647 was coupled to a cysteine mutant of
PSIP1-PWWP (N86C). Premium capillaries and 0.05% Tween-20
were used to avoid fluorescence loss due to sticking.

The capillary scan of the titration series showed a ligand-depen-
dent decrease in initial fluorescence, only for the trimethylated
version of the peptide and not for an unmodified peptide
(Fig. 5a). Additionally, a denaturing test (se¢ Note 37) showed
full fluorescence recovery, proving that the changes are binding
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Fig. 4 APLF”° binds with similar affinities to H2A-H2B and (H3-H4),. (a) MST-binding curves of H2A-H2B (red)
or (H3-H4), (blue) with fluorescently labeled APLF”® (25 nM) in assay buffer (25 mM NaPi, pH 7.0, 300 mM
NaCl, supplemented with 0.5 mg/mL BSA and 0.05% Tween-20), recorded at 25 °C, 20% MST, and 100% LED
power with 30/5 s laser-on/off time. The binding curve represents the average from three measurements with
standard deviation. Best-fit values for the corresponding affinities and 95% confidence limits are listed in the
table. (b) Plots showing the reduced y?-surface that expresses the quality of fit in contour-mode as a function
of the high-affinity (Kp ) and the low-affinity (Kp o) dissociation constants for H2A-H2B (left) and (H3-H4),
(right) binding to APLF*P. The best-fit values are indicated by a green dot. The 95% confidence critical value
for the reduced X2 is indicated with a thick black line. Figure reproduced from ref. 30 with permission from the
authors

induced. Fits of the initial fluorescence, T-jump, and thermophor-
esis + T-jump all give comparable and consistent K, values of
~1.6 mM (Fig. 5b, ¢, d). The tenfold increase in binding affinity
compared to the native H3K36me3 peptide underscores the
importance of the nucleosomal context, in which both electrostatic
and geometric factors are critical.
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Fig. 5 MST of nucleosome-mimicking H3K;36me3-peptides binding to the PSIP1-PWWP domain. (a) Capillary
scans for H3K¢36-E; peptides (SAPATGGVCKEEEEEEE) with (red) and without (black) cysteine-based trimethyl
lysine analogue [31]. (b, ¢, d) Analysis of the MST measurements was done by fitting the data for T-jump (b),
initial fluorescence (c) and Thermophoresis + T-jump (d). Best-fit values for the Kp and 95% confidence limits
are indicated in the plots. Data recorded on 0.35 pM NT-467 labeled N86C PWWP domain titrated with peptide
in 10 mM Tris pH 7.5, 100 mM KCI, supplemented with 0.05% Tween-20, 25 °C, 20%/20% LED/MST power,
with 30/5 s laser-on/off time

3.64 Analysis of a The latency-associated nuclear antigen (LANA) of Kaposi’s
Nucleosome-Peptide sarcoma-associated herpes virus (KHSV) binds to nucleosomes to
Interaction ensure the persistence of the KHSV cosmid in both daughter cells

during host cell division [24]. A short peptide sequence from
LANA binds strongly and specifically to the acidic patch on the
H2A-H2B surface of the nucleosome [25]. Here, we analyzed the
binding of a peptide containing the residues 2-22 of LANA
(2.1 kDa) to nucleosomes (210 kDa), which were labeled using
Nano Temper’s NT467-Red-NHS dye after reconstitution
[26]. Labeling efficiency was on the order of 10%, sufficient to
yield 600 fluorescence counts with a 135 nM solution and 100%
LED power. Labeling and purification did not interfere with nucle-
osome integrity as shown by native PAGE analysis (data not
shown). Optimization of the conditions led to the choice of
0.1 mg/mL BSA as additive—0.01% Triton X-100 or 0.01%
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Fig. 6 MST of mononucleosomes binding to LANA. (a) Buffer optimization: comparison of the binding curves of
200 nM NT-467 labeled nucleosomes titrated with LANA in 10 mM Tris pH 7.5, 100 mM KClI, supplemented
with either BSA, Tween-20 or Triton X-100. A fit to the BSA curve is shown to guide the eye. (b) MST-binding
curve (average of three independent measurements, with standard deviations) of 135 nM of NT-467 labeled
mononucleosomes titrated with LANA. Measurements were performed at 22 °C, 50% MST and 100% LED
power with 30/5 s laser-on/off time. Best-fit values and 95% confidence intervals are shown in the figure

Tween 20 resulted in comparatively weaker thermophoretic
changes upon LANA binding (Fig. 6a). Hydrophobic capillaries
were selected to prevent binding-induced sticking.

The MST-binding curves show a clear transition that was fitted
using an in-house written MatLab script to a single binding event
with Kp of 0.16 pM, which agrees well with the previously pub-
lished value of 0.24 pM under slightly different conditions [27]
(Fig. 6b). These data demonstrate the possibility of reliably deter-
mining binding parameters of small molecule effectors to fluores-
cently labeled nucleosomes. While the thermophoretic changes
may be larger using the reverse labeling setup, the current strategy
allows screening of several effectors with minimum nucleosome
consumption.

4 Notes

1. One is by no means restricted to use the manufacturer’s fluo-
rescent labeling kit. There are many commercially available
fluorescent compounds that can be coupled to free amino or
thiol groups. Make sure to use compounds compatible with the
excitation and detection wavelengths of your instrument.

2. Assay butffer refers to the bufter of choice in which the interac-
tion is investigated. The protein should be stable and well
behaved in this buffer. Typical buffer conditions are 50 mM
Tris—-HCIl pH 7.4, 150 mM NaCl, 10 mM MgCl,, 0.05%
Tween-20.

3. We limit the description of the method to the Monolith
NT.115 instrument from NanoTemper Technologies
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10.

11.
12.

13.

(Munich, Germany). Instruments with either a higher fluores-
cence sensitivity, a setup to excite and detect intrinsic trypto-
phan fluorescence, or a high-throughput automated screening
setup are also available.

Hydrophilic-treated capillaries were used in this study, but
these are no longer available. Premium capillaries are advised
as replacement.

. Higher stock concentrations are useful to have optimum flexi-

bility to adjust exact assay bufter composition during optimiza-
tion of the experimental conditions (see Subheading 3.2) or in
follow-up experiments.

In case no binding is detected with one binding partner fluo-
rescently labeled, it is useful to try and test labeling the other
binding partner.

Buffer exchange to labeling buffer (steps 2 and 3) can be
skipped if the protein sample is purified directly into a suitable
buffer (good buffers are HEPES, PBS, Na-Ac) with
6.5 < pH < 8.5. Butffers should not contain reducing agents
dithiothreitol (DTT) and p-mercaptoethanol (BME), since
these substances significantly reduce labeling efficiency. Tris
(2-carboxyethyl)phosphine (TCEP) can be used as a reducing
agent if required. Additionally, the buffer for NHS-labeling
must be free of primary amines, e.g., ammonium ions, Tris,
glycine, ethanolamine, glutathione or imidazole. Buffers with
protein impurities or protein carriers like bovine serum albu-
min (BSA) should not be used. If a labeling buffer is used other
than the one supplied, dye concentrations required for opti-
mum labeling efficiency may need to be re-established.

. The dye can be used for a few hours after resuspending it

according to the manufacturer’s manual. For longer storage
of stock solutions, dye may be frozen and aliquoted in DMSO
under anhydrous conditions to prevent hydrolysis.

For some samples labeling efficiency may be increased by using
a higher fold excess of dye.

The reaction can be incubated in a drawer or cupboard, or
wrapped in aluminum foil.

For optimal MST results, unreacted dye needs to be removed.

When using 200 pL labeling reaction, the volume must be
adjusted to 500 pL after the sample has entered the bed by
adding 300 pL assay buffer. If a scale up or scale down of the
reaction is necessary, make sure the total volume loaded on the
column is of 500 pL. Ensure the whole labeling mix has
entered the column bed before completing to 500 pL

Use the early fractions that contain higher amounts of labeled
protein. Depending on the assay buffer composition, later
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fractions might contain free dye. It can also be helpful to look
at the thermophoresis signal and check for “bumps,” which are
indicative of aggregates in the sample (see Fig. 2d).

If required, after fluorescent labeling, the protein can be con-
centrated using a device like an Amicon® Ultra Centrifugal
Filter (Millipore).

The molar absorbance of the dye at 650 nm is
250,000 M~! cm™ . Protein absorption at 280 nm has to be
adjusted according to Aprorein = A280~0.028-Ag50 due to
absorption of the dye. Typically, the labeling ratio is between
0.5 and 1.1 (according to the manufacturer).

If the stored protein is to be used for a new interaction study,
repetition of previous experiments can be conducted to assess
the stability and quality of the sample.

It is possible to generate much larger labeled DNA sequences
for MST using Polymerase Chain Reaction (PCR), by follow-
ing the protocol described in Chapters 12 and 14 using fluo-
rescently labeled DNA sequences as primers.

You can make the DNA stock at any concentration. Making a
higher concentration stock allows you to reduce the effects of
incidental photo bleaching.

If in your control step you do not observe a single band for
your double-stranded DNA, you should redo the annealing of
the two strands while reducing the rate at which the two DNA
strands anneal.

The experimental temperature in the MST instrument can be
set between 22 and 45 °C or left unspecified for room temper-
ature. The temperature is best set to a defined value and
reported, together with the used MST power.

After opening of the instrument’s front door for sample inser-
tion, close the door and wait until the set temperature is
reached as shown on the instrument’s display.

Both tube and capillary can be tilted to ease filling. To have air
on both sides, the capillary may be inverted for 1 or 2 s after
loading.

Typically, 5-100 nM of the fluorescently labeled molecule is
sufficient to obtain optimal fluorescence, with intensity above
400 and below 1500, with a minimum of 200. The LED power
can be varied between 15% and 95% to achieve this. For very
high-affinity interactions, use the lowest possible concentration
in which you get 200 fluorescence counts with 95% LED
power.

If the concentration of labeled molecule is on the order of the
Kp, the dilution series (Subheading 3.3) is better prepared
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linearly to optimally sample the binding curve, in which case
the data is best plot using a linear x-axis resulting in a
hyperbole-binding curve.

Capillary scans of each new titration should be performed at
the start of the experiment to assess the quality of the samples
and again at the end of the experiment to check for changes in
the fluorescence peak shape and intensity that can occur
over time.

Additives should be used at the lowest functional concentra-
tion possible, as they may affect the binding.

Aggregates can be removed by centrifuging sample stocks
(20 min, 20,000 x g, 4 °C) and filter buffers through
0.22-0.45 pm filters. Detergents such as Tween 20 or Triton
X-100 (0.01-0.1%) or changes in assay buffer conditions (dif-
ferent ionic strength, pH) can also help to prevent aggregation
or binding-induced aggregation.

A control experiment can be conducted with an unrelated
nonbinding molecule or a binding-deficient mutant of the
binding partner.

Do not use less than 10 titration points per experiment.

Using a two-fold serial dilution, which is easily performed with
minimum source of error, optimally spaced data points along
the sigmoidal-binding curve are obtained (see also Note 24).

The “Concentration Finder” tool within the NT Control soft-
ware can be used to simulate binding curves and determine the
required titrant concentration ranges. In case the dissociation
constant is unknown, a 3-5 fold dilution series starting from a
high (~100 pM) concentration will allow monitoring of bind-
ing events within a ligand concentration range of nM to pM. If
a binding transition is observed, the titrant stock concentration
and dilution series can be adjusted accordingly.

If the sample buffer is different from the assay buffer, adjust the
composition of the buffers in order to obtain same composi-
tion (e.g., DMSO, glycerol, salt, detergent, BSA etc.) by add-
ing the components in the stock preparations to the final
concentration needed.

As in any quantitative essay it is essential to accurately deter-
mine protein concentration, work with calibrated pipettes, and
perform precise and reproducible protein dilution.

Change the pipet tip after each transfer or, alternatively,
pre-wet the tip properly. For some pipettes it may be necessary
to reset the pipetting volume after placing a new pipet tip.
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After having obtained practical experience and confidence with
the pipetting procedure, the pipetting volumes can be reduced
to half to save material.

The incubation time is necessary to establish equilibrium which
is determined by the binding kinetics of complex formation
and dissociation. In sporadic cases with very high affinity and
very low dissociation rates, equilibration may take hours to
days [18]. Equilibration can be verified by repeating a titration
series after different incubation times, e.g., 1, 5, and 10 min.

A systematic ligand-dependent increase or decrease in fluores-
cence intensity may be caused by binding if the fluorophore is
close to the binding site. To determine if this is the case, spin
down the reaction tubes for 10 min at 15,000 x g, remove
10 pL of supernatant, and add this to 10 pL of denaturing
bufter (4% SDS, 40 mM DTT), then heat for 5 min at 95 °C,
load the samples into capillaries and perform a capillary scan. If
the fluorescence intensity is now constant within 10%, the
effect was binding-induced. If the effect remains, the sample
may be lost due to aggregation and a new round of optimiza-
tion has to be started.

Reduce the laser-on time at high MST powers to 15 s to reduce
effects from sample-heating.

Compare refs. 18, 28, 29 for MST curves with a range of
signal-to-noise ratios.

Sign and amplitude of the thermophoresis effect are typically
not analyzed since they depend in a complex manner on the
changes in conformation, size, and charge.

The use of custom software permits more realistic determina-
tion of errors in fit-parameters and flexibility in choosing bind-
ing models.

Avoid the use of the Hill equation, since the reported EC50
values are protein concentration dependent and the fitted
cooperativity coefficient may be larger than the number of
binding sites.

In case multiple binding transitions are observed in an MST
titration, it can be useful to confirm the result by using com-
plementary techniques.
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e Chapter 12

Quantitative Determination of DNA Bridging Efficiency
of Chromatin Proteins

Ramon A. van der Valk, Liang Qin, Geri F. Moolenaar, and Remus T. Dame

Abstract

DNA looping is important for genome organization in all domains of life. The basis of DNA loop formation
is the bridging of two separate DNA double helices. Detecting DNA bridge formation generally involves
the use of complex single-molecule techniques (atomic force microscopy, magnetic, or optical tweezers).
Although DNA bridging can be qualitatively described, quantification of DNA bridging and bridging
dynamics using these techniques is challenging. Here, we describe a novel biochemical assay capable of not
only detecting DNA bridge formation, but also allowing for quantification of DNA bridging efficiency and
the effects of physico-chemical conditions on DNA bridge formation.

Key words DNA bridging, DNA looping, DNA-DNA interactions, DNA-DNA cross-linking, DNA
bridging proteins, Pull-down assay

1 Introduction

Three-dimensional organization of genomes affects and is affected
by DNA transactions such as transcription regulation, replication,
and recombination. In cells, a family of DNA-binding proteins,
called chromatin proteins, is involved in the organization of the
genome. These proteins wrap DNA around themselves, bend it, or
bridge DNA, forming loops. DNA loops play a variety of roles in
genome organization. These loops may operate locally with regu-
latory functions at specific single genes [1, 2], or over longer
distances, enabling the organism to co-regulate genes that are in
terms of genomic position far apart [ 3, 4]. Although studies involv-
ing DNA looping have a rich history [3, 5-12], in recent years,
numerous new insights have become available through the applica-
tion of new biochemical and biophysical techniques.

Classically, DNA loops (DNA bridges) were studied through
the use of electron microscopy and atomic force microscopy
[13-16]. These techniques permit visualization of DNA bridges.
However, these static images are incapable of resolving the
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formation of DNA bridges or its modulation. The advent of bio-
physical techniques such as magnetic and optical tweezers has made
it possible to stretch bridged DNA molecules by applying force
[17, 18] and determine biophysical properties of the DNA bridges,
but it is difficult to quantitate the protein(s)-DNA bridging
cfficiency.

Here, we describe a novel method for the quantification of
protein-DNA bridging efficiency and its modulation by environ-
mental conditions and other proteins. In this “bridging assay”, we
use streptavidin-coated paramagnetic beads coupled to 5’ biotin-
labeled DNA (bait DNA). The DNA-coated beads are then incu-
bated in the presence of **P radioactively labeled DNA and a DNA
bridging protein (or any di- or multivalent DNA-binding ligand).
The beads are pulled down by using their magnetic properties and
the amount of recovered *?P radiolabeled DNA (prey DNA) is
detected through liquid scintillation. The recovered **P radiola-
beled DNA is a direct measurement of the amount of DNA bridges
formed under these conditions.

2 Materials

2.1 Stock Solutions

Prepare all solutions using ultrapure water (prepared by purifying
deionized water, to attain a sensitivity of 18 MQ-cm at 25 °C) and
analytical grade reagents. Prepare and store all reagents at —20 °C
(unless indicated otherwise). You also need access to some routine
biochemical techniques [19].

The following stock solutions are required to perform this
experiment

1. Phosphate-buffered saline (PBS): 12 mM NaPO4 pH 7.4,
137 mM NaCl.

2. Renaturation buffer 10x (RB 10x): 200 mM Tris-HCI
pH 9.5, 10 mM Spermidine, 1 mM EDTA.

3. Labeling buffer (LB): 500 mM Tris—-HCI pH 9.5, 100 mM
MgCl,, 40% Glycerol.

4. Coupling buffer (CB): 20 mM Tris—-HCI pH 8.0, 2 mM
EDTA, 2 M NaCl, 2 mg/mL Acetylated BSA, 0.04%
Tween20.

5. Incubation buffer 10x (IB 10x): 100 mM Tris—HCI pH 8.0,
0.2% Tween20, 10 mg/mL Acetylated BSA.

6. DNA storage buffer: 10 mM Tris—-HCI pH 8.0, 50 mM KClI,
10 mM MgCl,.

7. Stop bufter: 10 mM Tris—-HCI pH 8.0, 1 mM EDTA, 200 mM
NaCl, 0.2% SDS.
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2.2 Generation
of DNA Substrates
Using PCR

2.3 Bridging Assay
Equipment

2.4 Quantifying DNA
Bridging Through
Radioactivity

To generate a DNA substrate for TPM, it is advised to use Poly-
merase Chain Reaction. This reaction requires:

. A DNA template containing the sequence of interest (se¢ Note 1).
. A Forward primer.

. A Reverse primer.

. Dream-Taq DNA polymerase 5 U /pL.

2 mM Deoxyribose Nucleotide Triphosphate (dANTP).

. 10x Dream Tag-polymerase reaction buffer.

. Gene Elute PCR cleanup kit (Sigma-Aldrich).

. Eppendorf® PCR tubes.

. Biorad T100 Thermocycler or any other available PCR
machine.

p—
(=)

. 1% agarose gel in 1 x TBE.
. Nanodrop® (Thermo Fisher).
. DNA ladder.

—
(NS

. Magnetic Eppendorf rack.
. Eppendorf shaker.

. Eppendorf rack.

. Eppendorf pipettes.

[S 20NN NN I S R

. Streptavidin coated Dynabeads.

. Liquid scintillator (HIDEX 300SL).
. Counting vials.

. 37 °C heat block.

80 °C water bath.

. Eppendorf® PCR tubes.

. ATP, gamma **P.

. Tabletop Eppendorf centrifuge.

. T4 Polynucleotide Kinase 10 U /uL.
. Mini G50 columns (GE Healthcare).

3 Methods

3.1 Generation
of DNA Substrates
Using PCR

These reagents are combined in an Eppendorf® PCR tube accord-
ing to the scheme below. These reactions must be done for both the
standard and biotinylated primers.
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Reagent Final quantity

DNA template 1 ng

Forward primer 10 pmol

Reverse primer 10 pmol

2 mM dNTP 5uL

10x Taq polymerase buffer 5uL

5 U/pL dream Taq polymerase 0.2 pL

H,O Add to total volume of 50 pL.

1. Keep this reaction mix on ice as much as possible and initiate

the PCR using the following protocol (see Note 2).

Cycles Temperature Duration
Initial denaturation 1 95 °C 5 min
Denaturation 35 95°C 30s
Annealing 62 °C 30s
Elongation 72 °C 4 min
Final elongation 1 72 °C 10 min
1 15°C 00

2. Purity the PCR product using the GeneElute PCR

cleanup kit.

. Load 2 pL of the purified PCR product on a 1% agarose gel in

TBE buffer alongside a DNA molecular weight marker for
verification that a product of the expected length is formed.
An example of a successful PCR and purification of the
obtained PCR product is shown in Fig. 1.

. Finally, the concentration of purified PCR-generated DNA

needs to be determined accurately. Determine the concen-
tration of the purified DNA by measuring UV absorbance
at 260 and 280 nm (see Note 3). If no other method is
available the concentration of DNA can also be approxi-
mated using a DNA dilution series run on an agarose gel
compared to a reference marker. Store the DNA solution at

-20 °C.
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3000 bp

1000 bp

500 bp

Fig. 1 Visualization of PCR product size by agarose gel electrophoresis. (a) 2 pL
of the GeneRuler DNA molecular weight marker. (b) 2 pL of the purified
PCR-generated unlabeled DNA (685 bp, ready for 2P labeling). (c) 2 plL of the
purified PCR-generated biotin-labeled DNA (685 bp)

1. Add 1.5 pL of RB 10x to 2 pmol of the purified DNA and fill
to a final volume of 15 pL using H,O.

2. Prepare the Kinase mix according to the following scheme:

Kinase mix component Added volume per DNA labeling (L)
LB 10x 2.5
50 mM DTT 2.5
ATP, gamma 2P 2
10 U/pL polynucleotide 1
kinase
H,O 2

3. Incubate the DNA mix at 80 °C for 2 min and immediately put
the sample on ice (see Note 4).

4. Add 10 pL of the Kinase mix to the DNA sample and incubate
at 37 °C for 30 min.

5. Stop the reaction by adding 1 pL of 0.5 M EDTA. Incubate the
sample at 75 °C for 15 min to deactivate the kinase.

6. Quickly spin the sample down using a tabletop centrifuge.

7. Prepare the mini G50 column by pre-incubating it in DNA
storage buffer as described by the column manual.
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8. Purify the labeled DNA using the G50 column.

9. Assess the volume of the purified DNA and fill it to 100 pL
using DNA storage buffer. The DNA should now have a final
concentration of approximately 20 pmol/pL.

10. Fill a counting vial with 7 mL of H,O.
11. Prepare 2 pL of the labeled DNA for liquid scintillation, by

transferring it to a PCR tube and submerging it in the
counting vial.

12. Determine the amount of counts per minute per vial.
13. Quantify the counts per pL of labeled DNA

3.3 Bridging Assay The DNA-bridging assay relies on the immobilization of bait DNA
on magnetic microparticles and the capture and detection of **P
labeled prey DNA if DNA-DNA bridge formation occurs (see Fig. 2
for a schematic depiction of the assay).
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Fig. 2 Schematic depiction of the DNA bridging assay with the H-NS DNA bridging protein. A standard DNA
bridging assay is shown by the blue arrows. Here streptavidin-coated paramagnetic beads are coupled to the
bait DNA, 5’ labeled with biotin. The beads bound with DNA are then incubated in the presence of 2P
radiolabeled DNA strand and H-NS. Next, using a magnetic rack, the beads are pulled down and the amount
of recovered 2P radiolabeled DNA (prey DNA) is quantified based on a reference 2P radiolabeled DNA sample.
(b) The pink arrows indicate a standard negative control for the DNA-bridging assay, in which no H-NS is added.
This control checks the stability of both prey and bait DNA. No 2P radiolabeled DNA should be recovered for this
sample (see Note 5 if this is the case). (c) The orange arrows indicate a standard negative control for the assay in
which the DNA bridging assay is performed in the absence of the bait DNA to test the stability of the protein. No
32p radiolabeled DNA should be recovered for this assay (see Note 6 if this is the case)

= —— .
A " "
WA AN AW AN N
! o
!,A

Quantification of recovered **P radiation




Quantitative Determination of DNA Bridging Efficiency of Chromatin Proteins 205

1.

12.

13.

14.

15.
16.

Wash 3 pL of streptavidin-coated paramagnetic beads (hence-
forth referred to as “beads”) per condition you wish to test
with 50 pL of PBS on the magnetic rack (sec Note 7).

. Wash the beads with 50 pLL of CB twice.
. Resuspend the beads in 3 pLL of CB.
. Dilute 100 pmol of biotinylated DNA in a total volume of 3 pLL

using DNA storage buffer (one per sample).

. Add the biotinylated DNA solution to the washed and resus-

pended beads.

. Gently vortex the sample to ensure that the beads are

resuspended.

. Incubate the samples at 25 °C for 20 mins in the Eppendorf

shaker at 1000 rpm.

. Wash the beads with 16 pL of 1 x IB twice.
. Resuspend the beads in 16 pL of 1 x IB.

10.
11.

Add 2 pL of the protein of interest.

Add 2 pL of radiolabeled DNA (with a minimum of 5000
counts per minute).

Gently vortex the sample to ensure that the beads are
resuspended.

Incubate the samples at 25 °C for 20 min in the Eppendorf
shaker at 1000 rpm.

Gently wash the beads with bridged protein-DNA complexes
with 20 pL of IB.

Resuspend the beads in Stop bufter.

Transfer the sample to the liquid Cherenkov-scintillation
counter.

4 Results

4.1 DNA-Bridging
Efficiency

as a Function

of Protein
Concentration.

The protein concentration used in the assay determines the amount
of DNA bridging observed. Itis therefore essential to test a range of
protein concentrations whenever a previously uncharacterized
DNA-bridging protein is investigated using the bridging assay.
Here, we show an example (Fig. 3) from our recent study investi-
gating the DNA-bridging efficiency of the Histone-like Nucleoid
Structuring protein (H-NS) [20]. Using this assay, it was demon-
strated that the DNA-bridging efficiency of H-NS is highly depen-
dent on protein concentration.
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4.2 DNA Bridging
Efficiency of H-NS
as a Function

of Physico-Chemical
Conditions

Ramon A. van der Valk et al.
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Fig. 3 DNA bridging as a function of H-NS concentration [20]. The experiments
were performed in the presence of 10 mM Tris—HCI pH 8.0, 50 mM KCI, 10 mM
MgCl,, 5% (w/v) glycerol. Error bars indicate the standard deviation of a triplicate

of experiments
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Fig. 4 Modulation of H-NS-DNA bridging by [K*] [20]. The experiments were
performed with 3,3 uM H-NS in 10 mM Tris—HCI pH 8.0, 10 mM MgCl,, 5% w/v
glycerol. Error bars indicate the standard deviation of a triplicate of experiments

The DNA-bridging assay allows for facile testing of the effect of
altered physico-chemical conditions. It has been shown previously
that H-NS-mediated DNA bridging is strongly modulated by envi-
ronmental factors such as osmotic stress [17, 20]. The
DNA-bridging assay revealed that increasing the amount of KCl
in the buffer indeed effectively abolishes DNA bridging by H-NS
(Fig. 4) [20].

This strong dependence of H-NS activity on environmental
factors underlines the necessity to test different buffer conditions
when testing new proteins. It is, however, important to verify that
the DNA-binding activity of the protein is still intact under condi-
tions that no DNA bridging is observed (se¢ Note 8).
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5 Notes

. The length of the DNA substrate used can affect the efficiency

of the assay. A 685 base pair DNA substrate was used in the
experiments described here.

. This PCR protocol was optimized for a 685 bp DNA substrate

using a Biorad T100 Thermocycler. Some optimization may be
required for different thermocyclers or substrates of different
lengths.

. When determining the concentration of the DNA it may be

advantageous to use a Nanodrop® as this technique requires a
very small volume.

. Snap-chilling your DNA before labeling the DNA remains

single-stranded and increases the efficiency of the Kinase.

. Recovery of *2P labeled DNA in the absence of DNA-bridging

proteins may be an indication of DNA aggregation.
In these cases, it is best to:
(a) Check the integrity of DNA on a 1% agarose gel.

(b) Re-evaluate the experimental buffer as the absence of salt
may cause larger DNA substrates to aggregate. Similar
effects may occur at extreme pH’s.

(c) Use new beads as the streptavidin coating may decay over
time, leading to inconclusive experiments.

. If 3°P Labeled DNA is recovered in the absence of biotin

labeled DNA, and not in the situation described in Note 5, it
is likely caused by precipitation or aggregation of the protein.
In these cases it is best to:

(a) Optimize the experimental buffer. Some proteins precipi-
tate in suboptimal conditions. The conditions can vary
greatly from protein to protein so it is best to test a wide
array of conditions (ion concentrations, pH, ion compo-
sition, etc.) and detergents until a suitable buffer has been
found.

(b) Use new beads, see Note 5c.

. When washing the beads on the magnetic rack pay attention to

the following:

(a) Keep the Eppendorf tubes in the magnetic rack and incu-
bate for at least 1 min to ensure that the beads are pelleted.

(b) When removing the supernatant make sure to pipette
slowly and not to disturb the pelleted beads with the
pipette tip.

(¢) Use a 0.5-10 Eppendorf micropipette to ensure that all
liquid is removed from the sample.

(d) Gently pipette the new liquid onto the pelleted beads.



208 Ramon A. van der Valk et al.
8. DNA binding of proteins is best confirmed with additional
solution-based experiments such as Microscale thermophoresis
(see Chapter 11) or Tethered particle motion (see Chapter 14).
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i Chapter 13

Approaches for Determining DNA Persistence Length Using
Atomic Force Microscopy

Justin P. Peters and L. James Maher Il

Abstract

Atomic force microscopy (AFM) is widely used to image and study biological molecules. As an example, we
have utilized AFM to investigate how the mechanical properties of DNA polymers depend on electrostatics
and the strength of DNA base stacking by studying double-stranded DNA molecules incorporating several
different neutral and charged base modifications. Here, we describe ten complementary approaches for
determining DNA persistence length by AFM imaging. The combination of different approaches provides
increased confidence and statistical reliability over existing methods utilizing only a single approach.

Key words Atomic force microscopy, DNA mechanics, Persistence length, Thymidine analogs,
Wormlike chain model

1 Introduction

DNA molecules and other biopolymers are routinely visualized
using atomic force microscopy (AFM). The strength of AFM lies
in its ability to rapidly scan and visualize multiple molecules on a
surface. A common objective of these types of experiments is to
determine mechanical properties such as persistence length.

The most widespread experimental method for imaging indi-
vidual DNA molecules involves depositing the sample onto mica.
The high charge density of DNA allows for its immobilization onto
a planar two-dimensional surface by virtue of ionic interactions
between DNA phosphates and surface charges. Adsorption of
DNA onto mica surfaces is typically promoted using either divalent
cations or polyamines; these agents bridge the negative charges of
the phosphate backbone and the negatively charged mica surface.
Under conditions of weak adsorption, DNA molecules are believed
to undergo thermal conformational fluctuations prior to immobili-
zation and therefore achieve chain statistics that represent equilib-
rium behavior in two dimensions [1, 2]. The conformational state
of the deposited molecules is generally analyzed by fitting

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
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experimental datasets with formulae accounting for statistical prop-
erties of equilibrated molecules, typically derived from theoretical
predictions of the wormlike chain (WLC) model. The WLC model
has proven to be a good model of DNA mechanics and to accu-
rately describe conformations of DNA molecules in two or three
dimensions [3-6].

Validation and support of a molecule deposition and image
analysis approach comes from both an agreement with literature
data from independent techniques as well as conformity in the
calculated values for persistence length based on theoretical expec-
tations. Here, we discuss ten approaches for determining DNA
persistence length. We show how these ten approaches can be
applied to AFM images of a series of DNA molecules incorporating
thymidine analogs. The end results of such analysis have been
previously published (Table 3 in [7]), but the step-by-step details,
associated figures, and tables appear for the first time below.

2 Materials

2.1 Equipment

2.2 PCR Reagents

1. Thermocycler.
2. Microcentrifuge.

3. Spectrophotometer capable of measuring UV absorbance at
260 nm.

4. Atomic Force Microscope (with instrument placed on vibra-
tion isolation table).

1. Plasmid DNA containing desired sequence.
2. Forward and reverse primers.

3. dTTP analogs desired in modified DNA.

4

. dANTP mixture lacking dTTP: 2.5 mM dATP, 2.5 mM dCTP,
and 2.5 mM dGTP.

5. 1 mg/mL bovine serum albumin (BSA).

6. 50 mM MgCl,.

7. Taq DNA polymerase (Invitrogen).

8. 10x Taq DNA polymerase buffer (Invitrogen).
9. 5 M betaine.

10. 5x PrimeSTAR GC bufter (Takara).

11. PrimeSTAR HS DNA polymerase (Takara).
12. 5x GC-rich solution (Roche).

13. Pwo PCR butffer (Roche).

14. Pwo SuperYield DNA Polymerase (Roche).
15. QIAquick PCR Purification Kit (Qiagen).



2.3 AFM Reagents

Approaches for Determining DNA Persistence Length Using Atomic. .. 213

1. Autoclaved ultrapure (18 MQ-cm) water.

2. 10x AFM buffer: 50 mM Tris—HCI, pH 7.5 supplemented
with 100 mM NaCl and 50 mM MgCl,.

3. Pure DNA samples.
4. AFM-grade bare mica.

5. Silicon cantilevers designed for tapping mode.

3 Methods

3.1 Sample
Preparation

Figure 1 shows chemical structures for seven dTTP analogs (see
Note 1).

1. Perform polymerase chain reaction (PCR) to synthesize DNA
fragments 753 base pairs (bp) in length from a pUC19-based
plasmid (pJ1506) containing a central 200 bp intrinsically
straight sequence [8, 9], as shown in Fig. 2 (see Note 2).

2. For analog 1, include in the PCR reactions (100 pL) 20 ng
plasmid template (see¢ Note 3), 0.4 mM forward and reverse
primers, 100 pg/mL BSA, Taq DNA polymerase buffer, 2 mM
MgCl,, 0.2 mM each ANTP (with dTTP completely replaced
by the analog triphosphate) and 5 U Taq DNA polymerase.
Cycle using conditions: 98 °C (3 min), 30 cycles of [94 °C
(30 s), 60 °C (30 s) and 72 °C (45 s)], followed by 72 °C
(5 min) and a 4 °C hold.

3. For analogs 2, 3, 4, and 5, include in the PCR reactions
(100 pL) 20 ng template, 0.4 mM forward and reverse primers,

R=+ /CHB

Fig. 1 Chemical structure of 2’-deoxythymidine triphosphate (dTTP) variants. The
site of thymine modification (C5 position) is shown with a large R. Structures of
the functional groups for the seven variants are shown at right
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CGGTGATGAC
GCCACTACTG

GACAAGCCCG
CTGTTCGGGC

CTGAGAGTGC
GACTCTCACG

CAGGCTGCGC
GTCCGACGCG

CAAGGCGATT
GTTCCGCTAA

ACCCGGGGAT
TGGGCCCCTA

CAGACGCTAC
GTCTGCGATG

GCTACCAGAC
CGATGGTCTG

GGTCATAGCT
CCAGTATCGA

GCCTGGGGTG
CGGACCCCAC

GGTGAAAACC
CCACTTTTGG

TCAGGGCGCG
AGTCCCGCGC

ACCATATGCG
TGGTATACGC

AACTGTTGGG
TTGACAACCC

AAGTTGGGTA
TTCAACCCAT

CCTCTCGCGG
GGAGAGCGCC

GCTAGCTGAG
CGATCGACTC

CAGCTGCACT
GTCGACGTGA

GTTTCCTGTG
CAAAGGACAC

CCTAATGAGT
GGATTACTCA

Sequence amplified from plasmid pJ1506

TCTGACACAT
AGACTGTGTA

TCAGCGGGTG
AGTCGCCCAC

GTGTGAAATA
CACACTTTAT

AAGGGCGATC
TTCCCGCTAG

ACGCCAGGGT
TGCGGTCCCA

CGCCCGCGAC
GCGGGCGCTG

CTGACTGTAC
GACTGACATG

GCAGACTGGA
CGTCTGACCT

TGAAATTGTT
ACTTTAACAA

GAGCTAACTC
CTCGATTGAG

GCAGCTCCCG
CGTCGAGGGC

TTGGCGGGTG
AACCGCCCAC

CCGCACAGAT
GGCGTGTCTA

GGTGCGGGCC
CCACGCCCGG

TTTCCCAGTC
AAAGGGTCAG

TCGAGCCTAG
AGCTCGGATC

TGTATGCAAT
ACATACGTTA

CTGACGCTAC
GACTGCGATG

ATCCGCTCAC
TAGGCGAGTG

ACA
TGT

GAGACGGTCA
CTCTGCCAGT

TCGGGGCTGG
AGCCCCGACC

GCGTAAGGAG
CGCATTCCTC

TCTTCGCTAT
AGAAGCGATA

ACGACGTTGT
TGCTGCAACA

CCTATGACAT
GGATACTGTA

GCAACCTCAC
CGTTGGAGTG

GCTATCGCAT
CGATAGCGTA

AATTCCACAC
TTAAGGTGTG

CAGCTTGTCT
GTCGAACAGA

CTTAACTATG
GAATTGATAC

AAAATACCGC
TTTTATGGCG

TACGCCAGCT
ATGCGGTCGA

AAAACGACGG
TTTTGCTGCC

GACACGTTAC
CTGTGCAATG

CTCAGGACAG
GAGTCCTGTC

CGCAGATGAG
GCGTCTACTC

AACATACGAG
TTGTATGCTC

GTAAGCGGAT
CATTCGCCTA

CGGCATCAGA
GCCGTAGTCT

ATCAGGCGCC
TAGTCCGCGG

GGCGAAAGGG
CCGCTTTCCC

CCAGTGAATT
GGTCACTTAA

GTTAGTCGAG
CAATCAGCTC

GACACGTGAC
CTGTGCACTG

ATGAAGCCGG
TACTTCGGCC

CCGGAAGCAT
GGCCTTCGTA

GCCGGGAGCA
CGGCCCTCGT

GCAGATTGTA
CGTCTAACAT

ATTCGCCATT
TAAGCGGTAA

GGATGTGCTG
CCTACACGAC

CGAGCTCGGT
GCTCGAGCCA

TCGATCAGAT
AGCTAGTCTA

GTGATGCTAT
CACTACGATA

GCGCCGCCAT
CGCGGCGGTA

AAAGTGTAAA
TTTCACATTT

Fig. 2 Sequence of the double-stranded DNA (dsDNA) fragment amplified from plasmid pJ1506. Forward
(LUIM-4762, bold magenta) and reverse (LUM-3223, bold cyan) primers are used to PCR amplify 753-bp
fragments for AFM which contain central 5-bp direct repeats (bold) to eliminate long-range sequence-directed
curvature

3.2 AFM Imaging

PrimeSTAR GC buffer, 0.2 mM each dNTP (dTTP completely
replaced with analog), 2 M betaine and 5 U PrimeSTAR HS
DNA polymerase. Cycle using conditions: 98 °C (3 min),
30 cycles of [98 °C (15 s), 60 °C (5 s) and 72 °C (45 s)],
followed by 72 °C (5 min) and a 4 °C hold.

. For analogs 6 and 7, include in the PCR reactions (100 pL)

20 ng template, 0.4 mM forward and reverse primers, Pwo
PCR buffer, GC-rich solution, 0.2 mM each dNTP? (dTTP
completely replaced with analog), 2 M betaine and 5 U Pwo
SuperYield DNA Polymerase. Cycle using conditions: 98 °C
(3 min), 30 cycles of [98 °C (1 min), 60 °C (2 min), and 72 °C
(8 min)], followed by 72 °C (5 min) and a 4 °C hold.

. Following PCR, purify the reactions using a PCR Purification

Kit and quantify using a spectrophotometer (see Note 4).

. Dilute each DNA sample to a concentration of ~2 pg/mlL in

AFM butffer and briefly mix to ensure even dispersal in solution
(see Note 5).

. Freshly cleave mica discs to serve as a support for sample

adsorption. Mica is composed of layers of minerals separated
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0.0 1: Height 500.0 nm

Fig. 3 Representative 500 x 500 nm (512 x 512 pixel) AFM image of 753 bp dsDNA (containing variant 6)
deposited on mica in 5 mM Tris—HCI, pH 7.5 supplemented with 10 mM NaCl and 5 mM MgCl,. The three-
dimensional representation (left), which visualizes several 2D equilibrium conformations of these DNA
fragments when subjected to thermal fluctuations, is represented in two dimensions (right) with a color
gradient that reflects the sample height

by intercalating ions, and each layer can be peeled oft when
adhered to double-sided tape. Repeat this step three to four
times to ensure complete removal of the upper layer, exposing a
freshly cleaved surface (see Note 6).

3. Deposit a 10 pL droplet of DNA in the center of a mica disc,
ensuring that the pipette tip does not contact the substrate.
Wait for 2—-3 min to ensure adequate coverage (see Note 7).

4. Caretully rinse the DNA solution with 2-3 mL of autoclaved
ultrapure water. Perform this step by holding the mica over a
sink using tweezers, so that excess DNA solution is rinsed from
the mica substrate.

5. Dry the substrate under a gentle stream of nitrogen gas for
~1 min, making sure that any excess water is removed. Option-
ally, repeat the water rinse and nitrogen flow drying steps prior
to imaging (see Note 8).

6. Perform AFM imaging at ambient temperature and humidity
using tapping-mode AFM in air with silicon cantilevers
operating near their resonance frequency and set point of
0.6-1.2 V (see Note 9).

7. Collect topographicimages (512 x 512 pixels) with a scan size of
500 nm and scan rate near 5 Hz (see Note 10). Flatten AFM
images by subtracting from each scan line a least-squares-fitted
third-order polynomial using software available with the AFM
instrument. Apply no additional background correction to the
images. Figure 3 shows a representative AFM image of DNA
fragments on mica. Specifically, the three-dimensional
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3.3 Image
Processing and Data
Analysis

representation (left), which visualizes several 2D equilibrium con-
formations of these DNA fragments when subjected to thermal
fluctuations, can also be represented in two dimensions (right)
with a color gradient that reflects the sample height (se¢eNote 11).

. From a large set of images collected for each DNA variant,

digitize the DNA molecules into pixel skeletons using an algo-
rithm previously described [10]. Although the detection and
thinning of the molecules is automated (se¢ Note 12), a human
supervisor can reject erroneously segmented skeletons or those
not meeting set criteria during interactive steps. Figure 4 illus-
trates this method.

2. Align the generated sets of pixel coordinates (skeletons) along
the positive x-axis to graphically illustrate the bending stiffness,
Fig. 5a.

Fig. 4 Image processing algorithm. AFM images (top left) were transformed into bi-color maps (top center)
with a threshold. Pixels above the threshold were then iteratively eroded from the edge of the DNA segments,
if the removal of a pixel did not severe the segment. This thinning process was repeated until no more pixels
could be removed, leaving behind DNA skeletons only one pixel wide (top right) for subsequent analysis. As a
final step, a pixelated grayscale version of the image (bottom left) and one with the DNA skeletons super-
imposed (bottom right) were evaluated by a human supervisor
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Fig. 5 Analysis of DNA pixel skeletons. Data are shown (left to right, top to bottom) for DNA variants 1-7,
respectively. This convention will be continued for all subsequent figures. (a) Alignment of DNA pixel skeletons
along the positive x-axis. The predominance of DNA skeletons in the first and fourth quadrants visually
demonstrates the DNA bend stiffness. (b) Distribution of DNA pixel skeleton contours. Histograms were fit with
Gaussian distributions (red lines)

3. Analyze the DNA skeletons (see Note 13), to determine the
distribution of DNA contour lengths using the (#., 7., 7.)-
based corner chain estimator [11] (see Note 14), given by

Lc = 0.980n, + 1.4067, — 0.091 2, (1)

The values of L appear normally distributed, as shown in
Fig. 5b, with mean and standard deviation reported in
Table 1 for the indicated number of skeletons, N.
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Table 1
Analysis of DNA skeletons

Thymidine variant N L; (nm) h (i\/bp)

Variant 1 126 240 £ 30 3.18 £ 0.39
Variant 2 113 237 £ 30 3.14 + 0.39
Variant 3 187 229 + 34 3.04 + 0.45
Variant 4 113 240 + 39 3.19 £ 0.52
Variant 5 188 230 £ 35 3.05 +£ 0.47
Variant 6 131 244 + 28 3.25 £0.37
Variant 7 101 246 + 39 327 £0.51

Nis the number of molecules used in the analysis for a given DNA incorporating the thymidine variants shown in Fig. 1,
Lcis the estimated contour length, and 4 s the estimated DNA helical rise, each presented as mean =+ standard deviation.

Data appear in Table 3 of [7].

4. Determine the value for DNA helical rise (4) by dividing the

average estimated contour length by the expected total number
of base pairs, Table 1 (se¢ Note 15).

5. After detection of DNA skeletons, extract the trajectories of

DNA centerlines using a routine developed with the particular
goal of analyzing local bend angles [12] (se¢ Note 16). Perform
this procedure for step sizes / ranging from 3 to 17 nm, as
shown in Fig. 6a.

. From the generated sets of coordinates (which can be thought

of as representations of the DNA axis) compute statistical
quantities such as the Euclidean distance between the first
and the last points of a DNA representation with contour
length separation distance 4, the so called end-end distance R
(see Note 17). Use nonoverlapping logarithmic sampling of the
DNA representations, Fig. 7, to avoid intrinsic correlations
from sampling and to allow for the estimation of the statistical
reliability of the measurements (se¢ Note 18).

3.4 WLC Fitting The wormlike chain (WLC) model captures the entropic elastic

and Persistence

behavior of a semi-flexible biopolymer through idealization as an

Length Determination intrinsically straight, inextensible elastic rod [13]. In fact, the WLC
model is the continuous limit of the discrete freely rotating chain, as
illustrated in Fig. 8. For a chain of contour length L (L = »/for the
discrete chain of # segments of length /), the end-end distance
vector R is given from the unit tangent vector u(s) at arc length
position s by

L
J u(s)ds =R (2)
0
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A

Fig. 6 Generating DNA centerline representations. Using the algorithm of Wiggins
et al. [12] along with start and ‘end points’ defined from the pixel skeletons, (x,})
coordinate pairs separated by step size /were generated for each DNA molecule
for step sizes /=3, 4,5,...,17nm (@) and / = 4,4.25,4.5, ..., 9 nm (b). The
true end point actually lies within a circular region centered on the pixel skeleton
end point with radius equal to 1% of the chosen step size

The WLC model attributes bending deformations induced by
thermal fluctuations (kg is the Boltzmann constant and 7 is the
absolute temperature) to a classical (obeying Hooke’s law, see Note
19) elastic energy function

Ewic P&’
kT~ 2d
where the elastic bend constant P controls the exponential decay of
the orientational correlation between unit tangent vectors sepa-

rated by curvilinear (arc length) distance 4 with angle 0 between
them (Fig. 8).

(3)

(u(s) -u(s +d)) = (4)
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Fig. 7 Non-overlapping logarithmic sampling of DNA representations generated with the indicated step size /.
Data are presented for the optimal step size from /=3, 4,5, ...,17nm (@) and /= 4,4.25,4.5, ...,9nm (b).
How these optimal step sizes were chosen is discussed later in the text. This convention of showing data at
the indicated optimal step size will be continued for all subsequent figures

and the () notation indicates averaging over thermal realizations.
Equation 4 can be reinterpreted using the definition of scalar
projection as

(cosb),p, = e (5)

The elastic bend constant P is referred to as the persistence
length (length through which the memory of the initial orientation
of the chain persists) and quantifies the chain’s resistance to bend-
ing (see Note 20).

The probability distribution of @ (angular distribution func-
tion) is given by Boltzmann statistics

G(0:d,P) = m =\ 32 2 (6)
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wormlike chain

freely rotating chain

u(0)

u(L)

Fig. 8 Comparison of the continuous wormlike chain (WLC) model with the
discrete freely rotating chain (FRC) model and illustration of the geometric
quantities discussed in the text

Thus, the harmonic energy function makes the WLC angular
distribution Gaussian (se¢ Note 21). The prediction that G(6) is
normally distributed can be explored by examining the moments of
0, which are given by

(o™ = / io 0" G(9)d0 (7)

All odd moments are zero (regardless of dimensionality of the
molecules)

0)=(*)=(")=...=0 (8)

The first four odd moments of @ are shown in Figs. 9, 10, 11,
and 12, respectively, after being normalized

0 ) 6 @) o)

~ ~
~ ~ ~

) (0 () (D)

The even moments give nonzero predictions and each is a
function of the three dimensional persistence length, i.e., P = P3p
(As a convention, the subscript will be omitted when referring to
the 3D case). As discussed earlier, the process of DNA adsorption
on a surface diminishes the number of possible DNA
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conformations; therefore, any quantitative description of the appar-
ent DNA conformation confined to a plane requires
two-dimensional (2D) reformulation of the existing models for
three-dimensional (3D) conformations. Consider

2d
2
=— 1
) =7 (10)
This equation has an identical mathematical form in 2D
24
2 _
<9 >2D - Pyp (11)

Due to the loss of one degree of freedom moving 3D — 2D,
there exists a scaling relationship between the two persistence
lengths, so that the substitution P, = 2 P gives this 2D conforma-
tional statistic in terms of the desired 3D persistence length
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<‘92>2D :% (12)

Figure 13 shows the second moment of 6 (see Note 22). We
obtain a persistence length estimate from this function (Eq. 12), or
more generically the function f{4;P), by employing a weighted
nonlinear least squares method, i.e., minimizing the cost function
C(P) with respect to the free parameter P

) 2
¥ = mgn C(P) = mlin Zi;:o <ﬂ—d —f(4; P)> (13)

04

where p,; and o, are experimentally determined mean values and
standard deviations, respectively, from sampling and f{4;P) are
theoretical predictions of the WLC model. The fitted value of
P (and its uncertainty) along with the average persistence length
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value from ten distinct estimates, P, are also shown in Fig. 13.
The latter average will be included in all subsequent figures for
comparison with individual values.

1. Perform fitting to the measured quantities with corresponding
equations from the WLC theory. Begin with the second

moment of 6.

2. Perform fitting to the fourth moment.

Vlz
<94>2D = SF

Figure 14 shows the fourth moment of 6.

3. Perform fitting to the sixth moment.



>

@

@ed:

400

200

-200

-400
400

200

-200

-400 |

B 00

@

@ed:

200

-200

-400
400

200

-200

-400

Approaches for Determining DNA Persistence Length Using Atomic. .. 225
[ /=6nm /=7nm I=6nm
1101 S IRESETE: T
TH REEEEE EINSRAEESEEE
[ /=6nm I1=5nm 1=6nm 1=8nm
ARERe: Jiisseneren A reo ofor. 1lrrg
TrITHTs HU“U““ NIHU IBREES
50 100 150 50 100 150 2000 50 100 150 50 100 150 200
separation, d (nm) separation, d (nm) separation, d (nm) separation, d (nm)
[ 1=5.5nm 1=6.75 nm 1=5.75nm
Trrrr I1ri1es s .
198 [T Qs
C L L L =775nm
[ 1=5.75nm 1=5.25nm /=55nm
M JRfetoney pURANAREET T e W]
TILIeE TTITIIT 11111111 JIREREES
0 50 100 150 100 150 2000 50 100 150 100 150 200

separation, d (nm)

separation, d (nm)

separation, d (nm)

separation, d (nm)

Fig. 12 Normalized seventh moment of 8. The mean of the black symbols is indicated with a solid line, while
the mean of all symbols (black and gray) is indicated with a dashed line

B
<96>2D = 15?

Figure 15 shows the sixth moment of 6.

(@)

Tk

(15)

. Examine the ratio of the fourth moment to the square of the
second moment, the so-called kurtosis (%), which satisfies the
following.

(16)

Figure 16 shows k%, which serves as an additional check of the
normality prediction (see Note 23).
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5.

Examine one final check of normality of the angular distribu-

tion function, which comes from the ratio.

(0°)

-~ 15
(0%)

(17)

Figure 17 shows this final check of the normality prediction.

(adjusted for dimensionality).

(cosO),, =¢

d
r

. Perform fitting to cos 6. Recall the prediction of Eq. 5

(18)

The fitted value of P from this approach is shown in Fig. 18.
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7. Perform fitting to the projection of the end-end distance vector
R onto the initial tangent vector ug

(R - o), = J: (u(s) - ug)ds = J

d

0

Figure 19 shows (R - uy).

8. Perform fitting to the second moment of R given by

(R),p = [ [dtu(s) - u(s))dsds

=44dP|1 — —
1=

The

same

result

=
= [2[ee 2P dsds
= ngfge_%dsds’
2P < _d
1 —¢2P

1s

A(R*),, = 2(R - ug),pds

)

reached by

observing

s = 2P(1 - fﬁ) (19)

that
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a d
)= [ 20w [ 470 5

- 4pzp{1 - % (1 - g—%)] (21)

Figure 20 shows the second moment of R.

9. Perform fitting to the fourth moment of R.

(R*),,, = 324’ P> — 2404P% + 696 P*
- % AP e — —62972 eI+ g P (22)

Figure 21 shows the fourth moment of R assuming 2D chain
statistics (see Note 24).
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10. Perform fitting to the normalized difference ((R*) — (R?)?)/
A*, which does not vanish for large separations. Fits using
these equations are shown in Fig. 22.

11. Perform fitting to—In G(@). Recall the WLC angular distri-
bution (Eq. 6). Binning of the measured angles is necessary to
calculate the histogram—In G(0;4,P) [14]. For a bin size of
A@ around a bin center of 6, the probability is evaluated using
the error function

2 [
erf(x) = \/—;[./03 dt (23)

so that
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12.

G(0;d, P) = erf

—erf

24

L
24

P A
2042

2

)

A6

9-—="

?)

(24)

The negative logarithm of this equation was used for the
fitting shown in Fig. 23.

Determine Pusing the maximal cos . Figure 8 shows that the
angle between adjacent segments is denoted as x (a special
case of @ when 4 = /). Equation 18 is still applicable

(cosy)op =

and can be rearranged to yield

S

(25)
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Fig. 18 Estimate of P from cos 6. See legend of Fig. 13

13.

P

50 100 150 2000
separation, d (nm)

-1

" 2In ((cosx)ap)

50 100 150 200
separation, d (nm)

(26)

The quantity (cosy),,.. provides a reliable means for deter-
mining the optimal segment length for analysis and provides
an additional estimate of P at this optimal segment length (see
Note 25). This approach is illustrated in Fig. 24.

Assemble the fitted values of P into summary tables. The
complete analysis for each DNA incorporating a thymidine
analog is given for variant 1 to variant 7 in Tables 2, 3,4, 5, 6,
7, and 8, respectively. Step sizes / ranging by nanometer from
3 nm to 17 nm appear at the top of each table, and the optimal
step size, loptimal, 18 indicated in bold (see Note 26).

We repeated the analysis of persistence length for step
sizes ranging from 4 nm to 9 nm (see Note 27). This analysis
appears in the bottom half of Tables 2, 3,4, 5, 6, 7, and 8 for
variant 1 to variant 7, respectively. For each variant, /,pgimal 18
again indicated in bold. Importantly, the estimates of P from
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Fig. 19 Estimate of P from (R - ug). See legend of Fig. 13

the fractional optimal step sizes [ypima Were consistently
within one half nanometer of the previous estimates. This is
well within the uncertainty from fitting. These results indicate
that discretization of / (to integral values) has little effect on
the estimates of P (Table 9) and renders a more exact deter-
mination of [ypimar largely unnecessary. Overall, the experi-
mental data show good agreement with the theoretical
expectations and exhibit consistency in the values of persis-
tence length calculated using different formulae. This confor-
mity in the calculated values for DNA persistence length
derived from ten approaches (Table 9) provides strong sup-
port for using the framework of the WLC model to analyze
AFM data.



A 30 /=6nm

— P=512+12n
25 | "

Approaches for Determining DNA Persistence Length Using Atomic. . . 233
r /=7 nm r /=6nm
77P:591:1v9nm | — P=551%12nm
"7 'Paye = 58 nm "7 'Paye = 56.6 nm

" Paye = 55.7 nm

20

(R?) (x10° nm?)
&

10 +

5+

0 | L L L L

30 /=6nm F /=5nm F /=6nm /=8nm
— P=59.3:19nm — P=562%15nm — P=452+11nm — P=81.1£23nm

25 F--p =584nm T = *Phe=527nm T - Pa.=483nm =P = 82nm

(R?) (x10° nm?)
&

10
5+
0 [ L L L L L L L L L L L L L L L L L
0 50 100 150 2000 50 100 150 2000 50 100 150 2000 50 100 150 200
separation, d (nm) separation, d (nm) separation, d (nm) separation, d (nm)
B 30 F /=55nm F /=6.75nm F /=5.75nm
25| T P=503%12nm | —P=505:19nm | —P=537:12nm

"7 Pae =53.30m
20

(R?) (x10° nm?)
&

" Pae=57.90m

TPy =547 nm

10 +
5+
0 | L L n L L L L n L L L
30 - /=575 nm F /=5.25nm F /=5.5nm F /=7.75nm
5 | P=594%19mm — P=565+15nm / — P=447%11nm — P=805+23nm
[ -~ Pa=56.5nm [~ Pae=529nm [ -~ Pae=47.3nm [ " Pae=80.1nm

(R?) (x10° nm?)

0 50 100 150

separation, d (nm)

2000 50 100 150 2000 50 100 150 2000 50 100 150 200

separation, d (nm) separation, d (nm) separation, d (nm)

Fig. 20 Estimate of P from the second moment of R. See legend of Fig. 13

4 Notes

. Analogs 1, 2, and 3 were purchased commercially (TriLink

BioTechnologies), while analogs 4, 5, 6, and 7 were custom
synthesized as described previously [8].

. We amplify PCR products with primers LJM-4762 (5'-CG,TG

ATGACG,TGA,) and 1LJM-3223 (5-TGTGAGT,AGCTCA
CTCAT,AG,) using the reported conditions [8].

. Alternatively 20 ng of purified PCR product from a previous

reaction can serve as the template instead of plasmid DNA.
This may help increase yield.

. In addition to quantification using a NanoDrop 1000 Spectro-

photometer (Thermo Scientific), we always recommend con-
firming the homogeneity of the purified DNA by gel
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Fig. 21 Estimate of P from the fourth moment of R. See legend of Fig. 13

electrophoresis prior to AFM analysis to ensure a homogenous
population of the expected size.

5. Since AFM is a surface technique, the way in which the DNA
molecules adhere to the surface must be considered. Use of
Mg?* ions at a concentration lower than 6 mM allows DNA
molecules to adhere to the mica surface weakly enough that
interactions between the DNA and mica do not affect the chain
statistics. Specifically, when low millimolar amounts of divalent
cations (Mg**, Ni?*) are used to promote adsorption, experi-
ments have shown that DNA molecules are able to freely
equilibrate in 2D conformations before being immobilized on
the surface [1]. In contrast, strong adsorption without equili-
bration (i.e., kinetic trapping) leads to conformations reflecting
a projection of the DNA chains in solution onto a plane.

6. We recommend always using the highest quality mica available,
e.g., grade V1 (Ted Pella). Mica is the substrate of choice for



Approaches for Determining DNA Persistence Length Using Atomic. .. 235

A 0.10 1=6nm F 1=7nm F /=6nm
— P=513+3.1nm — P=525£33nm — P=538+£28nm
0.08 | " P.,.=557nm E " Pae=58nm L ""'P,.=566nm
<
3
:: 0.06 - F F
£
T
5> 004 +
[
0.02 -
0.00 ; . . . . .
0.10 - /=6nm r /=5nm r /=6nm /=8nm
— P=51033nmm — P=516+25mm — P=484+28nm  p=788+55nm
0.08 | "7 Pae=584nm " Pae=527nm " Pae=483nm == Paye =82nm

(RH~(R??)/d*

0 50 100 150

separation, d (nm)

2000 50 100 150

separation, d (nm)

50 100 150

separation, d (nm)

B 0.10 /=55nm F 1=6.750m F 1=5.750m
— P=511+3.0nm — P=54.0+3.6nm — P=525+26nm
008 - ""P,,=533nm b " P.e=57.9nm F " Pae=547nm

50 100 150 200

separation, d (nm)

(RH~(R??)/d*
o
I

0.02

0.00 . . . . .

0.10 + 1=5.75nm 1=55nm F 1=7.75nm
— P=524%39nm — P=503+25nm — P=485:28nm  p=782:52nm

0.08 - --P,.=565nm L - Pae=529nm b = Pae=47.3nm -

-~ Paye =80.1nm

(RH~(R??)/d*

0 50 100 150 2000 50 100 150 2000 50 100 150 2000 50 100 150 200

separation, d (nm) separation, d (nm) separation, d (nm) separation, d (nm)

Fig. 22 Estimate of P from the difference ((R*) — (R?)/d". See legend of Fig. 13

DNA studies because it is atomically flat, with a layer height of
0.37 nm £ 0.02 nm, and is easily cleaved to expose a clean
surface.

7. The deposition time varies depending on the concentration of
DNA used as well as the desired density of DNA fragments per
frame.

8. Rinsing of the sample and its drying, steps that are required for
immobilization of DNA onto the mica surface for imaging in
air, may alter DNA conformation in a way that depends on the
forces occurring between pre-equilibrated molecules and the
mica surface. In typical solvent conditions, the Debye screening
length is less than 5 nm. Since the rinsing buffer is pure water,
the Debye length increases, potentially leading to an increase in
the apparent persistence length. Thus, a completely dry sub-
strate is necessary for faithful image collection.
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Fig. 23 Estimate of P from — In G. See legend of Fig. 13

9.

10.

We use a NanoScope IV controlled Multimode equipped with a
type E scanner (Bruker) operating in tapping mode. Tapping
mode ensures that minimal lateral force is applied, compared to
contact mode. The imaging parameters are dependent on the
instrument and the choice of probe. We select AFM probes for
tapping mode in air (FESP, Bruker), with a nominal resonant
frequency of ~75 kHz, force constant of ~3 N/m, and tip
radius <10 nm. The use of ultrasharp silicon probes allows a
very high resolution to be obtained. The ability to image at
near molecular resolution requires the tapping force to be
sufficiently large to provide significant contrast in the AFM
images, however, not so large that it will deform the sample.

We recommend using a separation for the AFM height mea-
surements of ~1 nm, which is achieved when the scan size
(in nanometers) roughly equals the number of pixels per line.
Owing to experimental limitations of AFM (e.g., pixelation, tip
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11.

radius, and noise), experimental DNA traces only correspond
to the physical conformation above a resolution limit. In Sub-
heading 3.3, step 5 we analyze the statistics of DNA at a 3 nm
length scale minimum (even though the AFM height measure-
ments are separated by ~1 nm), because, beyond this minimum
resolution (typically near 6 nm, sec Note 25 and Tables 2, 3, 4,
5, 6,7, and 8), the measured chain statistics reflect the under-
lying conformation of the chain rather than tracing artifacts.

Clean images of DNA are obtained by ensuring from visual

inspection that the surface is free of any salt deposits or other
impurities. Interaction of DNA with salt deposits could poten-
tially introduce large distortions or otherwise disrupt chain

statistics.




Justin P. Peters and L. James Maher |l

238

06F0%9 Q8T1F07%8 06FFTL 0€EF 605 61FL09 S8T1F8LS S8I1F8L9 GEFOI9 GSE€EFEI9 SEF6'19 G€FCTC9 L1
68FL99 9T1FLS8 F+¥8F9U CTEFETS 61TFTT19 S8I1F¥%8 LIF08 CTFF6'S9 6€STFLYY LEFIF9 9¢€F0¥F9 91
86F LYY S1F9L8 8LF0€EL 0€EF SIS LIFT6S 91F995 SITF6F9 LEFLT LEFFEI SEF6€9 G€FO0FV9 ST
T0TF9¢9 FIFGS8 S0IFLSL TEFO0CS LT1F66S 9T1TFECLS STFET9 8EF9€9 LEFO0PI SEFOVI FE€F LY i4!
FITF0S9 F1FL68 96FF8L 6CFF¥0S 9T1TF08 SITFFSS FIFCTC9 8EFRSY GEFREY €E€F6T9 €€FI1E9 €l
ITF099 €1+F806 88 F 082 CTEFETCS 9TFTL6S STFLI9S FIFI9E9 TFFLFY 8S8EF8&YY SEF6F9 FE€TFO6F9 (41
LITF€S9 CTIFF06 08FS6L 0€EFL0S STFLLS FIFLISS C€TFCTI9 6€F099 SE€EFSPI €€FLEY TETF6E9 11
GCLF+TS9 OIFS06 TITFTIES 6CF60S FIFG98 C€1FCTPS TI1FF¥6S LEFLFY FEFSFI CTEFIFI9 T1€FCTH9 0L
CITFEE9 60F04LS8 66F 68L 6CTFTCTIS €C€1F€SS CTCIFTES TIF08S €€F96S €€FLT9 0€FEE9 6CFFTE9 6
POILF+809 80F€T8 88F99L 0EFF0S C€1FFGS CIFCTES TIFELS 6CFISS 0€F9LS 8TF009 8CF €09 8
€8+F98S 90F9SL 9LF91L 6CFS0S €I1F0¥%S CTIFO0CS TIF9SS LTFSPHS LTFLESS 9TF8LS 9CF 18§ L
€Y+ LSS SO0FTS9 SS9+ 509 TEFEIS €1F8CS TIFTIS T'IFOVS LTFLIS ¥FCFCTSS €CTF8FS ¥ TF6'FS 9
STF SIS €0F9CS SSF I'8% 6CFCTIS TIF80S TIF¥e6r TIFFIS SCFYPS CCFSCS TTFSIS TCFOIS q
8YF+89% TOF I'6E 6'CTF €LE T'EFICS €1FCT6F CTIFI8F CIF68F €CTF60S 0CTF64LY 61FVLV O0CTTFSLV i
C6F9Cy TO0F8I9T ¢€¢F19C TEFQTS C€1F¥9Y TIFIOSY TIFLSY CTTFF0S S81F6SYy 91FLEY LI1IFTEY 9
abelany (X's00) (O u— (H) —(H) (M) () (°n-y) (40) (,0) (0) (6 s09)

(wu) gs T4 (wu) W3s Fd L

proq ui pajesipul si sazis dajs Jo 1as yoea J10j / jewndo sy} :| Jueliea 1o) sisfjeue 4y Jo Alewwng

¢ dgel



239

Approaches for Determining DNA Persistence Length Using Atomic. ..

TITF+T€9
LO0LF 619
CTITF0€9
0L+ 119
0l + 609
S°6F 869
€6+ 109
9'8 F €65
8 F €89
09 + 89S
0LF TLS
9GS+ £L9S
A A A
'e+T¥S
cCFees
I'c+0€S
9'TF SIS
STFo66F
cTF96r
0¥ + 8%
8V + L 9%

60F 698
60+ %98
80FCT¥8
80 F 8°¢8
L0F L8
L0F 818
L0F96L
90 F992
90 F 552
90 F ScL
S0+ 60L
S0+ 189
70 F €99
70+ 079
€0+ 78S
¥0F CTLS
€0F97Cs
€0+ I'6v
0+ 997y
0 FECY
0+ To6e

66F CT8L
L6FLYL
€6F¥T8
I'6+S€L
88 F9°SL
S8+ ¥0L
T8 F9¢L
6LFT¢L
9LF90L
67 F 869
T2+ 989
89 F L¥9
S9+ 509
I'y+0¢€S
0°9 F L'¥S
/2 S S /44 eS
SSF¥8¥
CSFLEY
6%+ 0SSy
LY F06€
6CF+€ELE

6'C+ 808
0°¢+ 809
e+ 8IS
6CF %08
e+ 909
6'CF 08
0°¢€F 508
T'EF 018
6'CF ¥08
T'EFTIS
0°¢€F 208
6'CTF L0S
0€F €IS
0€F+ IS
0°€EFT'1IS
6CF OIS
0€F IS
0€+ €IS
0¢€F SIS
0€+ 8IS
I'e+ TS

€1+ 7T99
€T+ 099
71T+ 09S
ETF 678
€1+ ¥SS
CTIFO0¥S
ETF¥¥S
ETF9%S
CTIF6€S
ST+ TIPS
STFTES
ClL+27Ts
STFTES
L+ ¥Cs
I+ 8IS
CIF+91S
CLFTIS
I+ 667
I+ 908
1+ 86F
L+ 687

CLF+L€ES
A O A
€T+ 6¢S
1+ 87TS
€1+ €¢S
CLFTI'CS
CTLF¥CS
T F97TS
CTIF 618
L+ TS
I+ €IS
I'TF+ 018
CIFET1S
I+ 608
TIF €08
CT+00S
L+ 96v
I'T+98%
L+ T'6v
1+ 987y
L+ 6Ly

I'T+ €8S
1+ %8S
1 +98S
T'TF €4S
1+ 8LS
I'TF %99
T'TF+C9S
T'TF 998
T'TFTSS
T'T+ 5SS
T'TFCT¥S
0T F6¢€S
T'TFCT¥S
I'TF9¢€s
T'T +87cSs
I'TF+07¢s
I'TF €TS8
I'T+90¢8
I'T+ 508
I'lF S6v
I'TF+48%

e TF€6S
e+ 29§
e Fres
0°¢€ + T89S
6'CF ¥SS
8CTF 19S
6'CF T9S
8CTF 6%S
LTTFETPS
8CTF¥¥S
9CTF¥¥S
9'CF 0°LS
9'CF ¥9¢
SCTF¥SS
SCTFSPS
§CTF €SS
7CTF EFS
ETFIES
¥'CF9CS
€TF 0TS
TTF 908

TeEF 079
e+ 685
e F 809
6'CF 968
0°€FLLS
8CTF LLS
6'CTF €89
8T+ L9S
L'CTF 9SS
9CF 1'SS
9°CF 8%S
7T+ 099
¥'CF 0SS
€ETFSYS
eTCFT1ES
ECFEES
cc+Tes
I'c+ 019
I'Cc+ T09
0C+ L6y
0C+ 8Ly

0°¢€F L7
0+ <19
6CF <19
8T+ 009
6CF+T09
L'CTF 96S
8T+ 869
L'CTF S8S
9°CF 84S
ST+ 999
§CF+ T99
T+ 199
ECF8YS
ECFOPS
TCFEES
cCF0¢Es
I'C+ LTS
0C+90S
0'CF 667
6'1F Cov
6L +¥Ly

6'C+ 879
6CF+919
6CTF V19
LT+ €09
8T+ 909
LCF 009
LT+ 109
9'C F+ 88S
9'C+ €8S
STF0LS
ST+ 999
7T+ €95
€T+ 0SS
ECF+ 8¥S
€T+ S'€ES
CCFCTES
CTTF OIS
I'c+ 208
I'C+ 66%
0'CF CTor
6'1FSLY

S.'8
S8
ST'8

SL'L
SL
STL

S2°9
S9
ST9

SL°S
S'S
STS

SL'Y
Sy
STy



Justin P. Peters and L. James Maher |l

240

LCLFTI¥.L SCTFT66 06FF¥L SEFO0SS 8CTF69L LTFLIL 8TFI998 ¥ F¥FT109 6vF LYY €SF0SL T'SFTLL L1
CEIFSEL TTFT66 F¥8FVGL LEFTSS 6CF69L LTFLIL SCTFF98 CTYF+89S 8% F+819 €SFF¥¥L TS+ 89L 91
SCILFT1CL TTF886 6LFLIL €EeFI9€CS 9CTFEFL SCTFFT69 STCFLIS TF¥FL6S SYFTEY 6V F1'€L 8F¥FTL ST
TETIF9EL 0CF986 ¥0I F €68 SEFO6FS SCFLYL ¥CF869 STFLTCE TF¥F08 9FVF0E9 8% +FS€L 9%+ 9S4 71
SCLFI1L LT1FE€L6 L6FT8L CEFFES ¥TCF9TUUL €CF6L9 €TCFT6L 6EFF¥8S €¥FST9 9V F1CUL ST+ 1L €l
STITF20L STF9C6 LETIFT08 LEF8YS FTCFLIL €TFFL9 €TFEYL OFFE9S SHFFEI9 9V FE1L STFEEL (41
LOLF099 €T1T+F088 ZLS+FL12¢€9 CTEFRIS TTFO069 TCFLYY TTFLEL SEFOFPS 6€EFFIS TYFE8 1TF¥F+L0L IT
06 F6F%9 T1TF6C8 T1TSFLI9 CEFOTCS TTFLLY 0TF88E9 61F61L SEF8PS §EFTLS 6€EF699 6€F 169 0L
IT'2F6€9 80F+SL TO0IF 889 CEFTITS TTF999 0CF88TI 61F00L SEFLSS 9€EFTLS 9€EFRE9 9¢€F 199 6
FSFEI9 L0F889 88SFCT09 SEFIES TCTFO6F9 0OCFLI9 0CTFGS8Y €€FTSS €€FLSS FEFTI9 ¥E€TFEE9 8
OFF0'8S SO0F96S LLF6LS €E€EFSTS OCTFTITI 6TFT16S 6TF0S9 0EFOFS 6TF9I9TS 0EFFLS T'E+F S6S 4,
CY+1SS €0FF0S €¥F+F0S GEFO0ES 61F86S 61FCTLS 61F8C9 CTEFTES 6CFEIS 8CFGSS 6CF SLS 9
€LF60S TOFFOFr 96+ 8¢SE EEFO6TCS 61TFT14LS 8TF6FS 61FE€6S 8TF0ES STFS6F STCF0CS 9CF9¢€S q
L6F8LY TOFCTIE S¥FIL6C SEFFPS 61FEFS 61F LTS T'TFILS TEFETCS STFI8Y €CTFO06F ¥CF COS i4
CCLFO¥r TOFETCC TCFFIC SEFFESS 61F90S 0CTFF¥o6r TTFCTES 0EFO61IS €TFO09Y 61 FS+y 1T+ 8FP ¢
abesany  (Xs00) (M9 u— (H) — (H) (M) (M) (on-y) (o) (,0) (:0) (909

(wu)

(wu) as Fd

(wu) W3S Fd

p1oq ui pajesipul si sazis dajs Jo 1as yoea 1oy / jewndo sy} :g Jueliea 1oj sisfjeue 4y Jo Alewwng

€ 9|qel



241

Approaches for Determining DNA Persistence Length Using Atomic. ..

VLF T
L9FT1¢€9
89+ 979
6'S+ 609
PSFTI9
8% F 669
SY+ L6S
SY + 689
'y + €89
TV +6°LS
6'¢€F L9S
'y + %99
'y + 189S
6% F9¢S
09+ €€S
9 F€7CS
Y.LF 018
6'LF €08
€8 F S6¥
I'6+ ¥8%
L'6F 8Ly

60F¥SL
80F €L
L0F60L
£0F90L
L0 F 889
90 F S99
90 F I'¥9
S0+ €79
S°0F 968
%0+ 0°4LS
7'0F L€S
70+ €7CS
70+ ¥0S
€0FTLY
E0F¥SYy
€0+ 9¢y
T0F S0F
0+ I8¢
T0F 6'S€
0 F¥ee
0+ CI€E

¥'SF 1SS
79 F €99
9 F ¥
09 + 689
8S+ 709
9'S F 609
€8 F T
'8+ T'8S
L'LF S8S
S LF ¥SS
TLF ¥ SS
69 F 509
€Y+ 908
Ty F 99
I'9F€F
6'S T ¥0¥%
9'G F 8'S¢
€6 F G¥e
0§ Fg¢e
8%+ L°0€
Sy F+16C

€€ F €S
7€ F €S
§¢F9¢€s
€€+ TS
7'€F 6CS
TETF OIS
7€ F SCS
7'€F 6CS
€E€F0¢ES
9°¢ F 0°%S
TEFTES
€€+ LTS
TEFTES
ceEF VIS
VEFFES
VEFTES
¥EFEES
vEFFES
¥E€EF9€ES
7€+ 8€S
S¢€FSPS

I'c+ 099
'C+ 299
0C+ S99
0CF¥¥9
I'c+6%9
0CcF+ e
0CF L79
0CcF €€
0C+ 879
0°CF €79
61T+ CTI9
6'TF 09
6'TF 869
6'TF 689
6'TF €68
6'TF 189
6'TF¥LS
6'TF 899
6'TF 699
6'TF €99
61T+ ¥¥S

0CF S
0Cc+ 179
0CcF+ T2
61T+ TT19
0CcF+ST19
6T+ 009
6'1F L 6S
6T+ CT09
6'TF 669
6'T F S°6S
6'TF 989
6'TF9:LS
6'TF€LS
6'TF €99
6'TF 699
8T F 89S
6'TF CTSS
6'1TF LS
6'TF0%S
6'TF¥¢€S
6’1+ 87CS

0CcFCT0L
6T+ 969
6'TF 969
61+ L1219
6T+ 089
6T+ CT99
61+ 899
6'TF €99
6'TF S99
6'T F 4S9
6'TF0%9
6TF0¢€9
6T+ 579
6'TF 819
0C+ 179
6'TF£09
6'TF L6S
0CF 168
0'C+ C8S
0C+ LLS
I'C+04LS

S'¢F LSS
§'¢F €SS
S¢F¥SS
e T 8YS
€€ FI'SS
€€ F 089S
TETFO6TS
0°¢€F0¥S
0°¢€FTPS
0°¢ + 8¢S
6'CF S¢€S
6'CTF S¢S
ceETF S
€EFOPS
6CTTF¥ES
6'CTF¥ES
6CTFI€ES
T'e+9¢€S
T'EF9€S
6'CTF¥CS
T'eEF9Cs

9€F04LS
§¢€F14LS
S€F0LS
ceEFSYS
€€+ 9SS
T'eEF T¥S
0°¢F€EPS
6CFTcES
8CF LTS
6'C F 8°CS
8C+ TCS
LTFCTIS
8CF+ TIS
8T+ 908
9T+ 908
9CTF 108
ST+ So6F
9°CF I'6¥
STF6'8%
PCF 6Ly
ST+ 1'8%

L'€EF 6'€9
SeEFT€E9
§geFEE9
YEFTI9
EEFTI9
TETF 668
e FT6S
0°¢F 989
6'CTF€LS
0°¢€ + 0°89
6'CF 899
8T F 9SS
8T F ¥SS
9CTTF LES
9CTF6€S
SCF+0€S
SCF+ 1S
SCFTIS
€ETF 08
ETFToF
ETFLS8Y

L'€F €99
SR ALY
S¢€F¥99
vEFLEY
vEFTEY
€€ F T
ceEFET9
e+ 909
T'EF¥6S
'€+ 109
0°¢€F L89S
6'CTF¥LS
6'CTF¥LS
8T+ LSS
L'CTF 9°SS
LTFI¥S
9T F LES
9T+ 9CS
STF SIS
¥'CF S0S
¥'C+ 867%

S.'8
S8
ST'8

SLL
SL
STL

SL'9
S9
ST9

SL°S
S'S
ST'S

SL'¥Y
Sy
STy



Justin P. Peters and L. James Maher |l

242

OTFCT69 LI1FTI6 06FETU 8CF8FYS 0CFL69 61FT99 61FLLL TEFTI9 €CF9C9 FEFI9L9 FE€TF LY L1
86FL69 91F0CT6 S8FCIL 0EF098 0CTF00L 6T1TFL99 61FT18L FEFO619 FEFFEY SEFI189 FETFCT69 91
SOLFTLY9 STF9C6 6LF 669 OCFTES 61F€L9 S8ITF8EY LIFSTUUL 6TFE6S 0€FF09 TEFIS9 TEF 699 ST
COLF049 STF¥C6 €LFSLO S8CTF¥¥S LT1FG99 9T1F€€9 SIF61L 6CF68 TE€FEI9 TE€EFS99 T'€FSL9 id
60lFS¥H9 EC€T1TFET6 89F 199 SCFTIS 9T1TF9%9 SITFTI9 STFS8 8TCTFTI9S 8CFI199 0E€EFO0F¥9 0€F LSO €l
ITF6€9 TCTIFF¥I6 TOFLEY OCF6'1S STF9€9 STIFF09 FIFSLY LTFCTPS 8CFGSS 0E€EFLY9 0€F €99 (48
SOLF0€E9 TT1TF006 LSFEE9 OCF6'1S STFST9 FIF96S €S1F6S9 9CTF0SS 9CFGES §CFST9 LTF8E9 IT
COLFTE9 OT1F88 €LFL69 OCF8IS FIFF¥I9 FIF98S C1FEP9 9CTF9SS 9CFG9S LTFITT9 LTFTE9 0T
I'6+FS79 80F0S8 99F04L9 OCFO0CS F¥1F+L09 €1FI18 TIFEE9 9CTF9SS 9CTF995 9TCTF+F97T9 9T+ S€9 6
VLFTC9 LOFS08 8SFI14L9 OCF LTS €1F96S CTIFTLS TIFIT9 8CFIT09 9CTF66S FCFCTI9 FTF8I19 8
9 F €6 SO0FEEL 0SFG9E9 OCFTES €1FS8S CIFF¥9S TI1F86S ¥CTFLI9S CTTCFRES T1TTCTFSLS T1TCTFT18S £
8CTF99¢ FOFECE9 99F9ULS 8CTF8ES TIF69S TIFISS TIF6LS €CTFISS TTFOFS O0OCTFFSS T'CT+09S 9
LCTFIOIS TOFOIS SSFISY SCFTFVes TIFF¥FPS TIFI9CS T1F6€ES TTCFOPS SIFF0S STFIIS S8IFTFIS S
SOFF¥LY TOFO08 F¥T+6€C LCFGSES TCTIFO6IS TIFR0S TIFCTIS TCTFPFCS L1F8LY 91FTULY L1F 1LY 14
ITOLFO0O¥%F TO0FF9C TTF GSC LCFIOPS CTIFE6Y S1FF¥8F CS1F98 T1TTFO0ES 91F99F FI1IF6EF STFEEY €
abesany (X's00) (M u— (H) —(H) (M) (M) (°n-y) (40) (,0) (0) (6 s09)

(wu) gs T4 (wu) N3S Fd L

ploq ui pajeaipul s1 sazis dajs Jo 1as yoea Joj / jewndo ay) :g Jueliea 10y sisfjeue N4y Jo Alewwng

v 3lqel



243

Approaches for Determining DNA Persistence Length Using Atomic. ..

68+ 679
S8+ 679
'8+ 819
08FCTI9
6LFCTI19
€LF009
0°Z F 86S
CLF T6S
09+ 985
0'S F 84S
LY FTLS
9°¢ ¥ 859
0'¢€F 6'SS
STFLPS
61TF¥ES
I'C+ ¥'¢CS
8CFI'1S
'e+ 909
'y +vo6¥
8¥ + 88%
SO+ €LY

80 F TS8
80+ 9¢€8
80+ 8T8
L0F 618
9°0 F 908
90 F £L8L
90 F 9L
90 F 1'SZ
S0+ 0¢€L
S0+ 7T0L
70F €49
70 F 099
70+ €€9
%0 + 809
€0+ 89S
€0F0¥%S
0+ 20S
T0F SLY
0+ 8%y
0+ Ty
1°0+ 08¢

S9+949
€9+ 689
9 F 8%9
09+ 8¢9
85+ 049
9'S + 979
€8+ 699
6'ZF 1'89
0'SF€%9
6%+ 809
TZF€€9
SYF 6'SS
99 F €4S
€9 F 6'%S
6'¢€ T 809
8SFLLY
SSFETY
7EFO6CTY
0'Ss F €07
L'y F T6€
¥+ 6€E

9T+ €TSS
9CF IS
LTFTCS
9CF €Cs
LTF6'CS
ST+ 0TS
9CF 0Cs
9CF IS
9CF¥Cs
L'CTF 87CS
9CTF ICS
SCF LTS
L'CTF 8CS
9°C F S°CS
ICTF¥CS
ST+ 0CS
§SCF0CS
9T+ LTS
9CF LTS
9T F0€S
LTFTES

ST F¥09
€T+ T09
€1+ 668
€1+ 968
€1+ 968
€1+ L8S
€1+ T89S
€1+ T89S
CIT+8LS
ST+ LLS
€1+ 899
I+ €99
T F999
TIF¥'SS
CTLF 1SS
CLFL¥S
L+ L€S
CTIF S¢S
L+ 2.27Ts
1+ 8¢S
CL+ LIS

€1+ 8LS
€1 FLLS
€1+ 9LS
CTLFTLS
CTLFTLS
CTILF¥9S
TLF19S
TIF09S
1+ 2SS
TILF LSS
CI+8%S
CILF+EFS
CILF+9%S
TIFL€ES
CILF+¥ES
TILF671CS
I+ 1°¢CS
L+ 0¢Cs
CILF V1S
I+ €IS
L+ 908

CLFTE9
I+ 1€
I F+979
T'T+ 219
T'T+919
I'T+ 709
T'T+ 009
LT L6S
T'T+ 689
I'T F 689
T'TF2°LS
I'TF+ 899
T'TF 899
T'TF6°SS
T'TF 1SS
I'TF+¥¥%S
T'TF¥€ES
T'T+67CS
I'T+1¢CS
T'TF 618
I'TF+ 018

LCTFLLS
6'C T 88§
LTFLLS
9'C+ 09S
9CF I'SS
ST+ 89S
ST+ 0SS
YCFLES
7T+ 8F%S
STFETPS
SCFEFS
YT+ 9¥S
YT+ EPS
ETFTPS
CCFTYS
ECFTYS
T+ 8€ES
ECFO¥S
TTTFSES
I'C+ 6CS
I'C+ %S

LT+ 88§
LT+ 868
9'C F €8S
ST+ 999
9'CF 09S
¥'CF 1SS
¥'CF 0SS
€TFO0¢€S
TTTF6€ES
ETCF¥eES
¢+ 8CS
['C+9¢S
T'C+ 8¢S
0°'CF6'1S
61+ IS
6'TF S0S
6'TF 86F
81 F €6
8T+ L8%
LT+ ¥78%
LT+ 8Ly

9CTF ST9
9CF €79
ST+ 809
ST+019
7T+ 609
€T F 968
€T+ 889
TTFTLS
CCFT1LS
TTTF 899
I'C+ %S9
0'CF 0SS
0°C+F 8%S
6'TF L°€ES
6'TF %S
8T+ 8IS
LTF908
LT+ 86v%
LT+ 887y
91 F €87y
IT+TLY

9CTF €¢€9
ST+ 0¢€9
STFOI19
¥'C+ 819
YT+ 919
€T+ 509
€T+ 968
€T+ T8S
TTTF6'LS
TTTF SLS
T'C+ 799
T'CF 2SS
0'CF SSS
0°CF €F%S
6TF0¢€S
6'1F €71CS
8T+ 018
81+ T0S
LTFT6¥
LT+ ¥8%
LTFTLY

S.'8
S8
ST'8

S
SL
STL

VALY
S9
ST9

SL°S
S'S
ST'S

SLY
Sy
STy



Justin P. Peters and L. James Maher |l

244

CTELFTOL €TFIV6 T16FSL9 T€EFGS0S 6CTFT19L 8TFF0L 0€EFES8 6€EFTFTLS TTFLE8S L¥FE69 8FFSTUU L1
OCLF6'1L TTFFTS6 S8FE€0L PEFOIOCS 6CF8IL S8TFECIL 6TF6S8 [FTFLS8S SFFO0TU9 6FFLIL 8FVFO¥L o1
6ITF969 0CTFO0E6 08FFS9 T€EFE0S 8TFTVL 9TFG89 LTFFI8 6€EF96S TYFFI9 9FVF00L LVFSTU ST
OTIFS0L 6T1TF88E6 €LF0LY EEFO0CS LCTFSVL STFT69 9TFI9I8 0FF009 THYPFST9 9%vF60L 9FVFI1€EL i
OTIT+S8 S8IF¥E6 89 F 8T T€EFO00S STFSIL €TFE99 €CFO0LL SEFL6S TT¥F6'19 ST¥F00L STFTU €l
LITFIT8 9T1TFEE€6 €9F07T9 CEFFO0S SCFIOIL €TFGS99 €TF69L 6€F88E ITFFTII9 Fv¥+€69 E€EFVFFIL (41
LTITF L8 9T1TF9¥%6 LSFST19 TEFSIS FCFLIL TTCF699 TTCFSI9L LEFI96S 6€EF88I9 TYFI10L TYFITCU 11
COLF¥L9 E€T1TFT106 ¥LF8I9 T€EFO00S TTCF689 O0CTFIF9 0CFLCL LEF8809 8EF6'19 0FFE8 0¥ FT0L 0T
96F6S9 TI1F+F698 99F0¢€9 TEFTO0S TTF6L9 61TFFE9 61FSIL 9€EF06S LEF809 8€EFELY 8§8€FT69 6
8LF0%9 60FS08 8SF079 TEFT0S 0CTF099 6TF8I9 S8IF069 9¢EFT6S SEFI09 SEFIT9 G€FE99 8
CTOFCTI9 LOF6TL LLFS6S TEFF0S 0CTFEPY S8T1FF09 8I1F89Y TEFGSIS TE€EFLIS TEFEI9 TEF 6T £
EYF¥8 G0F9T9 99F S99 CECEFOIS 0CTTF6'C9 6TFE6S STITFSFI 6CF0SS 8TFFFS 6CFI8 0°€TFI6S 9
I'SFO0¥S €0F€0S 9€FCTHy T'EFT0S 0CTF009 S8T1F695 61FEI9 6CTFEFS 9CFRIS 9CFI¥S LTF 19 S
I'8F66F CTOFI9LE FTFFIcEE EEFIIS 61FTLS 61TF9%S 61+F98S 8CFSCS ¥C+L6vy €CTFCTIS SCFETCS i
60lF6SY TO0OFHFSC CTCTF SIC CEFETCS 0CFESES O0CFFIS TTFLYS 8CF6TCS €CFI8Y I[TFI1ULY TTCFVLY €
abesany (X's00) (O u— (H) — (4 (M) () (°n-y) ) ) (:0) (6 s09)

(wu) as 4 (wu) was +d wuy

pioq ui pajeaipui s1 sazis da)s Jo 1as yoea oy / jewndo ay) :p JueleA Joj siskjeue w4y Jo fewwng

G ajqel



245

Approaches for Determining DNA Persistence Length Using Atomic. ..

6’8+ 999
98 £ TS99
0’8 999
9LF L€
0'ZFS€9
6'9F¥¢€9
S A AY
86+ 209
€S+ 209
6'v+ 209
Ty F 968
'y + L89S
e F 989
0°¢ F S99
S§'€F LSS
7'eFLYS
Ty F¥ES
6% F971S
6'SF LIS
99 F £0S
9L F 86%

I+ 898
I'T+¥¥8
T'T+9¢€8
0OTF 018
0T F96L
80F€LL
80F 6'SL
80F0°€L
L0FTCL
L0FT10L
90 F 549
9°0 F T°99
S0+ 679
S0 F 9°6S
70+ 999
70+ I¥S
70+ 108
€0+ €LY
€0FS¥y
0 F 607
0+ LLE

99+ 049
86 F 789
S'6F 689
09+ 199
68 F CT¥9
S8+ 269
T8 F 189
€S9+ L9S
LLFTTY
¥'LF 1TC9
T'2F 068
89 F ¥'€9
S'9F 668
€9 F0°€S
19+ 06%
8'G F 8LV
SSF vy
CSF LY
0'S F €8¢
'e+ 89¢
¥+ T¥E

L'€FTTS
6'¢F¥CS
0¥+ 2¢CS
L'€F6'1S
0¥+ 9CS
LEF YIS
0¥+ 9CS
6'¢€F¥CS
8E€F TS
0¥ F 6¢CS
6'¢€F TS
8€ F 8IS
0¥+ €¢€s
6°'¢ F¥'CS
8€F97CS
8E€F TS
8¢ F9°CS
8€F LTS
6'¢€F LTS
0%+ T'€S
'y +9¢€9

TCTF LYY
I'C+6¢€9
TTF LYY
T+ TE9
TCTF0€9
I'c++7C9
TCTF LT
I'c+ 619
I'c+ €19
T+ 079
I'c+ 909
T'C+ 968
T'C+ 009
0°C + 8°89
0'CF 689
'C+ T89S
0C+€LS
0C+ L9S
0C+ 19S
0'CF S'SS
I'CF €§S

I'e+ci9
0C+ 209
I'c+ %19
0C+ 009
0Cc+ 109
0'CF I'6S
0'CF S6S
0'CF 0°6S
0'CF 989
0'CF To6S
0CF 6LS
0C+04LS
0'CF SLS
6'TF¥9S
6'TF %99
0'CF LSS
0'CF TSS
61T+9%S
6'TF0%S
0C+ L€S
T'C+ S¢S

I'C+ €69
0CF 169
I'c+ €69
0CF 229
| O VAVAY
0'CF T99
0CF 699
0°'C+F 699
0CF 6'¥%9
I'CF+ 2S99
0CF 6'€9
0°C+F L9
0C+TE9
0°CF 919
6T+ €19
0°C+ 709
0'CF 965
0'CF 685
0°C+F €89
I'Cc+ 189
TTFGULS

0¥ F 109
0¥ + 85
'y + 609
6'¢€ F L85
6'¢ F+ T6S
6¢€FCTI9
8¢+ 6LS
L€ F S9S
g€ F€LS
9°¢ 999
SEFTLS
7'E€F 199
€EF 199
€'¢F 0SS
T'EF6¥S
T'EF6¥S
T'EFTHS
TE€EF LS
T'EF9¥%S
T'EF6€ES
TETFGES

0%+ 019
Iy + 209
6'¢€F G919
8°¢€ F+ 965
8¢ F 865
L€FT09
L€ F €8S
9'¢ F I'LS
€€ F LIS
7€ F 999
€€ F €99
TETF LTS
'€ F 1SS
0°¢C +S°€S
0'€F S€S
6'CF9CS
6'CTF 618
8CTF 0TS
8CTTF SIS
L'CTTF 808
8CTF 1°0S

'Y+ 699
Y +999
0¥ F €99
6¢€F+I'V9
0¥ F 8¢9
8¢+ 979
LEFTTY
9°€F 919
§€F+T09
S€F P09
S'¢€F 968
€€ F 8LS
e F 089
TeF 999
0°€F 99
0°€ F 0SS
6'CF I'¥S
8CTF ¥€S
8CTF 6'CS
L'CTTF 8IS
L'CTF 808

Iy FTLY
Ty F+6L9
'y + 999
0¥y + %99
0¥+ 199
8¢+ L€9
8€F€€9
L€ F 879
9EF T 19
9°¢F+ L 19
9°¢ + 809
7€ F 068
eeEFre6s
€€ TF 8LS
TEF9ULS
cEF09S
T'eEF 1TSS
0€+T¥S
0€F L€S
8T+ 9'TS
8CTF SIS

S.'8
S8
ST'8

S
SL
STL

VALY
S9
ST9

SL°S
S'S
ST'S

SLY
Sy
STy



Justin P. Peters and L. James Maher |l

246

SITF+869 9T1F¥4L8 T16F089 OCF LIS ¥CTF0LL €TFSIL F¥CF8P8 TEFQLS €€F988 §E€F689 QEFTU L1
OITF 969 9T1TF94L8 98FO0F9 8CF LTS 9CTF0LL STFOTL STFLFS €E€FGLS SE€EFL8 0¥F069 0FVFETUL 91
SOTF €49 FI1F098 08F €€ STFGS0S €CF9E€L TCTFI98 TITF06ZL 6CFI8S 0E€EFI8 SEFFI99 9¢€FF69 ST
90L F¥99 €C€1F6F%¥8 FLFOI19 OCFOIS TCTF8CTL TTCTF¥8 TTF88L 6TFTCIS 0€FE9S FEFLSY 6G€TF689 71
86F9¢9 TIFI¥8 89F G909 OCFOIS TTFEIL 0CTF699 0CTFFSL 8TFELS 6CF0LS €€F8FV9 €€FLLY ¢l
86F0S9 TITF6T8 €£€9+F86S LTF60S 0CTFS0L 0CTFE99 61FFSL 0E€EFLSS 0€FI19¢ €€F099 €€FLLY (40
C6FOP9 OT1FEI8 LSFT19S SCFFIS 61FE€69 81FES9 S8I1F¥EL 8CFG9¢ 8TFF9S 0E€EFO0OF9 0€F S99 IT
6LFST9 80F69L TSFTIS OCFTITIS S8T1FE€LY LIT1IF9€9 91FT0L 8TF8SS 8CFSS 6TCTF88T9 6CTFI99 (128
CTLFCTI9 LOFS¥L 9%+ G6S STF60S L1F+F9S9 91FCTC9 STF¥%8 LTF¥SS 9CF8PS LTFVI9 LTF9I9E9 6
IT9OF86S 90F669 IF¥FIES OCFFIS LT1F¥¥9 9T1FE€T19 SITFE99 STFYYS STCF8FYS 9CF+FT09 9T+ TC9 8
Y+ €8S SO0FF¥P¥9 16+ CTSS SCFOILS 9T1TF8T9 91F86S FIFIFY SCFO6FS €TCFEES €CTFI9LS FCTFE6S £
EYFGSS €0FS9S €F+S8% LTFYIS 9T1F609 91FE€8 FIFECO STFEPS CTCFYIS TCTFYPS TTFE9S 9
6% F LTS TOFLLY 9CTFTEY GCCFIOIS STF98S STFTI9S FI1IFE6S €TFIFS 0TFFO0S 6TFETCS T'C+ S€ES S
LLFO6Y TO0OFTLE 6TTFLEE LTCF8CS STFLSS STFO0FS STIF6SS €CTFFES 61F4L8 LI1I+F68F 61F96F i
CTITF8¥%Fr TO0F6SC TCTF8TC SCTFRIS STFECS 91TF80S 91FLCS ¥CFPES 61F94LY STIFFSE 91F¥SH €
abesany (*s09) (Mu— (4 —(H) () (M) (on-y) (o0) (,0) (0) (0 s09)

(wu) gs 7 4 (o) was +a

ploq ui pajeaipul s sazis da)s Jo 1as yoea o} / jewndo ay) :g jueniea Joj sisjeue W4y J0 Aewwng

9 9|qel



247

Approaches for Determining DNA Persistence Length Using Atomic. ..

SLF V09
€L+ 109
€L+ 689
6'9 F ¥6S
L9 F S8S
99 F €8S
6'SF9LS
€S9+ 9LS
0 F04LS
8% F+ €99
¥'S F 9SS
€Y+ ¥9S
ESFI¥S
Y+ L€9
€Y F9¢€S
LY F 6°CS
6'SF¥I1S
9'S ¥ 6'0S
T'ZF96F%
0'ZF T'6%
LLFE8Y

LOFT¥L
L0FT€EL
90FTI'1L
90 F 602
90 F T69
90 F 1'89
S0+ 799
S0+ 69
S0+ 8¢€9
¥0FCTI9
70+ 109
70+ T8¢
€0+ 99
€0F€EPS
€0+ 1'CS
€0+ 86F
T0F SLY
C0F 'Sy
0+ Ty
0 F96¢
0+ T4E

9% F ¥'¥S
S99+ CT9S
7'y F+ 608
Ty F 9IS
I'vy+ 118
0¥ F+ €87
8¢ F o6
€S F¥eES
'S+ 9¢€S
6% F 81S
EEF T
SYF96¥
0€F€CY
Ty F 95y
0¥ F 6'St
8¢ F 0%y
SC+ 08¢
7€ F S6¢
ECF LEE
I'e+97%¢
6CF STCE

Y'CF €ov
ST+ 06¥
ST+ To¥
ST+ 108
ST+ To¥
ST+ Lo6F
ST+ o6¥
9CF 10S
7'CF 067
STFvor
STF Vo
ST+ 86F
ST+ 86¥
7'CF €67
SCF+ 108
S'CTF €0S
¥CF 10S
§CF+ 008
§CF €09
SCTF ¥09
SCTF+¥09

LTFT99
8T+ 1S9
LTFEP9
LT+ 8%9
LTFL€9
9T F S€9
9T+ €79
9T+ SC9
9T+079
ITF €19
ST F¥'19
9T+ 909
9T+ 009
ST+ €68
ST+ 168
9T F 0°6S
ST+ 94S
ST+ €4S
ST+ 999
ST+ LSS
STF0SS

LTF¥I19
LTF+ST19
9T+ 609
LTFET19
LTF €09
9T+ 09
9T F ¥6S
9T F 965
9T + 88§
9T + ¥'8S
9'T F ¥'8S
9T+ 8~LS
STF€LS
ST+ 99§
ST+ 99S
ST+ S°9S
ST+ €SS
S'TF0SS
ST+ ¥¥S
ST+ Z2°€S
ST+ T€S

9T F 8249
9T F+924L9
ST+ 899
9T + 899
ST+ 299
71+ 099
ST+ <9
P'1FEF9
VFIF+T1€9
ST+ 679
ST+ 979
ST+ST19
PIFTI19
71+ C09
7'1F 665
ST+ 86S
71+ €89
¥1+94LS
71+ 899
ST+ 199
ST+ 969

L'TF S¥S
8TF €S
LTF0€ES
L'CTF 8%S
LTFI€ES
9'CF 0°SS
9CTF €S
LTFTES
9CTTF 6€S
LTFEES
LCTFTHS
9CTTF 6%S
9'CF S€S
ECFEES
9T+ ¥¥S
¥'CF EFS
YT+ LES
ECF €S
€TFg¢ES
YCF CTES
ST+ vES

9T+ 6¢€S
9CF0€S
9'CF S°CS
9CF TcES
9'CF9°Cs
STFEES
Y'CF LTS
ST+ SIS
€TTF SIS
¥'CF 608
€TF 608
ECFTIS
TTTF S0S
I'C+ T08
CCF ¥ 0S
I'C + 0°0S
0'CF S6v
61+ 68%
6'TF S8
61+ €8%
I'C+ 8%

LCTF 909
LTF¥6S
9'CF €6S
9CF ¥'6S
9'CF L'8S
ST+ 068
ST+ LLS
PCFTLS
€ECF TS
€T+ 989
CCF8YS
CTTFSYS
I'C+ 8¢S
I'c+€€s
0°C+FLCS
0°'CF 1°CS
6'TF¥I19
8T+ ¥0S
81 F S67
8T+ 067%
LT+ 18y

8TF0°¢€9
LTF 619
LTFIT19
LTFLT9
LTFO0T19
STFII9
ST+ L6S
¥'CF 168
¥'CF €8S
YCFLLS
€TF LIS
ECF €99
TCTF 9SS
TCF 0SS
I'C+€¥S
I'CcF S°€S
0C+ 67CS
6'TF 9IS
6'TF 908
6'TF 008
61+ 067%

S.'8
S8
ST'8

S
SL
STL

VALY
S9
ST9

ST
S'S
ST's

SLY
Sy
STy



Justin P. Peters and L. James Maher |l

248

99F LGS €I1F¥I1L €6FE€09 8CFI9LY LTIFF¥FES 9TFLIS 9T1FGS6S 6TFEFS 6CF6TCS 6TF0ES 0€FCTES L1
0LF098 €C€I1F¥TL 98F619 0EF8LY L1FEES LIF6T1IS 91TF009 6TFLES 8TFFCS 6TFIES 0€FEES 91
LLFGSS €1F6€L 08F 679 LTFTLY STF0CS STFCS0S FI1FS9S 9CTFOPS 9CTFETCS LTFO6TCS 8TFTES Sl
LLFO09S TIFCTVL FLFOF9 8CFLLY STFSCS SITIFLUIS FILIFILS LTF6ES LTFTUES LTFTES LTTFEES id
OLFLYS TI1F8EL 89F €09 LTF889Y FIFO0IS FIFS6F CSTFIPS 9TF6ES 9TFO0CS 9TFETS LTFLTS €l
OLF¥SS OLFEVL TI9FET9 6CTF6LY FIFCTIS FIlIF66F CTIF8YS S8TTFEFS LTFEES 9CTF6TCS 9CTFOES (40
E8FF¥ES 60FF¥L T8F LSO LCFLLY C€T1FT0S CIFO06F T1FTES LTF6FS 9CTFRES STCF6TCS STFO6CS IT
8LFI¥¥S 80FCT¥.L TSFF¥6S LTCFLLY TIF¥6r TIF¥F8Y T1F0CS STF6CS F¥FCF61S FCFFCs STFSTCS 0L
SLF6ES LOF880L 99FO0F9 LCFTI8 TIF88Y TIT1F+8LY O0O1IF60S SCTFOPS €CFO61S €CFTIS €CFEIS 6
0LFCTES 90F089 68F6¢€9 8CF6LY TIFC8Y T1F+E€LF O0O1FC0S STFI9ES €CTF0CS TTF90S TTFLOS 8
COFFIS SO0F0E9 LLFLT 8CFI8 T1FTLY TIFEOY O01F88F €CFSIS TTCFI6F 0CTFF8F T1CFS8F £
T'EFE8F F¥0F0SS 99 F¢€TCs SCFF8F TIF8SY TLIFTSF OLFILY TTFIO6FY O0CTFLIY 6TFF¥I9Y 61FF9% 9
SCFCTSY CTOFo6ST SSFILIY 8CFL8Y T1F+CT%r T1F8ECEF O0O1FSSYy T[CTFL6v S8T1F¥Sy L1FI1¥r 81F8€ET S
I'S+0c TOF¥SE +F¥+FGCE 6cF¥er T1F+9¢r T[1F¥cr TT1TFO0O¥r O0OCFI8F 91FE€Er STIFEIF 91FLO0F i4
¥8F 98 TO0FI9¥C CTTFIOPC 6CFF¥0Ss TIF¥0Fr TIFFOF TIFSIF 61F8LY SIFF¥IF F1IFT8E G1FTILE ¢
abesany (Xs09) (M uw— (4 — (4 () (M) (°n-y) ) (0 (0) (p s09)
(wu) as ¥4 (wu) N3s +d Lt

p1oq ui pajeoipul si sazis dajs Jo 1as yaea o)/ jewndo ayl ‘9 jueliea 10} sisfjeue N4y Jo Alewwng

L3jqel



249

Approaches for Determining DNA Persistence Length Using Atomic. ..

SLF6¢€S
¥'LF 0FS
69 F9°¢S
€LF0¢S
0ZF€¢s
69 F §°CS
89+ LIS
L'SF LIS
€9 F CIS
¥'SF CTIS
LY F¥0S
8¢ T 6'8%
'€+ S8F
8C+ 1'8%
TCFELY
ECF6'SY
STFESy
CEFTYY
8€F LEY
¥+ 0€y
I'S+0c¥y

L0+ 80s
L0F20L
L0+ 80L
90  0°69
90 F 0°89
90 F 129
90 F 699
S0+ I'¥9
S0+ 1T°€9
7'0F L 19
70+ C09
70+ ¥LS
70 F 0SS
€0F ¥ES
€0FTIS
€0+ I'8¥%
T0F 6'SY
0+ €Y
0+ 007
o0+ LLE
0 F ¥se

99 F 0'¥%9
79 F¥€9
T9F L6S
09 F S€9
6'8F 6€9
9GS F LT9
7S F 1LS
TS F 168
LLFLTY
7L F 909
LY F0LS
Sy + T€ES
99 F €¢S
€9F IS
9 F 0°6¥%
8'G F 9T
SSFTCTI¥y
€6 F6LE
0'S F 69¢
L'y F0S€E
¥ F SCe

8T+ 08%
8TF6'LY
6CF 8%
LCTFT8Y
8T+ 08%
LCTF T8y
8T+ I'8¥
6'CF 8%
8C+ 0°8%
6'CF S8%
6'CF €8Y
8C+ T8
6'CTF L8Y
8C+ L8¥%
8'CF S9'8%
8C+ 9°8%
8C+ 88¥%
8C+ 6'8%
8T F Eo6F
8CTF¥oF
6C+ ¥ orv

L+ 067
L+ 687
L+ O06F
I'TF+ 6Ly
I+ 08
T'T+¥Livy
T'TF9LY
T'T+04LY
I'T+89%
T'T+04L¥
I'T+99%
T'TF LSy
I'T+6S¥
I'TF9SY
I'lF+TS¥
0T+ ¥¥¥
I'T+¥vv¥
I'T+ 8¢
I'TF¥Ey
0T F 6y
I'T+9¢¥

L+ 08Y
CLF 6Ly
L+ 08%
T'TF+T4¥
T'TF+TLY
I'T+ 99
T'T+89%
T'T+ €9
T'T+19
T'T+ €9
I'T+6SY
I'TF+ TSP
I'T+¥SY
I'TF TSy
T'T+ L%
0T+ I'vy
I'TF0¥%¥
I'T+S€EFy
I'TFTEP
0T + 8¢y
I'T+ST¥

0T+ OIS
T'TF¥IS
0T F¥IS
0L+ 108
0T+ 108
0T F 6'8%
0T F €6t
0T F o6t
0T+ €8%
0T F 88%
0T+ €8%
0T+ T4y
0T F9~LY
0T+ T4y
0T +99%
0L+ LSy
0L F LSy
0L F TSy
0T+ 8%¥
OLF¥¥¥
I'T+0¥%y

STFO¥S
9CTF S¥S
ST+ 0¢€S
¥'CF LTS
ST+ LES
P'CF 9€S
YT+ ¥Cs
PCF0€ES
€TTF SIS
€CF SIS
ETFITS
TTF S08
TCTTF o667
I'C+ %08
I'C+ 6'6F%
I'C+ 86%
'+ 96%
0C+ €6y
0CF €6t
0'CF 687
0C+ 6Ly

¥'CF 818
¥'CF €1CS
¥'CF 618
€T+ L0S
€T+ 0TS
CTCTFIIS
TTFT0S
TTF 908
I'c+ 1T6¥
I'c+96¥%
I'c+T6¥
0CF+¥Liy
6'1TF 69%
6'1F LY
6'TF¥9%
8T+ 097%
81 F€SH
LT+ 6%
LTF9%v
ST+ ¥¥¥
IT+€CY

€TFEIS
ETCFTIS
ETF LIS
cTF €08
TTTF 808
I'c+ 6%
(A 4
I'c+96%
0C+ I'8%
I'c+06¥%
0C+ 8%
6'TF 0LV
61T+ S99
8T +097%
8T F9S%
LT+ 8%%
LTFTYy
LTF¥EY
9T F 6'¢Cy
IT+ €W
91T F S'1¥

ETFYIS
ETFEIS
ETF 618
TCTF Y08
€TF 608
T TF 861
T T 861
'+ 96%
I'C+18%
I'c+ 06%
I'C+T8%
0CF+ 1LY
0CF S9%
6’1l F6SY
6’1 FS'S¥
8T+ S+
T F6'€F
LTFTEY
LTF STy
LTF81¥
LT+ 60%

S.'8
S8
ST'8

SL'L,
SL
STL

S2°9
S9
ST9

S2°S
S'S
STS

SLY
Sy
STy



Justin P. Peters and L. James Maher |l

250

IOCIF800L 9CTFS6CI 9CIF €S0l PSFOI8 €E€EFS66 CTEFGS6 T'€EFCTCOIL LLFT¥6 99F6F6 09F 68 8SF 966 L1
CTSIFT66 ¥CF S8CI 8T F #'SII1 FSF06L €€EF68 TEFO6F6 0€EFTO0I TLFI9I8 99FL8 6SFTL6 9SF 186 91
8VIF LL6 €TFE8CL 891 F CTEIIL 0SF98L 0E€EFE€E9 6CFFVC6 LTFO6F0I ¥9F0T8 T1T9F64L8 SSFE96 €SFE€L6 S
8CIFT9 0CTFCTSCI TOIF6€0L €EGFL6L 0EFES6 6CTF6T16 8TFSEOL 99FFE8 09F¥88 FSFLY¥6 TS TFFS6 71
TELIF9¢6 STFFPCL S¥IF €701 0SFLLL 8TFLT6 LTFFV68 9CF68 T1T9F608 LSF0S8 T'SFIT6 0SFO0E6 €l
STITLFCT¥6 OTFICI €CTIFCTI0I GGFGS6L 8CTFLE6G 8TFES06 STFL66 89FT1€E8 6SFEC€L TSFLT6G 6FF9€6 (4t
LOTIF¥I6 STFSIT T'CIFSIOI €SGFL8L 9CTFF¥06 STFELY €TCFSP6 6STFFI8 TSFLYES 9V FS68 ST¥FF06 IT

T6F¢88 T'1FLZLLOT 601 F €66 I'SF08 9CTF088 SCFPS8 €CFSI6 ¥S+F108 8vFCI8 F¥¥FSS8 €F¥F998 01
9/ZLF 0S8 O1F866 86 F %6 ITSF+8ZLL ¥TCF8SY ¥CFFEY TTFI988 6F¥F09L €V¥F6LL 0OFF9C8 6€FLES 6
Ty F0T8 80F¥FLS L'8FE€L8 SSFRY8L €CTTFEEY €TCFII8 TTFLIS OSTFFSL TYFF¥LL 8E€EF 808 8€EF OIS 8
Yy F+2L9L S0FLSL 8TIFCT69 VSF68L E€CTFTI8 €TFE6L TTFTY¥S 6€ETFLTUU SEFTCEL TEFTI9L SEF69L L
SOFLIL FO0FLI19 SO+ 019 GCFE€8L €TCFVLL €TF8EL TTF66L 0FVFLO69 FEFTOE9 TEFFVIL TEFTU 9
ITF999 TO0FCSLY SSGF8LY ESGFCTO6L €CFSVL €TFTEL €TFLI9L LEF089 0€FYTY 8TFS99 6TCTF 699 S
6FVIF0T19 T10FLPE vy F+ CTve GGF06L TCFO069 €CTFTC89 FCFITU 9¢F6F¥9 6CFFT9 STFSCI LTF 8T i
8LIF€95 T0+FG€ET TCF LIT GGF 808 €TFI9E9 F¥TFFEY LTF88I9 SE€EFGSPI 9TFL6S TCFTLS ¥+ LIS €

abesany (% s09) 019w — (H) — (H) (H) () (on-y) (o0) (,0) (0) (0 s09)

(uu) as +d o) as 74

piog u pajeaipul s1 sazis da)s Jo 1as yaea 1oy J jewndo ayy :/ JueneA Joj sishjeue N4y Jo Klewwng

8 9qeL



251

Approaches for Determining DNA Persistence Length Using Atomic. ..

€LF0S8
L'STFEP8
'S+ 8¢€8
6'S+9C8
8ECF¥I8
8°€F+ 108
LY F 18
S'¢€+ 98
Se€FLLL
§'S+99L
IOV F+¥¥L
cSF€eCL
L9FTCU
6LF90L
88 F €69
86 F 089
L0TF €99
T'CLF 99
ELF 1T'¥9
YL+ ¥C9
I'ST+CTI9

0T F 666
60+ 9°S6
6'0F S¢o6
80F 616
L0F€L8
L'0F 6%8
L0F 618
90 F I'6s
90 F £'SL
S0+ ¥TL
S0+ 989
70 F %99
7'0F LT19
70 F €8S
€0 F 0SS
€0+ 208
T0F SLY
o0+ 'Yy
cOF Iy
0+ 8LE
I'0+F27¥%€

791 + 87C6
S'6+ 88
€6+ .98
06+ 948

L¥TF06L
78 F 018

8ETF€€EL
6'LFT8L
9L F 908

7Tl F €99
'L+ 689
89 F 899
SS9+ 019
€9+ L9S
09+ CT¥S
L’'SF LIS
S°SF 8LV
CTSFCTYY
6%+ E1¥
LY+ To¢
vy + T¥E

cS+08L
€9+ 98L
9GS F€6L
€9 FL8L
'S+ 062
TS FT8L
TS F9LL
9GS F L8L
€9+982
9SS FT6L
€5F08L
€9+ €E8L
7S+ S8
€9+ 882
7S F 6L
€5 F68L
TS FS8L
€SFTo6L
€SFTo6L
7S F06L
SSFS6L

YT+ 198
ST+ 798
¥'CF 868
YT+ 'S8
7'CF 8¢€8
¥CF L°T8
T'CF €8
7'CF 818
ECFTI
7T+ 608
ETFTTro6L
€ECF08L
€CF+08L
TTF69L
ECFTI
ECFTSL
ECF8EL
€ETFGEL
ECFTU
cC+90L
€T+ 969

YT+ SG€E8
7T+ 9€8
Y'CF9€8
¥'CF L8
€CTFII8
€T+ 908
€T+ TO08
€TF86L
ETCFTOL
€TF06L
ETCFELL
ECFVIL
ECFE9L
CCFYSL
ECTF8YL
ECF8EL
ECFVU
ECFTU
ECFITIL
€ECF 969
€T+ 989

TTTF LS8
cTF 168
TTF Y68
T+ T88
TTTF L8
I'C+ 8'S8
CCF+ 8S8
I'CF+ 1'S8
I'c+L€8
cTTF 08
cCc+07C8
I'Cc+ 908
cCF+ €08
T YoL
cCF+T8L
ETCFGLL
cCF+ T
€ECF+092
TCF6¥L
ECFEEL
SCF+9TL

6¥Y+7CT9. ¥v¥FT8 0% +8C8
I'STL49. SY+68L 0% +FST8
0SFTLL €SYFEBL 6E€EFLIS8
I'S+0€L ¥¥+9S9L 8€F908
0SF6SL TYFLLL 8E€EFLO8
SYFEVL 6€FTSL LEFLSBL
YPYF+TIL 6€EF8TL 9¢F+9LL
CTYF0€L 8EFO6€EL SEFVLL
6€FLTL SEFTEL €EF09L
CYFTUIL LEFTTU CEFTSL
ITY+90L SEF60L €€FLEL
0y FTIL SEF80L TEFYTUL
0¥ FT10L ¥EFLEY TEFOTL
6€EFT69 €EFS8 TEF60L
8CEF L8 TEFI9LY 6TTFE69
8CEFT8 TE€EF999 6TCTFI189
9€F+9/L9 0€F88S9 8TF S99
SEFTLY 6CTFTS9 LTTF 699
LEFTLY 0EFOVI LTF LTI
9€EF6'S9 6TFGEY 9TF8E
9€F TS99 6CF+F9C9 9T+ ST

0¥ +6¢8
6¢F 9€8
6'¢€F LT8
8EF 918
8CF G918
L'eEFI96L
9°¢F+ L8L
9'¢ F€8L
7€+ 89L
7€+ 652
EEFIOVL
EEF9¢EL
ceEF 88U
I'e+8IL
0€+00L
0°¢€+ 889
6CF 049
8C+ €99
8CTF 1'99
LTFTY9
L'TFLTY

S.'8
g8
ST'8

SL°L
SL
STL

VALY
S9
ST9

S.°S
S'S
STS

SLY
Sy
STy



Justin P. Peters and L. James Maher |l

252

SECEFT08 L0F6¥8 ¥F8FO0I8 TSTFT8L F¥TF LTS €CFE08 T'CTFTFYS8 STTFEFVL 6€EFTSL LETFLSBL L'€EF96L SL L-LIUCLIRA
CTYF0C8 80F+FL8 L8TFECL8 GGFREL €TFEE] €TCFII8 TTFLI 0OSFF¥SL TYFF¥LL 8E€EF 808 8E€EFIIS 88—/ ueLIeA
CTTCTFELY €C€OFTIS TOFO6Y 8CTFTFS8 I'LFCTSH T'ITFLFY OLFI99% IT'CFTF66F 61T FFI9¥ 81T F9SY 6'1FS'SH G'G—9 JUBLIEA
ITEFE ¥0OF0SS 99F €CS S8CTTF¥8Y TTIF8SYy T'ITFCTSHY OLF9LY TTFI96Y 0CFLIYY 61 FF¥9%Y 61F+9% 9—9 JueLIeA
LYF6'CS €0F86FY FCTFOFFr STTFE0S 9TFO06S STFEI9S STF86S F¥CFEFS I'CFO00S OCTFITCS I'CF SE€ES ST GG IULLIEA
6V F LTS TOFLLY 9SEFTEY STFIIS STF98F STFTCI9S ¥FIFE6S €CFIFS 0CFHF0S 61 FECS T'CFSES G—G JUBLIEA
0°EF S9GC S0F96S €9F0ES 6C€CTFFTCS 0CTF8Y8S 6T FF9I9S 0TFIT9 €€ F0CSS 0EFSES TEFI99S €€+ 8LS GL ST Iueliep
E¥Y+¥8S S0F9C9 99 F S9¢ EEFOIS 0TF6T9 61FE€6S 81IFSH9 6CF0SS 8CTFF¥S 6CF 185 0€F96S O—¥ JUBLIEA
SCTTFLFS FOTF 809 €9F6FS 9TTFETCS TIFFSS TLIFLES T'TF6'SS €TTFTFS 0TFO6'1IS 61T FLES 0CF €FS GLG—€ IUBLIBA
8CF+99¢ F0FSE9 99F9/LS 8CTFRES TIF69S TIFISS TTIF6LS €CFI9SS TCTFOFPS 0CTFFSS T'CF09S O—¢ JUBLIEA
TFF6'LS FOFO0LS SLFFESS 9EFOFS 0CTFET9 61LFS6S 6TF LS9 0EF 8ES 6CF88CS 0EF 088 T'€EF 109 SL9-TIuelrep
OV F08S S0F96S LLF6LS CEFETS 0CFIT 61TFT16S 61F099 0EFOFPS 6CTFI9TS 0€EFFLS T'€EF S6S L—C JUBLIEA
CTCTFTEES €0FT8S 09FLFS OCSFTIIS TIFYIS TIFE0S T'TF88CS STFSFS €CTFI'ES TTFEES €T+ S'€ES G°G—T JueLIEA
EY+24SS S0FTSY9 S9F 509 TEFELIS €T1F8CS TIFTIS TITFOPS LTFLI9S ¥TCFTSS €CF88YS T+ 6+S O—T JuUeLIEA
abesany  (Xs09) (99 ul — (H) — (H) () () (on-y) (g6) (,0) (;9) (0 s09) (wu)/ - jueuen
auipiwAy)
(wu) gs Fd (wu) W3s +d

sazis da)s Jo 1as Yoea Joj / jewnydo ayy je jueneA auipiwAy} e Bunesodioouw yNG yoea Joy sishjeue W4y Jo uosuedwo)

6 2lqel



Approaches for Determining DNA Persistence Length Using Atomic. .. 253

12. We perform image analysis using custom software written in R
(version 3.3.2).

13. Only DNA molecules satistfying the following criteria were
included in the data set for analysis: (1) both ends were visible
and the molecule was not in touch with (or crossed over by)
any other molecules and (2) the estimated contour length L¢
fell within the range 100—400 nm (bounds chosen given the
expected contour length of ~250 nm for natural DNA).

14. When the next pixel in the DNA skeleton only has one coordi-
nate (x or y) different from the previous pixel, the segment
between two pixels is considered even. If both coordinates
(x and y) are different from the previous pixel, the segment is
considered odd. If moving from one pixel to the next there is
an odd-to-even or even-to-odd transition, the segment is trea-
ted as a corner. Therefore, (7., #,, #.) represents the number of
even, odd, and corner segments in the DNA skeleton,
respectively.

15. As reported in previous studies [1, 11, 14, 15] estimates of
helical rise determined using tapping-mode AFM in air (e.g.,
h=3.11 £ 0.34 A/bp for natural DNA) underestimate the
3.38 A/bp value measured by crystallography.

16. Again this procedure occurs automatically but with human
supervision. This initial analysis revealed the importance of
step sizes in the range 4-9 nm so that subsequent coordinate
representations were generated for each of /=4,4.25,4.5, ...,
9 nm.

17. Clearly, R = R(d4) is a function of arc length separation
d (where 4 is an obligate multiple of /), but only R is written
for simplicity. Similarly, 8(4) and other length and angle
moments are assumed implicit functions of 4.

18. It is known that reusing data (i.e., computing a quantity for
each separation distance along a DNA contour) yields highly
correlated points [14]. To avoid this, randomly divide each
DNA representation into shorter length segments such that
no piece is used twice and the maximal segment length is
restricted to 80% of the expected contour length (~200 nm).
This sampling procedure effectively results in a double average,
over both conformation and position. The error bars in Fig. 7
(and Figs. 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, and 24) show one standard deviation computed from
1000 different random draws from the same set of DNA
representations. For the quantities that are quotients we
apply error propagation to determine the standard deviation.

19. The bending energy function Ewpc is called classical
(or harmonic) because it is a quadratic function of the bending
strain variable 6.
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20.

21.

22.

23.

24.

The persistence length of DNA is sensitive to many experimen-
tal parameters such as temperature, pH, ionic forces, and
excluded volume effects for long DNA fragments. These fac-
tors can in part explain discrepancies between P values esti-
mated by different groups using various techniques. In
particular, we note that Mg?* ion concentrations in the low
millimolar range (as recommended here) have been found to
reduce the persistence length of DNA only slightly from
monovalent salt estimates. Additionally, the effects of long-
range electrostatic interactions are assumed to be irrelevant
for behavior on length scales greater than /, which in our
experiments was as small as 3 nm. In typical solvent conditions,
where the Debye screening length is less than 5 nm, this
assumption is reasonable.

The energy function Ewr ¢ is harmonic. However, even if E is
chosen to be non-harmonic, the angular distribution will
approach a Gaussian form at large separations 4 because the
iterated convolution of any distribution with itself converges to
a Gaussian form. That is, even if non-harmonic elastic behavior
is present, it will be hidden on long length scales by thermal
fluctuations.

Excluded volume effects, which result from interactions
between different molecules or among segments of the same
molecule (self-avoiding effects), increase with increasing con-
tour length, increasing DNA concentration, and transfer from
three to two dimensions [1, 16]. Excluded volume effects can
perturb the observed DNA conformations (and subsequently
determined statistical quantities), leading to misinterpretation of
data. We restrict the fitting to 0 < 4 < ., With [ &~ 2P
(~100 nm), since fitting over the entire range can yield an
overestimation of P [14]. Indeed, deviation from the expected
straight line for separations >120 nm may be indicative of the
contribution of excluded volume effects. Alternatively, the anal-
ysis in this range (separation distances larger than ~170 nm)
might start being affected by finite sampling effects, c.f. Fig. 7.
Our results are consistent with previous reports [1] that self-
avoiding interactions affect € at shorter separations than R.

Assuming a normal distribution for G(6), as predicted by WLC
theory, % should always equal three (regardless of dimensional-
ity of the molecules).

Unlike (R - ug) and (R?), the fourth moment of R does not
possess the same mathematical form in 3D as in 2D, so that this
conformational statistic provides a reliable means of determining
the dimensionality of the deposited molecules. The fits in
Fig. 21 confirm that, at least over length scales less than
~100 nm, the DNA contours reflect equilibrium
two-dimensional chain conformations.
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25. Abels et al. [17] looked at multiple segment lengths / and
showed that the value of {cos y) peaks at a particular value of
Jand decreases at lower and higher /. The authors reasoned that
as / decreased below the pixel resolution for the AFM setup,
discretization of y angles led to an underestimation of (cos y).
Additionally, they proposed an undercount of the number of
large and small x angles as / became large enough to average
over them, similarly leading to underestimation of (cos y).

26. Several trends can be observed from these data. First, all but
one of the ten WLC predictions strongly depends on choice of
step size /. Generally, the estimates of P are strictly increasing
functions of increasing /. In some cases, the dependence on /is
so dramatic that Pincreases 400% from /=3 nm to /=17 nm.
In contrast, the estimate of Pfrom the (R*) — (R?)? prediction
is a decreasing function of increasing /. However, the maximal
observed decrease in P is less than 5%. Overall, this estimator
appears to be the most reliable: it is the most insensitive to
choice of step size and it provides a means of assessing the
dimensionality of the molecules being imaged. We recommend
that if choosing only one of the ten WLC predictions to
estimate P, the (R*) — (R?)? prediction would certainly be
the first choice.

27. Our initial analysis revealed the importance of identifying the
proper step size to obtain the best possible estimates of P. In
particular, we realized that the optimal step size /[ypimal
occurred between 4 nm and 9 nm. We worried that discretiza-
tion of / might prevent us from identifying the true
(non-integral) value of /,pimar, With possible negative ramifica-
tions. Therefore, we further examined step sizes from 4 to
9 nm at every quarter nanometer.
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Quantitation of DNA-Binding Affinity Using Tethered Particle
Motion

Bram Henneman, Joost Heinsman, Julius Battjes, and Remus T. Dame

Abstract

The binding constant is an important characteristic of a DNA-binding protein. A large number of methods
exist to measure the binding constant, but many of those methods have intrinsic flaws that influence the
outcome of the characterization. Tethered Particle Motion (TPM) is a simple, cheap, and high-throughput
single-molecule method that can be used to reliably measure binding constants of proteins binding to
DNA, provided that they distort DNA. In TPM, the motion of a bead tethered to a surface by DNA is
tracked using light microscopy. A protein binding to the DNA will alter bead motion. This makes it possible
to measure binding properties. We use the bacterial protein Integration Host Factor (IHF) as an example to
show how specific binding to DNA can be measured. Moreover, we show a new intuitive quantitative
approach to displaying data obtained via TPM.

Key words Single molecule, Tethered particle motion, Root mean square, Displacement, DNA
binding, Nucleoid associated protein, IHF

1 Introduction

Determination of binding affinity is an important part of the char-
acterization of DNA-binding proteins. Typically, the binding affin-
ity is expressed in terms of the binding constant (Kp). The Ky, is
the ratio of the off-rate constant, %, and the on-rate constant, k.
Operationally, the K is defined as the concentration at which half
of the substrate is bound by ligand (here: DNA and protein,
respectively). For protein-DNA binding, the Kp is conventionally
determined using Electrophoretic Mobility Shift Assays (EMSA),
Filter Binding Assays, and Fluorescence Anisotropy [1-3]. Addi-
tionally, Isothermal Titration Calorimetry (ITC), Surface Plasmon
Resonance (SPR) and Microscale Thermophoresis (MST) are used
[4-6]. These techniques measure protein-DNA affinity in bulk, and
therefore cannot distinguish different populations of bound and
unbound molecules. Some of these techniques separate the
protein-DNA complexes from solution or use small sample

Remus T. Dame (ed.), Bacterial Chromatin: Methods and Protocols, Methods in Molecular Biology, vol. 1837,
https://doi.org/10.1007/978-1-4939-8675-0_14, © Springer Science+Business Media, LLC, part of Springer Nature 2018
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Streptavidin
Biotin

Digoxygenin

Anti-Digoxygenin

Bare DNA DNA bound by protein
Reduced RMS

__— Polystyrene bead —___=

DNA substrate

Surface passivation

Fig. 1 Principle of Tethered Particle Motion (TPM). A bead is tethered to a glass surface by DNA. The position of
the bead is tracked over time. Proteins that bind to the DNA and thereby deform it, change its apparent
persistence length, which results in a change in the Root Mean Square displacement (RMS) of the bead

volumes, thus introducing large surface areas that may influence
effective compound concentrations. Single-molecule techniques
such as Optical Tweezers, Magnetic Tweezers, Acoustic Force
Spectroscopy (AES), and Atomic Force Spectrometry (AFM) can
be used to estimate the Ky, [7, 8], but require a high level of
expertise and often expensive experimental setups. Single-molecule
Forster Resonance Energy Transfer (smFRET) allows for measur-
ing of DNA that is not bound to a surface and /or a bead [9], but
requires fluorescently labeled DNA and protein and/or a suffi-
ciently large and predictable conformational change of the DNA.

Tethered particle motion (TPM) is a simple, label-free single-
molecule technique that can be used to characterize DNA-binding
proteins in a high-throughput manner. The technique relies on the
tracking of a bead in solution that has been tethered to a glass
surface by a DNA molecule or other macromolecule (Fig. 1 and
Fig. 2) [10]. The bead exhibits Brownian motion, which is
restricted by the tether. In contrast to some of the above-
mentioned techniques, no additional external force is applied to
the bead. The xy-positions of the bead are recorded over time and
are used to calculate the root mean square displacement (RMS)
of the bead (Eq. 1). TPM has a high throughput (se¢ Note 1),
which makes it a powerful tool to study the characteristics of
DNA-binding proteins. DNA-binding proteins that deform the
DNA upon binding, change the apparent persistence length (L)
of the DNA, a measure for rigidity, when bound, thereby altering
the RMS [11]. Although the L, cannot be directly calculated with
TPM, the change in RMS is a reliable measure for protein binding.
TPM has been used to measure DNA-binding by architectural
proteins, proteins involved in DNA replication, transcription,
DNA repair, and recombination [12-21].



Quantitation of DNA-Binding Affinity Using Tethered Particle Motion 259

R TR

Isolation box

Sample chamber

Chamber holder

Stage
t100 sensor\.'-—-—————'
Objective T"

Temperature controllers

Fig. 2 Schematic of the Tethered Particle Motion setup. The sample chamber is heated by two heating
elements, one placed in the sample chamber holder and one around the objective. An isolation box covers the
stage, sample chamber and heating elements

RMS = \/%il [(xi*@2+(}’1*5’)2} (1)

Equation 1 Calculation of the Root Mean Square displace-
ment. x and y are the coordinates of the two-dimensional position
of the bead.

In this chapter we describe the use of TPM to measure the Ky
of sequence-specific DNA-binding proteins. As an example we
characterized the bacterial Integration Host Factor (IHF)
[22] from E. coli. IHF is a nucleoid-associated protein (NAP) that
is involved in shaping genome architecture in bacteria. IHF also
plays a role in up- and downregulation of genes [23]. This function
is attributed to the ability of IHF to bend DNA and bring regu-
latory elements together, as well as due to direct interactions with
RNA polymerase [24, 25]. IHF is known to bend DNA when
bound at its high affinity recognition sequence [26] and also
bends DNA when bound to DNA nonspecifically [27]. Bound at
its specific site, binding angles of 120-160° have been reported
[28-30].
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2 Materials

2.1 Parafilm
Semi-Circles

2.2 Sample
Chambers

2.3 Bead Suspension

2.4 Anti-Digoxigenin
Solution

2.5 DNA Substrate

s N

92

O 0 N QN Ul R W N

10.
11.

12.
13.

. Parafilm.
. Office tape.
. Laser cutter.

. Computer-aided design (CAD) software (for example Auto-

CAD or CorelDRAW).

. Tweezers.

. Round cover glass, diameter 35 mm (VWR).

. Round cover glass, diameter 28 mm (Thermo Scientific).
. Parafilm semi-circles (see above).

. Cover slip rack (Diversified Biotech).

. Ethanol.

. Acetone.

. Beaker.

. Sonication bath.

. Heating block, capable of heating up to 100 °C, with hot plate

for 35 mm cover glasses (see Note 2).
Tweezers with pointed tips.

KIMTECH SCIENCE* precision wipes tissue wipers (Kim-
berly-Clark).

Nitrile gloves (see Note 3).
Whatman paper.

. Streptavidin-coated polystyrene beads, diameter 0.44 pm

(Kisker Biotech).

. Immersion sonicator with fine tip.
. Bead butfter (BB) (10 mM Tris-HCI pH 7.5, 150 mM NacCl,

1 mM EDTA pH 8.0, 1 mM DTT, 3% glycerol, 100 pg/mL
BSA-acetylated [Ambion]).

. Vortex.

. Anti-digoxigenin (anti-Dig) polyclonal antibodies 200 pg

(Roche).

. Bead bufter (BB) (see above).

. Template for DNA substrate containing the binding site of

interest. PCR amplification with compatible primers should
yield a substrate of desired length and sequence (see Note 4).



2.6 Substrate Quality
Control

2.7 Sample Chamber
Reagents

2.8 Imaging
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2.

BN N~

p—

Biotinylated forward primer, 10 pM in 10 mM Tris, pH 7.5,
designed to be compatible with the template (see Note 5).

. Digoxygenin-labeled reverse primer, 10 pM in 10 mM Tris,

pH 7.5, compatible with the template (see Note 5).

. Phusion master mix (New England Biolabs).

DMSO.

. Milli-Q.

. GenElute PCR clean-up kit (Sigma Aldrich).
. PCR reaction tubes.

. Biorad C1000 Thermal Cycler.

. Agarose gel, 1% in Tris/Borate /EDTA (TBE) buffer.
. GelRed nucleic acid gel stain (Biotium).
. GeneRuler DNA marker.

. Spectrophotometer to measure DNA concentrations (Nano-

drop, Qubit, SimpliNano or comparable device).

. Bead bufter (BB) (see above).

2. Anti-digoxigenin solution.

[S2 NN NS I S R

NeRe IR N BN

. Passivation solution (4 mg/mL Blotting Grade Blocker

[Bio-Rad] dissolved in SB).

. Experimental buffer (EB) suitable for protein binding (see

Note 6).

. Protein of interest, preferably at high concentrations to avoid as

much as possible components of the protein storage buffer on
the EB (see Note 7).

. Isolation table.

. Inverted microscope (Nikon Diaphot 300).
. 100x oil-immersion objective (NA 1.25).

. Immersion oil for microscopy (Merck).

. Heat chamber (Bioscience tools TC-HLS-025 heating element

for heating of the objective and a custom sample chamber
heating element consisting of 40 parallel resistors); Pt100 sen-
sors attached to the sample chamber holder and the objective,
and two SA200 PID digital temperature controllers).

. Climatized room.

. Isolation box.

. Thorlabs CMOS camera DCC1545M.
. Lens paper.

10.

. Particle-tracking software (software available online [31]; see

Nacre-free nail polish.

Note 8).
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—

2.9 Data Analysis
and Representation 2

. Computer.

. Custom MatLab routine for calculating RMS, standard devia-

tion of the RMS and anisotropic ratio. The routine also selects
the beads that meet the requirements for reliable beads (see
Subheading 3.9).

. Graphing and data analysis software, such as KaleidaGraph,

Origin or IGOR Pro.

. Adobe Tllustrator.

3
4
3 Methods
3.1 Parafilm 1.

Semi-GCircles

Cut a strip of parafilm at a length fitting the grid of the laser
cutter.

. Remove the protection layer from the parafilm and place the

parafilm onto the grid of the laser cutter.

. Load the template of the semi-circles in the laser cutter soft-

ware of choice. Design has to be such that two parafilm semi-
circles on a 28 mm coverglass create a 6 mm wide channel.
Position the parafilm so that the template virtually overlays the
parafilm.

4. Fix the parafilm on the grid with office tape.

AN

. Cut the parafilm (se¢ Note 9).

. Remove parafilm strip. The semi-circles will stick to the grid of

the laser cutter. Take the semi-circles off the grid individually
with tweezers.

7. Store the parafilm semi-circles at 4 °C to prevent sticking to

each other.
3.2 Sample The following steps should be carried out with gloves, both to
Chambers protect the hands from exposure to chemicals and to keep the

sample chambers free of contaminants.

1.

2.

Place the cover glasses in the slide holder using the tweezers
with pointed tips (se¢ Note 10).

Place the holder in a beaker and submerge in acetone. Place the
beaker in a sonication bath and sonicate for one cleaning cycle
(see Note 11).

. Transfer the slide holder into a new beaker and submerge the

slide holder in ethanol. Place the beaker in a sonication bath
and sonicate for one cleaning cycle.

. Remove the holder from the beaker. Place the cover glasses on

a precision wipe and dry the cover glasses by gently wiping
them with precision wipes. Turn the cover glasses over and
leave exposed to air for 10 min to dry.
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Fig. 3 Sample chamber for TPM. The sample chamber consists of two parafilm
semi-circles sandwiched between two cover glasses. The sample chamber is

agglutinated by heating to 100 °C

. Using tweezers place two parafilm semi-circles in parallel on

opposing sides of a 28 mm cover glass, so that a straight
channel is created (Fig. 3). The parafilm should align with the
glass on the round edges. Push the parafilm firmly but carefully
onto the cover glass with the tweezers so that the parafilm
adheres to the cover glass (see Note 12).

. Place the 35 mm cover glass on top of the parafilm-covered side

of the 28 mm cover glass using tweezers, carefully centered
onto the 28 mm cover glass. Push firmly but carefully with the
tweezers so that the slides stick together.

. Place the sample chamber on the hot plate (preheated to

100 °C) using tweezers. Cover the sample chamber with the
lid and press firmly and evenly on the lid for 10 s. Remove the
lid from the sample chamber (sec Note 13).

. Lift the sample chamber oft the hot plate using tweezers and let

it cool down on a precision wipe. Store the sample chamber in a
small plastic storage box at room temperature.

. Dilute the stock of streptavidin-coated beads to 0.01% w/v in

5 mL SB (see Note 16).

. Vortex thoroughly for 5 min.

. Sonicate the bead suspension on ice for 3 min (active), 2.5 s on

and 9.9 s off, at 25% of the maximum power of the immersion
sonicator. The total run time will be around 15 min. The tip of
the immersion sonicator should be submerged by roughly
3 cm. Never sonicate the bead suspension for more than
5 min of active time, as this may damage the beads and its
coating.
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4. Flow 30 pL of bead suspension into an empty sample chamber.
If less than 1% of the beads is clustered, it is considered a good
bead suspension.

5. Store the bead suspension at 4 °C.

3.4 DNA Substrate 1. Add the following components to a PCR reaction tube on ice:
Component Quantity
DNA template in 10 mM Tris pH 7.5 10 ng
Biotinylated forward primer 25 pmol
Digoxygenin-labeled reverse primer 25 pmol
Phusion master mix 25 uL
DMSO 1.5 uL
Milli-Q To total volume of 50 pL

2. Place the PCR reaction tube in the thermal cycler and use the
following touchdown protocol (sec Note 14):

Temperature Duration Cycles
98 °C 30s

98 °C 10s 15x
72 °C (-1 °C per cycle) 20s

72 °C 60 s

98 °C 10's 25x
57 °C 20's

72°C 60 s

72°C 600 s

12 °C o0

3. Purify the PCR product using a PCR clean-up kit (see
Note 15).

4. Run 2 pL of PCR product on a 1% agarose gel, prestained with
GelRed, alongside a suitable DNA marker. Verify the length of
the DNA substrate and estimate the concentration using a
spectrophotometer. Store the DNA substrate at —20 °C at a
concentration of 100-500 pM.

3.5 Anti-Digoxygenin 1. Dissolve 200 pg of anti-digoxygenin in 1 mL of BB.
Solution 2. Aliquot per 20 pL and store the anti-digoxygenin at —20 °C.

3. When using the anti-digoxygenin solution, thaw an aliquot and
dilute 10 times with BB.



3.6 DNA-Tethered
Bead in Sample
Chamber

3.7 Dilution Series

3.8 Imaging
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1.

Take a clean sample chamber and flow in 20 pg/mL anti-dig
solution by holding the tip of a pipette against the opening on
the right side of the sample chamber at a 45° angle and carefully
pressing the plunger button (see Note 17). Incubate for 10 min
at room temperature.

. Wash the sample chamber with 100 pL passivation solution and

incubate for 10 min at room temperature. The excess liquid
flowing out of the sample chamber is collected using Whatman
paper. This promotes an undisturbed and uninterrupted flow in
the channel.

. Wash the sample chamber with 100 pLL BB (se¢ Note 18).

4. Flow in 100 pL. 100 pM DNA substrate (se¢ Note 19).

10.

1.

Incubate for 10 min at room temperature.

. Wash the sample chamber with 100 pLL BB.

. Pipette the bead suspension stock up and down and flow in

100 pL bead suspension. Incubate for 10 min at room
temperature.

. Wash the sample chamber with 100 pL EB.
. Flow in 100 pL protein solution, diluted to the desired con-

centration in EB. Incubate for 10 min at room temperature.

. Wash the sample chamber with 100 pL protein solution of the

same concentration as in step 8.

Seal the sample chamber on both sides by applying nail polish
to the opening of the sample chamber. When the nail polish is
dry, the sample chamber is ready to be used.

Calculate a dilution series with a range from 0 to 1000 nM
using twofold dilution steps (see Note 20). Determine the
concentration range in which DNA binding is to be expected.
Literature values can be used if available; if not, preliminary
experiments may be required.

. Dilute a protein stock aliquot to a concentration that can be

used to make further protein dilutions with EB (see Note 21).
Store this stock on ice (see Note 22).

. Using the working stock, make a dilution series by diluting part

of the working stock with EB to the desired concentration.
Dilute part of this sample with EB in order to create the next
sample (see Note 21). Store samples on ice (see Note 22).

. Measure at least two, but preferably three dilution series (see

Note 23).

. An hour before imaging, turn on the lamp and the heating

stage.

. Place immersion oil on the objective and start imaging

software.
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3.9 Data Analysis 1.

and

. Place a sample chamber in the sample chamber holder.
. Raise the objective until the beads are in focus (see Note 24).

. Close the isolation chamber. The temperature of the chamber

and the objective will now rise to a set temperature (see Note 25).

. Re-focus on the beads and ensure that no focal drift is observed

(see Note 26).

. Select a field of view by moving the stage of the microscope.

Select the beads and track them for at least 1500 frames.
Images are taken at 25 Hz, with an exposure time of 20 ms.
At least 100 “good” bead-tether combinations are needed for
quantification after quality check (explained in Subheading 3.9;
see Note 27).

. Use the tracking software to determine x- and y-positions of

the beads (see Note 8).

Calculate the anisotropic ratio (Eq. 2), the root mean square
displacement (RMS) and the standard deviation of the RMS for
all measurements at a given concentration combined (see Note
28). Discard tethers with an anisotropic ratio of above 1.3.
Discard measurements with a standard deviation of the RMS
larger than 6% of the RMS. We thereby exclude beads sticking
to the surface during the measurement (se¢ Note 29).

. Plot all RMS values that meet the requirements as explained in

step 1 ain a histogram.

. Fit a Gaussian curve to the histogram to determine the average

RMS and standard deviation for each condition.

. Calculate the standard error of the mean for each condition.
J
a — ma]()l’ (2)
lminor

Equation 2 Calculation of the anisotropic ratio (). /najor
Iminor represent the length of the major and minor axis of the

xy-scatter plot, respectively.

3.10 Analysis 1.
of Specific Protein-
DNA Binding
2
3

Determine the RMS of the DNA-tethered bead in the absence
of protein. This is the position of the peak in the Gaussian fit at
0 nM (Fig. 4a).

. Determine the RMS at saturation levels of specific binding.

This is the concentration at which the peak seen at 0 nM has
completely disappeared and a peak at a different RMS has
appeared (Fig. 4f).

. Concentrations at which two peaks are observed, represent a

situation in which a subpopulation of the DNA is bound by
protein (Fig. 4b—e).
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Fig. 4 Specific binding of IHF to DNA at 0—10 nM. (a—f) histograms of RMS values obtained for DNA-tethered
beads at IHF concentrations of 0, 1.25, 2.5, 5, 7.5, and 10 nM. The histograms have been fitted with a
Gaussian function in KaleidaGraph (black, semi-opaque line)

4. For the concentrations at which subpopulations of bound and
unbound states can be observed, calculate the occupancy
(Eq. 3). Occupancy is the ratio between bound and unbound
DNA substrates.

5. Find the Kp, and Hill coefficient (#) by solving the Hill binding
model (Eq. 4) for K and #» (see Note 30).

6. Fit the occupancies using the Hill-binding model (Fig. 5; see
Note 31). Use graphing and data analysis software to display
the occupancies per concentration and the Hill fit in a graph.

3.11 Example of Kp We used IHF as an example to illustrate how to characterize specific
Estimation for DNA- DNA binding proteins. In our example, we observe a reduction in
Binding Protein IHF RMS at low (1.25 nM) THF concentrations from 149 to 127 nm

(Fig. 4). This reduction in RMS is caused by DNA bending as a
consequence of IHF binding at its specific binding site (see Note
32). Saturation of specific binding is achieved at 10 nM, the con-
centration at which only the population with reduced RMS is
observed. Fitting the data using the Hill binding model (x*: 4.6)
yields a binding affinity (Kp) of 3.0 £ 0.3 nM, which is in
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3.12 Data
Representation

Occupancy
© o o
o ()] o] -

o
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0 1 L L 1 1
0 2 4 6 8 10

[IHF] (nM)

Fig. 5 Binding curve for specific binding of IHF to DNA. The data points were fit
using the Hill-binding model. The Hill coefficient (n) is 2.5 4 0.5, and the binding
affinity (Kp) is 3.0 &= 0.3 nM. Error bars represent the standard error of the mean

agreement with values reported using EMSA on different variants
of the binding consensus sequence [32]. A Hill coefficient (%) of
2.5 £ 0.5 was found. A Hill coefficient >1 indicates positively
cooperative binding; # < 1 indicates negatively cooperative binding
(see Note 33).

0 — hpeak,bound (3)
hpeak, bound 1 hpcak,unbound

Equation 3 Calculation of occupancy. The occupancy is the
fraction of substrate bound by protein and can be calculated from
the area of the peaks of the fitted Gaussian distributions.

oo L "

K n
(53) +1
Equation 4 Hill binding model. Occupancy 6, binding con-
stant Kp, ligand concentration [ L], Hill coefficient 7.

TPM is a single molecule method with a high throughput. As a
consequence data are often reported in terms of an average RMS
value. However, displaying the full population of RMS values can
be insightful to illustrate distribution shape and population hetero-
geneity. The new representation approach presented here accom-
modates both average values, as well as unprocessed population
information.

1. Plot all data points as black squares using the graphing and
analysis software.

2. In the same plot, include the values of the average RMS at all
concentrations and display in a color different from that of the
data points.
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Fig. 6 Compaction of DNA by IHF. Black, partially transparent squares represent
the individual RMS values of DNA-bead complexes after application of
anisotropic ratio and standard deviation of the RMS as selection criteria. Red
dots and bars represent the average RMS that resulted from fitting with a
Gaussian function

3. Export the plot as a vector image.

4. Open the plot in Adobe Illustrator and select all black squares.
Change the opacity from 100% to 5% (Fig. 6; see Note 34).

In our example, specific and nonspecific binding by IHF can be
observed. Specific binding of IHF is observed between 0 and
10 nM, where the RMS decreases from 149 &5 nm to 127 +£5 nm
and is characterized by the two populations. Intensity profiles of the
populations are equivalent to the histograms of Fig. 4. In the
nonspecific binding regime, at IHF concentrations >30 nM, we
find a single population of which the RMS continues to reduce as a
function of IHF concentration up to 400 nM. This further reduc-
tion in RMS is reduced to sequence unspecific binding of the
protein. At concentrations >400 nM the RMS increases, which is
attributed to stiffening of DNA by IHF bound at high density
along the DNA, similar to the effects of observed for the HU
protein [33].

4 Notes

1. Up to 100 beads were measured for 1 min.

2. A custom-made hot plate was used to heat the sample cham-
bers. The hot plate is made from a circular massive metal block
in which a shallow cavity is carved (diameter 35 mm). A sample
chamber fits into the cavity. A metal lid (diameter 35 mm) with
a plastic handle covers the sample chamber. The hot plate is
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10.

11.

12.

placed on a heating block and heats the sample chamber to
100 °C.

. Nitrile gloves were used, as the powder that is often found in

rubber gloves may contaminate the sample chamber.

. As a template the plasmid pGpl was used [34 ], which contains

part of the bacteriophage mu genome. A 685 bp fragment that
contains 1 IHF-binding site exactly at the center was amplified,
which is expected to result in the highest effect on end-to-end
distance [30]. Our experience is that a DNA substrate in the
order of 700 bp is ideal, as protein binding results in a clearly
detectable change in RMS.

. The forward and reverse primers that we used are 5’ BIO-

TGATTAAGGTTGTGGTTAATTTGTTATCAGTTCC-G3’
and 5 DIG-ATTACTTCCGGTTTAGTTTCTAAGGCG 3,
respectively.

. The experimental buffer contained 10 mM Tris—-HCI pH 8.0

and 100 mM KCl, which is suitable for specific binding of IHF
[35]. The osmolarity of the buffer should be sufficiently high
to prevent nonspecific binding of specific binding proteins.
A different protein of interest may require buffer optimization.

. Recombinant E. cols IHF at a concentration of 120 pM was

used here. This stock was diluted 100-fold at minimum. The
number of freeze-thaw cycles was minimized by aliquoting the
protein stock, to guarantee protein activity.

. Software written for Acoustic Force Spectrometry was used

[31], which is freely available online (http://figshare.com /arti
cles/AFS_software /1195874). Other particle tracing software
has been described and compared by Chenouard et al.
[36]. Our lab also has positive experience with Poly-
ParticleTracker [37].

. Here, the computer-aided design software AutoCAD was used

to design the cutting template in combination with the Versa-
Laser tabletop Laser cutter. We cut the parafilm at 55% laser
power, 30% of the maximum speed, 1000 pulse and 1.00 mm
Z-axis. Different laser cutters may require different settings,
allowing the parafilm to be cut straight and without melting or
burning.

Ensure that each slot is occupied by only one cover glass. The
cover glasses tend to stick together, which prevents them from
being cleaned properly.

For sonication of the glass slides, the Emag EMMI 4 sonicator
was used, which is pre-programmed in cycles of 9 min at
42.5 kHz.

Note that the parafilm leaves grease marks on the cover glass, so
avoid sliding after placing them.


http://figshare.com/articles/AFS_software/1195874
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13.

14.

15.

16.

17.

18.

19.

20.

21.

Heating the sample chamber for too long may result in exces-
sive melting of the parafilm, which causes a non-straight sample
chamber. This prevents a good flow in the sample chamber. As
a result, coating of the surface with anti-digoxygenin and/or
passivation agent may be heterogenous, which reduces
throughput and results in lower effective protein concentra-
tions. Especially experiments at low concentration may then
suffer from reduced reproducibility.

Conventional protocols with fixed annealing temperatures may
be used as well, but need to be individually optimized for
different primer-template combinations and synthesized frag-
ment lengths.

Purification using the GenElute PCR clean-up kit separates the
PCR product from other components that were added to the
reaction tube to facilitate the PCR reaction, such as excess
primers, nucleotides, and salts. The result of this purification
is the labeled DNA substrate in 10 mM Tris-HCI pH 8.5
(provided with the kit).

The bead stock is vortexed and sonicated to homogenize the
suspension. Beads tend to stick together, which will distort
measurements.

Check if the sample chamber has no cracks in either of the
cover glasses, as defects may create a flow inside the sample
chamber while measuring. This will affect the RMS by giving it
a directional bias. Also, check if the channel is straight; see
Fig. 3. Left-handed people may prefer using the opening on
the left side of the sample chamber for sample loading.

The volumes used for washing depend on the volume of the
sample chamber. As a rule of thumb, we wash with approxi-
mately three times the volume of the sample chamber.

The DNA substrate concentration is 100 pM, but when we
find that this concentration is not sufficient for a particular
experiment, we raise the concentration up to 500 pM.

A dilution series with concentrations from 0 to 1000 nM is
used, with twofold dilution steps. Based on results and litera-
ture values, an additional range and /or different dilution steps
may be used, which may result in a more reliable calculation of
the I(D-

When measuring many samples, consider breaking up the dilu-
tion series in two or more overlapping ranges. Here, we diluted
a 120 pM IHEF stock to a working stock of 1.2 pM. From that,
we made a serial dilution which included THF concentrations
of 800, 400, 300, 200, 150, 100, and 50 nM: the high range
concentrations. For the low range concentrations, we diluted
the 1.2 pM working stock directly to 50 nM, from which we
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22.

23.

24.

25.

26.

27.

28

29.

subsequently made a serial dilution which included IHF con-
centrations of 30, 20, 15, 10, 7.5, 5, 2.5, and 1.25 nM. We
verified that the RMS values at 50 nM from the high range
dilution series were identical to the RMS values at 50 nM from
the low range dilution series. We also measured the RMS in the
absence of THF, indicated with 0 nM.

Do not freeze the protein solutions, since the activity of the
protein may be affected.

For reliable results and to minimize the effect of pipetting
errors, experiments should be carried out at least in duplo,
but preferably in triplo, and independently of each other. Espe-
cially when the concentration range over which binding takes
place is narrow, small changes in sample concentrations can be
of significant influence on the outcome of the binding curve.

Due to a sedimentation effect, there may be a slight difference
in RMS between beads tethered to the bottom surface and
beads tethered to the top surface. Therefore, always choose
the same surface for measurements. Also, the focus for top and
bottom surfaces may differ.

It may take 5-20 min, depending on the temperature, before
the isolation chamber has completely reached the desired
temperature.

While the temperature of the immersion oil on the objective
rises, the refractive index of the oil changes slightly. As a result,
focal drift is observed. Wait until the immersion oil has reached
the desired temperature and then refocus. When no focal drift
is observed, the immersion oil has the desired temperature.

At least 100 good bead-tether combinations are needed, but
the actual amount of measured bead-tether combinations to
reach this limit may differ. For IHF, 300 measured bead-tether
combinations always resulted in more than 100 good combi-
nations. The amount of bead-tether combinations that need to
be measured, depends on the protein that is used.

. Verify that individual experiments done at the same concentra-

tion give similar outcomes. If so, RMS values can be combined
and can be fitted together. If one measurement is a clear outlier
due to a known cause, discard the measurement. In other cases,
re-measure the sample and check if the results align with any
previous measurements.

Discard any bead with an anisotropic ratio >1.3, which is
considered non-symmetrical. Non-symmetrical beads indicate
for example that a bead is attached to two DNA tethers. An
extensive study that links motion patterns to setup defects has
been done by Visser et al. [38]. Also discard any bead with a
standard deviation of the RMS of >6%, since this indicates
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30.

31.

32.

33.

34.

rapid protein dissociation and sticking and /or releasing of the
bead to or from the sample chamber surface.

The Hill equation can be solved using IGOR Pro, which was
done here, but MatLab and other data analysis programs are
also suitable for this.

As error bars, the standard error of the mean of the individual
measurement series per concentration has been used.

If desired, the effective persistence length of the DNA can be
determined for a single protein bound to DNA, which could be
used to calculate the DNA bending angle as described by Kuli¢
and coworkers [11]. However, this requires an extensive simu-
lation series, which reveals the relation between RMS and L.
The simulations are highly dependent on the length and
sequence of the DNA substrate, buffer conditions, and tem-
perature of the experiment. This means that for every experi-
ment in which one or more of these parameters are changed, a
new simulation series is required. The simulations have been
described by Driessen et al. [39].

Here, the Hill coefficient is 2.5, which indicates positively
cooperative binding. However, in this example, only one IHF
dimer binds to DNA. The apparent positively cooperative
binding is possibly a result of the dimeric nature of the protein.
Both components of the dimer have to bind to the DNA in
order to bend the DNA.

For representation of all data points, squares are most suitable,
because squares are easy distinguishable when data points over-
lap. Circles may make it harder to distinguish individual data
points in the plot. The opacity that suits your data best depends
on the number of data points. When using more data points
than shown in the example, it may be useful to use a lower
opacity. The Gaussian distribution of the data points should be
visible from the intensity of the combination of data points.
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Observing Bacterial Chromatin Protein-DNA Interactions
by Combining DNA Flow-Stretching with Single-Molecule
Imaging

HyeongJun Kim and Joseph J. Loparo

Abstract

Nucleoid-associated proteins bind to DNA specifically and nonspecifically to perform various roles in
chromosome organization and segregation. In this chapter, we describe how the interaction between
nucleoid-associated proteins and flow-stretched DNAs can be visualized on the single-molecule level. We
describe three different experimental schemes that allow one to directly observe how these proteins that
make up bacterial chromatin, associate with and act on DNAs. First, we describe how to visualize the
diffusion of fluorescently labeled proteins on flow stretched DNAs. Second, we describe how the binding of
bacterial chromatin proteins can be correlated with DNA condensation. Lastly, we describe the DNA
motion capture assay, which allows one to probe the mechanism of DNA condensation by tracking how
different segments of a flow stretched DNA are compacted by bacterial chromatin proteins.

Key words DNA-protein interactions, Single-molecule, Fluorescence imaging, Flow-stretching,
DNA motion capture

1 Introduction

Across all domains of life, organisms compact their genomes by
orders of magnitude to fit them within the volume of the cell, and
to provide functional organization. In bacteria, different kinds of
DNA-binding proteins, including nucleoid-associated proteins
(NAPs), are involved in condensing, organizing, and segregating
DNAs. Two classes of NAPs can be distinguished based on the
mechanism by which they condense DNA: (1) DNA benders,
which bend DNA, and (2) DNA bridgers which can span distal
DNA segments, generating DNA loops on the order of kilobases
[1,2].

Directly probing how these proteins carry out their functions is
difficult with conventional ensemble approaches. While well-
established approaches, such as electrophoretic mobility shift assay
(EMSA) or surface plasmon resonance, can be used to determine
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protein-DNA affinities, they cannot be used to establish how DNA
conformation changes upon protein binding. Over the past two
decades, single-molecule technologies have provided new oppor-
tunities to investigate bacterial chromatin organization with
enhanced experimental detail. These approaches generally are
force- or fluorescence-based. In force-based experiments, DNA is
often tethered to a bead or a coverslip and stretched by force; the
action of DNA-binding proteins is observed as changes in DNA
extension upon protein binding. Here, force itself'is also an experi-
mental parameter. In fluorescence-based experiments, the position
and distribution of proteins on DNA is directly visualized. Despite
the success of force and fluorescence-based approaches, employing
them individually limits the information that one is able to obtain.
For instance, single-molecule magnetic tweezers experiments can
detect DNA compaction by chromatin proteins, but cannot give
insight into the distribution of the protein along the DNA. In this
chapter, we present protocols focusing on combining DNA flow-
stretching (force-based) with protein visualization (fluorescence) to
directly correlate protein binding with DNA structuring.

First, we describe how to determine the diffusive properties of
individual fluorescently labeled proteins on flow-stretched DNA.
Second, we present a two-color imaging approach that enables
simultaneous observations of labeled proteins bound to DNA and
measurements of DNA length. Lastly, we describe a DNA motion
capture assay where specific sites of lambda DNA are bound by a
catalytically dead mutant of EcoRI (EcoRI E111Q) labeled with
quantum dots. Tracking of the quantum dot position enables one
to observe how different segments within the flow stretched DNA
are remodeled by chromatin proteins. This assay exploits the difter-
ential tension along the DNA length created by flow to distinguish
between DNA bending and bridging [3, 4]. DNA bridgers trap
DNA loops that spontaneously form. Given that loop formation
occurs more readily at low DNA tensions, DNA compaction occurs
from the free end of the DNA. On the other hand, since DNA
benders/wrappers are relatively insensitive to the force that DNA
experiences and the effect of DNA reconfiguration by each protein
occurs locally, DNA compaction occurs simultaneously along the
length of DNA.

2 Materials

2.1 Surface-
Passivated Coverslips

1. Coverslip (VWR 16004-312).

2. Polypropylene coplin staining jar (Bel-Art F44208-1000).
3. Ethanol (200 proof).

4. 1 M potassium hydroxide.



2.2 Various DNA
Substrate

2.2.1 Bacteriophage
Lambda DNA with a Biotin
at One End

2.2.2 Bacteriophage
Lambda DNA with a Biotin
at One End and Digoxigenin
at the Other End

2.3 Antibody-
Conjugated
Quantum Dot
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. Sonicator.
. Laboratory oven.
. (3-Aminopropyl)triethoxysilane (Sigma-Aldrich A3648 or

equivalent).

. mPEG (Laysan, mPEG-SVA-5000 or equivalent).
. Biotin-PEG (Laysan, biotin-PEG-SVA-5000 or equivalent).

. 100 mM sodium bicarbonate.

. Lambda-BL1Biotin: agg tcg ccg ccc/3'BioTEG/ (Stock con-

centration: 100 pM).

. Lambda-BL2Biotin: ggg cgg cga cct/3'BioTEG/ (Stock con-

centration: 100 pM).

. 10x ligase reaction buffer (NEB B0202S or equivalent).

4. T4 polynucleotide kinase (PNK) (NEB MO0201S or

® N O u
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equivalent).

. A-DNA (NEB N3013S or equivalent).

. T4 DNA ligase (NEB M0202S or equivalent).
. 100 mM ATP stock.

. Heat block.

. Lambda-BL.2Biotin: ggg cgg cga cct/3'BioTEG/ (Stock con-

centration: 100 pM).

. Lambda-Dig: agg tcg ccg ccc aaa aaa aaa aaa/3'Digoxigenin/

(Stock concentration: 100 pM).

. Same as Subheading 2.2.1, items 3-8.

. Agarose.

. 3 M Sodium acetate (NaOAc).

. Ethanol (70% and 100%).

. TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA).
. Gel apparatus and gel loading dye.

. Centrifuge.

10.

NanoDrop UV-Vis spectrophotometer (Thermo Fisher Scien-
tific or equivalent instrument).

. Anti-digoxigenin fab fragments: Roche 11214667001 or

equivalent.

. Anti-His-tag antibody: MCA1396 (Bio-Rad) or equivalent.

. Quantum dot conjugation kit: Thermo Fisher Scientific

Q22001MP (for Qdot 605) or Q22061 MP (for Qdot 705)

or equivalent.
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2.4 His6-EcoRI
E111Q Mutant

2.5 Protein Labeling
with a Fluorophore

2.5.1 Labeling

of Cysteine Residues

2.5.2 Labeling of Primary
Amines

2.6 Microscope
Setup

1.

o NN O\ Ul

10.
11.

Plasmid pEQ111M: Prepared by the laboratory of Paul Mod-
rich, and is available from Addgene (plasmid #: 40190).

. EcoRI_Nhel_F: ac gctage tctaataaaaaacagtcaaataggctaactg

(Nhel restriction site: gctagce).

. EcoRI_EcoRI_R: ac gaattc tcacttagatgtaagctgttcaaacaag

(EcoRI restriction site: gaattc, a stop codon is included).

. PCR apparatus.

. pET28b (Novagen).

. Ligase bufter and ligase.

. BL21 cells.

. Buffer R: 50 mM Tris-HCI, pH 7.5, 300 mM NacCl, 10%

sucrose, 0.1 mM PMSF (phenylmethylsulfonyl fluoride),
5 mM 2-Mercaptoethanol, 10 mM imidazole, protease inhibi-
tor cocktail (Roche).

. Buftfer S: 60 mM Tris—HCI, pH 7.5, 450 mM NaCl, 15 mM

2-Mercaptoethanol, 0.15 mM EDTA, 10% glycerol, 0.21%
Triton X-100.

Ni-NTA resin.
Glycerol.

. TCEDP (tris(2-carboxyethyl)phosphine).
. Cy3 maleimide.

. Cy3 NHS-Ester dyes.

. Microscope body frame (Olympus IX-71 or equivalent).

2. EMCCD camera or CMOS camera.

. 532 nm laser (Coherent Sapphire 532-75 CW CDRH or

equivalent), 641 nm laser (Coherent Cube 640-100C (part
number: 1150205) or equivalent).

. Long-pass dichroic mirror that allows transmission for 641 nm

laser but blocks 532 nm laser.

. Beam expander: Three pairs of two lenses that generate

expanded collimated beam. Two ACNI127-025-A, two
AC254-200-A, an AC254-040-A, and an AC508-150-A
(Thorlabs).

. Translation stages.

. Two shutters (Uniblitz VS14 or equivalent) and a shutter

controller (Uniblitz VMM-D3 or equivalent).



2.7 Air Spring

2.8 Other Buffers

e =
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. A filter cube consisting of a dichroic mirror, excitation, and

emission filters. The dichroic mirror reflects the incoming laser
beam but transmits fluorescence emission signal from the sam-
ple. Excitation and emission filters are needed to select only
desired wavelength ranges for incoming laser light and outgo-
ing fluorescence signal, respectively.

. 50 mL tube.
. Drill and drill bit (1.2 mm Flame, 3 /32" Shank).

PE60 tube.
Epoxy.

. EcoRI Binding Buffer (EBB buffer): 10 mM Tris pH 8.0,

150 mM NaCl, 10 mM MgCl,.

. EBB+BSA bufter: 10 mM Tris pH 8.0, 150 mM NaCl, 10 mM

MgCl,, 0.2 mg/mL bovine serum albumin.

EcoRI Binding Bufter 2 (EBB2 butffer): 20 mM Tris, pH 7.5,
100 mM NaCl.

3 Methods

3.1 Coverslips
Surface Passivation

3.1.1

Coverslip Cleaning

Here we describe three different single-molecule assays to study the
interaction between bacterial chromatin proteins and DNA. All
single-molecule experiment schemes mentioned in this chapter
require a total internal reflection fluorescence (TIRF) microscope
and rely on stretching tethered DNAs by flow. Depending on the
specific research purpose, refer to the relevant sections as suggested
in Table 1.

1.

If dust is visible on the coverslip surface, gently blow it away
using either a dust remover spray or air flow before placing it
into a jar (see Note 1).

. Place coverslips into a polypropylene coplin staining jar. The jar

design is such that the interior space of the jar is separated into
multiple sub-spaces via spacers (see Note 2). Make sure that
there is not more than one coverslip in each sub-space.

Fill the polypropylene jar with ethanol (200 proof), and soni-
cate it for 30 min.

Discard ethanol into an appropriate chemical waste bottle.
Thoroughly rinse the polypropylene jar with MilliQ water five
times. Discard water.

. Fill the polypropylene jar with 1 M potassium hydroxide

(KOH), and sonicate it for 30 min.
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Table 1

Overview of research schemes

Measuring DNA

Measuring diffusive properties remodeling activity by = DNA-motion capture to

Aim of single proteins on DNA chromatin proteins resolve DNA compaction
Suggested See Subheading 3.2.1 See Subheading 3.2.2 See Subheading 3.2.1
DNA
substrate
Methods See Subheading 3.8 See Subheading 3.9 See Subheading 3.10
Protein Yes (see Subheading 3.5) Yes (see Subheading 3.5) No
labeled? but not required
DNA labeled? No Yes (at the free end with a Yes (at specific internal
quantum dot) positions with multiple
quantum dots)
Common (1) Coverslip surface passivation: see Subheading 3.1

(2) Flowcell construction: see Subheading 3.6
(3) Microscope setup: see Subheading 3.7

3.1.2  Coverslip
Silanization

. Discard 1 M KOH into an appropriate chemical waste bottle

(see Note 3). Thoroughly rinse the polypropylene jar with
MilliQ water five times. Discard water.

. Repeat the ethanol (steps 3 and 4) and KOH (steps 5 and 6)

wash steps. Store washed coverslips in MilliQ water (see Note 4).

. Preheat a laboratory oven to 110 °C.

. It is necessary to remove any traces of water from the polypro-

pylene jars storing the cleaned coverslips prior to silanizing the
coverslip surfaces (see Note 5). First, decant water and fill the
jar with acetone. Discard acetone into a chemical waste bottle
by tilting the jar. At this time, slowly rotate the jar to let the
acetone touch the whole interior area of the jar, ensuring
complete water removal. Separately, rinse the jar lid with ace-
tone. Repeat this step two more times.

. During the third wash, sonicate the coverslips in acetone for

10 min. Discard acetone.

. Prepare ~2% (v/v) silane solution by mixing 1.1 mL of

(3-Aminopropyl)triethoxysilane with 55 mL of acetone (for
each jar) (see Note 6). Pour the solution immediately into the
jar, close the lid, and move the jar horizontally in all directions
on a bench top surface for 2 min to ensure complete
silanization.

. Discard the silane solution into an appropriate chemical waste

bottle, and quench the reaction by rapidly pouring 1-2 L of
MilliQ water into the jar.



3.1.3 Coverslip
PEGylation
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Fig. 1 Silane-treated coverslips on a pipet tip box. Add some water inside the
pipet tip box (in the purple box under white pipet tip platform)

6.

Rinse each coverslip thoroughly with MilliQQ water before plac-
ing them into the lab oven. Let the coverslips dry for 30 min at
110 °C.

. Place each coverslip onto a pipet tip box (see Fig. 1) in prepara-

tion for the PEGylation step.

. mPEG and biotin-PEG bottles have been stored at —20 °C

since their receipt. Before their use, let the bottles reach ambi-
ent temperature, which typically takes 20-30 min.

. Prepare fresh 100 mM sodium bicarbonate buffer (210 mg

powder for 25 mL water).

. Prepare a tube containing 6.8 mg of biotinylated PEG and

170.0 mg of mPEG (see Notes 6 and 7). This step can be
done while silane-treated coverslips are being baked at 110 °C
for 30 min.

. Add 1100 pL of 100 mM sodium bicarbonate bufter to the

PEG mixture and thoroughly mix it right before applying it to
the silane-treated coverslips to minimize hydrolysis. Drop
100 pL of the PEG solution onto each silane-treated coverslip
and gently place another silane-treated coverslip on the top of
it, leading to the PEG solution being sandwiched between two
coverslips.

. In a dark place, leave the PEG-treated coverslips in the closed

pipet tip box for 3—4 h. Make sure that a small amount of water
is in the bottom of the box to ensure that the coverslips do not
dry out.
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6. Gently peel off the sandwiched coverslips and wash them using
MilliQ water. Next, dry the PEGylated coverslips with
compressed air.

7. Store the PEG-functionalized coverslips under vacauum. They
should be stable for at least a month (se¢ Note 8).

3.2 DNA Substrate Bacteriophage lambda DNA has 12-base complementary single-
Preparation strand 5’ overhangs. In this section, we describe how one of these
overhangs can be labeled with a biotin-containing oligo, enabling

321 Bacteriophage tethering of the DNA onto the PEGylated coverslip.

Lambda DNA with a Biotin
at One End 1. Depending upon which end of the lambda DNA is intended to
be labeled with a biotin, either Lambda-BL1Biotin or Lambda-

BL2Biotin oligo will be used in the subsequent steps.

2. Phosphorylate either Lambda-BL1Biotin or Lambda-
BL2Biotin oligo.

(a) Combine the following:
15.5 pL ddH,O.
2.0 pL 10x ligase reaction buffer.
0.5 pLL T4 polynucleotide kinase (PNK).

2.0 pL of 100 pM oligo (Final concentration of the phos-
phorylated oligo: 10 pM).

(b) Incubate the mixture at 37 °C for 3 h.
3. Annealing the phosphorylated oligo with A-DNA

(a) Combine the following:
200 pL ddH,O.
25 pL 10x ligase reaction buffer.
0.4 pL of the phosphorylated 10 pM oligo (10x more

oligo than A-DNA).
(b) Gently add 25 pL A-DNA (see Note 9).

(¢) Heat the mixture at 65 °C for 10 min, and then slowly
cool it down to the room temperature by turning off the
heat block and leaving the tube in it.

4. Ligation step

(a) To the A-DNA with annealed oligo prepared in step 3,
add 1.5 pL of T4 DNA ligase and 2.0 pL of 100 mM ATP.

(b) Leave the mixture at room temperature for 2 h.

(c) The DNA substrate is now ready to be used in single-
molecule experiments (see Note 10).



3.2.2 Bacteriophage
Lambda DNA with a Biotin
at One End and Digoxigenin
at the Other End

Single-Molecule Imaging of Protein-DNA Interactions 285

The biotinylated end will be used in tethering DNA onto a glass
surface via biotin-neutravidin (or biotin-streptavidin) interaction.
The end with digoxigenin will be used for labeling with a quantum
dot.

1. Phosphorylate Lambda-BL2Biotin and Lambda-Dig oligos in
separate tubes as described in Subheading 3.2.1, step 2.
2. Annealing the phosphorylated Lambda-Dig oligo with A-DNA
(Annealing step #1).
(a) Combine the following:
375 uL ddH,O0.
50 pL 10x ligase reaction bufter.

1.80 pL of the phosphorylated 10 pM Lambda-Dig oligo.
(15x more Lambda-Dig oligo than A-DNA).

(b) Gently add 75 pL A-DNA (see Note 9).

(¢) Heat the mixture at 65 °C for 10 min, and then slowly
cool it down to the room temperature by turning oft the
heat block and leaving the tube in it.

3. Ligation step #1
(a) Add 3.0 pL of T4 DNA ligase and 4.0 pL. of 100 mM ATP.
(b) Leave the mixture at room temperature for 2 h.

4. Annealing the phosphorylated Lambda-BL2Biotin oligo with
A-DNA (Annealing step #2)
(a) Add 7.20 pL of the phosphorylated 10 pM Lambda-

BL2Biotin oligo to the mixture from step 3 (60x more
Lambda-BL2Biotin oligo than A-DNA).

(b) Heat the mixture at 45 °C for 30 min, and then slowly
cool it down to the room temperature by turning off the
heat block and leaving the tube in it.

5. Ligation step #2
(a) Add 3.0 pL of T4 DNA ligase and 4.0 pL of 100 mM ATP

to the reaction mixture.
(b) Leave it at room temperature for 2 h.
6. Removing unconjugated excess oligos

The Lambda-BL2Biotin oligo will be used for DNA-surface
tethering and the Lambda-Dig oligo will be used for a
quantum-dot labeling. Since these two oligos are complemen-
tary, it is crucial to remove excess oligos prior to introducing
the DNA substrate into the flowcell. Otherwise, quantum-dot-
bound short oligo duplexes will be tethered to the flowcell
surface, obstructing imaging of the full-length DNA products.
The long length of the A-DNA makes it susceptible to shearing.
Therefore, we suggest the gentle dialysis bag-based oligo
removal procedure described below.
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3.3 Anti-digoxigenin
(or Anti-His-Tag)
Antibody-Conjugated
Quantum Dot

3.4 His6-EcoRI
E111Q Mutant

(a)

(b)

(c)
(d)
(¢)

()

(8)

Combine multiple teeth of a gel comb by taping them
together, making a ~5 c¢cm tooth. Place a thin layer of
epoxy on the tape to make the tooth of the gel comb
thicker. The resultant gel well should accommodate at
least 600 pL sample (500 pL of DNA sample + 100 pL
of gel loading dye).

Prepare 0.4% agarose gel containing ethidium bromide.
Use the gel comb prepared in (step 1).

Add 1/5 volume of gel-loading dye to the sample and mix.
Load the sample to the gel well.

Apply high voltage (~90 V) for 10 min to allow all DNA in
the well to get into the gel. Then, apply low voltage
(15-25 V) overnight.

Using a razor blade, cut the lambda DNA band, and putit
in a dialysis bag. (The dialysis bag might need to be
hydrated before use.) Add the same buffer for gel electro-
phoresis to the bag until the gel is submerged. Clip the
bag and put it into the gel apparatus. Apply voltage
(35-50 V) until all the DNA elutes from the gel. Then,
reverse voltage polarity and apply ~50 V for 2 min (see
Note 11).

Gently draw up the solution from the bag and put it in a
15 mL centrifuge tube (sec Note 9).

7. Recovery of purified DNA

(a)

Add to the DNA solution 1,/10 volume of 3 M NaOAC
and then 2.5 volume of ethanol.

Leave it either in a —20 °C freezer or in a 4 °C refrigerator
overnight (see Note 12).

Spin it with maximum speed (~7200 x gin case of Eppen-
dorf 5430R centrifuge) for 10 min. Discard solution.
Wash the DNA precipitate with 70% ethanol and spin it
for 5 min with maximum speed. Discard solution.
Air-dry the DNA and resuspend it with TE buffer or a
buffer of your choice. Measure the DNA concentration.
We usually resuspend in 200-250 pL of buffer which
typically yields 40-60 ng/pL of DNA.

Conjugating quantum dots with antibody is performed per quan-
tum dot manufacturer’s protocol.

DNA motion capture experiments require His6-EcoRI E111Q), a
catalytically inactivated derivative of EcoRI for specific labeling of
DNA with anti-His-tag antibody-conjugated quantum dots.



3.5 Labeling Proteins
with Fluorophores

for Single-Molecule
Imaging

9.
10.
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. The starting plasmid pEQ111M was prepared by the labora-

tory of Paul Modrich.

. Perform PCR for the EcoRI-E111Q region of the plasmid

pEQI11IM using primers EcoRI_Nhel _F and
EcoRI_EcoRI_R.

. Digest the insert with Nhel and EcoRI.
. Ligate the insert into pET28b that is also cut by Nhel and

EcoRI. This generates pTG004.

. Transform BL21 cell with pTG004, and grow cells in the

presence of kanamycin.

. Sonicate the BL21 cell pellet, obtained by centrifugation, in

buffer R.

. Apply the supernatant of the lysate to Ni-NTA resin for affinity

chromatography, then, wash it with buffer R supplemented
with 1 M NaCl. Wash it again with buffer R supplemented
with 1 M NaCl and 50 mM imidazole.

. Elute with buffer R supplemented with 250 mM imidazole that

does not contain protease inhibitors.
Eluates were dialyzed against buffer S.

Add 1 volume of glycerol to 2 volumes of dialysate for storage
and mix well.

Numerous strategies beyond the scope of this chapter exist to label
proteins both specifically and nonspecifically [5-7]. Here we briefly
describe two straightforward approaches to label a protein with a
dye molecule.

1.

Labeling of cysteine residues

Surface-exposed Cysteine residues can be labeled with thiol-
reactive dyes such as fluorophore-maleimide conjugates. We
suggest following the manufacturer’s instructions except with
one caveat. Some protocols suggest that using up to 100x
molar excess of TCEP (tris(2-carboxyethyl)phosphine) to pro-
tein concentration is fine. However, we have noticed that using
high concentrations of TCEP can decrease protein labeling
efficiency. We suggest using a TCEP concentration comparable
to that of protein.

. Labeling of primary amines

NHS-Ester dyes can be readily conjugated to lysine residues or
to the N-terminus of proteins. Follow the manufacturer’s
instructions for protein labeling.

. Removing unreacted fluorescent dyes from the labeled protein

reaction mix



288 HyeongJun Kim and Joseph J. Loparo

3.6 Construction
of Flow Gell for DNA
Flow Stretching
Experiments

Following the completion of the labeling reaction, unreacted
dye must be removed so it does not contribute to background
in imaging experiments.

Remove unreacted dyes following the fluorescent dye manu-
facturer’s instruction or using a concentrator of an appropriate
molecular weight cutoff that allows for removal of the free dye
while retaining the protein (see Note 13 for a caveat). Size-
exclusion chromatography is also commonly employed to
remove free dye.

4. Activity test for the fluorescently labeled protein

It is essential to verify that the protein labeling has not affected
the protein activity. For DNA-binding proteins that remodel
DNA structure we recommend the procedures described in
Subheading 3.9. Measure the DNA compaction rates by track-
ing the positions of a quantum dot labeled at the end of DNA,
and confirm that they are identical or similar for both the
labeled and unlabeled proteins.

This section describes how to construct a microfluidic flow cell to
use in DNA flow stretching experiments. The bottom surface of the
flow cell is a functionalized coverslip (described in Subheading 3.1)
that captures DNA molecules. Here we describe the construction
of a 2-channel flow cell but readers can readily adapt it depending
on the number of channels they need.

1. Make four holes on a 20 mm x 25 mm x 1 mm quartz plate
(Technical Glass Product) using a drill. These holes are where
inlet and outlet polyethylene tubes (PE number: 60, wall thick-
ness: 0.009”) will be inserted. The hole size should be very
similar to PE60 tubing diameter to ensure that the tubing sits
firmly in the hole.

2. Draw the flowcell layout as shown in Fig. 2a, and paste it on
one side of double-sided tape cover (Grace Bio-labs 620001).
The thickness of the double-sided tape (0.12 mm) will be the
thickness (or height) of the flowcell. Each channel in the layout
is 1.8 mm wide.

3. Using a razor blade or a scalpel, cut off flow cell channel
regions (red and light green rectangles in Fig. 2a). Peel off
the cover of the tape, and attach it on the quartz plate (see
Fig. 2b). Make sure that the holes are located within the flow
cell channel regions.

4. The PEGylated coverslip (24 mm x 60 mm) is unnecessarily
bigger than the quartz plate (20 mm x 25 mm). Using a
diamond scriber (VWR 52865-005), score the coverslip in
the middle, and cut it by halves, generating two pieces of
24 mm x 30 mm coverslips (sec Note 14).



3.7 TIRF Microscope
Setup

3.7.1 Overall Scheme
for a Microscope
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Fig. 2 (a) Flow cell layout, (b) Quartz plate with layout attached on it, (c)
Schematic of flow cell. Note that inlet and outlet tubes were cut with ~30°
angle, (d) Completed flow cell image

5.

Peel off the remaining tape cover and put the surface-passivated
coverslip on it. It is very common that air is trapped between
the double-sided tape and coverslip. Using a flat-ended tweezer
(Style: K35A, Electron Microscopy Sciences 78193-01 or
equivalent) or the bottom of a microcentrifuge tube, eliminate
the trapped air by applying pressure to the coverslip surface (see
Note 15).

. Prepare the inlet (7 cm long) and outlet (1-3 ¢cm long) tubing.

Cut one end of each tube at an ~30° angle (see Fig. 2¢) to
ensure smooth flow in the microfluidic channel area.

. Apply epoxy around all four edges of the quartz plate at the

junction between the quartz plate and the coverslip. Also, apply
epoxy around the tubing insert sites (se¢ Fig. 2d and Note 16).

. Our home-built through-objective total internal reflection

fluorescence (TIRF) microscope was built with an Olympus
IX-71 microscope body frame (see Note 17). First, install
532 and 641 nm lasers on an optical table (se¢ Note 18). Use
three mirrors (M1, M2, and M3) to direct laser light toward
desired directions as shown in Fig. 3a.

. Install a long-pass dichroic mirror (LPD) that allows the laser

beam with the longer wavelength (641 nm) to pass through
while reflecting the other laser beam (532 nm) (Fig. 3a).
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Fig. 3 (a) Schematic of our microscope setup. M mirror, BE beam expander, LPD long-pass dichroic mirror,
S shutter, (b) TIRF angle (critical angle) realization. BFP back focal plane, EX excitation filter, EM emission
filter. (¢) Schematic of home-built custom dual-view for two-color imaging. (d) Actual microscope setup

3. Use another mirror (M4) to send the combined beam to the
center of a microscope objective. The pointing of the laser
beams can be controlled by adjusting the kinematic mirror
mounts (M1-M4).

4. Build up beam expanders (BE1 and BE2) in front of each laser
(see Note 19), generating expanded collimated beams.

5. Install another beam expander (BE3) to further expand the
combined beam.

6. Place table-mounted shutters in the beam path (S1 and S2) to
enable alternating laser excitation.

7. (See Fig. 3b) Install the focusing lens by mounting it on both
horizontal (moving along the yaxis) and vertical (moving along
the z axis) translation stages.

8. Move the horizontal stage until the beam is focused on the
back focal plane (BFP) of the microscope objective. When the
lens is properly positioned the beam should be collimated upon
passing through the objective lens. Adjust the vertical position
of the focusing lens with the vertical stage to direct the beam
onto the sample at the TIRF angle (critical angle).



3.7.2 Construction of an

Air Spring to Minimize Flow

Fluctuations

3.8 Measuring
Protein Diffusion
on Individual DNAs

3.8.1  Experimental
Procedure

9.
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(See Fig. 3¢) In cases where two different fluorophores have to
be imaged simultaneously, as in Subheading 3.9, an additional
imaging module, known as a Dual-view, must be set up
between the microscope and the EMCCD camera. Signals
from two different emission wavelengths are optically separated
by a dichroic mirror into two independent optical paths. The
separated emission signals are then recombined with another
dichroic mirror and directed onto separate halves of an
EMCCD camera. Emission filters are inserted in each emission
signal beam path (sec Note 20).

An air spring is connected between the outlet of the flow cell and
the syringe pump, and dampens fast flow fluctuations. To make an
air spring:

1.

2.

Fill a 50 mL conical tube with water so that only 2-5 mL air
remains in the tube.

Make two holes in the 50 mL tube lid, whose sizes just fit PE60
tubing. Insert sufficiently long PE60 tubes into these holes so
that one can connect to the outlet tubing of the flow cell and
the other can connect to the syringe pump.

. Seal the air spring by applying epoxy to the lid where the tubing

is inserted, and the base of the lid of the 50 mL conical tube.

4. Connect the air spring to the flow cell and to the syringe pump.

. In sum, the inlet tubing of the flow cell is inserted into a

protein/DNA sample solution, and the outlet tubing is
connected to the air spring. The other outlet of the air spring
is connected to the syringe of the syringe pump (see Fig. 3d).
When the syringe pump draws a syringe plunger, the protein/
DNA sample solution is pulled through the flow cell.

In this section, we describe how one can measure the diffusive
properties of individual fluorescently labeled proteins on flow-
stretched DNAs.

1.

Using a syringe, introduce 50-100 pL of 0.2-0.25 mg/mL
streptavidin or neutravidin in a flow cell through the inlet
tubing. Incubate for 5 min.

. Drop microscope immersion oil on the objective and mount

the flow cell. Connect the outlet tubing to a syringe pump
through an air spring.

. Wash the flow cell with EBB+BSA buffer or a buffer of your

choice by quickly pulling the syringe plunger in the syringe
pump. Prior to inserting the inlet tubing into the microcentri-
fuge tube containing the buffer, gently lift the air spring to
produce a drop of solution from the inlet tube. Then rapidly
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3.8.2 Data Analysis

insert the inlet tube into the wash buffer and lower the air
spring (see Note 21).

. Dilute the biotinylated lambda DNA substrate using

EBB-+BSA buffer or a buffer of your choice, and flow in
150-200 pL at a rate of 0.03-0.05 mL /min. This step requires
empirical optimization to achieve a density of tethered DNAs

that allows for sufficient sampling while maintaining a reason-
able distance between DNAs (see Note 22).

. Flow in your sample buffer at a rate of 0.05 mL /min to remove

any unbound DNAs and exchange bufters.

. Flow in your protein sample (in sample buffer of your choice)

at a rate of 0.05 mL/min and record a movie (see Note 23). If
fluorophore photostability is a concern, supplement your
buffer with an oxygen scavenging system (sec Note 24).

. Flow in ~10 nM Sytox Orange at a rate of 0.05 mL /min at the

end of the experiment to directly visualize the tethered DNAs
(see Note 25).

. Open up the raw image file with Fiji [8] or equivalent software,

and identify regions of interest where you can observe fluores-
cent spots undergoing one-dimensional diffusion along DNA.

. Track the fluorescent signal in a region of interest over time by

fitting the raw signal image with two-dimensional Gaussian
curve using our custom-written Matlab code (MathWorks)
(based on a built-in function “Isqcurvefit”) or a built-in func-
tion “GAUSS2DFIT” in IDL (Harris Geospatial Solutions).
The center of the fitted Gaussian curve is approximately the
position of the dye. This analysis will yield trajectories of dye
position as a function of time.

. Generate a net displacement histogram to see if the presence of

flow biases protein diffusion in the flow direction. The net
displacement is the position difference between initial fluores-
cence signal appearance and its final disappearance. If the pro-
tein moves via a Brownian diffusion mechanism with no flow
bias, the net displacement histogram center should be located
at zero.

. If the net displacement histogram is not centered at zero, then

the diffusion coefficient should be calculated after correcting
for the flow bias as shown in Tafvizi et al. [9].

(a) Concatenate all the position trajectories as if they were
part of a single long trajectory. The end-to-end distance
divided by total time is the average velocity of the con-
catenated trajectory that represents the flow bias.



3.9 Measuring DNA
Structuring Activity by
Bacterial Chromatin
Proteins

3.9.1 Experimental
Procedure
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(b) Subtract the effect of flow bias estimated by the average
velocity of the concatenated trajectory from the individual
raw trajectories.

. Calculate the mean square displacement (MSD) for each cor-

rected trajectory using;:

N-—n 2
> i — )

(a) y: position coordinate along the DNA.

(b) N: total number of data points for each trajectory from the
appearance of the signal to its disappearance.

(¢) m:from 1 to N.

Draw a graph of “MSD(N, ) versus nAt” where At is
EMCCD camera acquisition duration. Fit the graph to “MSD
(N, n) = 2DnAr”. Here, D is a diffusion coefficient obtained
from each individual trajectory (see Note 26).

Here, we describe an experimental scheme that enables simulta-
neous observation of spectrally distinct labeled proteins (e.g.
Cy3-labeled protein) associating with an end labeled
(e.g. quantum dot 705) lambda DNA (see Note 27). Also see
Note 28 for alternative imaging approaches.

1.

Add 0.3 pL anti-digoxigenin antibody-conjugated quantum
dot 705 and 2.7 pL of bacteriophage lambda DNA with a
biotin at one end and digoxigenin at the other end to
17.0 pL. EBB buffer or a buffer of your choice. Allow
15-30 min for incubation at room temperature.

. Apply 0.2-0.25 mg/mL streptavidin or neutravidin to the flow

cell. After 5 min wash the flow cell. For more details see Sub-
heading 3.8.1, steps 1-3.

. Dilute the quantum-dot conjugated DNA by 20-fold using

EBB-+BSA butffer or a buffer of your choice (see Note 29).

. Flow in your sample buffer at a rate of 0.05 mL/min in order

to remove unbound quantum dot-conjugated DNAs and
exchange buffers.

. Turn off the flow. After 2 min, start recording a movie in the

absence of any flow. In the middle of the movie when ~100
frames are recorded, turn on the buffer flow which will stretch
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3.9.2 Data Analysis

3.10 DNA Motion
Gapture Assay

3.10.1  Experimental
Procedure

3.10.2 Data Analysis

the DNAs. Keep recording the movie for additional 100-200
frames (see Note 30).

. Flow in your protein sample at a rate of 0.05 mL/min and

record a movie (se¢ Note 31).

. Open up the raw image file with Fiji [8] or equivalent software,

and select regions of interest (ROI) for both Cy3 and quantum
dot channels (see Note 32).

. Import the list of ROI into custom-written Matlab codes that

perform Gaussian fitting on the signal and determine the posi-
tions of the quantum dot over time (se¢e Note 33). Then,
perform Gaussian fitting of the quantum dot signal to deter-
mine the positions of the quantum dot over time.

. Correlate the distribution of Cy3-labeled proteins with the

quantum dot positions.

In this section, we describe how to carry out DNA motion capture
experiments.

1. Add 0.4 pL of anti-His-tag antibody-conjugated quantum dot

605 (stock concentration: usually ~1 pM) and 0.4 pL of 10-
x-diluted His6-EcoRI E111Q mutant (final concentration:
~2 pM) to 16.7 pL of EBB2 buffer, and leave it at room
temperature for 30 min.

. Add 2.5 pL of DNA substrate that is tagged with Lambda-

BL1Biotin oligo at its one end to it and incubate for 30 min at
room temperature.

. Flow in the DNA and quantum dot mixture into a microscope

mounted flow cell as described in Subheading 3.8.1, step 4.
Then, wash out the flow cell, and flow in the protein at a rate of
0.05 mL/min. Note the following differences.

(a) The Dual-view part in the microscope setup is not needed.

(b) Protein is not fluorescently labeled.

(¢) The buffer composition used in diluting the DNA and
quantum dot mixture is EBB2 buffer.

There are five EcoRI-binding sites in the lambda genome. We

typically observe three to five quantum dots on individual DNAs.

1. Up to five quantum dots are labeled on a DNA. Track each

quantum dot with two-dimensional Gaussian fitting. Alterna-
tively, the five quantum dots can be simultaneously tracked by
U-track software (Harvard University), following Jagaman
etal. [10].
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4 Notes

10.

. This step can be omitted if the coverslip appears clean by visual

inspection.

. In this configuration, one side of either the first or the last

coverslip faces the interior jar surface.

. At this time, flip the first and the last coverslips and let the other

side of each coverslip face the interior jar surface. It will ensure
that both surfaces of the first and the last coverslips are cleaned
during the cleaning procedures.

. If you do not have enough time to complete the remaining

functionalization steps, you may stop here, leaving the cover-
slips in MilliQ water filled jars for up to a few days.

. Prior to the silanization step, it is crucial to remove any traces of

water from the coverslips and the polypropylene jar since water
rapidly induces hydrolysis of (3-Aminopropyl)triethoxysilane
and thus prevents silanization of the coverslip surface.

. After each use, the original stock solution bottle should be

filled with inert gas such as argon or nitrogen and stored at
4 °C (for (3-Aminopropyl)triethoxysilane) or —20 °C (for PEG
powders) for long-term storage.

. The amounts were calculated assuming that 20 coverslips

(24 mm x 60 mm) are PEGylated. With this scheme, about
4% of the PEG (polyethylene glycol) is biotinylated. Depend-
ing on the specific experiment, you may want to consider using

more or less biotin-PEG. Reported values typically range
between 0.5 and 4% biotin-PEG.

. After coverslip surface passivation, test it with a protein or

DNA of interest, since the success of the surface passivation is
sample-specific. The surface passivation method described here
is a good starting point for many single-molecule applications.
However, if nonspecific binding is problematic, other surface
passivation methods have been reported. For example, in addi-
tion to mPEG and biotin-PEG, bis-NHS-PEG can be
co-mixed, and 0.05 M sulfo-DST (Soltek Ventures CL107) is
applied [11]. Dichlorodimethylsilane (DDS)-Tween-20-based
surface passivation method is another option to consider [12].

. When adding or pipetting lambda DNA, cut the end of the

pipet tip to make the entrance wider. Gently pipet the sample
up and down to mix and never vortex the sample.

Excess oligos do not seem to interfere with tethering the
lambda DNA but they can be removed if desired (see Subhead-
ing 3.2.2, steps 6 and 7).
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11.

12.

13.

14.

15.

l6.
17.

18.

19.

20.

21.

22.

After eluting from the gel, DNA might stick to the dialysis
tubing surface. The application of a reverse electric field can
detach DNA from the tubing.

This step can be done for 1 h instead of overnight.

We noticed that, depending on what column we use, the
protein activity could be altered. For example, in our single-
molecule bacterial SMC study [13], we used BioRad’s Micro
Bio-Spin P-30 gel columns, since it did not alter the SMC
protein activity.

We strongly recommend practicing this step with
non-functionalized coverslips to minimize the risk of breaking
functionalized coverslips.

Be careful not to apply pressure where the coverslip extends
over the quartz plate as the coverslip will readily snap.

It will take ~5 min for the epoxy to cure.

TIRF microscopes are commercially available as well, but much
more expensive.

If you intend to do two-color imaging for Cy3 and Cy5 fluo-
rescent dyes, we suggest using 641 nm (laser #1) and 532 nm
(laser #2) lasers. If Cy3 and quantum dot 705 need to be
imaged, using only 532 nm laser is sufficient since it can
excite both.

A beam expander is simply a telescope. It consists of either two
convex lenses (Keplerian beam expander) or one convex and
one concave lenses (Galilean beam expander). We used
ACNI127-025-A and AC254-200-A (Thorlabs) for initial
beam expansion. The second beam expander is comprised of
AC254-040-A and AC508-150-A (Thorlabs).

We used T640lpxr dichroic mirrors, ET585 /65 and ET700/
75M emission filters for Cy3 and quantum dot 705 imaging.
There are also commercial Dual-view imaging modules.

Lifting up the air spring to produce a drop of solution from the
inlet tube minimizes the risk of air bubbles being trapped in the
inlet of the flow cell. To further minimize air bubbles we
suggest degassing all buffers under vacuum for 30 min prior
to use. Degassing can be done by leaving tubes with caps
loosened under a vacuum chamber.

For the first experiment, a suggested guideline is to dilute the
DNA by 100-fold. After flowing in 150-200 pL at a rate of
0.03-0.05 mL/min, allow the DNA containing solution to
incubate in the flowcell for an additional 3 min without flow.
Then, flow in 10 nM SYTOX Orange at a rate of 0.05 mL/
min. The SYTOX Orange dye will stain flow-stretched DNAs
enabling their visualization. Depending on the DNA density,



23.

24.

25.

26.

27.

28.
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adjust the DNA concentration or flow conditions to achieve an
optimal number of tethered DNAs. As a control experiment,
slightly lift the air-spring which will quickly reverse the flow
direction. The tethered DNAs should be stretched out along
the reversed flow direction, indicating that the surface-
passivated PEGylated coverslip is well passivated and that
there is not significant nonspecific sticking of DNA to the
surface.

In order to capture fast diffusion events, start with an EMCCD
camera exposure time on the order of 50-100 ms. For Cy3
imaging, typical through objective excitation powers are
approximately 0.1 mW of 532 nm laser light.

The well-known oxygen scavenging systems are based on the
use of (1) glucose oxidase and catalase [14]; (2) PCA (proto-
catechuic acid), PCD (protocatechuate-3,4-dioxygenase), and
trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) [15]; (3) a reducing and oxidizing system (ROXS) [16];
(4) pyranose oxidase and catalase [17]. The glucose oxidase
and catalase systems used to be commonly employed in single-
molecule experiments, but it leads to a significant drop in pH
over time [17]. This drawback was overcome by the pyranose
oxidase and catalase-based system. We routinely use the PCA-
PCD-trolox system (10 mM, 50 nM, and 0.2-1.0 mM, respec-
tively). Note that the pH of trolox stock should be increased to
around 7-8, and, as a caveat, the use of excess Trolox in your
imaging buffer may alter protein activity.

Direct visualization of DNA facilitates subsequent data analy-
sis. For example, identifying where a labeled protein locates is
straightforward.

Note that MSD( N, #) is expected to increase linearly with #Az
for Brownian diffusion. Therefore, it is strongly suggested that
one should only consider trajectories that pass a linearity test
(e.g. Pearson correlation coefficient >0.9 obtained from COR-
REL function in Microsoft Excel).

This approach enables one to correlate protein binding with
changes in DNA length (i.e. the activity of chromatin pro-
teins). Since the emission signals from the labeled protein and
DNA are spectrally well separated, they can be imaged on
separate halves of an EMCCD camera using a dual-view
apparatus.

If labeling protein leads to the loss or decrease of protein
activity, use unlabeled protein, instead. In that case, the dual-
view part in the microscope is unnecessary. By tracking the
quantum dot labeled at the end of a DNA, quantitative infor-
mation on DNA remodeling, including the compaction rate
and the degree (fraction) of compaction, can still be obtained.
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29. This step requires empirical optimization (se¢e Note 22) to
achieve the following goals: (1) the tethered DNA density
that allows for enough sampling while keeping nearby DNAs
well-separated, and (2) to find the optimal quantum dot-to-
DNA incubation ratio for high DNA end labeling efficiency.
For the first optimization experiment, after flowing in
150-200 pL of the quantum-dot conjugated DNA at a rate
0f0.03-0.05 mL/min, allow an additional 3 min of incubation
without flow. Wash out unbound quantum dots, unbound
DNA or unbound quantum dot-conjugated DNA by flowing
200400 pL of EBB+BSA buffer at a rate of 0.05 mL/min. At
that time, record a movie. Then, flow 10 nM SYTOX Orange
at a rate of 0.05 mL /min while recording another movie. The
SYTOX Orange will visualize flow-stretched DNAs and check
the surface-tethered DNA density. Comparing the two movies
will indicate the quantum-dot labeling efficiency to DNA.
Adjust the incubation conditions accordingly for your next
experiments.

30. The average quantum dot position in the absence of the flow
indicates the DNA-tether point while the difference between
the quantum dot positions in the presence and absence of the
flow is the DNA length stretched under flow.

31. We typically use 100 ms exposure time and collect on the order
of a few hundred to a few thousand frames. The number of
frames will need to be adjusted based on how fast your protein
of interest structures DNA.

32. In the case of Fiji, this can be done by drawing a rectangle
around a DNA compaction event and pressing “ctrl + t.”

33. Two-dimensional Gaussian fitting is an option as mentioned in
Subheading 3.8.2. In our algorithm, two-dimensional inten-
sity values are projected onto the DNA long axis, and then
one-dimensional Gaussian fitting was performed. The custom
Matlab codes are available in the “supplementary information”
section of our bacterial SMC paper (https: //www.nature.com,/
articles/ncomms10200#supplementary-information) [13].
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Unraveling the Biophysical Properties of Chromatin Proteins
and DNA Using Acoustic Force Spectroscopy

Szu-Ning Lin, Liang Qin, Gijs J. L. Wuite, and Remus T. Dame

Abstract

Acoustic Force Spectroscopy (AFS) is a single-molecule micromanipulation technique that uses sound
waves to exert force on surface-tethered DNA molecules in a microfluidic chamber. As large numbers of
individual protein-DNA complexes are tracked in parallel, AFS provides insight into the individual proper-
ties of such complexes as well as their population averages. In this chapter, we describe in detail how to
perform AFS experiments specifically on bare DNA, protein-DNA complexes, and how to extract their
(effective) persistence length and contour length from force-extension relations.

Key words Acoustic force spectroscopy, Single-molecule manipulation, Protein-DNA interaction,
DNA-binding protein, Bacterial chromatin protein

1 Introduction

Sound waves can be used to exert forces on objects; this concept is
key to the application of controlled forces on surface-tethered
microparticles using a method called acoustic force spectroscopy
(AEFS) [1, 14]. By applying force on the microparticle, force is
exerted on the tether, DNA or a protein-DNA complex [1, 14]. The
experimental layout for studying protein-DNA complexes is similar
to that used for tethered particle motion (TPM) [2] and magnetic
tweezers (MT) (see Chap. 17): one end of a DNA substrate is
labeled with DIG to bind the anti-DIG on the sample carrier or
flow chamber surface, while the other end of the DNA is labeled
with biotin to bind on the silica or magnetic beads. In AFS, force is
applied vertically to microspheres attached to surface-tethered
DNA molecules as is the case for MT. The x-y motion of the bead
is monitored and its diffraction pattern is used to determine its
z-position from a look-up table (LUT) of radial profiles [1]. The
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z-position of the bead (minus the bead radius) corresponds to the
end-to-end distance of the DNA tether.

Acoustic pressure is generated by a vibrating piezo element
attached to the bottom or top of the flow cell. The acoustic pres-
sure transfers potential energy into the medium in the flow cell
chamber and forms a standing wave. Particles, in this case, polysty-
rene or silica microspheres 1-5 pm in diameter (with a volume V),
are forced to align at the nodes of the standing wave. By increasing
the voltage (changing the amplitude of the wave), beads will expe-
rience a larger force (F) toward the wave node [3, 4]. The eftective
force applied on each bead is described by Eq. 1).

1—«* *—1
£ KmPZ Mpmv2 (1)

F=-VV -
Vi3 1+2p*

in which P is the acoustic pressure (energy gradient), » is the
velocity of particles, and p* (=p,/pm) and ™ (=k,/ky) are the
density ratio and compressibility ratio between the particle and the
fluid, respectively [3]. The magnitude of the force applied to a bead
is determined by the material and size of the bead, the medium
inside the flow cell, and the vibration of the piezo. We routinely
apply forces up to ~70 pN to achieve DNA overstretching and
protein unfolding, with polystyrene microspheres, 4.5 pm in
diameter.

Here, we describe the assembly of an acoustic force spectros-
copy instrument around a commercial inverted microscope and
explain how to perform experiments on DNA molecules and
protein-DNA complexes. In addition, we demonstrate how struc-
tural and mechanochemical properties of protein-DNA complexes
can be extracted from AFS data.

2 Materials

2.1 Stock Solutions
and Beads

2.1.1  Buffer for Analysis
by Agarose Gel
Electrophoresis (See
Subheading 3.1)

Prepare all solutions by using ultrapure water (prepared by purify-
ing deionized water, to attain a sensitivity of 18 MQ cm at 25 °C;
MilliQ). Prepare solutions at room temperature (RT) and store at
4 °C.

TAE: 40 mM Tris-HCI (pH 7.6), 20 mM acetic acid and
1 mM EDTA.



2.1.2 Solutions
for Reference Bead
Preparation (See
Subheading 3.2)

2.1.3 Solutions
for Cleaning Protocol (See
Subheadings 3.4 and 3.5)

2.1.4 Solutions
for Passivation of the Flow
Cell (See Subheading 3.6)

2.1.5 Solutions

for Passivation of the Flow
Cell (See Subheadings 3.2
and 3.6)

2.2 DNA Substrates
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. Buffer A: 100 mM Na,B40,, 150 mM NaCl, 0.05% w/v

Pluronics (pH 8.3) (BASF), 30 pM Digoxigenin-NHS ester
(Sigma-Aldrich).

. Buffer B: 10 mM HEPES (pH 7.5).
. Buffer C: 10 mM HEPES (pH 7.5) with 0.1% Pluronics.

. Bleach solution: 0.7 M NaClO.
. Sodium thiosulfate solution: 10 mM Na,S,03;.

. Phosphate-Buffered Saline (PBS, pH 7.4): 150 mM NaCl and

10 mM phosphate. 1 mM EDTA and 10 mM NaNj are added
to prevent bacterial growth in the buffer.

. Anti-digoxigenin solution: 200 pg/mL anti-DIG (Roche)

in PBS.

. Buftfer D: 0.2% (w/v) BSA (Sigma-Aldrich) in PBS.

4. Bufter E: 0.5% (w/v) Pluronics (Sigma-Aldrich) in PBS.

. Buffer F: 0.02% (w/v) Casein (Roche) and 0.02% (w/v) Pluro-

nics in PBS.

. 1.9 pm Streptavidin-coated bead (Kisker Biotech) in PBS.
. 4.5 pm Streptavidin-coated bead (Kisker Biotech) in PBS.

DNA substrates for AFS experiments are generated via Polymerase
Chain Reaction (PCR) using 5’ biotinylated and 5’ Digoxygenin-
labeled primers (see Note 1). The length of DNA is designed to be
in the range significantly shorter than the distance from the surface
to the wave node. AFS is capable of measuring DNA substrates as
shortas 1 kbp and as long as 45.5 kbps [8]. Table 1 and Subheading
3.1, step 2 summarize oligonucleotides used to generate our tool-
box of DNA of different lengths (2000-8000 bp) and sequence
content (32% and 50%) by PCR. All DNA substrates are stored at
—20 °C after purification and concentration determination.

1.

SAN R

A DNA template contains the sequence of interest; plasmid
pKYBI (8393 bp, New England Biolabs) and plasmid pRD227
are used as the templates for 8000 bp DNA substrate with 50%
GC content and 2000 bp DNA substrate with 32% GC con-
tent, respectively.

5’ biotin-labeled reverse primer (see Table 1).
5’ Digoxygenin-labeled forward primer (see Table 1).
100% DMSO (New England Biolabs).

Recombinant 7ag DNA polymerase (5 U/pL) (Thermo
Scientific).
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Table 1
Primer sequences

Primer name

Sequence (5'-3)

Modification

32% GC AFS General forward
primer

2000 bp 32% GC AFS reverse

GTGTGTGTGTGTGGTGTGTGGTGG
ATACATATGCAACTTGAACGGCG
TAAAAGAGG

GTGTGTGTGTGTGGTGTGTGGTGG

5’ Digoxygenin

5’ Biotin

primer TCCCTCACTAGTTTAGTACATGAACTG
50% GC AFS general forward CTCTCTCTCTCTTCTCTCTTCTICT 5’ Digoxygenin
primer GAATTCGCGGCCGCCGTC
2000 bp 50% GC AES reverse CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotin
primer CAGTGGGAACGATGCCCTC
4000 bp 50% GC AFS reverse CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotin
primer CAGCGGTGGTTTGTTTGCCG
6000 bp 50% GC AFS reverse CTCTCTCTCICTITCTICICTTCTICT 5’ Biotin
primer CGATCCCCGGCAAAACAGC
8000 bp 50% GC AFS reverse CTCTCTCTCTCTTCTCTCTTCTCT 5’ Biotin
primer GGTACCAATGTTTTAATGGCGGATG
T = Modified T
6. Deoxyribose Nucleotide Triphosphate (ANTP mix) (Thermo
Scientific, 2 mM).
7. Tag DNA polymerase reaction buffer (Thermo Scientific,
10x).
8. GenElute ™ PCR cleanup kit (Sigma-Aldrich).
9. Biorad T100 Thermocycler PCR or any other available PCR
machine.
10. 1% agarose gel in 1x TAE.
11. Nanodrop® (Thermo Scientific).
12. GeneRuler DNA ladder (ThermoFisher Scientific).
2.3 AFS Instrument The AFS system is built around a commercially available inverted

microscope combined with commercially available electronics and a
commercially available AFS chip (see Fig. 1).

1. Microscope: Inverted microscope (Nikon, TE200) with con-
denser (Nikon, LWD lens), CFI Achromat 40x air objective

(Nikon, NA = 0.65).

2. Illumination: Collimated LED (ThorLabs, 660 nm, 1200 mA)

(see Note 2).

3. CMOS camera (Thorlabs, monochrome, pixel size 5.3 pm,

60 fps) connects to the computer.
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Fig. 1 lllustration of the principle of Acoustic Force Spectroscopy. (a) The acoustic force spectroscopy
instrument consists of a flow cell, an inverted microscope visualizing targets with objective lens (OL),
temperature controller connected to the AFS-Chip holder, a CMQS digital camera and 660 nm LED light
source. (b) AFS flow cell consists of the piezo element and two glass slides with a fluidic channel in between.
The acoustic wave generated by the piezo travels through the top glass to the bottom glass and the bottom
glass as a reflector reflects the acoustic wave, producing the standing wave over the flow cell. The acoustic
standing waves carry pressure profile, which generate acoustic forces. The tethered particles in the flow
channel exposed to the acoustic force are driven in the direction of the acoustic pressure node. (c) The
temperature controller independently connects to the AFS-Chip metal holder. Both power supply and function
generator connect to the amplifier, which controls the piezo element

4.

O 0 NN O )

10.
. AFS-chip temperature control holder (see Fig. 3).
12.

Stage: Z-axis piezo translation stage (PI, MCLS03200), driven

by Nano-Drive controller

system

MCLC03200) which connects to the computer.

AFS-CPU).

. Computer: “Advanced AFS workstation”

. Function generator (Keysight, 33220A).

. Power supply (Voltcraft, VSP 1410).

. Amplifier (Mini-Circuits, LZY-22+).

. TMC Vibracontrol clean top isolation table.

AFS-chip (LUMICKS B.V., AFS-CH2) (sze Fig. 2).

(MCL, Nano-Drive,

(LUMICKS B.V.,

Custom pressure system. Syringes contain samples and bufters
are connected to a gas pressure container (see Fig. 3).
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2.4 Particle
Tracking, Gontrol,
and Analysis

( ¢ o Piezoelemen’g

Top glass

L Flow channel

( Bottom glass)

Fig. 2 Schematic representation of an AFS-chip. The AFS flow cell consists of the
piezo element, top glass slide and bottom glass slide with a flow channel in
between

Three programs, a bead tracking program (see Subheading 3.6), a
data analysis program (see Subheading 3.7.1), and an extensible
worm-like-chain (eWLQC) fitting program (see Subheading 3.7.2),
are used during the measurement and data analysis process.

1. The tracking program is written in LabVIEW [1] and available
online http: //figshare.com /articles /AFS_software /1195874.
A detailed manual is also provided with the software. It is used
to:

(a) Control output frequency and output power of vibration.
Apply a linear force ramp mode, the voltage is ramped
with a square-root function.

(b) Create a template image of a bead (imaged via a LED with
a camera) to track bead position using a template-
matching algorithm.

(c) Track the x, y movements of tethered beads and record a
look-up-table (LUT) in z direction for each bead. Rou-
tinely, the z-stage is moved in 80 nm steps through the
LUT range of 0-8000 nm. The z-distance range of the
LUT has to be larger than the maximal extension of the
DNA molecule.

(d) Calibrate force-voltage relationship.

2. The data analysis program is also written in LabVIEW [1] and
available online via the same link as indicated under Subhead-
ing 2.4, item 1). It is used to:

(a) Perform real-time acquisition of three-dimensional bead
position in the flow cell.

(b) Determine anchor points of all the tracked beads.
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(c) Correct for drift (see Note 3) based on positions of the
surface attached reference beads.

(d) Generate force-extension (force-distance, FD) curves.

. The WLC model fitting program is written in MatLab [5] and

available online https://github.com/onnodb/FDFIT /tree/
AFSFitting. It is used to:

(a) Fit FD curves exported from data analysis program to the
eWLC model.

(b) Extract values of parameters reflecting the physical char-
acteristics of bare DNA and protein-DNA complexes.

3 Methods

3.1 Generation
of DNA Substrate
Using PCR

. DNA substrates for AFS experiments are generated by PCR.

Carefully mix the reagents below in a PCR tube. Keep the
enzymes in a —20 °C cold block and dNTP stocks on ice
when taken outside the freezer.

Reagent Quantity

dNTP mix (2 mM) 5uL

Forward primer (10 pmol) 1 pL

Reverse primer (10 pmol) 1 pL

Taq Polymerase buffer (10x) 5 uL

DNA template (10 ng) 1 pL

Taq DNA Polymerase (5 U/uL) 0.2 L.

DMSO (100%) 1.25 pL.

MilliQ Add to 50 pL total volume

2. Use the program below to perform PCR (optimized for use in

a Biorad T100 Thermocycler).

Temperature Duration Cycle
Initialization 95 5 min 1
Denaturation 95 30 s 35
Annealing 65 30 s
Extension/elongation 72 4 min
Final elongation 75 10 min 1
Final hold 15 00 1

3. Load 5 pL of each PCR product on a 1% agarose gel in TAE

bufter, alongside a DNA marker for size estimation of the PCR


https://github.com/onnodb/FDFIT/tree/AFSFitting
https://github.com/onnodb/FDFIT/tree/AFSFitting

3.2 Preparation
of Reference Beads

3.3 Preparation
of Tether Beads
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i A

5 Bigtin
2000 bp — S

s 32% GC
1000 bp = dsDNA

500 bp —a
. o
Digoxigenin

Fig. 4 Visualization of PCR product size by agarose gel electrophoresis. (1) 2 pL
of the GeneRuler DNA marker. (2) 2 L of the purified PCR product, and it is ready
for use in Acoustic Force Spectroscopy experiments. The schematic
representation of PCR-generated 5’ digoxigenin and 3’ biotin modified-DNA

product. Purify the PCR products with GeneElute PCR
cleanup kit. See Fig. 4 for an example of the purified PCR
products.

4. Use Nanodrop® to measure the concentration of PCR pro-
ducts. Store the purified DNA products in MilliQ at —20 °C.

1. Mix 8 pL of 0.5% (w/v) 1.9 um polystyrene beads into 1 mL of
buffer A.

2. To coat polystyrene beads with DIGs, incubate the bead solu-
tion with DIG-NHS at RT for 3 h with tumbling.

3. Centrifuge the bead solution at 2000 X gfor 1 min, and discard
the supernatant.

4. Remove the free DIG-NHS by washing the bead solution with
1 mL butffer C. Centrifuge at 2000 x g4 for 1 min and discard
the supernatant. Repeat the wash twice.

5. Resuspend the beads in 1 mL buffer B. The beads can be used
immediately or stored at 4 °C.

1. To exchange the storage buffer of the commercial beads with
PBS, dilute 20 pL of the bead solution in 500 pLL PBS.

2. Vortex the sample thoroughly.

3. Centrifuge at 2000 x g for 2 min and discard the supernatant,
but avoid discarding beads. Resuspend the beads in
500 pL PBS.

4. Repeat steps 2 and 3, carefully discard ~450 pL of supernatant,
leaving ~50 pL in tube.

5. Add 4 pL of the reference beads to the 50 pL solution from
step 4 and resuspend by vortexing.
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3.4 Flow Cell
and Tubing Cleaning

3.5 Preparation
of Flow Cell and Bead
Tethers

3.6 Measurements

The tubing and the flow cell are used repeatedly in our system; we
replace the syringe before each experiment.

1.

5.

Install the flow cell chip into its holder. The holder is connected
to tubing (see Fig. 3).

Introduce 0.2 mL of bleach into the flow cell through the
tubing and incubate for 10 min.

Rinse the tubing and the flow cell with MilliQ.

Introduce 0.2 mL Na,O,Nj3 into the flow cell via the tubing
and incubate for 10 min.

Flush 0.5 mL MilliQ into flow cell through the tubing.

To minimize waste of materials, in steps 1, 5, and 7, the sample is
manually pipetted into the flow cell without using the syringe.
However, all the buffers for passivation are introduced through
the syringe so the syringe and tubing are also passivized. All pre-
parations are at RT.

1.

Inject 20 pL of anti-digoxigenin solution into the flow cham-
ber and incubate for 20 min.

. To prevent air bubbles flowing into the flow chamber, intro-

duce 0.5 mL of buffer D into the syringe and flush out the air
present in the tubing before connecting the tubing to the
holder. Place the chip in holder, leave drops at the two holes
in the flow cell, and clamp the holder gently [6].

. Inject 0.1 mL of buffer D and incubate for 30 min for the first

time passivation. Discard the residual of buffer D in syringe.

. Add 0.5 mL buffer E into the syringe, flush in 0.1 mL of

buffer E, and incubate for 30 min for the second time passiv-
ation. Discard the residual of buffer E in the syringe.

. Take out the chip to introduce 30 pL. of DNA solution in the

flow chamber and incubate for 20 min. Place the chip back into
the holder and clamp the holder gently.

. Add 0.5 mL buffer F into the syringe. Flush in 0.1 mL buffer F

to remove free DNA.

. Take out the chip to introduce 20 pL bead solution in the flow

chamber. Place the chip back into the holder, clamp the holder
gently, and incubate for 30 min.

. Add 0.5 mL measuring buffer in the syringe.

. The flow cell is ready for measurement.

. Switch on the illumination and bring the bottom-tethered

beads into focus (see Fig. 2).

. Start the bead tracking program in LabView.



10.

3.7 Data Analysis 1.
3.7.1 Generate FD 2.
Curves
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. Select the frequency for the piezo. The piezo frequency is given

by the supplier (LUMICKS). Each piezo has a specific imped-
ance, in other words, there is deviation of vibration frequency
from chip to chip. More details have been described
previously [9].

. Remove untethered beads by flushing the flow cell with the

measurement buffer at a flow rate of 0.2 pL/min until such
beads are no longer observed in the region of interest (ROT).

. Select the tethered beads in the ROI.

Generate a LUT for each ROI, applying a constant force
(=10 pN) to the tethers to minimize bead motion. The “Cre-
ate LUT” bottom in the program starts to move the sample
stage (or objective) and record the ring patterns at different z-
positions. We collect the LUT at 60 Hz with a camera exposure
time in 16.6 ms, each stage moving step is 80 nm throughout a
range of 0-8000 nm.

. Start to record the tracking of the selected tethered beads.

. Record the x-y motions of the tethered beads in the absence of

force, the x-y motions are used for the determination of the
single tethered beads in data analysis. The time required to
sample all conformations depends on bead size; for beads
with a diameter of 4.5 pm, a 10 min recording is sufficient.

. To calibrate the force-voltage relationship of each tethered

bead, apply a series of different forces on the tethered particles.
To collect sufficient data for power spectra fitting (see Subhead-
ing 3.7.1), perform 2 min of z-position recording for each
force.

. Apply low force (~10 pN) and slow flowing rate (0.2 pL/min)

while introducing protein solution. The flow in the flow cham-
ber will result in a drag force on the tethered beads.

Apply a constant rate force ramp (120 ms between each force
step) to generate FD curves of bare DNA and protein-DNA
complexes.

Load the data into the analysis program in LabView.

Determine the single tethered beads and reference beads data
by the root mean squared (RMS) displacement values and
anisotropic ratio (s) from the x-y motions of each tethers.

In Subheading 3.6, step 7, tethered beads randomly move
around their anchor points without force applied. In AFS,
RMS is used to quantify the degree of the tether motions in
two dimensions over a period of time, ¢

RMS = (v 97 + (- 9)°), )
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3.7.2 Extensible Worm-
Like Chain Model (eWLC)
Model Fitting

in which % and y are the average positions of the tethered bead
over time .

Usually, not all tethered microspheres are attached to the sur-
face via a single tether. Calculation of the anisotropic ratio (s)
allows separation of single-tethered microspheres from stuck
and multiple-tethered microspheres.

/Ima'or
§ = (3)

lminor

in which Agajor and Aminor represent the maximum and mini-
mum values along the axes of the x-y-scatter plot respectively.

Single-tethered microspheres are expected to exhibit a perfectly
symmetrical motion and to have an anisotropic ratio of 1. In
our studies we use s < 1.3 as a threshold to discard multiple-
tethered or poorly tracked particles. The particles that match
the selection criterium are used for further analysis.

3. Remove the drift from the measured data by calculating the
average drift of the stuck beads. Stuck beads are selected based
on their x and y motions. In our studies we use RMS < 200/
s~ 1 (see Note 4).

4. Determine the anchor points of the tethers by selecting the x-y
motion trace without force applied during the measurement.
Use “Anchor point” function in the program to determine the
end-to-end length of the DNA molecule by Pythagoras calcu-
lation and the anchor point in data analysis program.

5. Calibrate the force-voltage relationship by selecting the
voltage-time plot in the program where constant voltages
were applied. Generate and fit power spectrum (see Note 5).

6. Generate FD curves by selecting the time period which force
ramp was applied. Export FD curves in text file with “Export
function” in the program for eWLC fitting (se¢ Subheading
3.7.2).

The extensible worm-like-chain model in formula (4) describes the
behavior of elastic polymers such as DNA and protein-DNA

complexes [6].
1
z 1/kgT\2> F
—=1-—=(— — 4
L. 2 (FLP> +K0 (4)

in which zis the extension and Fis the external force, kg is the
Boltzmann constant, T is the absolute temperature, Ky is the
stretch modulus, L, is the persistence length, and L. is contour
length. A typical value for the stretch modulus of double-stranded
DNA is about 1000 pN [7].
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1. Run the fitting program in MatLab software.
2. Import FD curves in MatLab program.

3. Select the data point of the FD curves which are taken below
30 pN.

4. Determine persistence length (L), contour length (L), and
stretch modulus (Kjp).

4 Analysis of Protein-DNA Complexes Using AFS

4.1 Force-Extension
Gurves of HU-DNA
Complex

4.2 Force-Extension
Gurved of DNA

and H-NS-DNA
Gomplex

Architectural proteins bind to DNA via minor or major groove
interactions and result in wrapping, bending, or bridging of the
DNA. By applying force to protein-DNA complexes, the eftect of
proteins on DNA conformation and the binding behavior of these
proteins can be investigated. Here, we discuss the effects of two
types of DNA-binding proteins, HU and H-NS.

The HU protein compacts and stiffens DNA in a protein
concentration-dependent manner. In our experimental system,
DNA is compacted at concentrations below 400 nM. Above
400 nM, DNA is extended by the formation of a filament of HU
proteins along DNA (see Fig. 5).

Histone-like nucleoid-structuring (H-NS) protein is a bacterial
protein that plays a key role in chromosome organization and
regulation. DNA and H-NS-DNA complex was studied by using
AFS (see Fig. 6). The data show that DNA is stiffened by H-NS at
2000 nM, which is in agreement with previous studies 8, 9].

5 Notes

1. DNA substrates can also be prepared by other approaches, e.g.,
by filling in Digoxigenin/Biotin at two ends of cut plasmid or
by ligating modified oligos/dsDNAs.

2. Diffraction ring patterns are required for accurate bead track-
ing. The light source needs to be monochromatic and aligned
in parallel. To obtain collimated light, either a point source or
an iris conjugated to your condenser is required. For mono-
chromatic illumination a LED of defined wavelength or band-
pass filter in the illumination path is suggested.

3. Movement of the machine or heat created by piezo vibration
causes drift in the flow cell. A highly efficient piezo results in
minimal heating of the system.

4. To correct drift signal, the program subtracts the displacements
from x, 3, z on the average traces of the selected stuck beads. The
average displacement of the stuck beads is as a starting point, 0.



314

Szu-Ning Lin et al.

@® Bare DNA
10 F ® 50nM
800 nM
— P
= [
S
]
E 4 -
2 B
1F -
0 0.5 1.0 15 2.0 2.5 3.0
Extension (um)
10 |
T 50 100 200 400 800
nM nMm nM nM nM
Bare
— DNA
= -
) ow in
Eo 5 HU
s |
v I ]
0 i Ty ey i L
1015 20 70 75 80 85 90 95 100 105110

Time (min)

Fig. 5 Stretching curve of an HU-DNA complex and the flow chart of force
application. The top figure shows force-extension curves of 8000 bp bare DNA
(black), HU-DNA complex at low HU concentration (50 nM; red), and at high HU
concentration (800 nM; blue). As an inset is shown the position over time of a
DNA-tethered bead (anisotropic ratio, s, is 1.2). Bottom plot shows the
force vs. time. A force of ~2 pN was applied while introducing proteins

5. The force power spectrum fitting is described in Norrelykke
and Flyvbjerg [10]. Two important parameters that are
obtained from the fitting are the frequency at the corner of
the spectrum and the diffusion coefficient. The diffusion coef-
ficient dependence can also be predicted from the bead size and
the distance from the surface [11]. Nevertheless, the micro-
sphere size varies in the same batch. Checking whether the
theoretical value overlaps with the fitted value gives a reference
of the error. This function is already included in the AFS data
analysis program. Lorentzian formula and importance-
weighted least squares fitting generate the force power spectra
fitting [12, 13]:
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Fig. 6 Stretching curve of an H-NS-DNA complex and the flow chart of force
application. Top plot shows force-extension curves of 4000 bp bare DNA (red)
and H-NS-DNA complex (blue). Bottom plot shows the applied voltage vs. time. A

low force of 0.8 pN was applied while introducing proteins and 0.2 pN was
applied during incubation

D/(22)
P =
(f) f2 + (k/(zﬂ X yfax))z

where D = kg T/, is the microsphere diffusion constant, kg is the
Boltzmann constant, T'is the temperature, g, is the effective
drag coefficient, f'is the frequency, and £ is the stiffness of a
Hooke spring acting on the microsphere. 2 = F/( L. + R); in
the expression of &, Fis the force, L., is the measured extension
of the DNA, and R is the radius of the microsphere.
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Unraveling DNA Organization with Single-Molecule Force
Spectroscopy Using Magnetic Tweezers

Thomas B. Brouwer, Artur Kaczmarczyk, Chi Pham, and John van Noort

Abstract

Genomes carry the genetic blueprint of all living organisms. Their organization requires strong condensa-
tion as well as carefully regulated accessibility to specific genes for proper functioning of their hosts. The
study of the structure and dynamics of the proteins that organize the genome has benefited tremendously
from the development of single-molecule force spectroscopy techniques that allow for real-time, nanometer
accuracy measurements of the compaction of DNA and manipulation with pico-Newton scale forces.
Magnetic tweezers in particular have the unique ability to complement such force spectroscopy with the
control over the linking number of the DNA molecule, which plays an important role when DNA
organizing proteins form or release wraps, loops, and bends in DNA. Here, we describe all the necessary
steps to prepare DNA substrates for magnetic tweezers experiments, assemble flow cells, tether DNA to
magnetics bead inside flow cell, and manipulate and record the extension of such DNA tethers. Further-
more, we explain how mechanical parameters of nucleo-protein filaments can be extracted from the data.

Key words Magnetic tweezers, Single-molecule, Force spectroscopy, Rotational spectroscopy, DNA
mechanics, DNA compaction, Bacterial chromatin, Eukaryotic chromatin

1 Introduction

1.1 Chromatin Genomes carry the genetic blueprint of all living organisms. Their
Organization by organization requires strong condensation in a structure called
DNA-Binding Proteins chromatin, as well as carefully regulated accessibility to genes in
chromatin for proper functioning of their hosts. The organization
of chromatin is carried out by a large group of proteins that vary in
abundance, structure, and function. Different kingdoms of life have
evolved to implement different solutions for a compact, but
dynamic organization of chromatin. Nonetheless, many of the
involved proteins share common mechanisms to deform the DNA
by inducing kinks, bends, wraps, and loops in the DNA trajectory.
Examples of common DNA organizing proteins are histone pro-
teins found in eukaryotes and in Archaea and smaller and more
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1.2 Magnetic
Tweezers

diverse proteins like HU, integration host factor IHF, and histone-
like nucleoid-structuring protein H-NS in prokaryotes [1].

For a mechanistic understanding of the function of these pro-
teins, required for a robust comprehension of chromatin-associated
processes such as transcription, a detailed knowledge of the kinetics
of DNA binding, as well as the mechanical consequences of their
binding to DNA, is needed. In fact, there is a tight relationship
between DNA conformation and its interaction with proteins:
wrapping of DNA around proteins results in condensation of the
DNA, both by bringing together the ends of the DNA and by
inducing supercoiling in the surrounding DNA, which results in
additional condensation by plectoneme formation. DNA supercoil-
ing, induced by externally applied torque, will facilitate the binding
of proteins that wrap or bend the DNA with similar chirality. Force
and extension play similar related roles: some proteins induce
stretching of DNA upon binding. Pre-stretching of DNA can
facilitate binding or function of these proteins, making force an
important parameter in the study of nucleo-protein filaments [2].

DNA forms the common thread in chromatin organization,
and it is informative to gather and compare mechano-chemical
experimental data on chromatin organization by different proteins
and from different species, to gather a comprehensive picture of
DNA organization. In terms of DNA mechanobiology, as well as
from an evolutionary perspective, it is highly desirable to establish a
physical understanding of chromatin organization throughout the
kingdoms of life. In this chapter, we present protocols to set up
single-molecule force spectroscopy experiments on DNA tethers
interacting with a variety of chromatin proteins. Although some
examples stem from studies of eukaryotic proteins, it is our experi-
ence that the methods for sample preparation, execution of the
experiments, and data analysis are similar, and we provide protocols
that can be used to study bacterial chromatin, as well as other
nucleoprotein complexes.

Magnetic Tweezers (MT) can probe the mechanical response of
individual biomolecules to applied force and twist. The first MT
experiments have been instrumental in understanding the mechan-
ical behavior of bare DNA [3-5]. Since then, mechanical and
structural properties of more complex biomolecules and
DNA-protein complexes have been studied [6-11]. MT are espe-
cially suitable to this end since they require limited hardware invest-
ments, uniquely control both force and linking number, and have a
relatively high throughput compared to optical tweezers — the most
common alternative single-molecule force spectroscopy technique.
Recent developments are an increase in maximum force to beyond
the overstretching force for DNA [8, 12, 13], multiplexing cap-
abilities, such that hundreds of molecules can be measured in
parallel [14, 15] and freely orbiting magnetic tweezers (FOMT)
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1.3 Measurement
Schemes

[16] or magnetic torque tweezers (MTT) [17], that allow for
(partial) relief of twist or direct torque measurement. Another
advance is the replacement of permanent magnets by electromag-
nets in electro-magnetic tweezers [5, 18]. Since there are no
moving parts in electro-magnetic tweezers, the only factor limiting
the speed of the experiments is the viscous drag of the magnetic
beads themselves. Finally, combinations with (single-molecule)
fluorescence have been reported [19-22]. These modern variations
of the technique require similar sample preparation protocols, and
can be seen as extensions of typical MT experiments.

A typical MT experiment involves a single DNA molecule
tethered between a paramagnetic bead and a functionalized glass
slide. The three-dimensional position of the bead is recorded in
time by video microscopy and extracted by image processing. The
bead can be manipulated by translation or rotation of a pair of
magnets that are held above the tether. The force and torque that
are exerted on the paramagnetic bead result in a restoring force and
torque in the tethered molecule, which provides insight into the
structure of the tether.

MT can be operated in several measurement schemes. Traditionally,
the magnet is fixed in a preset position during a measurement,
resulting in a constant force during the experiment. For bare
DNA, such a constant force measurement not only accurately
reveals the extension of the tether, one can also directly calculate
the force by quantification of the lateral movements of the bead
[4]. Application of the equipartition theorem yields that the force
must equal the product of thermal energy and extension, divided by
the variance of the lateral fluctuations (see Subheading 3.7).
Repeated measurements at different magnet positions vield a cali-
bration of the force as a function of the magnet position
[4, 23-26], which typically follows a mono- or bi-exponential
decay [25]. The same measurement also provides an accurate map
of the force-extension relation of DNA, which can be described by a
Worm-like Chain (WLC) model. For transient protein-DNA inter-
actions, a constant force experiment can directly reveal changes in
extension of the tether upon flushing the protein solution in or out
[27-29].

Having established a force calibration relation, one can revert
to dynamic force spectroscopy, in which the extension of the tether
is monitored during repositioning of the magnet [30]. Such a
measurement scheme aids in revealing the force dependence of
structures that may rupture or dissociate when increasing forces
are applied. For instance, we have noticed that histone proteins
readily dissociate when chromatin fibers are exposed to forces
exceeding several pN [11].

Next to shifting the position of the magnets with respect to the
tethered bead, the magnets can be rotated around the axis of the
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1.4 Data Analysis

tether. Since the torque on the bead is proportional to the strength
of the magnetic field (see Note 1), and is typically much larger than
the opposing torque provided by the DNA tether, the bead will
immediately follow the rotation of the magnets. This can lead to
accumulation of twist in the tether, if the twist is not relieved by
swiveling around the bond between the tether and bead or surface,
or by swiveling around a nick in the DNA. Constraining the rota-
tion of the DNA ends requires more than one chemical bond
between the DNA strand and the bead or surface, which can be
achieved by introducing multiple affinity tags in the DNA ends.
Such a DNA substrate allows for direct control of the linking
number of the topological domain formed by the bead and the
surface. Here, we describe the preparation of both torsionally con-
strained and torsionally free DNA substrates, allowing for a broad
spectrum of applications.

Controlling the linking number of the DNA tether opens up a
range of measurement schemes. At constant twist, force-extension
measurements can be done in a similar fashion as with torsionally
unconstrained DNA. Any twist-stretch coupling will be evident in
the force-extension curve. Protein-induced (un-)wrapping will
accumulate, which may affect the binding of subsequent proteins.
A torsionally constrained tether can be pre-twisted before force
spectroscopy experiments, to probe the chiral properties of the
tether over a wide range of linking numbers [31]. The mechanical
response of the tether to torque can also be measured directly by
twisting the tether under constant force. In conclusion, a wide
variety of single-molecule manipulation schemes are available with
MT force spectroscopy.

The mechanical properties of DNA provide a reference for data
analysis of nucleo-protein filaments. The extension of DNA as a
function of force can be described accurately by the WLC model
[32]. At forces larger than 10 pN, the extensible WLC model
provides a better fit [32, 33]. DNA extension as a function of
twist requires a more elaborate analysis, using numerical methods,
due to the coexistence of three conformations, i.e. twisted, melted,
and plectonemic DNA [31]. However, for force and twist regimes
where only two of these states prevail, analytical solutions exist
[34]. In general, it is important to make sure that the force exten-
sion curves of bare DNA, under conditions relevant for studying
chromatin, fit well to these models, prior to the study of more
advanced structures, as protein-induced changes in extension can
be difficult to interpret without proper reference.

Wrapping, bending, twisting, or deforming DNA otherwise
will result in a change in extension of the tether that may depend
on force and twist. In a force-extension curve, this may lead to a
change in persistence length, contour length, stretch modulus,
and/or twist persistence length. In Subheadings 3.10 and 3.11



Unraveling DNA Organization with Single-Molecule Force Spectroscopy. . . 321

we review some models that can be fitted to extract these para-
meters, as well as more dynamic methods to extract the kinetics of
protein binding.

Below, we describe in detail how to make DNA substrates
suitable for MT. Note that many variations of DNA substrates
exist that the reader can adapt to specific needs. We report a detailed
protocol for the assembly of DNA tethered beads in a flow cell,
ready for measurements, and share some typical procedures for data
analysis. These should provide a solid foundation to study chroma-
tin at the single-molecule level with MT.

2 Materials

2.1 Stock Solutions

2.2 Isolation of DNA
Plasmids

2.3 Digestion
and Labeling of DNA

All aqueous buffers are prepared with ultrapure Milli-Q water and
stored at 4 °C.

¢ Measurement buffer: 10 mM HEPES pH 7.5, 100 mM KCI,
10 mM NaNj; (sodium azide), 0.2% Bovine Serum Albumin
(BSA) (heat shock fraction, pH 7, >98%), 0.1% TWEEN
20 (see Note 2).

e DPassivation Buffer: 10 mM sodium azide, 3.6% BSA and 0.1%
TWEEN 20 (see Note 2).

e Desired DNA plasmid (see Note 3).

e XLI1-Blue competent cells.

e Heat block, such as the Eppendorf ThermoMixer.

e Orbital shaker.

e Microcentrifuge, such as the Eppendorf 5424R.

¢ Lysogeny broth (LB) medium (see Note 4).

e LB agar plates (see Note 4).

¢ 500 mL Erlenmeyer flask.

e DNA plasmid isolation kit, such as the NucleoBondXtra Midi
kit.

e Isolated DNA plasmid (se¢ Note 3).

¢ Restriction enzymes (sec Note 3).

e Reaction buffer for digestion.

e DNA purification kit, such as the Wizard SV Gel & PCR
cleanup kit.

e Spectrophotometer for micro volume quantitation of nucleic
acids, such as the BioDrop pLITE.

e Agarose for DNA/RNA-electrophoresis.

e Horizontal agarose gel electrophoresis system.
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2.4 Flow Cell
Assembly

dNTDPs (100 mM).

DNA Ladder.

Ethidium Bromide (10 mg/mL).
Klenow fragment.

Reaction butffer for Klenow Fragment.
Digoxigenin-labeled ddUTP (1 mM).
Biotin-labeled ddUTP (1 mM).

DNA plasmid as a template to construct DNA handles (see
Note 3).

Forward primer to construct DNA handles (se¢ Note 3).
Backward primer to construct DNA handles (se¢ Note 3).

T4 DNA Ligase.

Reaction buffer for T4 DNA Ligase.

DNA PCR kit, such as the FastStart Taq DNA Polymerase kit.
Digoxigenin-labeled dUTP (1 mM).

Biotin-labeled dUTP (1 mM).

Sodium dodecyl sulfate (SDS) >98.5% (GC).

PCR Thermal Cycler, such as the Bio-Rad T100.

UV Transilluminator, such as the Bio-Rad UVT 2000.

Imaging system for visualization of agarose electrophoresis gels,
such as the ChemiDoc Imaging Systems.

High-precision crossover tweezers.

Carbon steel scalpel.

N, spray gun.

2-Propanol.

Custom-built aluminum flow cell body.

Custom-built Perspex mold.

Embossing Tape (9 mm).

Cover slip 24 x 40 mm (#1.5 thickness).

Cover slip 24 x 60 mm (#1.5 thickness).

PDMS kit, such as the Sylgard 184 Silicone Elastomer Kit.
FEP Tubing (1,/16” outer diameter x 0.020” inner diameter).
Flexible electrical wire (of approximately 0.02” OD).
Fitting nut for 1,/16” outer diameter tubing,.

Ferrule for 1/16” outer diameter tubing.

Vacuum controller.

5 mL syringe.

M4 bolts.
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2.5 Bead-Tether
Assembly

2.6 Microscope

Ultrasonic cleaning bath.

Glass staining trough.

100 mL glass beaker.

Microscope slide (75 x 26 x 1 mm).

DNA substrate (torsionally constrained or torsionally free).
Magnetic rack for bead separation.

Streptavidin-coated paramagnetic beads (see Note 5).
Nitrocellulose—1% in amyl acetate.

Pentyl acetate (amyl acetate) puriss. p.a., >98.5% (GC).
Anti-digoxigenin (AD).

1 mL syringe.

18G single-use needle.

Flexible tubing (0.8 mm inner diameter/0.8 mm wall).

Peristaltic pump (which can exert flow rates of approximately
200 pL/min).

Microscope objective (flat-field, NA = 1.3, 40 %, oil immersion,
field number 25).

CMOS camera (25 Mpix, 8 bit, 30 fps, Camera Link—Full
configuration).

Infinity-corrected tube lens ( f= 200 mm).

Kinematic pitch/yaw adapter.

LED-collimator (4 = 645 nm, 100 pW, 20 mA).

Frame grabber for Camera Link—Full configuration.
Multi-core PC (e.g., 10-core) with 32GB DDR3 memory.
XYZ piezo stage (20 pm travel in Z [0.1 nm resolution]).
Cube magnets (N50 magnetized, 5 mm).

Stepper motor controller (6-axis, 1-256 micro-steps).
Hollow-shaft stepper motor (2-phase, NEMA 8).

Two translation stages to mount objective and magnets (20 mm
travel [0.1 pm resolution]).

XY manual positioning stage (20 mm travel in XY, 65 mm
aperture).

?1” and A2” broadband dielectric mirrors (1 = 400-750 nm).



324 Thomas B. Brouwer et al.

3 Methods

3.1 Isolation of DNA
Plasmids

3.2 Digestion
and Labeling

of Torsionally Free
DNA Constructs

. Take 100 pL of XIL1-Blue Competent Cells (at a concentration

of approximately 3 x 10® cells/mL) from the —80 °C freezer
and let thaw on ice (see Note 6). Add approximately 1.0 pL of
the desired DNA plasmid (see Note 7) to the Eppendorf tube,
gently mix, and incubate on ice for a minimum of 30 min.

. Heat-shock the sample for 90-120 s at 42 °C by means of the

thermomixer. Do not shake the sample or exceed the
indicated time.

. Place the tube back on ice for 60 s and add 900 pL of LB

medium. Gently shake (240 rpm) and incubate the tube for
30-60 min at 37 °C.

. Centrifuge the tube for 60 s at 20,000 x g, remove approxi-

mately 90% of the supernatant, and resuspend the sample.

. Spread the sample on a LB agar plate containing the appropri-

ate antibiotic (here: ampicillin) and incubate (upside down) at
37 °C overnight.

. Pick up one colony and put it into a 500 mL Erlenmeyer flask

containing 250 mL LB medium and the appropriate antibiotic
(here: ampicillin). Incubate on the shaker (320 rpm) at 37 °C,
overnight.

. Tsolate and purify the DNA plasmid DNA the NucleoBond“X-

tra Midi kit (Macherey-Nagel) following the manufacturer’s
protocol.

. Digest the DNA plasmid by mixing the reagents listed in

Table 1 in an Eppendorf tube and incubate at 37 °C, overnight
(see Notes 8 and 9).

. Inactivate Bsal by incubating for 20 min at 65 °C (see Note

10).

. Purify DNA with Promega Wizard SV Gel & PCR cleanup kit

following the manufacturer’s protocol (see Notes 11 and 12).
Determine the DNA concentration after purification by mea-
suring A260 nm peak absorbance with the spectrophotometer
and store a microliter of the reaction mixture for agarose gel
electrophoresis.

. Label one end of the digested DNA by mixing the reagents

listed in Table 2 in an Eppendorf tube and incubate at 37 °C,
for 2 h (see Note 13). The end concentration of (labeled)
dNTPs should be 20 pM (see Note 14). Note that in this step
the DNA is labeled with ddUTP rather than dUTP (see
Note 15).
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Table 1
Composition of digestion reaction mixture I, used for preparation of the torsionally free construct

pUCI18 DNA plasmid (with 601-array) (2000 ng/uL) 20 pL 40 pg
NEBuffer 3.1 (10x concentrated) 80 pL =
Milli-Q water 696 pL -
Bsal (10 U/puL) 4 pL 40 units
Total volume 800 pL

Table 2

Composition of labeling reaction mixture I, used for preparation of the torsionally free construct

Bsal-digested pUC18 DNA (with 601-array) (400 ng/pL) 50 pL 20 pg
Reaction buffer for Klenow Fragment (10X concentrated) 10 uL -
Digoxigenin-11-ddUTP (1 mM) 2 uL 20 uM
dGTP (1 mM) 2 pL 20 pM
dCTP (1 mM) 2 pL 20 uM
Milli-Q water 24 puL. -
Klenow Fragment, LC (2 U/pL) 10 pL 20 units
Total volume 100 pL.

Table 3

Composition of DNA plasmid digestion reaction mixture Il, used for preparation of the torsionally free
construct

Single-labeled pUC18 DNA (with 601-array) (200 ng/pL) 50 pL 10 pg
NEBuffer 3.1 (10x concentrated) 20 pL =
Milli-Q water 128 pL -

BseYI (5 U/pL) 2 uL 10 units
Total volume 200 pL

5. Purify DNA and store a microliter of reaction mixture for
agarose gel electrophoresis.

6. Digest the DNA labeled in the previous steps with a single
digoxigenin by mixing the reagents listed in Table 3 in an
Eppendorf tube and incubate at 37 °C, overnight.

7. Inactivate BseYI by incubating for 20 min at 80 °C.

8. Purity DNA and store a microliter of reaction mixture for
agarose gel electrophoresis.
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Table 4

Composition of labeling reaction mixture Il, used for preparation of the torsionally free construct

BseYI-digested single-labeled pUC18 DNA (with 601-array) (150 ng/pL) 50 pL 7.5 pg
Reaction buffer for Klenow Fragment (10X concentrated) 10 pL =
Biotin-16-ddUTP (1 mM) 2 pL 20 pM
dCTP (1 mM) 2 pL 20 pM
Milli-Q water 32.25 ul. -
Klenow Fragment, LC (2 U/pL) 3.75 uL 7.5 units
Total volume 100 pL

3.3 Digestion
and Labeling

of Torsionally
Constrained DNA
Constructs

10.

11.

. Label the second extremity of the DNA by mixing the reagents

listed in Table 4 in an Eppendorf tube and incubate at 37 °C,
for 2 h.

Purity DNA and store a microliter of reaction mixture for
agarose gel electrophoresis.

Check the digestion reaction products by agarose gel electro-
phoresis using a 1% agarose gel. Prestain the gel with ethidium
bromide by diluting the stock 10,000 in the agarose solution
before it cures (se¢ Note 16). Load the gel with the products
obtained at different steps of the labeling procedure, flanked by
two DNA ladders. Load approximately 50-100 ng of DNA per
lane. Run the gel in TBE buffer in a horizontal agarose gel
electrophoresis system for 1-2 h at 90 mV or until bands are
adequately separated. Visualize the agarose electrophoresis gel
in an imaging system suitable for ethidium bromide staining.

. Digest the DNA plasmid by mixing the reagents listed in

Table 5 in an Eppendorf tube and incubate at 37 °C, overnight
(see Notes 8 and 9). The two enzymes are used at the
same time.

. Inactivate restriction enzymes by incubating for 20 min at

80 °C.

. Separate the digestion products by agarose gel electrophoresis

using a 1% agarose gel. Prestain the gel with ethidium bromide
by diluting the stock 10,000x in the agarose solution before it
cures (see Note 16). Load the digested DNA in a large slot,
obtained by using 1.0 mm comb and merging several lanes
together (with tape), flanked by two DNA ladders. Before load-
ing, add SDS to an end concentration of 0.5% (see Note 17).

. Image the gel on the UV transilluminator to locate the bands

of interest. Minimize the time on the UV transilluminator (see
Note 18). Use a scalpel to cut the digested DNA from the gel,
to separate the construct of interest from the DNA backbone.
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Table 5
Composition of the reaction mixture for digestion of the DNA plasmid for the torsionally constrained
construct
pUCI18 DNA plasmid (with 601-array) (2000 ng/uL) 50 pL 100 pg
NEBuffer 3.1 (10x concentrated) 200 pL -
Milli-Q water 1720 pL -
Bsal (10 U/uL) 10 pL 100 units
BseYI (5 U/pL) 20 pL 100 units
Total volume 2000 pL

Table 6
Composition of the PCR mixture for production of DNA handles for the torsionally constrained
construct
Template pUC18 DNA plasmid (100 ng/pL) 1 pL 100 ng
FastStart Taq DNA Polymerase (5 U/uL) 0.5 pL 2.5 units
Forward primer to construct DNA handles (10 pM) 1pL 100 nM
Backward primer to construct DNA handles (10 pM) 1 pL 100 nM
PCR Reaction Buffer + MgCl, (10x concentrated) 10 uL
dNTP (10 mM) 1 pL 100 pM
Biotin-16-dUTP (1 mM) 1 pL 10 pM
ODrigoxigcnin—l 1-dUTP (1 mM)
Milli-Q water 84.5 uL
Total volume 100 pL

5. Purify the digested DNA from the gel with the Promega Wiz-

ard SV Gel & PCR cleanup kit following the manufacturer’s
protocol (see Note 19).

. Construct two sets of handles with multiple biotin or digox-

igenin affinity tags by polymerase chain reaction (PCR) (see
Notes 20 and 21). Mix the reagents listed in Table 6 in two
separate Eppendorf tubes and place them in the thermal cycler.
Use the PCR program depicted in Table 7 and store the tubes
at 4 °C. Here, the DNA is labeled with dUTDP rather than
ddUTP (see Notes 15 and 22).

. Digest the biotin PCR product with Bsal and the digoxigenin

PCR product with BseYI by mixing the reagents listed in
Table 8 in two different Eppendorf tubes and incubate at
37 °C, overnight.
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8.

9.

10.

Table 7

Inactivate restriction enzymes by incubating for 20 min at
80 °C.
Purify digested PCR products with the Promega Wizard SV

Gel & PCR cleanup kit following the manufacturer’s protocol
(see Notes 12 and 23).

Ligate the digested DNA plasmid with the digested PCR pro-
ducts containing the multiple biotin or digoxigenin affinity
tags. The digested DNA and PCR products are mixed in an
equimolar ratio. Mix the reagents listed in Table 9 in an

The PCR program to produce the DNA handles. Steps 2-4 are cycled 30 times

Step Temperature (°C) Time (s) Function

1 95 240 Melt the DNA

2 95 30 Melt the DNA

3 50 45 Anneal the primer to the ssDNA

4 72 60 Elongation by DNA polymerase

5 72 300 Fill in any protruding ends
Table 8

Composition of the digestion reaction mixture for generation of the DNA handles of the torsionally

constrained construct

Multi-biotin PCR product or Multi-digoxigenin PCR product (200 ng/pL) 100 pL 20 pg
NEBuffer 3.1 (10x concentrated) 100 pL -
Milli-Q water 798 pL or -

796 pL
Bsal (10 U/uL) or BseYI (5 U/pL) 2or4pL 20 units
Total volume 1000 pL

Table 9

Composition of the ligation reaction mixture to produce the torsionally constrained construct

Digested pUC18 DNA (with 601-array) (100 ng/pL) 300 pL 30 pg
Digested multi-biotin PCR product (100 ng/pL) 50 pL 5ug
Digested multi-digoxigenin PCR product (100 ng/pL) 50 pL 5 g

T4 DNA Ligase Reaction Buffer (10x concentrated) 80 pL -

Milli-Q water 315 pL -

T4 DNA ligase (400 U/pL) 5 puL 2000 units

Total volume

800 pL
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11.
12.

13.

Eppendorf tube and incubate at 4 °C, overnight. Before ligase
is added, store a microliter of reaction mixture for agarose gel
electrophoresis (see Notes 24 and 25).

Inactivate T4 ligase by incubating for 20 min at 65 °C.

Purify ligated DNA, elute at least two times (se¢ Note 26).
Store a microliter of reaction mixture for agarose gel
electrophoresis.

Check the ligation reaction by agarose gel electrophoresis
using a 1% agarose gel. Prestain the gel with ethidium bromide
by diluting the stock 10,000 x in the agarose solution before it
cures (see Note 16). Load the gel with unligated and ligated
reaction products, flanked by two DNA ladders. Load approxi-
mately 50-100 ng of DNA per lane. Run the gel in TBE buffer
in a horizontal agarose gel electrophoresis system for 1-2 h at
90 mV or until bands are adequately separated. Visualize the
agarose electrophoresis gel in an imaging system adjusted for
ethidium bromide staining.

. Mix the two components of the PDMS in a ratio 10:1 (viscous

monomer: non-viscous elastomer), approximately 2 mL per
flow cell. Mix carefully and thoroughly (see Note 27). Degas
the PDMS by keeping the mixture at 300 mBar for 2 h using
the vacuum controller.

. Clean the Plexiglas molds and aluminum flow cell body with

2-propanol and Milli-Q water, and dry in a stream of N,. On
the mold, place a strip of embossing tape which shapes the
channel. Using a needle, puncture two holes through the
tape, which are used to pass through two electrical wires.
Place the 24 x 40 mm cover slip into the aluminum body.
For the in- and outlet of the flow cell, insert two pieces of 3 cm
flexible electrical wire into approximately 10 cm of FEP tubing.
Assemble the fitting nut and ferrule onto the tubing. Mount
the tubing onto the side of the flow cell. Guide the tubing
through the side of the flow cell and secure the fitting nut
tightly. Guide the electrical wire through the Plexiglas molds
into the tubing. Fix the flow cell body and mold with the M4
bolts. The physical assembly of the flow cells is illustrated in
Fig. 1.

. Using a 5 mL syringe, slowly flow the degassed PDMS into the

flow cell. Prevent bubbles as much as possible. Cure the flow
cells at 65 °C for at least 5 h (up to overnight).

. Remove electrical wires, creating connection channels in the

PDMS to the in- and outlet of flow cell. Remove the Perspex
mold. Use a scalpel to widen the channel in the flow cell to
approximately 10 mm. Make sure the channel is connected to
the in- and outlet of the flow cell.
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Fig. 1 The assembly of the custom-built flow cells is a three-step process. (a) Tubes and slides are assembled.
The 24 x 40 mm glass slide is placed in the designated cavity of the aluminum body. Electric wire is inserted
into the FEP tubing and guided upward through the mold. (b) After mounting the Perspex mold, the assembled
flow cell is ready for casting PDMS. (¢) Once the PDMS is cured, the electric wire and mold can be removed
and the flow cell is covered by a 24 x 60 mm biochemically functionalized glass slide

5. Put 12 24 x 60 mm cover slips in a glass staining trough and

sonicate in ultrasonic cleaning bath for 15 min in 2-propanol.
Dry the cover slips in a stream of N, or allow the cover slips to
dry in air.

. Put 5 mL of 0.1% nitrocellulose in amyl acetate in a 100 mL

glass beaker. Place a clean microscope object slide vertically in
the solution. Using reversed tweezers, place one of the soni-
cated cover slips into the beaker directly next to the microscope
slide. Capillary forces will fill the gap between the slides with
nitrocellulose solution and will quickly coat the cover slip (see
Note 28).

. Once the gap between the cover slip and the object slide is

filled, use reversed tweezers to carefully slide the cover slip from
the object slide. Dry the cover slip in a stream of N,. Place the
cover slip with the nitrocellulose-coated side at the bottom of
the flow cell, sealing the flow channel or store the coated cover
slip for later use.
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3.5 Bead-Tether
Assembly

3.6 |Initial Bead
Selection and Height
Calibration

1.

Connect the tube on one side of the flow cell to an empty syringe
using a short length of flexible silicone tubing and a needle. Use
suction to replace fluids. Carefully flush the flow cell with 1 mL
of Milli-Q water, incubate for approximately 30 s.

. Replace the Milli-Q water with 300 pL of 10 ng/pL anti-

digoxigenin solution. Incubate at 4 °C for 2 h.

. Passivate the flow cell by flowing in 1 mL of passivation buffer.

Incubate at 4 °C overnight (see Note 29).

4. Flush the flow cell with 1 mL of measurement buffer.

. Dilute 1 pg of DNA in 500 pL. measurement buffer. Flush the

flow cell with DNA and incubate at room temperature for
10 min (see Note 30).

. Vortex and wash the 1 pg/pL paramagnetic beads in Milli-Q

water by means of the magnetic rack and dilute 1 pL of para-
magnetic beads in 500 pL measurement buffer. Flush the flow

cell with beads and incubate at room temperature for 10 min
(see Note 31).

. Slowly flush out the excess beads from the flow cell with 500 pL

of measurement buffer using a peristaltic pump at 500 pL/min
(see Note 32).

. The flow cell is now ready for measurements on bare DNA or

incubation with DNA-binding proteins.

. Position the magnets at such a distance that force is negligible.

In our setup, depicted in Fig. 2 (see Note 33), we position the
magnets 10 mm above the sample, resulting in a force lower

than 0.05 pN.

Place the flow cell containing the (pre-incubated) sample onto
the microscope.

Put the beads in focus using the objective mounted onto the
stepper motor. With the piezo stage, move the objective 10 pm
above focus so distinct diffraction rings appear around the
beads (see Note 34).

. Select regions-of-interest (ROIs) of 150 x 150 pixels contain-

ing single, isolated beads (manually or by a bead-finding algo-
rithm) (see Note 35).

. Identify an immobile bead as a reference bead, and use this

bead for phase calibration. Move the bead 20 pm in Z while
cross-correlating the bead images with a set of computer-
generated reference images. Calibrate the phase of the cross-
correlation peak with bead height. When there are no immobile
beads in the field of view, phase calibration can also be done at
an intermediate force, i.e., 1 pN, to reduce the thermal fluctua-
tions of the tethered bead, while keeping the tether intact.

Start tracking the beads (see Notes 36 and 37).
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3.7 Force Calibration

j
45" mirror

J| stepper motor
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/ XY manual positioning stage

Fig. 2 The magnetic tweezers setup. A collimated LED is mounted in the
kinematic pitch/yaw adapter and coupled into a hollow-shaft stepper motor by
a @1” mirror. The incoming light passes between a pair of magnets into the
objective. The flow cell is mounted on the top of an XYZ piezo stage, above the
objective (here, the flow cell is shifted to the side for clarity). The piezo stage is
mounted on the top of an XY manual positioning stage, for coarse movements.
The magnets and objective are mounted onto two translation stages. Below the
objective, the light is coupled into the camera through an infinity-corrected tube
lens by means of a @2 mirror. The light path is depicted in red

1. For force calibration, prepare a flow cell containing torsionally
free DNA tethers. Preferably, the tethers are relatively long with
respect to the magnetic bead size (see Note 38). Start the
measurements with the magnets far away, exerting negligible
force. Move the magnets quickly down to the position that
needs to be calibrated, keep the magnets fixed for 120 s (see
Note 39), and move the magnets upward. Append two
stretches of negligible force before and after the experiment
to provide a reference for drift correction. If possible, increase
the sample rate f; of the camera (see Note 38). Perform multi-
ple calibration measurements at different magnet positions.

2. Load the data into data analysis software such as LabVIEW,
Origin, Python, R, or Excel. Correct the drift by subtracting a
term proportional with time from the extension prior to fur-
ther analysis (see Note 40).

3. Exclude anomalous events, such as sticking (se¢c Note 41),
double bead attachment to a single tether (se¢ Note 42), or
double tether attachment to a single bead (see Note 43).
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4. Evaluate the X-coordinates (the direction of the magnetic

field) in the time-domain where the magnet was exerting a
constant force. Computc the single-sided power spectral den-
sity (PSD) in units of um?_ /Hz.

rms

. Exclude all spectral components below 1 Hz, to discard 1/f

noise and to minimize the effect of drift.

. Fit the PSD to a blur and aliasing corrected PSD function to

obtain the cut-oft frequency to calculate the force

by T sin (Wﬂ(f+ nfs))
fo B rm (2 + (F + nf,)) Wa(f + nf)

(1)

See Note 44 for a derivation of Eq. 1 and a full description of
the parameters.

. Plot the Force as a Function of magnet position 4, and fit the

data with a bi-exponential decay [25]

0 s (wwo (32) + 1 -aen()). 0

This relation is unique for each combination of magnets and
the type of magnetic beads. For out setup and 2.8 pm beads, we
obtained F,., = 85 pN, a = 0.7, iy = 1.4 mm and
102 = 0.8 mm.

. For a dynamic force spectroscopy experiment on a torsionally

free substrate, move the magnets down, increasing the force,
and subsequently upward, releasing the force. Move the mag-
nets at a speed of 0.2 mm/s (see Note 45). Minimize the dwell
time at the highest force to reduce the chance of a tether break.
Several variations in trajectories are found in Note 46. Option-
ally, two stretches of low force can be appended before and after
the experiment for drift correction.

. For a dynamic force spectroscopy experiment on a torsionally

constrained substrate, follow the same procedure as above.
Optionally, pre-twist the torsionally constrained substrate
before a dynamic force spectroscopy experiment: rotate the
magnetic field while the stretching force upon the tether is
kept low. Forces as low as 0.05 pN are sufficient for the bead
to follow the rotation of the magnetic field. Rotate the magnets
with a speed of 2 rotations per second (see Note 47).
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3.9 Rotational
Spectroscopy
Experiments

3.10 Data Analysis
of Force Spectroscopy
Experiments

1. For rotational spectroscopy on a torsionally constrained sub-

strate, set the force by fixing the magnet height throughout the
experiment. Rotate the magnets with a speed of 2 rotations per
second. Apply positive twist as desired and relax the tether.
Minimize the dwell time at the highest number of rotations
(see Note 48). Apply an equal amount of negative twist at the
same rotational speed, and relax the tether. Optionally, two
stretches with fixed rotation can be appended before and after
the experiment for drift correction.

. Load the data into data analysis software such as LabVIEW,

Origin, Python, R, or Excel. Calculate force from magnet
height using Eq. 2. Correct the drift by subtracting a
term proportional with time from the extension, such that
the parts of the extension trace that were appended to the
start and the end have the same height (see Note 40). Alterna-
tively, a (linear) time-dependent term can be included in the
fitting model. Plot the force as a function of extension (see
Note 49).

. Exclude anomalous events, such as sticking (see Note 41),

double bead attachment to a single tether (se¢ Note 42), or
double tether attachment to a single bead (see Note 43).

. Fit the data.

(a) For bare DNA, fit an extensible WLC model to the data:

B 1 VisT F
z(F,t)—LC<1—§ L. +§)+zo+ﬂlt (3)

where z is the extension, L. the contour length, L, the
persistence length, F the force, § the stretch modulus, kg
Boltzmann’s constant, T the absolute temperature, and %,
an offset in extension (see Note 50). Optionally, a drift,
comprising amplitude 4 and time ¢ can be included.

(b) For (bacterial) chromatin, fit appropriate models to the
data. Generally, the effect of protein binding can be cap-
tured in a modified WLC model by adjusting fitting para-
meters (see Note 51). An example is shown in Fig. 3,
reproduced from Van Noort et al. [6], where the effect
of HU-binding on the mechanical parameters of a DNA
tether is shown. Analysis of partial nucleoprotein filaments
can be performed when the mechanical parameters of
homogeneous, fully saturated nucleoprotein filaments
have been established. Then, changes in extension can be
described as a linear combination of the extensions of parts
of bare DNA and parts of nucleoprotein filament
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Fig. 3 The concentration of nucleoid-associated protein HU has a dual effect on the measured stiffness of a
DNA tether. (a) The force-extension curves of DNA incubated with increasing concentration of HU. Solid lines
represent fits to the WLC model (Eq. 3). The experiments reveal tether softening at nM HU concentration and
tether stiffening at pM HU concentration. Experiments were performed in 60 mM of KCI and 20 mM HEPES
(pH 7.9). (b and ¢) The persistence length and contour length as a function of HU concentration. The dashed
lines represent bare DNA. Individual HU dimers introduce kinks in the DNA at nM HU concentration [55],
resulting in a reduced persistence length. A rigid nucleoprotein filament is formed at high HU concentration.
HU does not change the contour length. Reproduced from ref. 6 with permission from PNAS (Copyright (2004)
National Academy of Sciences, U.S.A))

[9, 35]. An example of a complex, dynamic chromatin
structure is plotted in Fig. 4, showing force spectroscopy
on a nucleosomal array reconstituted from tandem repeats
of the Widom 601 sequence and eukaryotic histone pro-
teins [36] (see Note 52).

3.11 Data Analysis 1. Load the data into data analysis software. Correct the drift
of Rotational following the same procedure as that of the force spectroscopy
Spectroscopy experiments. Correct the offset in Z by computing the first
Experiments percentile of the extension as a measurement of the surface and

subtract it from all Z coordinates. Calculate linking number
density from magnet rotation (se¢ Note 53). Plot the relative
extension as a function of linking number density.

2. Exclude disruptive events, following the same procedure as that
of the force spectroscopy experiments (see Notes 54-57).

3. Fit the data.

(a) For bare DNA, to a three-state model [31], which
describes the coexistence of twisted, melted, and plecto-
nemic conformational states (see Note 58). An example is
shown in Fig. 5.

(b) For (bacterial) chromatin, fit an appropriate model to the
data. The torsional response of chromatin fibers can be
modeled as a linear combination of twisted and wrapped
DNA [37] (see Note 59).
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Fig. 4 Force spectroscopy on a eukaryotic chromatin fiber reveals different levels
of compaction in 2 mM MgCl,. The green curve is the stretch curve; the gray
curve is the release curve. The black line describes a fit of the data to the
statistical mechanics model [11]. The chromatin was reconstituted on an array
of 15 Widom 601 nucleosome positioning sequences spaced by 50 base pairs
[37]. The low-force regime shows a non-cooperative transition at 3.5 pN, typical
for a solenoid chromatin fiber, where the interactions between the nucleosomes
are broken and the outer turn of DNA unwraps from the histone core, forming a
beads-on-a-string structure. At approximately 6 pN, another transition takes
place where this structure is slightly extended. Above 10 pN stepwise unwrap-
ping indicates release of the final wrap of DNA from the histone core. The dashed
lines represent discrete 25 nm steps. The chromatin fiber follows the force-
extension curve of bare DNA at forces exceeding 25 pN, and fits well with an
extensible WLC model

4 Notes

1. Although the torque is proportional to the strength of the
magnetic field, the force in MT is proportional to the gradient
of the magnetic field and therefore rapidly reduces with
distance.

2. In the measurement buffer, HEPES sets the pH and NaCl the
ionic strength. TWEEN 20 is a detergent and prevents aggre-
gation of proteins. Sodium azide is highly toxic and is added to
prevent bacterial growth. When sodium azide is omitted, use
sterile solutions or replace buffers frequently. BSA is used as a
crowding agent and retains flow cell passivation. In the passiv-
ation buffer, a high concentration of BSA is used to block
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Fig. 5 The relative extension of a DNA tether as a function of linking number
density shows an asymmetric response to twist at forces above 0.5 pN. At low
force, plectonemes are formed for both negative and positive twists, reducing
the measured extension. Negative twist induces DNA melting at higher force,
which keeps the extension constant. The lines represent calculated extensions
following a three-state model that distributes twisted, plectonemic, and melted
regions in the DNA. Reproduced from ref. 32 with permission from Elsevier

nonspecific binding of DNA and beads and tethers to the
surface.

3. For the DNA tethers, we generally use a pUC18-based DNA
plasmid, carrying ampicillin resistance. We digest this plasmid
with restriction enzymes Bsal and BseYI. For the handles of the
torsionally constrained construct, we also use a pUC18 DNA
plasmid as a template for PCR. The forward and backward
primers were 5 CTC CAA GCT GGG CTG TGT 3’ and 5’
GAT AAA TCT GGA GCC GGT GA 3'. Reconstituted chro-
matin fibers, such as the one shown in Fig. 4, were made using a
plasmid containing 15 repeats of the Widom 601 positioning
sequence spaced by 50 base pairs [36].

4. Make LB medium by diluting 10 g tryptone, 10 g NaCland 5 g
yeast extract in 1000 mL Milli-Q water. Make LB agar plates by
diluting 10 g tryptone, 10 g NaCl, 5 g yeast extract, and 20 g
agar in 1000 mL Milli-Q water.

5. We advise using Invitrogen Dynabeads™ M-270 Streptavidin
or MyOne™ Streptavidin T1 paramagnetic beads. These beads
have a relatively high iron content (MyOne: 26%,/M-270: 14%)
and monodispersed size distribution (CV < 3%), which is
important for reaching high forces and reliable bead tracking
and force calibration.

6. When handling frozen competent cells, it is important to keep
them cool. Frozen cells are very sensitive to temperature and
will lose competence if not kept on ice.
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7.

10.

11.

12.

13.
14.
15.

16.

17.

18.

19.

Very low concentrations, down to picograms per microliter, are
sufficient.

. Use a reaction volume of at least 20-50 pL/pg DNA in a

digestion.

. Digestion of (hundreds of) micrograms of DNA plasmid

requires overnight incubation. We frequently observe undi-
gested DNA plasmid in agarose gel electrophoresis if we
shorten the incubation time.

Inactivation temperatures vary for different restriction
enzymes.

The Promega Wizard SV Gel & PCR cleanup kit uses high
concentrations of chaotropic agents to perturb the hydrogen
bond network of the solvent, enabling DNA to bind to the
silica of the cleanup kit [38—41].

Multiple elutions with the spin column improve the yield.
Furthermore, a longer incubation time increases the yield.
For precious samples the increased yield outweighs the
increased waiting time.

This step can be performed longer, up to overnight.
Keep the reaction volumes small to reduce cost.

The difference between dNTP and ddNTP is that the ddNTP
is lacking an OH group at its 3’ carbon, which is required for
DNA polymerization. It prevents incorporation of more than
one affinity tag per DNA strand as the strand cannot be
extended.

Ethidium bromide is an intercalating agent that fluoresces
upon binding to DNA and illumination by a UV light source
[42]. To visualize DNA in agarose gels it can be added to
the agarose electrophoresis gel or to the running buffer.

BseYI can remain bound to DNA after digestion and alter the
migration of DNA in agarose gels. To dissociate BseYI, add
SDS to a final concentration of 0.5% or purify DNA before
agarose gel electrophoresis, for instance with the Promega
Wizard SV Gel & PCR cleanup kit.

Minimize UV exposure of the sample to prevent DNA damage.
Accordingly, block UV exposure of the gel with a
non-transparent material such as aluminum foil. Use flanking
DNA Iadders to estimate the position to cut the DNA fragment
from the gel. After cutting, verify that the desired band is cut
out by imaging on the UV transilluminator.

Dissolving the gel generally results in milliliters of DNA solu-
tion. To purify, load the spin column several times. Do not
exceed the maximum amount of DNA that can be purified
specified for the column.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

DNA plasmid pUC18 was used as a template for the primers to
construct DNA handles.

The PCR mixture contains 10% of biotin or digoxigenin
labeled dUTDP. The PCR product will thus have approximately
10-20 affinity tags incorporated.

Use labeled dUTPs instead of ddUTDPs, since chain termina-
tion is undesired.

The small digestion products from the ends of the DNA
(7 base pairs on the BseYI-side and 32 base pairs on the Bsal-

side) are discarded by the Promega Wizard SV Gel & PCR
cleanup kit, which has a cutoff at 100 base pairs.

The digested pUC18 DNA (with 601-array) is approximately
seven times the length of the digested PCR products. To reach
the approximate 1:1:1 molar ratio, use 1,/7:1:1 /7 weight ratio
(multi-digoxigenin PCR product: digested pUC18 DNA (with
601-array): multi-biotin PCR product).

The unit definition of T4 DNA ligase can be quite ambiguous.
In our protocol, we use excess amounts of T4 ligase for optimal
yields.

Purifying a DNA construct with multiple affinity tags will
strongly reduce the yield as the affinity tags increase DNA
adhesion to the column. The yield can be improved by multiple
clutions and longer incubation times (up to hours).

Mix thoroughly with, for instance, a flattened pipette tip to
mix. Upon mixing, the PDMS starts to cure. Higher tempera-
tures accelerate this process.

Nitrocellulose coating of the cover slip makes the surface
hydrophobic, enhancing AD binding.
Incubate the flow cell with a high concentration of BSA to
passivate the surface area. This step will reduce sticking of
chromatin tethers during experiments.

DNA can be replaced by pre-incubated protein-DNA com-
plexes, for instance, reconstituted or native chromatin.

During incubation of paramagnetic beads, keep the flow cell
upright such that the beads move toward the coated cover slip
by gravity.

During flushing, turn the flow cell upside down such that
unbound beads will detach from the surface.

Our MT setup, depicted in Fig. 2, is home-built and equipped
with custom control and tracking software written in Lab-
VIEW (available upon request). A pair of magnets are mounted
0.8 mm apart, at the center axis of a hollow shaft stepper motor
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34.

35.

36.

that is mounted on a stepper motor-actuated translation stage.
The magnets are oriented with their magnetization axis verti-
cally, in opposite directions. For proper orientation, ensure that
the magnets attract each other yet do not allow rotation
around the axis connecting the centers of the magnets. The
microscope objective is mounted on a stepper motor-actuated
translation stage to allow for coarse focusing. Stepper motors
are controlled by a 6-axis two-phase stepper motor driver. A
collimated LED is mounted in a kinematic pitch/yaw adapter
above the hollow shaft motor, and provides a homogeneous
illumination of the flow cell. We use an inverted microscope
layout, including a tube lens and monochrome camera, to
record the out-of-focus images of the Lorentz-Mie scattering
pattern of the tethered bead [43]. The flow cell is mounted on
a XYZ piezo stage, for accurate control of the focus position.
The XYZ piezo stage is mounted onto an XY positioning stage,
for manual coarse translation of the flow cell. The microscope
setup is surrounded by a box to minimize acoustic and thermal
fluctuations and to protect the setup from dust.

Before each experiment, the focus should be adjusted so that
we always measure in the same plane.

An automatic bead finder algorithm is currently implemented,
which cross-correlates the field-of-view with a computer-
generated reference image which resembles the beads. Beads
are selected by setting a threshold on the cross-correlation
amplitude.

During a typical measurement, a series of frames are acquired
and processed in real time. The magnet position and rotation
are recorded in synchrony by the same software that controls
the frame grabber. Data collection is buffered in two parallel
processes:

(a) Image acquisition.
The camera captures full frames at a speed of 30 fps. The

assigned ROIs and frame numbers are extracted and
stored in a buffer.
(b) Image analysis.

In parallel, the buffer is read out and analyzed. Each ROI
is cross-correlated with a set of computer-generated refer-
ence images, using a FFI-based correlation algorithm.
The maximum of the cross-correlation represents the cen-
ter of the bead and is determined with sub-pixel accuracy.
The phase of the cross-correlation at this location is also
extracted, converted to a Z-coordinate and written into a
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37.

38.

39.

40.

binary file. From the frame number and camera-frequency
a time column is computed and stored in the same file.
After each measurement, the binary file is transformed
into an ASCII-file that allows for versatile data processing.
This file contains a time column, a column with the motor
positions and four columns per bead: three spatial coordi-
nates and the amplitude of the cross-correlation.

Any appropriate bead tracking algorithm will suffice for this
step. Use, for instance, the cross-correlation method [44], a
center-of-mass calculation [45], directly fitting a Gaussian
curve to the intensity profile [46], or the quadrant-
interpolation method [47].

We used a 6955 base pairs DNA tether (=2.4 pm) to calibrate
1.0 pm and 2.8 pm diameter magnetic beads and recorded
images with a frame rate of 200 Hz. Longer tethers provide a
better signal-to-noise ratio, therefore, it is not uncommon that
Lambda-DNA is used for calibration, which is 48,502 base
pairs (=16.5 pm) in length. If appropriate camera corrections
are applied (i.e., motion blur and aliasing, se¢ Note 44), force
calibration can be performed with shorter tethers.

The required measurement time z,,, for a desired statistical
accuracy ¢ is described in Eqs. 4 and 5 [25]

12727 R L.

T A % for F> 1pN, (4)
87°nRL, L.

Tm %W for F < 1pN, (5)

where 7 is the viscosity of water, R the radius of the bead, L. the
DNA contour length, F the calibrated force, and L, the DNA
persistence length. Typically, the statistical accuracy ¢ is set to
0.05. We measure each magnet position for 120 s, which is well
within limits.

A plot of extension as a function of time may reveal drift as a
steady increase or decrease of extension over time. When
beginning and ending a trajectory at low force (or no rota-
tions), at which the Z-position of the bead is constrained by the
bottom slide of the flow cell, compare the first percentile of the
bead height of these two segments to quantify the drift. Calcu-
late the first percentile rather than the average, since the surface
poses a one-sided boundary to the bead motion. The first
percentile will give a good estimation of the surface position,
which is required for drift characterization. Typically, we mea-
sure less than 1 nm/s drift of the extension, yet this can
accumulate to signification deviations of the measured force-
extension curves.
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4]1.

42.

43.

44.

When the bead is in close proximity to the surface, nonspecific
interactions between the bead and the surface can cause the
bead or part of the tether to stick to the flow cell bottom,
immobilizing the bead. Small forces are generally sufficient to
unstick the bead and resume the measurement as normal. As
opposed to intra molecular rupturing or folding events, (un-)
sticking events can be identified in the data as an abrupt step in
the coordinates in three dimensions, rather than only in the Z-
direction.

A double bead doubles the force exerted on the tether, there-
fore, transitions are measured at half the force at which they are
expected (for instance, DNA overstretching measured at half
the force). The measured persistence length is double of that
measured with a single bead. Furthermore, the data is generally
very noisy, since tracking becomes problematic with two beads
in the same ROL.

A double tether halves the force exerted on the tether. There-
fore, transitions are measured at double the force as they are
expected and add up (for instance, double the amount of
stepwise unwrapping events when stretching chromatin,
measured at double the force). The measured persistence
length is half that of a single tether. A plot of the X- versus
T-coordinates of the bead during drift characterization is
asymmetric.

The magnetic force pulls the tethered bead in the Z-direction
and is counteracted by a restoring force from the tether. Brow-
nian motion causes the bead to move away from its central
position. The potential energy E,(x) in the direction of the field
(X-direction) around the equilibrium position is described by:

1
E,(x) = > feyO5?, (6)

where 842 is the variance of the bead fluctuations. The effective
trap stiftness %, follows

kx = (7)

where Fis the stretching force and z the bead height. Equipar-
tition theorem states that the energy per degree of freedom
equals § kg T The force therefore follows

Y @®

o< x>

For an accurate experimental determination of the force how-
ever, it is necessary to look into the frequency dependence of
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the thermal fluctuations of x. Start by computing the PSD in
the direction of the field at constant force. Since the PSD
follows a Lorentzian curve

kg T
w2 (fE+f?)
it is fully defined by the lateral friction coefficient y and the
cut-off frequency f;

PSDthcrmal(_fafc) = (9)

fo=he/2my. (10)

The friction coefficient depends on the bead radius R and the

viscosity i (which increases with closer proximity to the surface,
see Note 60):

y = 6mnR, (11)
leading together with Eq. 7 to
F=12znRzf.. (12)

Thus fitting the cut-off frequency from the PSD yields the
force for a given magnet position. However, the finite integra-
tion time of the camera averages out some of the bead’s move-
ment, an effect known as blurring. To account for blurring, a
correction term Gy, must be applied [24-26, 48, 49]:

Conr () = (%)2; (13)

where W is the frame integration time. The finite sampling
frequency of the camera causes another artifact, known as
aliasing. Aliasing can be described by folding back the parts of
the spectrum that exceed the sampling frequency f;

PSDalias(f,fc) = ZWPSDthcrmal(f + nfsafc)cblur(,f + nfs) (14)

It is usually sufficient to include only one aliasing term, i.e.,
n= —1..1[24]. Finally, the PSD is offset by a tracking error of
variance ¢ that is independent of frequency [49]:

0.2

PSDtracking = 7 > (1 5)

in which £ is the sampling frequency. Overall, fitting
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O
PSDcorrected (.f)fc) = JC_ + Z

45.

46.

47.

48.
49.

50.

2 1 g T sin (Wﬂ(f + nfs))

2w (F2+ (F + nfy)?) Wa(f + nf)
(16)

to the experimental spectrum of the lateral fluctuations will
yield the cut-off frequency which is used to calculate the force.

The loading rate increases exponentially with magnet speed.
For forces below 5 pN, we typically have a loading rate that
ranges between 0 and 0.75 pN/s. High loading rates shift the
rate of non-equilibrium events such as breaking of bonds
between antibodies [50].

Several variations of magnet trajectories can be used:

(a) Repeat loops to gain insight into the reversibility of DNA
folding.

(b) To approach a linear loading rate, break up the trajectory
in several segments with decreasing magnet speeds.

(c) Start with a short force ramp up to 0.5 pN to set free
loosely stuck beads.

Torsionally constrained substrates build up torque while
stretched, and consequently respond differently to force.
These substrates can be pre-twisted before an experiment to
study the role of supercoiling. For instance, DNA compacted
by histone-like proteins has an intrinsically twisted structure.

Supercoiling reduces the bead height, which increases the
probability of beads or tethers to stick to the surface. Minimiz-
ing the dwell time at the maximum number of rotations
reduces sticking.

Plot force as a function of extension. Plotting it in this way is
customary for optical tweezers and allows for easy comparison
between methods. Because MT form a force clamp rather than
a position clamp, this way of plotting may be counterintuitive.

For tethers that have a length that is in range with the size of
the bead, off-center attachment of the DNA to the bead may
lead to a large error in the measured extension. Super-
paramagnetic beads have a small, but finite permanent mag-
netic moment, giving them a preferred orientation when
exposed to a magnetic field [51]. Since tethering happens in
the absence of the magnetic field, application of force will turn
the magnetic moment in the direction of the magnetic field,
typically horizontally, while maximizing the height of the bead.
When the DNA is attached at a location exactly at the circum-
ference of the bead that has equal distance between the mag-
netic poles, it will rotate the bead, such that the attachment
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51.

point will be at the bottom of the bead. Any location remote
from this circle will still rotate the bead around the horizontal
axis along the poles, but cannot spin the bead along the hori-
zontal axis perpendicular to the poles. Consequently, there will
be an offset between the height of the bead and the extension
of the tether, and the measured extension is underestimated.
This artifact is specific for MT and can be corrected by shifting
the data in the Z-direction, or by including this offset as a
fitting parameter.

Specific modes of protein binding yield distinctive patterns:

(a) Coating the DNA tether yields a stiffening of the DNA,
which can be parameterized by an increased persistence
length in the entropic regime at low force and/or an
increased stretch modulus at high force. These two eftects
can only be differentiated when a large force range is
probed. Examples are HU (at pM concentration) [6]
and H-NS (at nM concentration) [9, 52, 53].

(b) Bending induces a kink in the DNA trajectory, which is
apparent as a reduced persistence length [54]. The magni-
tude of this reduction scales with the kink angle and the
number of kinks, which reflect the structure and number of
proteins bound to the tether. Examples of chromatin pro-
teins that introduce a kink are HU (at nM concentration)
[6, 55] and IHF (at nM concentration) [56].

(¢) Wrapping of DNA around proteins results in both a
reduction of the persistence length, similar to bending
and depending on the amount of DNA that is wrapped,
and a reduction of the contour length. When exactly one
wrap is formed, the persistence length is similar to that of
bare DNA. The archetype of wrapping proteins is the
cukaryotic histone octamer that wraps 1.7 turns of DNA
[57-59]. Archaeal histones wrap smaller DNA lengths
[60,61].

(d) Bridging involves protein-induced formation of contacts
between distant part of the DNA tether and results in a
large reduction of the contour length. The DNA that is
captured in the loop does not contribute to the extension
of the tether. An example of a bridging protein is H-NS,
whose mode of binding depends on the concentration of
monovalent and divalent ions [9, 52, 53].

(e) Stabilization of single-stranded DNA. Melting parts of
the dsDNA tether by force and or torque yields sections
of single-strand DNA. This leads to a 1.6 times extension
of the contour length, as well as a reduction of the persis-
tence length down to a few nanometers in the absence of
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52.

53.

54.

55.

56.

57.

protein covering the single-strand DNA [35]. Single-
strand binding proteins like SSB prevent annealing of
force induced, melted DNA, vyielding force extension
curves that display a large hysteresis [62].

Various force regimes reveal different chromatin conforma-
tions that can all be captured in a force-dependent linear com-
bination of bare DNA and four different nucleosome
structures [11]. Bacterial chromatin typically consists of pro-
teins that bend, rather than wrap DNA, have a smaller foot-
print and are usually interspersed with different types proteins.
Furthermore, they may have more varying sequence prefer-
ences. Nevertheless, a similar analysis, customized for different
characteristics of individual proteins, can be used to retrieve a
detailed understanding of chromatin folding based on force
spectroscopy. When the chromatin conformation is not stable
due to changes of protein concentration, force or salt, this may
result in a change in extension. From such changes it is possible
to extract binding and /or dissociation rates.

Calculate the linking number density, using ¢ = ALk/ Lk
where Lky is the linking number of DNA. Lk, equals the
contour length in base pairs divided by the helical pitch of
DNA, which is 10.4 base pairs. The change in linking number,
ALk, equals the number of rotations of the magnets.

A double bead affects rotational spectroscopy measurements
similar to force spectroscopy measurements. The tether is more
likely to break since the force that is kept constant during the
measurement is double of that expected.

Double tethers inhibit rotational spectroscopy measurements
similar to force spectroscopy measurements. Double tethers
can easily be identified when twisting the tether. During the
first turn, the bead is pulled down by a large step, as the two
molecules get braided. Subsequent twist lowers the bead for
both negative and positive rotations, as opposed to single
tethers, for which the extension is independent of negative
twist at forces exceeding 1 pN.

The DNA tether can become nicked during sample prepara-
tion. A single nick is sufficient to release torque and conse-
quently the tether cannot be used for rotational spectroscopy.
These tethers can be discarded during an initial rotation exper-
iment, or can serve as control for torsionally unconstraint
tethers.

Plot all X-coordinates versus all Y-coordinates during rotation
of the bead. The shape of this plot should be a circle. The radius
of the circle equals the attachment offset from the center of
the bead.
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58. Since mechanical properties of twisted DNA are much more
complex than those of torsionally free DNA, fitting the curves
is challenging. The three-state model developed by Meng et al.
[31] describes the coexistence of twisted, melted, and plecto-
nemic conformational states. The data and the model feature
symmetric buckling at low forces ( f < 0.6 pN), where both
positive and negative twist is absorbed by plectonemes. At
higher forces (> 0.6 pN) the extension-twist curve becomes
asymmetric, and negative twist is absorbed by local melting of
the DNA.

59. Quantitative analysis of the torsional stress in chromatin fila-
ments is more involved. Bending proteins (such as HU of IHF)
and wrapping proteins (such as HMf or eukaryotic histones)
induce writhe in a torsionally constrained tether, while twist
remains constant. The torsional stiffness of such fibers has not
been measured, though quantification is highly desirable to
test proposed models of twist-induced (de-)compaction of
chromatin fibers and their role in transcription regulation.
Eukaryotic tetrasomes have been shown to have a complex
dynamic chirality [28, 29].

60. Beads experience an increasing viscosity as the distance to the
surface approaches the bead diameter. [63]. The height depen-
dence of the lateral friction coefficient y is approximated by
Faxén’s law, as described in Eq. 17.

70
= 17
Y S ST O (17)
8n 256k 16k°

where yo = 6z R is the bulk friction coefficient, # the viscosity,
R the radius of the bead, and 4 the distance of the bead center
to the surface.
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In Vitro Transcription Assay to Quantify Effects of H-NS
Filaments on RNA Chain Elongation by RNA Polymerase

Beth A. Boudreau, Matthew V. Kotlajich, and Robert Landick

Abstract

While structuring of the bacterial nucleoid by nucleoid-associated proteins (NADPs) is critical for proper
chromosomal organization and compaction, DNA-dependent RNA polymerase (RNAP) must frequently
interact with and overcome the barriers these NAPs impose upon transcription. One particular NAP in
Escherichin coli that influences transcription is the histone-like nucleoid structuring protein, H-NS, that
binds to DNA and forms nucleoprotein filaments. To specifically investigate the effect that H-NS filaments
have on RNAP elongation, we developed an in vitro transcription assay to assess transcript elongation by
RNAP when transcribing DNA bound by an H-NS filament. In this method, initiation and elongation by
RNAP are uncoupled by initiating transcription in the presence of three rNTPs to halt elongation just
downstream of the promoter. Before elongation is restarted, an H-NS filament is formed so that elongation
occurs on an H-NS nucleoprotein filament template. We also describe visualization and analysis of the
transcription products from the nucleoprotein template which provides insight into how H-NS and RNAP
interact. This method is a starting point to determine effects of NAPs on RNAP elongation in a variety of
conditions.

Key words RNA polymerase, Transcription elongation, Pausing, Roadblocks, Nucleoid-associated
proteins

1 Introduction

In bacteria, a dozen identified nucleoid-associated proteins (NAPs)
bind throughout the chromosome to structure the nucleoid. The
structuring of the nucleoid by NAPs is compatible with necessary
DNA-dependent processes, such as DNA replication and transcrip-
tion. How the replication or transcription machinery deals with
potential interferences from NAPs is not well characterized. Some
work has been done to characterize the interaction between NAPs
and RNAP (reviewed in [1]), but many questions remain. Most
NAPs are thought to regulate transcription initiation by binding to
the promoter or nearby regions, where they either inhibit or assist
RNAP binding at or near promoters [2]. However, NAPs could
also affect elongation and termination by RNAP, and such effects
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could play key roles in regulating gene expression [ 3, 4]. One NAP
in E. coli, the histone-like structuring protein (H-NS), has been
found to contribute to gene silencing by decreasing initiation
events at promoters, slowing RNAP elongation, and stimulating
Rho-dependent termination [3-6]. To silence genes, H-NS forms
nucleoprotein filaments by recognizing a high-affinity binding site
and then oligomerizing along the DNA [7]. H-NS filaments adopt
one of two distinct conformations depending upon a number of
conditions: either a linear conformation, in which H-NS interacts
with one segment of DNA, or a bridged conformation, in which
H-NS interacts with two distal segments of DNA forming a DNA-
protein-DNA bridge [8-10]. To characterize the interaction
between H-NS and an elongating RNAP [4, 11, 12], we developed
an in vitro transcription assay to measure the ability of RNAP to
clongate through either a bridged or linear H-NS filament
[3, 13]. This method can be easily adapted to study interactions
between an elongating RNAP and any other NAP.

The protocol described here allows quantification of RNAP
transcript elongation using a linear or bridged H-NS filament as a
DNA template. The template contains a DNA fragment from the
H-NS-silenced &gl operon of E. coli[14, 15]. The E. colz byl operon
encodes gene products responsible for utilization of p-glucosides,
but is silenced in E. co/i K-12 by an H-NS filament that nucleates
upstream and downstream of the operon’s relatively weak, cAMP-
CAP-dependent promoter. The gl operon also encodes an anti-
sense promoter, from which transcript elongation is inhibited by
H-NS in concert with the Rho termination factor. To enable for-
mation of H-NS filaments, we created a chimeric template that
replaced the &g/ antisense promoter with the strong, constitutive
APRr promoter. Just downstream of the promoter, we placed a
sequence that allows initiation with three rNTPs which halts tran-
scription 26 nucleotides (nt) downstream of the start site to form
stable, halted A26 elongation complexes (ECs) that contain a 26-nt
RNA with an A at the 3’ end. H-NS filaments are then assembled on
the downstream DNA before transcript elongation by RNAP is
restarted by the addition of all four rNTPs. Samples are collected
at time points throughout the course of transcription, and the RNA
products are resolved using denaturing urea-PAGE. By preforming
ECs before the addition of H-NS, and preventing subsequent
re-initiation by the addition of the inhibitor rifampicin, transcrip-
tion initiation is uncoupled from elongation to enable study of
eftfects of H-NS filaments on the elongating RNAP.

This chapter describes each step of these procedures, including
(1) DNA template preparation, (2) setup and execution of the
in vitro transcription assay, (3) the electrophoretic mobility shift
assay (EMSA), (4) urea-PAGE analysis of RNA products, and
(5) generation of densitometry profiles to analyze RNA products
(Fig. 1; see Notes 1 and 2).
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Daily breakdown of tasks for in vitro transcription assay

I I
Day 1 | | Day 3 | | Day 5
DNA template : Set-up and perform : Data analysis &
preparations 1 | transcription , | interpretation of
1 | and EMSA | | results
I i I
l | (see figure 2) |
| i |
Day 2 | Pour urea-PAGE |
DNA template ! | !
preparations ! v !
I I
set-up and label |1 | Day 4 I
tubes as in 3.2.1 : Urea-PAGE :
pour native PAG | | | Visualize gels |
T | |

Fig. 1 Overall experimental design and organization broken down by day. The
in vitro transcription and accompanying protocols can be completed over 5 days
by dividing tasks as outlined here and discussed in Note 1. DNA template can be
made in advance and used at later dates for multiple experiments. Gels should
be poured no earlier than the day before they will be run to prevent drying out

2 Materials

2.1 DNA Preparation

Ultrapure water (MQH,O) should be prepared by filtering deio-
nized water to 18 MQ cm at 25 °C and used where indicated.

1. pMK110, which is a plasmid containing the APy promoter, a
C-less cassette (26-nt without a C) to halt RNAP downstream

of the promoter, and a region of the 4g/ operon known to be
bound by H-NS (see Note 3).

2. Primers 3071 (fwd) and 645 (rev) to amplify 1.5 kb template
from pMKI110.

(a) Primer 3071: 5'-CGTTAAATCTATCACCGCAAGGG
(b) Primer 645: 5'-CAGTTCCCTACTCTCGCATG

Taq DNA polymerase.

Taq reaction buffer (see Note 4).

2.5 mM dNTP mix stocks (Fisher).

Byl template PCR: Make desired volume of PCR mixture with
final concentrations of 250 pM dNTDPs, 250 nM forward
primer 3071, 250 nM reverse primer 645, 0.4 ng/pL
pMK110 (~2 pg in a 5-mL PCR), and 125 Units OneTaq
DNA polymerase (see Note 5).

ANl

7. 15 mL conical tubes.
8. 100% ethanol.



354 Beth A. Boudreau et al.

2.2 InVitro
Transcription and RNA
Purification

9.

10.
11.
12.

13.

14.

15.

l6.
17.
18.

19.

20.

21.
22.
23.
24.

25.

26.

3 M NaOAc: Dissolve 40.8 g sodium acetate trihydrate in
~60 mL of water with stirring. Adjust pH to 5.2 with glacial
acetic acid. Add MQH,O to 100 mL. Filter-sterilize and store
at room temperature.

70% ethanol.
TE: 10 mM Tris—HCI, pH 8.0, 1 mM EDTA.

10x TBE: 890 mM Tris-base, 890 mM boric acid, 25 mM
EDTA, pH 8.3. Add 180 g Tris-base, 55 g Boric Acid, and
9.3 g Na,EDTA to 890 mL MQH,O. Dissolve all components
and adjust volume with MQH,O to 1 L (see Note 6).

0.5 M EDTA, pH 8.0: Add 93.05 g Na,EDTA to ~400 mL
MQH,0. Adjust pH to 8.0 with NaOH pellets. Adjust volume
to 500 mL. Autoclave (see Note 7).

1x TBE with 4 mM EDTA: 200 mL of 10x TBE, 6 mL of
0.5 M EDTA, and MQH,O to 2 L (see Note 8).

1x TBE with 3.5 mM EDTA: 100 mL of 10x TBE, 2 mL
0.5 M EDTA, and MQH,O to 1 L.

SeaKem LE Agarose (Lonza).
10 mg ethidium bromide/mL MQH,O.

A horizontal gel electrophoresis system with a gel container
thatis 9.5 cm wide x 10.8 cm long x 2.5 cm deep (see Note 9).
80% glycerol.

10x loading dye: Combine 1 mL 80% glycerol, 0.01 g of

bromophenol blue (BpB), and 0.01 g of xylene cyanol (XC).
Vortex to mix.

3500 MWCO dialysis tubing (Spectra/Por #3, see Note 10).
TE-equilibrated phenol, pH 7.9 (see Note 11).
24:1 chloroform:isoamyl alcohol (IAA).

DEPC-MQH,O (nuclease-free water): stir 1 L MQH,O with
1 mL diethyl pyrocarbonate (DEPC) at room temperature
overnight. Autoclave to inactivate the DEPC before use.

15 mM HEPES-KOH pH 8.0: Dilute 1 M HEPES-KOH,
pH 8.0 (see Subheading 2.2.1) to 15 mM in DEPC-H,O0. Store
wrapped in foil at 4 °C.

Nuclease-free low binding 1.5-mL microcentrifuge tubes.

All buffers should be made with DEPC-treated MQH,O and
filtered with 0.2 pm syringe filters. Use of nuclease-free tips is
recommended to avoid RNase contamination. In vitro transcrip-
tion conditions (filament formation and elongation at 20 °C with
30 uM NTPDs) are optimized for E. coli RNAP elongation through
E. coli H-NS filaments, but can be modified for other experiments
(see Notes 2, 3, 13, 23, and 53).
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2.2.1 InVitro
Transcription Reaction

N

. RNase eliminator (e.g., Eliminase) (sec Note 12).

E. coli RNA polymerase holoenzyme (see Note 13).

100 mM individual fNTP (rATP, rUTP, rGTP, and rCTP)
stocks in DEPC-treated MQH,O stored at —80 °C in 40 pL
aliquots until use (Promega).

2 mM individual rNTP stocks (rATP, rUTP, rGTP, and rCTP):
dilute 100 mM rNTP stocks in DEPC-treated MQH,O. Store
at —80 °C (see Note 14).

. 20x initiating NTP mix: Make 10 pL by adding 1 pL of 2 mM

rATP and rUTP and 0.25 pL rGTD for 200 pM ATP and UTP
and 50 pM GTP as the 20x concentrations in DEPC-treated
MQH,O. CTP is excluded to allow formation of halted com-
plexes at A26 and the GTP concentration is lower because
[a-3?P]GTP will be added (see Note 15).

10x chase NTP mix: add each rNTP (A, U, G, and C) to
300 pM (this is the 10x concentration) in DEPC-treated
MQH,O (see Notes 16 and 17).

. [a-**P]GTP (3000 Ci/mmol, 10 mCi/mL) (Perkin-Elmer)

(see Note 18).
2 mM ApU dinucleotide (Trilink or Ribomed) (see Note 19).

9. 25 mM DTT (see Note 20).

10.

11.

12.

13.

14.
15.

1 M HEPES-KOH, pH 8.0: Add 59.57 g of HEPES to
~150 mL of DEPC-treated MQH,O and stir to dissolve.
Adjust pH to 8.0 with KOH pellets. Adjust volume to
250 mL with DEPC-treated MQH,O. Filter and store solu-
tion in a dark glass bottle at 4 °C (see Note 21).

Acetylated BSA: Make 100 mL of BSA (5 mg/mL) in a sterile
solution containing 0.1 M Na,HPO, and 2 M sodium acetate
at 0 °C. Dropwise, add 0.6 mL of acetic anhydride to the BSA
solution. Incubate for 45 min and then dialyze extensively
against cold and sterile MQH,O. Aliquot (1 mL) and store at
—-20°C[16].

3x EMSA buffer: 120 mM HEPES-KOH, pH 8.0, 300 mM
potassium glutamate, 24 mM magnesium aspartate, 0.066%
Nonidet P-40, 0.3 mg acetylated BSA/mL, 15% glycerol (see
Notes 22 and 23).

1 mg rifampicin/mL: Add 4 pL of 50 mg rifampicin/mL to
196 pL water. Vortex to mix (sec Note 24).

Recombinant RNasin (Promega).

Bacterial NAP of interest. Here we used purified H-NS as
described in [3]. Working stocks of 20 pM were made by
diluting H-NS stocks (~150 pM) in 3x EMSA Buffer (see
Note 25).
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2.2.2 RNA Purification

16.

17.

18.

19.

20.

—

37 °C incubator.
20 °C water bath.

10x transcription elongation complex (ECs) mix: 1x EMSA
bufter, 1 x initiating NTP mix, 1 mM DTT, 150 pM ApU, and
100 nM purified DNA template (Subheading 3.1) leaving
room to add [a-**P]GTP and 150 pM RNAP holoenzyme
when appropriate (see Table 2 and Note 26).

Elongation master mix: 0.55 U RNasin/pL, 0.1 mg rifampi-
cin/mL, 0.5 mM DTT in DEPC-treated MQH,O (see Table 4
and Note 27).

Elongation reaction mix: 1 x EMSA buffer, desired amount of
H-NS diluted in 3x EMSA butffer, elongation master mix, and
room to add 10x ECs and 10x chase NTPs to 1x final con-
centrations (Table 3 and se¢ Notes 27 and 28).

. 20 mg glycogen/mL stocks.

2. 0.5 M EDTA, pH 8.0.

11.

EDTA /glycogen stop solution: 15 mM EDTA and 4 pL gly-
cogen/100 pL final in DEPC-treated MQH,O. Then aliquot
93 pL of the stop mix to 1.5-mL microcentrifuge tubes for each
timed sample collection. Store at 4 °C until needed (se¢e Note

29).

. TE-equilibrated phenol, pH 7.9.
. 100% ethanol and 70% ethanol solutions.
. Ethanol precipitation aliquots: Aliquot 280 pL of 100% ethanol

in 1.5 mL microcentrifuge tubes. Make enough tubes for all
conditions and time points to be collected. Store at —20 °C
until needed.

. Nuclease-free, low-binding 0.6 and 1.5 mL microcentrifuge

tubes.

. 50 mL conical tube.
. SpeedVac concentrator.
10.

2x urea stop dye: Combine 1 mL 10x TBE, 4.98 g urea,
0.5 mL 0.5 M EDTA, 2 mg XC, 2 mg BpB in 6 mL DEPC-
treated MQH,O. Heat at 65 °C for ~5 min to dissolve urea.
Adjust water to 10 mL and store at room temperature.

Formamide stop dye: 95% formamide, 15 mM EDTA pH 8,
0.05% BpB, 0.05% XC. Combine 48 mL 99% formamide, 2 mL
0.5 M EDTA pH 8.0, 2 mg BpB and 2 mg XC. Mix and store
1.5 mL aliquots at —80 °C (see Note 30).
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2.3 Electrophoretic
Mobility Shift Assay

2.3.1 Gel Setup

2.3.2 Filament Formation
on Non-EC DNA Controls

1.

Cold water circulating (4 °C) vertical electrophoresis system
with appropriate gel plates and spacers (sec Note 31).

2. Dichlorodimethylsilane.

10.
11.
12.
13.

1.

i

AN

10% dichlorodimethysilane solution in chloroform: 1 mL
dichlorodimethylsilane added to 9 mL of chloroform. Store
in a fume hood in a dark bottle.

. 0.5x TBE: Add 50 mL of 10x TBE to 950 mL MQH,O. Mix

to combine. Chill to 4 °C before use.

. 1% agarose solution in 0.5x TBE: Add 0.5 g SeaKem LE

agarose to 50 mL 0.5x TBE. Microwave to dissolve agarose
so no particles remain in solution.

100% glycerol.
30% acrylamide:bisacrylamide 29:1 (see Note 32).

. 3% native poly-acrylamide gel: Mix 7.5 mL 30% acrylamide

(acrylamide:bisacrylamide 29:1), 3.75 mL 10x TBE, 2 mL
100% glycerol, MQH,O to 75 mL. For 20 cm x 20 cm plates,
a 75 mL solution will be enough to pour a gel. Apply mixture
to a 0.2 pm filter (e.g., a 125 mL filter unit) to remove any
particulate matter (see Note 33) and then apply to filter. Swirl
to mix.

10% Ammonium persulfate (APS) solution in water.
N,N,N',N'-tetramethylethane-1,2-diamine (TEMED).
10x loading dye (described above).

Whatman paper 3 mm Chr.

Gel-drying vacuum system (such the Welch Thomas Gelmaster
Gel dryer vacuum system 142601).

T4 polynucleotide Kinase (PNK) (NEB).

1x PNK Buffer: 70 mM Tris-HCI, 10 mM MgCl,, 5 mM
DTT, pH 7.6 at 25 °C (NEB).

[y-*?P]JATP (6000 Ci/mmol, 10 mCi/mL) (Perkin Elmer).
10 pM rATPD.
Purified PCR template (see Subheading 3.1).

5'-end-labeled DNA: Kinase reaction with [y-**P]ATP using
T4 PNK in 1 x PNK buffer, 0.67 pM ATP, 20 uCi y-3*P-ATP,
100 nM purified DNA template, and 5 units T4 PNK. Use
DEPC-treated MQH,O to bring reaction volume to 12.5 pL.
(see Note 34).

EMSA buffer, protein, rifampicin, nucleotides, DTT, and RNa-
sin used for in vitro transcription (see Subheading 2.2).

. DNA control master mix: 0.1 X initiating NTP mix, 0.5 mM

DTT, 15 pM ApU, 0.1 mg rifampicin/mL, 0.55 U RNasin,
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2.4 Urea-PAGE

and 10 nM labeled 5’-end-labeled DNA template. Add water
to a total volume of 5 plL master mix per condition being
tested. DNA control master mix conditions match elongation
mix conditions to compare filament formation.

. H-NS or NAP of interest.

. Two sets of glass plates, spacers, and comb to fit vertical elec-

trophoresis system and hold an appropriate number of samples
(see Note 35).

. Vertical electrophoresis system with aluminum plates and flat

back thermometer or adhesive thermometer strip on aluminum
plates (see Note 36).

. 2% dichlorodimethylsilane: combine 2 mL dichlorodimethylsi-

lane and 98 mL chloroform.

4. 10x TBE.

. 40% acrylamide:bisacrylamide 19:1 (see Note 37).

6. TMD-8 hydrogen and hydroxide form (Sigma-Aldrich, CAS

12.

13.
14.
15.

16.

100915-97-7).

. 6% urea-PAG: Make 100 mL solution with 0.5x TBE and 7 M

urea. Combine 42.03 g solid urea pellets, 15 mL 40% acrylam-
ide (acrylamide:bisacrylamide 19:1), and ~2 g of TMD-8
hydrogen and hydroxide form mixed bead resin with
MQH,O to ~80 mL (see Note 38). Dissolve urea in acrylamide
with shaking at 37 °C for ~10 min, and then adjust volume to
95 mL with MQH,O. Filter 5 mL of 10x TBE through a
0.2 pm filter (e.g., using a 125 mL filter unit) to remove any
particulates that could have formed. Once TBE is filtered, add
95 mL of remaining gel solution to the remove TMD-8 and
any additional particulates. Once gel solution is filtered, swirl to
mix with TBE.

. 12% urea-PAG: Make 100 mL of a 12% urea-PAG solution as

described for the 6% urea-PAG in item 7, but with 30 mL of
40% acrylamide instead of 15 mL.

. 10% ammonium persulfate (APS) solution in water.
10.
11.

N,N,N',N'-tetramethylethane-1,2-diamine (TEMED).

Heat lamp or other light source to speed acrylamide polymeri-
zation process (se¢ Note 39).

End-labeled pBR322 Mspl digested marker (see Note 40) and
1:50 dilution of pBR322 labeled marker in 1x urea stop dye.

Power source capable of 1000 V.
Pre-exposed X-ray films or Whatman paper.

Phosphorimager screens or similar system to expose radioactive
gels (see Note 41).

Amersham Typhoon scanner (GE Lifesciences).
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2.5 Data Analysis

1. Computer.
2. ImageQuant software version 5.2.
3. Microsoft Excel.

4. Kaleidagraph version 4.5.0 (Synergy Software) (or similar com-
prehensive graphing software).

3 Methods

3.1 DNA Preparation

3.1.1  PCR Amplify
and Concentrate DNA

See Fig. 1 as a guide for the overview of when each step should be
done. This method can be completed in 5 days where days 1 and
2 include DNA preparation (Subheading 3.1), days 2 and 3 involve
in vitro transcription setup and execution (Subheading 3.2) along-
side EMSA (Subheading 3.3), day 4 contains urea-PAGE (Sub-
heading 3.4), and day 5 is reserved for data analysis (Subheading
3.5; see Note 1).

1. Set up 5 mL of 4y template PCR mixture.

2. Mix reagents in a 15 mL conical tube. Aliquot 50 pL per PCR
tube on ice (see Note 42).

3. Carry out PCR using a version of the protocol in Table 1 (see
Note 43).

4. Once the PCR reaction is complete, pool the reaction and then
aliquot 400 pL/1.5 mL nuclease-free, low-binding
microcentrifuge tube.

5. Add 1/10 volume of 3 M sodium acetate, pH 5.2 and 2.5x%
volume of 100% ethanol to precipitate DNA.

6. Incubate for at least 1 h at —20 °C.

7. Spin at 20,000 x g for 20 min at 4 °C. Pour off the
supernatant.

Table 1
Suggested thermocycling conditions for DNA template PCR

Step Temperature and Time

1 95 °C for 2 min

94 °C for 30 s

54 °C for 30 s

72 °C for 2 min

Repeat steps 2—4 17 times
72 °C for 5 min

N O Ul s W N

10 °C forever
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10.
11.

3.1.2  Gel Purify DNA 1.

3.1.3 DNA Electroelution 1.

. Add 1 mL of 70% ethanol to wash excess salts and spin at

20,000 x g for 10 min at 4 °C.

. Pour off the supernatant. Briefly spin again and pipet off

remaining supernatant.
Air dry for 10-15 min until no ethanol remains (see Note 44).
Resuspend and combine all DNA pellets in ~500 pL of TE.

Put RNase-free gel box at 4 °C to chill the box for easier
pouring (see Note 45).

. Make 120 mL of 0.8% agarose solution in 1 x TBE with 4 mM

EDTA and microwave. Once cool enough to handle for ~10's,
add 300 pg of ethidium bromide/mL agarose (~5 pL) and
slowly pour into gel box containing the comb (se¢ Note 46)
at room temperature. Let it solidify.

. Fill gel electrophoresis system with 1 x TBE with 4 mM EDTA

to cover the gel.

. To the 500 pL resuspended PCR product, add ~50 pL. 10x

loading dye and ~30 pL 80% glycerol to ensure sample sinks to
the bottom of each well.

. Load all the DNA onto one gel dividing over as many wells as

necessary so each lane is about 80% full.

. Run gel at 130 V until DNA is about 1/3 of the way into the

gel (see Note 47).

. Visualize band with long wave (365 nm) UV (se¢ Note 48).

. Use a clean, sterile scalpel blade to excise the agarose piece

containing the desired DNA product.

Rinse portion of 3500 MWCO dialysis tubing in DI water.
Equilibrate in 1x TBE with 3.5 mM EDTA for about 1 min
(see Note 49).

. Clip the bottom of the dialysis tubing and add about 4 mL of

1x TBE with 3.5 mM EDTA. Add gel piece and remove as
many air bubbles as possible before adding second clip.

. Electroelute DNA by placing the dialysis tubing with the gel

piece toward the positive end in enough buffer to just cover the
gel piece (see Fig. 2).

. Run at 130 V for about 30 min. Flip gel pieces over 12 way

through to ensure the entire gel piece is covered by buffer and
all DNA is eluted out of the gel piece. Ethidium bromide
stained DNA should be observed collecting against the dialysis
tubing toward the positive electrode.

. Remove dialysis tubing from the buffer and unclip. Pipette 1x

TBE (now containing DNA) out of dialysis tubing taking care
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3.1.4 DNA Cleanup
and Concentration

Top view of
(-) electrode  €electroelution set-up

L_n e /|

s 1%\0*3 1x TBE

O

1

CRWANLELE B ||
/]
| j_f’, am— TJ—'L— DNA collects here
| T gel
dialysis piece |
clips ___ Chamber filled
with 1x TBE

A

(+) electrode

Fig. 2 Schematic of electroelution set-up viewed from the top. Gel fragment cut
from gel purification (Subheading 3.1.2) should be placed inside dialysis tubing
with ~4 mL of 1x TBE containing 3.5 mM EDTA. The gel should be positioned
towards the positive electrode so the DNA will run out of the gel to the space
between the gel piece and dialysis tubing. The chamber needs to contain enough
1x TBE with 3.5 mM EDTA to cover the top of the dialysis tubing. Because the
tubing will float, halfway through the process, flip the dialysis tubing so the top
(as viewed here) is now facing down

to rinse the gel piece and dialysis tubing with the 1x
TBE + DNA solution as the DNA can stick to both surfaces.

6. Check with long wave UV light to be sure all DNA was
collected.

7. Syringe-filter electroeluted TBE-containing DNA to remove
any remaining gel pieces.

1. Divide electroeluted DNA into 400 pL aliquots in 1.5 mL
microcentrifuge tubes.

2. Add 400 pL of TE-equilibrated phenol and vortex to emulsion
(~25s).

3. Spin at 10,000 x g for 7 min at 10 °C.

4. Transfer aqueous layer to 400 pL of 24:1 chloroform:IAA.
Vortex briefly.

5. Spin at 10,000 x g for 7 min at room temperature.

6. Transfer aqueous layer to a 1.5 mL microcentrifuge tube (see
Note 50).
7. Perform ethanol precipitation as in Subheading 3.1.1.

8. Resuspend in 15 mM HEPES, pH 8.0 to get between 0.5 and
1 pg template DNA /pL. Aliquot 50 pL into 0.6 mL tubes and
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store at —20 °C. Remove a tube for use and store at 4 °C for
1-2 months to avoid additional freeze-thaw cycles.

9. Determine concentration by measuring Ajeo.

3.2 InVitro The mixtures used here can be made in 0.6 mL nuclease-free tubes
Transcription on ice before (see Note 51) adding radioactive material or indicated
components (se¢ Note 52). The work flow for in vitro transcription

321 InVitro and EMSA performed side by side are described in Fig. 3.

Transcription Setup
1. Use the flow chart in Fig. 4 to determine the volume of each
mixture to make based on the desired conditions to test and

time points to collect. Example mixtures are described in
Tables 2, 3, and 4.

2. Make EDTA /glycogen stop solutions and ethanol precipita-
tion aliquots in 1.5 mL nuclease-free tubes for each time point
to collect.

3. Steps 3 and on are performed the day of the experiment. Thaw
proteins and buffer on ice and thaw rNTPs or NTP mixes,
DNA, rifampicin, and DTT at room temperature. Once
thawed, immediately place on ice.

Workflow for performing transcription on Day 3

Assemble all mixtures on ice
(see figure 4)

Mix RNAP-0"and DNA
37°C, to form 10x ECs

15 min . .
S Dilute 10x ECs to 1x in
elongation mix with H-NS
20 °C,
20 min

Load 2 uL
of filaments formed R
on DNA and ECs

Keep elongation mix
“@20°C

on native PAG Take zero
Run EMSA _, & timepoint | Restart transcription
at 250 mv ““with 30 uM NTPs
5 hours Take 7 L time points at
@4°C 2,4, 8, 16, and 32 minutes

and stop with EDTA/phenol

«~—Phenol extraction
Disassemble
gel and dry
for ~2 hours > O

«~Ethanol precipitation

Fig. 3 The workflow for transcription and EMSA done side-by-side on day
3. When performing the in vitro transcription assay, the ECs are made first
then H-NS filaments are formed. The EMSA gel is loaded and run while timed
samples are collected during the transcription reaction. RNA products are
cleaned up before disassembling the EMSA
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Table 2

p = # of protein conditions to test
(e.g. when testing 0, 66, or 200 H-NS/kb, p= 3)

t=# of time points to collect
for each protein condition
(e.g. t =5 time points per condition)

V, = Volume for each elongation mix
=T7uL*(t+1)
(.9.V, =7"6=42L)

v

V,,= 10x EC & Chase NTP
volume per condition = (V)/10
(e.g. V,,=42/10 = 4.2 pL of each)

10 (otal) = Total volume of 10x EC
and Chase NTP
=(V,,"p)+0.5uL

(€.9. Vg oy = (4.2°3)+0.5 = 13.1 pL of each)

Fig. 4 Workflow to determine the volume of elongation mixes, 10x halted
elongation mix, and 10x chase NTP mix required for each experiment. See
Tables 2, 3 and 4 for volumes of each component in the mixtures

Example of 10x halted EC reaction mix for 1x (9 pl) and 2.5x mixtures. The order of addition of

components is indicated

Order to add component Component [Final]  1x amount (uL) 2.5x amount
N 3x EMSA Buffer 1x 3 7.50

b 20x initiating NTP mix 1x 0.45 1.125

N 25 mM DTT 1 mM 0.36 0.90

B 2 mM ApU 150 pM  0.675 1.69
Second to last [a-32P]GTP 20 pCi 1.1 2.75

Third to last pMK110 PCR (1240 nM) 100nM 0.725 1.81

LAST! 2 pM Holo RNAP 150 nM  0.675 1.69

B DEPC-H,O 2.01 5.04

Total Volume (pL) 9 225

*Add these at the same time on ice

4. Make both 20x initiating NTP mix and 10x chase NTP mix
on ice (Figs. 3 and 4).

5. Make desired volume of 10x halted transcription elongation
complex (ECs) mix without [a-**P]GTP and RNAP holoen-
zyme (Figs. 3 and 4, Table 2).
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Table 3

Example of elongation mix for forming bridged H-NS filaments on halted ECs and then subsequent
transcription elongation reaction

Order to add components Component [Final] 1x amount (uL) 8x amount (pL)
? 3x EMSA Buffer 1x 1.7 13.6

? 20 pM H-NS 1pM 0.3 2.4

Add after ECs formed 10x halted ECs mix 1x 0.6 4.8

Last (after filaments formed) 10X chase NTP mix 1x 0.6 4.8

: Elongation master mix 2.8 22.4

Total volume (pL) 6 48

This table shows the amount needed to collect 1 timed sample and 8 timed samples. In this reaction, the total buffer
volume of 2 pLL comes from 3x EMSA buffer and 20 pM H-NS

*Add these at the same time on ice

Table 4

Example of elongation master mix for 1 reaction (timed sample) and for 50 reactions (timed samples)

Elongation master mix [Final] 1x amount (pL) 50x amount (pL)
RNasin 40 U/pL 0.08 4
1 mg Rifampicin/mL 0.1 mg/mL 0.6 30
25 mM DTT 0.5 mM 0.12 6
DEPC-H,O 2 100
Total volume (pL) 2.8 140

3.2.2  Performing In Vitro 1.

Transcription Reaction

. Make desired volumes of elongation master mix and elongation

reaction mixtures on ice without adding 10x ECs or 10x chase
NTPs (see Figs. 3 and 4, Tables 2, 3, and 4).

. Make mixtures for EMSA samples (see Subheading 3.3) on ice

before adding radioactive material. These two protocols are
done side by side, but are described independently (see Figs. 1
and 3).

Form 10x halted ECs by adding in the following order 20 pCi
[a-3*P]GTP then 150 nM RNAP holoenzyme (final concen-
trations) to the 10x transcription elongation mix. Mix well by
gentle pipetting and incubate at 37 °C for 15 min. Place on ice
after incubation.

. While ECs are forming, add 100 pL. TE-equilibrated phenol to

EDTA /glycogen containing tubes. Keep tubes at room tem-
perature while collecting timed samples.
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3.

Dilute 10x ECs to 1x (10 nM ECs) in elongation mixes
containing H-NS (see Table 3). Place tubes in 20 °C water
bath (see Note 53). Incubate for 20 min to form H-NS
filaments.

. Form H-NS filaments on DNA without ECs at 20 °C alongside

previous step (step 3) (see Subheading 3.3.2) as a control to
ensure the presence of RNAP does not change H-NS filament
formation.

. Load 2 pL of each H-NS filament formed on DNA and ECs on

native-PAG (see Subheading 3.3.3).

Take a time zero sample by removing 3 pL of each elongation
mix and adding to 3 pL of 2x urea stop dye. Set aside.

. Restart elongation by adding 1/10 volumes of 10x chase

NTPs to restart the reaction (see Table 3). To begin time course
at “0 s,” set timer for 5 s, pipet up necessary amount of NTPs,
begin timer, remove tube from water bath, add NTPs when
timer goes off. Gently pipet up and down a few times to mix.
Place the tube back in the water bath.

. Collect timed samples by removing 7 pL of elongation mix ~4 s

before desired time then adding to EDTA /glycogen,/Phenol
mix when timer reaches appropriate time to stop the reaction.
Immediately vortex for ~5 s to completely stop the reaction.
Set the tube aside. Allow for ~10-15 s between timed samples.

. Continue collecting timed samples and then adding chase

NTPs to other conditions until all reactions are completed.

3.2.3 RNA Cleanup Removal of proteins from RNA is necessary to resolve gel electro-
phoresis bands cleanly as high levels of nucleic acid-binding pro-
teins in the samples causes smearing of bands during urea-PAGE.

1.

After all samples are collected, vortex the samples for 25-30 s
to emulsify. Spin at 10,000 x 4 for 7 min at 10 °C to separate
phases (see Note 54).

. Take 90 pL of the top, aqueous phase being sure to avoid the

interface or collecting any phenol. Combine the recovered
aqueous phase with cold ethanol precipitation aliquots and
vortex briefly to mix. Place tubes at —20 °C for at least 1 h to
precipitate RNA products (ethanol precipitation).

. During the precipitation, prepare urea-PAG described in Sub-

heading 3.4.

. Centrifuge tubes at 20,000 x g for 20 min at 4 °C. Pour off

supernatants into a 50 mL conical tube to collect radioactive
waste. Blot any drops of ethanol by inverting the tube briefly
on a kimwipe, careful to avoid radioactive contamination.
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3.3 Electrophoretic
Mobility Shift Assay

3.3.1  Pour and Set Up
3% Native
Polyacrylamide Gel

5. Remove residual salt by adding 400 pL of 70% ethanol to each

tube. Do not vortex! Spin at 8000 x g4 for 5 min at 4 °C. Pour
off the supernatant.

Use a SpeedVac Concentrator to dry samples for 15 min (see

Note 55).

Estimate the radioactivity in each pellet in counts per second
using a Geiger counter. Resuspend in formamide stop dye so all
have similar counts/pL. Loading 50-200 counts/s in each well
is enough signal to scan the gel before the RNA bands sepa-
rated by urea-PAGE diftuse.

8. Separate RNA products by urea-PAGE (see Subheading 3.4).

The EMSA run alongside the in vitro transcription assay is a good
control to ensure H-NS binds to DNA to form filaments under the
exact same conditions used for transcription. An additional control
to form filaments on DNA that does not contain ECs as a side-by-
side can confirm that RNAP does not interfere with filament for-
mation is also described. Typically, the gel is poured on day 2 (day
before transcription is performed), and then set-up to run along-
side the in vitro transcription reaction. Since this step is described
separately from transcription, see notes in Subheading 3.2 in vitro
transcription and Fig. 3 to see when to perform these steps.

1.

Clean both gel plates well with Windex, water, then ethanol.
Treat short glass plate with ~1 mL 10% dichlorodimethylsilane
solution in a fume hood. Wipe excess off the plate with Kim-
wipe and let it dry for ~15 min (see Note 56). Clean both plates
well with Windex, water, then ethanol as before.

. Assemble 20 cm x 20 cm gel plate sandwich with 1.5 mm side

spacers and clamp gel over spacer with binder clips. Insert the
25-well comb slightly offset at the top of the gel so there is
room to pour in the gel solution (see Fig. 5).

. Using a positive-displacement pipet, add ~4 mL of 1% agarose

in 0.5x TBE to the bottom of the glass plates while the plate
assembly is lying horizontally to create the bottom spacer (see
Note 57). The agarose spacer should be about 1 c¢m tall. Allow
to solidify (~5 min). This agarose is added to act as a plug to
prevent acrylamide solution from leaking out of the bottom of
the plate assembly during pouring and polymerization.

. Prepare 3% acrylamide gel solution as in Subheading 2.3.1 just

before pouring the gel.

. Add 600 pL of 10% APS and mix. Add 80 pL of TEMED to

catalyze the reaction and mix.

. Hold the gel up at ~30° with respect to the bench then pour

acrylamide solution into gel plates from the top using a 60 mL
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3.3.2 Form Filaments
on DNA Not Containing ECs

spacer ta/II plate “comb

——# binder
T

ﬁ clips

short"
plate /4
Pipet agarose

solution from left
to right

agarose plug

Fig. 5 Schematic of native-PA gel sandwich with assembled gel plates and
agarose plug for native PAG. Spacers should be flush with the bottom and held in
place with binder clips (not to scale). The agarose plug should be added from left
toright, 1 mL at a time, after spacers are secured. The comb should be inserted
at the top slightly offset to allow pouring of acrylamide solution between plates

syringe at a slow and steady pace. Insert a comb. Clamp gel
plates just below the comb (see Note 58).

7. Place gel under heat lamp to polymerize (~1 h) (se¢ Note 59).

8. The gel can be wrapped and stored overnight before proceed-
ing to the next step. Wrap the comb with a damp paper towel
and wrap the entire gel with cling wrap to keep moist. Do not
let the gel dry out before running it.

9. On day 3, or when performing the transcription reaction,
unwrap the gel and carefully remove the comb. Attach the gel
to cooled vertical rig and add ~1 L of 0.5 x TBE to both buffer
chambers.

10. Clean out wells gently using a syringe and 18-gauge needle
loaded with 0.5x TBE.

11. Prerun gel for at least 5 min at 250 mV before loading samples
(see Note 60).

1. Set up kinase reaction to make 5'-end-labeled DNA template
and incubate at 37 °C for 30 min. Inactivate T4 PNK by
incubating reaction at 65 °C for 15 min (se¢ Note 61).

2. While setting up transcription mixes on day 3, make DNA
control reactions for the number of filaments being tested.
The volume of DNA control master mix needed is 5 pL for
each NAP concentrations being tested plus one extra reaction.
Total reaction volume including the master mix and NAP will
be 7.5 pL for forming H-NS filaments on DNA without ECs.
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3.3.3 Perform Native
PAGE to Confirm Protein-
DNA Interactions

3.4 Urea-PAGE

10.

. Add 3x EMSA buffer and H-NS diluted in 3 x EMSA buffer to

separate 0.6 mL nuclease-free tube for each protein-DNA
combination. Total volume of buffer and protein should be
2.5 pL. The final concentration of buffer components will be
1x after 5 pL. of DNA control master mix is added.

. When forming filaments for transcription experiment, add 5 pL.

of DNA master mix to each buffer and protein condition (total
volume 7.5 pL).

. Incubate DNA and H-NS at 20 °C for 20 min alongside

clongation mixes containing H-NS and halted ECs (see Sub-
heading 3.2.2).

. After prerunning the gel, gently clean out the wells again by

flushing with 0.5x TBE using a syringe and 18-gauge needle.

. After forming filaments (step 4 of Subheading 3.2.2, in vitro

transcription and Subheading 3.3.2), load 2 pL of each DNA
only sample and each transcription sample onto the 3%
native gel.

. Add 2 pL of 10x loading dye to an empty well or the well

containing DNA only (see Note 62).

. Run gel at 250 mV for ~5 h at 4 °C or until the XC band is at

the bottom of the gel.

. Disassemble the gel from gel rig and dispose of running bufter

following radiation safety procedures.

. Remove side spacers and agarose spacer from gel. Using a

spatula/wedge, remove short plate from the gel. The gel
should stick to the tall, non-silanized plate.

. Place Whatman paper cut to the size of the gel on the top of the

gel. Remove the tall plate and the gel should stick to Whatman
paper.

. Cover the gel with cling wrap and dry the gel on a gel drying

vacuum system at 80 °C until completely dry (~2 h) (see
Note 63).

. Expose the dried gel to a phosphorimager screen or radio-

graphic film and visualize. The length of the exposure depends
on how radioactive the samples are, ranging from 15 min to a
few hours.

The mobility of DNA species will decrease when RNAP, H-NS,
or both are added to DNA (see Fig. 6).

Gels should be cast on day 3 during the ethanol precipitation and
run on day 4 after all timed samples have been collected and
purified. For analyzing RNA products from pMK110, both 12%
and 6% urea-PAGE were performed to resolve RNAs from 26-300
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Fig. 6 Example of native PAGE run alongside transcription showing formation of
H-NS filaments on DNA (left, DNA label) and on ECs (DNA containing RNAP, right,
A26 RNA label). Species migrate slower when H-NS is bound to the DNA at either
66 or 200 H-NS/kb than without H-NS present. At 66 H-NS/kb, we found H-NS
adopts a bridged filament conformation, whereas at 200 H-NS/kb, H-NS favors a
linear filament [3]. Cartoons to the right of the gel show possible conformations
of these filaments. One H-NS monomer is made up of two oligomerization
domains (larger circles) and a DNA-binding domain (small circle) all connected
by more flexible linkers (lines). The monomers interact to form two distinct
conformations of filaments (linear on either DNA or ECs based on H-NS concen-
tration described as linear and bridged). At the top, bridged H-NS filaments are
made of red and tan H-NS monomers that interact with two segments of DNA
(gray line). Linear filaments are shown as dark and light purple H-NS monomers
interacting with one DNA segment. RNAP (gray rectangle) and RNA (red line) are
shown at halted at the A26 site on the bg/ template. This figure was originally
published in Kotlajich, M.V., et al. eLife 2015;4:e04970

and 140-1482 nt, respectively. Two gel sandwiches should be made
to accommodate both percentage gels. Electrophoresis on both
gels occurs side by side.

1. Clean short glass plate (31.12 cm x 41.28 c¢m) thoroughly
with Windex, water, then ethanol.

2. Silanize short plate by coating with ~2 mL of 2% dichlorodi-
methylsilane and let it dry in fume hood for about 10 min (see
Note 64).

3. Clean and dry both short and tall glass plates with Windex,
water, then ethanol.

4. Assemble urea-PA gel plate sandwich. Place cleaned spacers
along edges of plates and use binder clips to secure plates and
spacers together. Insert clean comb at top of plates (see Fig. 7
and Note 65).
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Fig. 7 Schematic of gel sandwich made for urea-PAG casting. The assembly is
done horizontally where the short plate is assembled on the top of the tall plate
with the side and bottom spacers in between. Binder clips (not to scale) are
placed around the edges of the sandwich to secure spacers. The comb is placed
offset in the top of the sandwich to facilitate pouring. Agarose can be added
between the bottom and side spacers if leaks occur during pouring

5.

10.

11.

Make 12% and 6% urea-PAG solutions just before pouring
the gel.

. Add 200 pL 10% APS and the gel solution at room temperature

and mix. Then, add 100 pL TEMED and mix.

. Using a 60 mL syringe, pour gel solution at a slow and steady

rate between glass plates held at ~30° angle above the bench
with the comb side up to allow gel solution to flow to the
bottom.

. Gently insert the comb the rest of the way without introducing

air bubbles and secure with clamp over the comb.

. Gel will polymerize in ~45 min under heat lamp. Once poly-

merized, the gel can be stored overnight by wrapping the top of
the gel (over the comb) with damp paper towels and cling wrap
to prevent the gel from drying out (sec Note 66).

To set up the gels to run (day 4), caretully remove the comb
and bottom spacer. Use a razor blade to remove any excess
acrylamide that might have polymerized around the edges and
the wells. Set up the gel in vertical gel rig. Place foam spacers at
the top of the short spacer above side spacers to prevent buffer
leaking out of the top. Attach an aluminum plate on the outer
face of the gel with binder clips to diffuse heat across the gel so
lanes run evenly. The aluminum plate should also contain an
adhesive thermometer to monitor temperature during the run
(see Note 67).

Add 0.5 x TBE to top and bottom bufter reservoirs (~2 L total
will fill this gel system described here) remove air bubbles and
unpolymerized acrylamide within the wells using an 18-gauge
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

needle and syringe. Air bubbles trapped where the bottom
spacer was can be removed using a bent (~110°) needle
attached to the syringe.

Prerun gel at 50 W for ~1 h or until gel temperature reaches
~45 °C.

Heat samples and 1:50 dilution of labeled marker at 95 °C for
3 min.

Spin at 20,000 x g for 1 min to collect the sample in the
bottom of the tube.

Quickly load 1 pL of each sample or marker onto gels (see Note
68). For best resolution, the sample should form a single band
at the bottom of each well. If the sample is too diffuse in the
well, the RNA products will not be resolved. Early timed
samples (and time zero sample), which have short RNA pro-
ducts, should be loaded on the 12% gel whereas later timed
samples with longer RNA products should be loaded on the 6%
gel. Some of the samples can be loaded on both gels for better
resolution of the RNA products (sec Note 69).

Run 12% gel until XC band is ~% of the way down the gel to
visualize RNA products from 26 to ~300 nt.

Run the 6% gel so that both dye bands run off, then load ~3 pLL
of 2 urea stop dye in 3—4 wells and run until BpB band is ~1/
2 way down the gel to resolve RNA products from ~140 nt to
the end of the template (1482 nt).

Remove buffer from reservoirs and dispose of in proper con-
tainers as the bottom buffer typically contains radioactivity.
Remove the gel from the vertical gel electrophoresis system
and remove the side spacers. Cool the gel by running cool
water along the short plate.

With short plate facing up, remove the top plate by pushing up
with a spatula wedged between the plates. The gel should stick
to the tall, non-silanized plate. Place a pre-exposed X-ray film
(see Note 70) on the top of the gel and slowly remove the gel
from the top plate taking care not to rip the gel. The gel should
stick to the film. Cover the gel with cling wrap, ensure no
liquid can contact phosphorimager screen by taping the wrap
down on the back of the film.

Expose to phosphorimager screens from 2 h to overnight
depending on radioactivity of samples.

Visualize RNA products with phosphorimager scanner (e.g.,
Amersham Typhoon; GE Lifesciences) (see Fig. 8). RNA pro-
ducts will get longer with time. Locations of RNAP pausing at
will appear as bands that last for differing persistence depend-
ing on pause characteristics.
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3.5 Data Analysis
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Fig. 8 Example of 6% urea-PAGE result showing RNA products generated in the
presence of none, 66, or 200 H-NS/kb at 2, 3, 4, 8, 16, and 32 min and labeled
pBR322 Mspl digested marker (M) run alongside. Bands indicate RNA products
generated at different time points showing where RNAP was on the DNA
template at that time point. Black arrows indicate sequences where RNAP
pauses along the template. Some pauses (red arrow) are enhanced (i.e.,
appear for longer amounts of time) by H-NS. This figure was originally
published in Kotlajich, M.V., et al. eLife 2015;4:e04970

Analysis of transcription results can be easier if the transcription
products are plotted as a function of nucleotide length and relative
signal level, and compared across conditions or time points (Fig. 9)
rather than only visualized on a gel. These pseudo-densitometry
plots then show the distribution of RNA products by length instead
of gel position as in a true densitometry plot. The conversion of
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Fig. 9 Example of pseudo-densitometry profiles created in Microsoft Excel from line analysis in ImageQuant
software. Here, pseudo-densitometry profiles of RNAP alone and 66 H-NS/kb are compared at different time
points. ATL (average transcript lengths, nt) are inserted and show an average of at least three independent
experiments. Pauses at various positions (C346, C370, U588, and A746) are highlighted; red text indicates
H-NS stimulated pauses and black indicates no H-NS enhancement of pauses. Enhanced pauses appear over
more time points than non-enhanced pauses. This figure was originally published in Kotlajich, M.V., et al. eLife
2015;4:¢04970

each gel lane (sample) to such a plot using the Excel spreadsheet
program is described here. In this analysis, the DNA marker lengths
are assumed to be similar to RNA lengths of the transcripts and
used to convert the pixels to a nucleotide length. The plots show
the major pauses and the overall transcription pattern for each
sample directly comparable across conditions. The average tran-
script length (ATL) of each sample can also be calculated from
these data. A comparison of ATL can help to distinguish overall
differences between conditions, but is less useful than comparing
changes in RNAP behavior at each template position.

3.5.1  Conversion 1. Use ImageQuant software to draw lines over the length of the

of Pixels to Nucleotides image of each gel lane of interest. The line should be thick
enough to encompass most of the density of signal in each lane,
and should start and end at similar transcript lengths for each
lane. It is most straightforward to analyze the results when lines
are drawn from bottom to top so the lines length dimension
will be output as a smaller value for shorter transcripts (see
Notes 71 and 72).

2. Use the same line characteristics for each lane, including the
marker lane, and align each line to the bottom of the gel so each
line starts at the same transcript length.
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3.5.2 Making Pseudo-
Densitometry Plots

3. Create a graph of each line in ImageQuant by highlighting all

lines and selecting “create graph” from the analysis menu.
Highlight all graphs, then copy and paste in Excel. Data col-
umns should appear in the excel spreadsheet listing a pixel
numbers and a corresponding rfu(z) (intensity) value for each
pixel number in the lane.

. In Excel, create a graph of marker intensity vs. pixel number

which should show a peak pattern similar to the bands
observed on the gel. Identify the pixel location for each peak
by hovering the mouse over the peak and confirming the center
of the band with the highest rfu(z) value. Each pixel value can
be matched to the known nucleotide size for each marker band.

. In Kaleidagraph, create a scatter plot of nucleotides vs. pixels

using the identified pixel value for each nucleotide length in the
marker lane.

. In Kaleidagraph, fit these data to a polynomial function using

the “Curve Fit” function.

(a) For a 6% gel, most graphs can be fit with a 5- or 6-factor
polynomial function. For a 12% gel, a combination of a
4-factor (fit to nucleotides <147) and a 6-factor (fit to all
values) will fit the pixel vs. nucleotide graph well.

(b) Equation 1. Example of a 4-factor polynomial function

Nucleotide = (M4 X pixel4) + (M3 X pixels) + (MZ X pixelz)

+ (M1 x pixel) + MO

where M0-M4 are coefficients defined by the polynomial curve
fit in Kaleidagraph.

. In Excel, convert each pixel on the gel to a nucleotide using the

function determined in Kaleidagraph and shown above.
Depending on the location, some pixels will be converted to
fractional nucleotide lengths (see Fig. 10). When combining
pixel-to-nucleotide conversions from multiple fits, use the
nucleotide value they converge on as the value to switch
between a 4-factor and 6-factor.

. Before graphs are made, the intensity for each lane should be

normalized so each lane has the same total intensity. Normali-
zation is accomplished by first calculating the sum of the rfu(z)
in each lane and then identifying the largest sum (Fig. 11 “total
rfu(z)” row and column AA). For each lane, divide the largest
sum by the sum of that lane (Fig. 11, formula bar). This
generates a multiplication factor that each rfu(z) value in that
lane should be multiplied by to equalize the total rfu(z) in
each lane.
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3.5.3 Calculating
Average Transcript Lengths
(ATLs)

Fe || =SAUSS7*(AP49M)+SAUSSE*(APA9A3)+SAUSSS*(APATA2)+SAUSSE*(APAT)+SAUSS3

AQ AP AQ AR AS AT AU AV AW

pixels nucleotides
——

-16 327.044
-15 325.1626
-14 323.3032 Pixels |Nucleotides
-13 321.4655 52 238
-12 319.6496 67 242
-11 317.8553 264 307
-10 316.0824 394 404

-9 314.3309 649 527

-8 312.6007 735 622

-7 310.8916

-6 309.2035

-5 307.5363

4 305.8899 convert all pixels
-3 304.2642 to nt with these
-2 302.659 M Values

-1 301.0743 (from Kaleidagraph)
0__ 299.51

1[297.9659]

2 296.4419

3 294938

4 2934539 4-factor fit| M Values

5 291.9896 MO 299.51

6 290.5451 M1 -1.56542

7 289.1201 M2 0.010118

8 287.7145 M3 -1.85E-05

9 286.3283 M4 1.15E-08

10 284.9614

Fig. 10 A screenshot from an Excel workbook showing the formula used to
convert pixels (column AP) to nucleotides (AQ). The formula uses the coefficient
values (M values) from Kaleidagraph (column AU) generated from a curve-fit of
the pixels vs. nucleotide plot (using pixel and nucleotide values in columns AT
and AU. The conversion is indicated by large arrow). The pixel-to-nucleotide
formula is shown in the top formula bar (fx) for the highlighted cell

2. Now that each pixel has a related length value in nucleotides,
graphs for each lane can be made. Plot the normalized rfu(z)
values vs. length in nucleotides for one time point and all the
conditions on the same graph (se¢ Note 73).

3. Plots can be modified by changing the x-axis range if any peaks
do not line up between conditions for a certain time point
because the gel ran with a “smile” or showed a wavy pattern
(see Notes 74 and 75).

ATLs can be calculated to reveal the average progression of RNAP
at each time point or in each condition and thus enable a quantita-
tive comparison of RNAP behavior between samples. For example,
the ATL should increase with time as RNAP progresses along the
template in the RNAP alone condition (Fig. 9). If many pauses are
stimulated, the ATL will be decreased relative to minimal or no
pause stimulation (Fig. 9, 66 H-NS/kb condition). An example
equation used to calculate ATL is
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E1102 - £ =saasi099/e1099 «— Normalization formula
| A B c D E FE |6 | H | 1 | J | AA
13| wt (- HNS)

2 Right Marl Left Marke Middle Marker 2 min 3 min 4 min 8 min 16 min__ 32 min 16 min

3 |Pixel rfu(Z) rfu(Z) rfu(Z) rfu(z) rfu(z) fu(z) fu(z) fu(z) fu(z) rfu(z)

4 | 1 90574 82968 120.137) 121272 12556 131.011 219246 194453 178428 82.854
1088| 1085/ 103.341 66.807 71.098| 89.777 81.132 81.07 106.912 159.665 294.729 148.264
1089 1086 103.545 65621 704| 79278 83901 85356 105204 162553 285788 160.392
1090| 1087| 96.352 95.103 86.175) 71941 85728 97.038 119.969 163.893 271.229 145.11
1091 1088 94.981 106.971 94839| 80981 73459 95353 130937 16913 273.9%4 155.652
1092 1089 88.718 109.183 108.794) B84.292 66.749 83.5 124.639 174.769 271.9 169.464
1093 1090/ 98.548 99.142 116.631) 80892 72978 76703 112291 183.347 268377 174.117
1094/ 1091| 107.205 86.383 127.542 86.37 85.827 86.64 104296 223.07 259.981 177.824
1095 1092 116.954 91407 103.503| 93655 117.784 92355 92.896 202489 250.163 163.751
1096/ 1093 110.72 106.131 98.901| 93.161 121.678 87.55 102489 173.901 225.732 149.231
1097| 1094| 105.156  86.884 99,166/ 90.968 127909 85827 106421 158516 217.113 132.762
1098| 1095 102.799  79.046 94943 81.135 132071 88.126 103.839 155.906 223.552 130.444
1099 total rfu(z) 241463.4 256597.1 390259.1 393106.4 610595 568582.5 659721
1100| wt (-HNS)

1101 2 min 3 min 4 min 8 min 16 min 32 min 16 min

T102| Multiplication factor | 2.732178] 2.571039 1.690469 1.678225 1.080456 1.160291 ]
1103 Normalized values pixel 1| 331.3366 3228196 221.4701 367.9441 210.0979 207.0283 15082.85
1104 | from here down: 2| 331.3366 322.8196 221.4701 367.9441 210.0979 207.0283 15082.85
1105 . 3| 334.5333 400.5833 216.0268 314.0899 194.5015 191.1382 15083.52
1106 Normalized values (column | 4| 4019334 533.2437 213.5925 279.9027 152.4545 175.0403  15083.71
1107| E) are from here down for 5| 406.0535 540.6997 241.4092 263.5031 129.3813 182.9395 15094.62
1108 : 6| 330.547 5245433 251.1699 241.7953 133.4557 182.0821 15102.21
1109: each plxal value (D} 7| 303.5941 490.6725 198.0605 219.156 141.6586 182.2666 15102.37
1110 8| 326.5444 511.6444 1901237 204.4867 1426277 164.904 15101.54

Fig. 11 Example normalization formula from a screenshot of an Excel workbook showing the total rfu(2) value
for seven time points (row 1099, total rfu(2) with the maximum total signal highlighted in yellow (row 1099,
column AA). The multiplication factor was determined using the formula in the formula (fx) bar at the top (for
column E, WT — H-NS condition at 2 min). The rfu(2) values for each pixel were multiplied by the multiplication
factor to give the normalized rfu(2) in the rows 1102+ below the multiplication factor. For example, the rfu(2)
at pixel 1 for WT — H-NS at 2 min was 121.27 before normalization and then 331.336 after normalization with
the 2.73 multiplication factor

Y(rfu(z) x transcript length)

ATL = = (+fu(2))

where rfu(z) is the intensity of each position minus the background
signal (see Note 76) and the transcript length is derived from the
pixel to nucleotide conversion described above. For each sum, all
points within the desired range of the lane should be included (e.g.,
from 150 to 800 nt for the 4 min time point).

4 Notes

1. A typical timeline for the method is given in Fig. 1 and
described here which covers 5 days from start to finish. Days
1 and 2: DNA preparation will take 1.5 days plus 2-3 h to set
up all reagents for in vitro transcription and pour native PAG.
Day 3: 1-2 h to set up the experiment, then perform transcrip-
tion and run EMSA alongside, about a ~7 h day in total. The
urea-PAG should be cast on day 3 and not day 2 so that it does
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not dry out before use. Day 4: Run urea-PAGE and visualize
gels. Day 5: Data analysis. In vitro transcription and analysis by
EMSA need to occur on the same day so that RNA products
can be interpreted alongside conformation of EC and filament
formation. Due to the time it takes to perform urea-PAGE
(~5 h), electrophoresis and analysis are completed on the
2 days following in vitro transcription and the EMSA, but
could be performed on the same day if required.

2. Modifications to this protocol, including the use of a different
DNA template, buffer conditions, NTP concentrations, time
points, and temperature could be applied to determine the
impact of H-NS filaments under different conditions or to
investigate how other NAPs impact elongation by RNAP.

3. The full sequence of pMK110 and an aliquot of the plasmid can
be obtained from Addgene (ID #99535). The template
described here was designed for E. cols RNAP and H-NS fila-
ments, so it contains the appropriate promoter and a long
region of AT-rich DNA on which H-NS filaments are known
to form. Features of the DNA template can be modified (e.g.,
promoter, downstream DNA sequence, or length) to suit the
properties of the roadblocking protein being studied or the
RNAP being used.

4. Any Taq polymerase can be used as long as it has high enough
fidelity to make long DNA products. We have found OneTaq
DNA polymerase from NEB to be well suited for this amplifi-
cation. Use the supplied OneTaq standard reaction buffer
(20 mM Tris—HCI, 22 mM NH,CIl, 22 mM KCI, 1.8 mM
MgCl,, 0.06% IGEPAL® CA-630, 0.05% Tween®
20, pH 8.9 at 25 °C) for PCR.

5. Be sure to check for the synthesis of the correct PCR product
with a small-scale (~50 pL) reaction before setting up large-
scale PCR. The annealing temp or buffer components may
need to change for different reactions. A 5 mL PCR of g/
template used here will yield enough DNA for ~12 transcrip-
tion experiments including DNA controls. The PCR can be
scaled up or down if using a different template or different
amount of DNA is required.

6. The pH will be at 8.3 after addition of listed reagents and
should not be adjusted or the desired ion balance will be
disrupted!

7. EDTA will go into solution around pH 8.0.

8. The additional EDTA will chelate any free metal ions which can
damage DNA during storage and prevent interpretable in vitro
transcription products.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

This size gel electrophoresis system can be custom made or a
comparable system can be purchased from Bio-rad or other
company (e.g., product #170445 from Bio-rad which casts a
15 x 7 cm gel).

Dialysis tubing of a different molecular weight cutoft may be
required depending on the size of the template used in the
experiment. The MWCO must be at least one-third the size of
the template (e.g., for a 1.5 kb template with a molecular
weight of 965 kDa, dialysis tubing of at least 300 kDa must
be used) to avoid loss of sample.

We purchase water-saturated phenol supplied with alkaline
buffer (Tris) to adjust the pH to 7.9.

Maintaining an RNase-free environment is key to success of
in vitro transcription, particularly when transcribing long DNA
templates. RNA degradation will obscure the results. RNase
activity will be evident by the appearance of short RNA pro-
ducts at times after longer RNA products have already been
synthesized. Typically, treatment of bench surface, agarose gel
running boxes, and pipets with an RNase remover product
(e.g., Eliminase from Thermo-Fisher) works well to remove
RNases from the working area and supplies. Use nuclease-free
filter tips to prevent any RNase contamination on pipettes from
causing RNA degradation.

This protocol was developed using core RNAP and ¢”° purified
as described in [17-19]. Purified E. co/s RNAP holoenzyme
obtained commercially (e.g., NEB) or purified by other meth-
ods may work also, but we have not compared other enzymes.
If using commercial sources of RNAP, be sure the enzyme is
concentrated enough to form 100 nM ECs. Additionally, this
protocol could be modified to use RNAP from other bacterial
species. Appropriate changes to the DNA template (e.g., to the
promoter sequence) would need to be made to match the
RNAP chosen for experiments.

Fresh dilutions of N'TPs should be made after 2 months or if
any contamination is suspected.

Small (2 pL) aliquots of 2 mM rNTPs can be made for use in
initiation mixes.

Larger (50 pL) aliquots of 2 mM rNTPs can be used for
chase NTDs.

10x Chase NTPs should be made the day of or the day before
the experiment. Aliquots of 10x chase NTP mixes can also be
stored at —80 °C. The NTP concentration can be modified.
30 pM NTPDs is a low substrate concentration, causing slower
transcription elongation, allowing for visualization of maximal
pause stimulation by a roadblocking protein. 1 mM NTDPs can
be used if more physiological conditions are desired, but time
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18.

19.

20.

21.

22.

23.

24.

25.

points need to be taken more quickly (e.g., 10, 20, 40, 60, 120,
and 180 s).

Since radioactive isotopes are used, safety protocols and regu-
lations must be followed when performing this experiment.

ApU can be stored in 25 mM stock solutions at —80 °C and
then diluted to 2 mM ApU for working stocks. ApU is a
dinucleotide to help initiate transcription.

25 mM DTT can be made by diluting a 1 M stock of DTT in
MQH,0. DTT should be stored at —20 °C.

Storing the HEPES buffer in the dark at 4 °C will prevent
formation of free radicals which can damage nucleic acids and
protein. Degradation of HEPES is indicated when the solution
turns a yellow color. Dispose of any yellow solution and make
fresh before using in transcription experiments.

Add solid potassium glutamate and magnesium aspartate to
HEPES buffer. Heat (~65 °C) to dissolve reagents as it can be
difficult to get magnesium aspartate into solution. After these
components are dissolved, add NP-40, BSA, and glycerol.
Filter and store aliquots of the solution at —80 °C to prevent
formation of free radicals.

This buffer was optimized to study H-NS tamily proteins, but
can be adapted to look at other conditions for H-NS or another
bacterial nucleoid-associated protein. Changes in pH, buffer-
ing ions, salt concentration, magnesium levels, glycerol, tem-
perature, etc. can be made. We recommend trying new
conditions alongside the described EMSA buffer to compare
ability of RNAP to initiate and elongate and H-NS to form
filaments as a positive control.

Make a 50 mg rifampicin/mL stock by dissolving 50 mg rifam-
picin in DMSO or dimethylformamide. Store this stock solu-
tion wrapped in foil at —20 °C. Use proper safety procedures
when handling organic solvents. The 50 mg,/mL stock will last
for ~6 months wrapped in foil at —20 °C and the 1 mg/mL
stock will last about 1 month at —20 °C.

Working solutions of proteins should be in 3x EMSA buffer so
that when added to the elongation mix, the final buffer con-
centration is 1x EMSA buffer. For H-NS, this was accom-
plished by diluting the freezer stocks of H-NS (~150 puM) to
20 uM in 3 x EMSA buffer. In other cases, the stock solution of
protein might be at or near the desired concentration for a
working stock (e.g., ~20 pM). In these situations, the protein
storage buffer should be exchanged for 3x EMSA buffer by
dialysis. The acetylated BSA could be removed from 3x EMSA
buffer and added separately in the reaction to avoid having the
protein of interest stored with BSA.
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26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

10x ECs should be made the day of the experiment on ice. We
recommend adding DNA last to avoid losing DNA if a mistake
is made when adding other reagents. Do not add [a->P]GTP
or RNAP holoenzyme until indicated!

Make the elongation master mix and elongation reaction mix-
ture the day of the experiment on ice. Do not add 10x ECs or
10x  chase NTPs wuntil the appropriate time duving the
experiment!

The final EMSA buffer concentration in the elongation mix
should be 1x after including volumes of both the buffer and
diluted H-NS added.

EDTA will chelate the Mg** to stop RNAP activity. The phenol
(added later) will separate proteins from the nucleic acids. The
glycogen is added as a carrier for the ethanol precipitation.

Formamide can degrade to formic acid and ammonia, which
can degrade nucleic acids, so be sure to use deionized formam-
ide. Formamide stop dye should be stored in aliquots at
—80 °C. Working stocks can be kept at —20 °C, but if the
solution is no longer frozen, discard because the formamide
has degraded and will damage RNA.

A vertical electrophoresis system with an option to attach a
circulating water bath is available from a variety of vendors such
as ThermoFisher (product #FB-VE20-1). This 20 x 20 cm gel
system provides enough space to load all samples for transcrip-
tion conditions and DNA controls. This gel setup can be run
on the bench. Alternatively, the native PAGE can be run in a gel
rig in a cold room or dairy case.

We use a prepared solution from Bio-rad, catalog #161-0156.

A 3% native PAG was necessary to visualize H-NS filaments
formed on 1.5 kb DNA because of the large size of the H-NS:
DNA complex. If performing an experiment with smaller DNA
templates or proteins that bind to fewer or discrete sites, a
higher percentage gel can be used.

Adjust volume as needed for number of samples being tested.
Each sample requires 0.75 pL of 100 nM DNA.

We use custom gel plates and vertical electrophoresis system
with plates that are 33.02 cm x 41.28 com and
31.12 cm x 41.28 cm for the tall and short plates, respectively.
Spacers and comb are 0.05 cm thick and contain either 54 or
80 wells that easily hold 1-2 pL of sample. Plates of this size
hold ~80 mL of gel solution.

A commercial gel running system (e.g., Owl vertical electro-
phoresis system, ThermoFisher) could be used. Aluminum
plates are used to even distribute heat across the gel. Addition
of an adhesive thermometer strip allows for monitoring of
temperature during electrophoresis.
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37.
38.

39.

40.

41

42.

43.

44.

45.

46.

We use a prepared solution from Bio-rad, catalog #161-0144.

TMD-8 hydrogen and hydroxide form is added to deionize the
urea, as many urea products sold contain ions that would
disrupt the ion balance required for resolving bands on urea-
PAGE. TMD-8 should not contact 10x TBE as the ion bal-
ance will be ruined. Filter 10x TBE separately from remaining
acrylamide gel solution as described.

The heat lamp is useful for speeding up the polymerization
process. A 60 W yellow bulb should generate enough heat to
speed up polymerization. If no lamp is used, polymerization
will take longer, but the gel will form correctly.

A typical protocol for making labeled marker is as follows.
Treat pBR322 Mspl digest ladder with calf intestinal phospha-
tase (CIP) from NEB. Phenol extract and then ethanol precipi-
tate to remove CIP. Phosphorylate pBR322 with [y->*P]ATP
with a 25 plL PNK reaction containing 1x PNK buffer, 5 pL
[y-*’P]JATP, 0.67 pM ATP, 20 ng CIP-treated pBR322 lad-
der/pL, and 1 pL. T4 PNK. Incubate for 30 min at 37 °C.
Inactivate PNK by incubating at 65 °C for 15 min. Dilute in
1 x urea stop dye before loading on a gel. Ladder can be stored
at —20 °C.

. If signal on gel is low and a longer exposure is required, the

urea-PAG can be dried to prevent diffusion of the bands within
the gel. As with the native-PAG, use a gel-drying vacuum
system and dry the gel for ~1 h at 80 °C.

Aliquoting 50 pL/tube works well for a 96-well type setup. A
larger volume could be used if the thermocycler allows a larger
volume.

The key to generating good in vitro transcription DNA tem-
plate from PCR is to limit the number of cycles. Fewer cycles
reduce the chance for misincorporation of nucleotides or mis-
priming of the primers and a higher chance of getting the
desired product. This reaction should include a larger amount
of template DNA than typically used in PCR to compensate for
the reduced number of cycles.

A SpeedVac Concentrator could be used in this step if desired
instead of air drying. See Subheading 3.2.2 for the description
of SpeedVac use.

To make an agarose gel running box RNase-free, clean with
DIH,O and 70% ethanol. Then coat surface with Eliminase
and let it dry. Use DEPC-treated MQH,O to rinse out gel
running box before use.

A gel running box with a gel container that is 9.5 cm
wide x 10.8 cm long x 2.5 cm deep will hold ~120 mL of
0.8% agarose. A 9-well comb will generate wells that will each
hold ~60 pL. The concentrated PCR product from the 5-mL
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47.

48.

49.

50.

51.

52.

53.

54.

55.

PCR will fit on this size gel. A larger gel or multiple gels may
need to be run to accommodate larger scale PCRs.

The ethidium bromide-stained band will be visible by eye
because there is so much DNA present in the gel.

Short wave UV will damage the DNA and should never be used
if'a high-quality DNA template is to be produced.

Dialysis tubing should be treated with solutions of EDTA and
sodium bicarbonate to remove trace heavy metals and sulfides,
which can damage DNA or RNA, as necessary. A general
protocol is to boil dialysis tubing in MQH,O containing
5 mM EDTA and 5 mM NaHCOQOj; for about 15 min, then
soak in MQH,O for 15 min. Boil dialysis tubing again in
MQH,O containing 5 mM EDTA for ~15 min followed by
soaking in MQH,O for 15 min. Fully washed dialysis tubing
can be stored indefinitely in 20% ethanol in MQH,O.

Save some sample to run on an agarose gel to estimate the
amount of DNA. This is also a good opportunity to confirm
that the DNA product from the PCR and other steps is the
desired product.

Setup of mixes can be done at any bench. Once radioactive
nucleotides are to be used, move to a designated area and work
behind a plexiglass shield to protect yourself from beta-decay
of the 3*P. Samples can be quite radioactive so it is imperative
to keep samples behind a shield and check your gloves fre-
quently for contamination (especially after handling phenol
samples).

There are many components to this assay so it is imperative to
keep all the tubes organized. Adding an open tube rack to the
ice bucket can help with positioning of tubes if they cannot stay
organized within the ice bucket. A simple and clear labeling
strategy, such as color coding, is also important for the
organization.

The temperature for this experiment (20 °C) was optimized for
H-NS filament formation and RNAP elongation to occur at
the same time. The temperature at which H-NS (or other
NAPs) are incubated with the DNA can be changed depending
on conditions at which binding is observed. For example,
clongation in the presence of H-NS filaments formed at
37 °C was also tested [3]. Depending on temperature, timed
samples might need to be adjusted as RNAP will elongate faster
at higher temperatures.

Chilling the centrifuge before this spin will greatly increase the
separation of phases. If the top layer is still cloudy, repeat spin.

Samples can also be air dried if no SpeedVac is available. Take
care to remove as much remaining ethanol with a pipet before
air drying to ensure removal of all ethanol in a timely manner.
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56.

57.

58.

59.

60.

6l.

62.
63.

64.

65.

66.

67.

It is imperative to treat glass plates to prevent the gel from
sticking to the plates. 10% dichlorodimethylsilane in chloro-
form works well to prevent the 3% native gel from sticking to
plates. Additionally, clean plates prevent bubble formation
during pouring and ensure easier removal of the gel from the
plates after running.

A typical 1000 pL pipette can also be used to add the agarose
plug to the bottom of the gel sandwich; however, the hot
agarose can damage pipette components. The use of a
positive-displacement pipette (Rainin) can prevent damage to
pipettes and is recommended.

Air bubbles frequently appear between the glass plates and the
native gel solution after pouring. Typically, these do not inter-
fere with a successful run of the gel, but can prevent good well
formation. Cleaned comb and plates should prevent formation
of bubbles and additional clamps can ensure good contact
between the gel and plates by pushing excess air out.

A heat lamp is not necessary, but is recommended to speed
up the polymerization process. If no heat lamp is used, addi-
tional APS and TEMED can be added to decrease
polymerization time.

Prerunning enables crisp band formation by removing any
imbalance of ions. The wells should also be cleaned of particu-
lates or unpolymerized acrylamide in the well by gently squirt-
ing buffer into each well with a syringe and 18-gauge needle.

Do not use higher temperatures to inactivate T4 PNK because
the DNA will be denatured.

Dye may disrupt protein-DNA interactions.

Drying this gel is necessary since liquid from the gel will
damage the phosphorimager screen. The thickness of the gel
can also blur the radioactive signal. Drying time depends on
thickness of the gel and gel dryer used. The time described here
is for the gel and gel dryer system used in this method.

As with treating small plates for EMSA, take care when using
dichlorodimethylsilane. The 2% dilution in chloroform is suffi-
cient for treatment of large plates for urea-PAGE.

To prevent the acrylamide solution from leaking out of the gel,
a good fit between spacers needs to be achieved. A small
amount of 1% agarose can be added to the spacer junction to
improve the seal between spacers.

Gels can be stored wrapped with a paper towel and cling wrap
for 48 h if the gel stays wet. Dispose of the gel if it dries out.

The aluminum plate should not contact the buffer to avoid
contacting the electrical circuit.
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68.

69.

70.

71.

72.

73.

74.

75.

Heating samples is important for the long RNAs to be
completely denatured. Work quickly when loading the gels to
keep the gel from cooling too much, which will decrease the
resolution of bands on the gel due to RNA secondary structure
forming.

The gel percentages should be determined based on the DNA
template being used in the experiment. For the 44/ template
described here, this two-gel system worked well to visualize
RNA products from 26 to 1482 nt long.

It pre-exposed X-ray films are not available, Whatman filter
paper can be used as support for the gel. In this case, drying
the gel before exposure would be recommended.

This analysis technique was developed using ImageQuant v5.2
where lines can be drawn manually. This analysis can likely be
done in newer versions of ImageQuant as well, though diftfer-
ent commands may be needed to create lines on each lane and
to ensure that the small pixel numbers correspond to short
RNA lengths.

Be sure that no signal is saturated on the gel. All signals from
RNA lengths must fall in the linear scale of signal to be
meaningful.

If more than three conditions are being compared, it is useful
to stack each condition along the y-axis. This can be done by
adding a constant value (e.g., +15,000) to each rfu(z) value for
the conditions that should appear higher on the pseudo-
densitometry plot (see Fig. 11, normalized data in column AA).

In the best-case scenario, all lanes will run evenly on the gel
meaning that all bands line up at about the same pixel value on
the gel. In reality, the samples may not run completely evenly
because the electrophoresis may be slower near the edges (i.c.,
smile) or be uneven (i.e., be wavy). To realign lanes so that
peaks that represent the same RNA product line up, the pixel to
nucleotide conversion can include converting “negative” pixel
values to nucleotides. These additional nucleotide values can
be used to shift the x-axis for different lanes to match peaks on
the pseudo-densitometry profiles (see Subheading 3.5.2 and
Fig. 10).

Another adjustment to the nucleotide conversion is done
because the curve fit may result in nucleotide values reaching
a minimum before the bottom of the gel giving smaller pixel
values increasing nucleotide values rather than decreasing
(Fig. 10). To make the smaller pixels smaller nucleotide values,
paste the values from the curve fit derived as in Fig. 10 in the
next column and use the drag and fill feature in excel to fill cells
from the 15 values above the minimum to the 1 pixel row
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Deciphering 3D Organization of Chromosomes Using
Hi-C Data

Andreas Hofmann and Dieter W. Heermann

Abstract

In order to interpret data from Hi-C studies genome-wide contact probability maps need to be translated
into models of functional 3D genome organization. Here, we first present an overview of computational
methods to analyze contact probability maps in terms of features such as the level and shape of compart-
mentalization. Next, we describe approaches to modeling 3D genome organization based on Hi-C data.

Key words Hi-C, Modeling, Polymer, Simulation

1 Introduction

Following the generation of contact probability maps based on
Hi-C sequencing data (see Chapters 1 and 2), analysis of these
maps is required to extract models of 3D organization and to
establish structure-function relationships. It is important to keep
in mind that Hi-C contact probability maps are matrices containing
the contact probabilities of all pairs of loci at a given resolution and
are conventionally visualized as heat maps. We are abbreviating
contact probability maps as contact maps throughout this chapter.

There are two main challenges associated with the interpreta-
tion of Hi-C contact maps. First, the information contained in
contact maps reflects an ensemble average of genome conformation
of'a large heterogeneous population of cells. Second, contact maps
contain contact probabilities reflecting the probability that any pair
of genomic loci co-localizes and hence characterize the neighbor-
hood for each genomic locus. This is a major difference with imag-
ing methods that can measure the spatial position of genomic loci
in the context of the folded genome inside the cell.

There are two distinct approaches in developing spatial models
of genome organization based on Hi-C contact maps. The first
approach consists of hypothesis-driven modeling, which includes
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genome folding principles, such as DNA looping, as physical prin-
ciples in the framework of polymer simulations. The properties of
the ensemble of simulated polymer conformations are next com-
pared to Hi-C data, often by comparison of experimental and
simulated contact maps and defined structural features (such as
domains) therein. The second approach uses the contact map as
input to establish 3D structural models best fitting the
experimental data.

Here, we first discuss how Hi-C contact maps can be analyzed
in terms of prominent structural features and can be correlated with
other types of genome-wide data. Next, we review approaches to
the 3D modeling of chromosomes. We conclude with a discussion
of the application of such modeling approaches on bacterial gen-
omes (Fig. 1).

Hi-C contact map

|
feature correlation-based
detection data analysis

\

3D modeling

1 domain

W ey
2 loop d
3 loop domain & NIRRT 00

Fig. 1 Schematic overview of approaches to analyzing and modeling of Hi-C
contact maps. Left Feature detection methods analyze the contact map in
therms of prominent features, such as domains, loops and loop domains. Middle:
Contact maps can be analyzed alongside with other genome-wide data, such as
the expression level of genes (RNA-seq) or data on proteins being attached to the
genome (ChIP-seq). Right. Polymer simulations and 3D reconstruction methods
(exemplary 3D representation adapted from [5]) aim for developing 3D models of
the spatial organization of chromosomes based on Hi-C data

P-seq

RNA-seq
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2 Analyzing Hi-C Contact Maps

This section describes (1) the issue of comparing Hi-C contact
maps, (2) methods for detecting certain features abundantly
emerging in contact maps across different species, such as compart-
ments, domains, loops, and more complex structures, and (3) the
analysis of other genomic data alongside with Hi-C data.

2.1 Comparison How can Hi-C contact maps of the same genome, but acquired

of Contact Maps under different conditions, be compared: Although qualitative
differences between two contact maps can be readily detected by
visual inspection, it is not straightforward to quantify differences.
The underlying mathematical challenge consists in quantifying the
similarity, or rather the dissimilarity, of two matrices. However,
well-known similarity measures, such as the cosine similarity S¢ or
the Jaccard index, take vectors as input and give as output a number
between 0 and 1, where 0 indicates absolute dissimilarity and
1 absolute similarity. The same is true for statistical measures of
correlation, such as the Pearson correlation coefficient p, that is
commonly used for comparing Hi-C contact matrices and yield
values between +1 and —1, where 1 is total positive linear correla-
tion, 0 is no linear correlation, and —1 is total negative linear
correlation. The computation of these measures requires decompo-
sition of the two-dimensional contact matrices into
one-dimensional vectors row-by-row.

In order to illustrate this problem, two contact maps of the
Caunlobacter crescemtus chromosome [ 1] are shown in Fig. 2. In this
example, the qualitative difference is the missing compartmentali-
zation in the vicinity of the main diagonal of the contact map of
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Fig. 2 Hi-C contact probability maps of the C. crescentus genome (left: wild-type; right: Rifampicin treated).
The color code is as follows: the darker the color, the higher the contact probability. Although there is a clear
qualitative difference between the two maps, quantifidcation of this difference is not straightforward
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2.2 Feature
Detection
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Fig. 3 Subtracting the two Hi-C contact maps of the C. crescentus genome. The
Rifampicin treated C. crescentus contact matrix has been subtracted from the
wild-type one and the resulting matrix is illustrated using a heat map. A
comparable contact probability in both matrices is depicted in white, enhanced
contact probability in the wild-type matrix in comparison with the Rifampicin
treated one in blue and the contrary case in red

Rifampicin-treated C. crescentus. But how to quantify this differ-
ence between the two maps? Both the Pearson correlation coeffi-
cient (p = 0.97) and the cosine similarity (Sc = 0.98) indicate high
similarity between the two maps. This is due to the inherent
emphasis of these measures on comparing global features in the
matrices, such as the diagonal dominance and the presence of a
secondary diagonal. By element-wise subtraction of one matrix
from the other and depicting the resulting matrix as a heat map
(see Fig. 3), it is possible to quantitatively display the differences
between two contact matrices. The missing compartmentalization
along the main diagonal in the Rifampicin-treated C. crescentus
contact matrix can be recognized by the blue domains along the
diagonal in this heat map.

Eukaryotic and bacterial chromosomes have been found to be
organized in compartments. In mammalian genomes domains
comprise multiple length scales such as “A and B compartments”
on the scale of Mbp [2] and “Topologically Associating Domains”
(TADs) on length scales ranging from 10 kbp up to 1 Mbp
[3, 4]. “Chromosomal Interaction Domains” (CIDs) in bacteria
occur on the same length scale as TADs and are considered equiva-
lent [1, 5-7]. More complex structures of eukaryotic genomes that
have been found using Hi-C experiments include loops and loop
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domains [8]. The observation of domains at different length scales
highlights the need to be able to quantitatively characterize
domains. On the basis of the detected domain structure, it is
possible to compare different contact maps.

There are various different methodological approaches to iden-
tifying the domain structure in Hi-C contact maps. They can be
divided into two different classes depending on whether or not
domains or domain boundaries are detected algorithmically. A
first attempt at identification of TAD boundaries was presented by
Dixon et al. [3] and is motivated by the observation that TADs are
demarcated by regions that are biased in their interaction probabil-
ity; the upstream domain boundary is preferentially interacting
downstream while the downstream boundary is preferentially inter-
acting upstream. This method is based on a two-step strategy. First,
the 2D contact information is translated into the directionality
index encoding the ratio of downstream and upstream interactions.
Next, Dixon et al. argued that the directionality index can be
considered an observation of a hidden directionality bias that can
be determined using a hidden Markov model and which allows the
segmentation into domains. As an alternative, downstream interac-
tions can also be directly compared to upstream interactions in
order to derive whether the strength of interactions is significantly
stronger in one direction compared to the other. Domain bound-
aries correspond to positions where this preferred direction of
interactions abruptly changes [1]. Lévy-Leduc et al. [9] developed
a 2D model that fits a block diagonal matrix to observed contacts
using maximum likelihood. In this model blocks correspond to
domains. Chen et al. [10] presented a method for identifying
TADs based on the interpretation of the Hi-C matrix as a weighted
graph whose vertices are genomic loci and whose edge weights are
contact probabilities of pairs of loci. As TADs are regions within the
Hi-C matrix characterized by high internal contact probability,
their identification can be translated to the problem of segmenting
the graph into components with strong intra-connections and weak
inter-connections. This graph partitioning is realized using spectral
decomposition. Further methods use combinatorial optimization
to find an optimal TAD hierarchy [11, 12].

All these methods for domain detection assume that the
domains are distinct, contiguous blocks of increased contact prob-
ability. In order to detect both domains and more complex struc-
tures including loops or loop domains [8] without bias, we
developed a probabilistic graphical model that makes no a priori
assumptions on the domain structure [13]. Within this approach,
the Hi-C contact matrix is analyzed using an Ising-like probabilistic
graphical model whose spin coupling constant is proportional to
cach lattice point (entry in the contact matrix). This approach is
also relying on the graph theoretic interpretation of Hi-C matrices
and does not yield domain boundaries, but a contour separating
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Fig. 4 Comparison of the results of the approach using the directionality index and our probabilistic graphical
model. To this end, excerpts of the 45°, anti-clockwise rotated Hi-C contact maps of the C. crescentus
chromosome shown in Fig. 2 are used. Contrary to the directionality index approach our method does not yield
domain boundaries or rather a domain structure (yellow), but a contour (red) separating contact probabilities of
a certain strength from the background. The results of our method clearly show the missing compartmentali-
zation along the diagonal in the contact map of the Rifampicin-treated C. crescentus chromosome

2.3 Correlation-
Based Data Analysis

contact probabilities of an adjustable strength from the back-
ground. This iso-strength contour allows identification and charac-
terization of compartments irrespective of whether or not there are
contiguous domains in the form of squares.

In order to illustrate and visually compare the results of our
approach and that based on the directionality index, we used the
Hi-C contact maps of C. crescentus shown in Fig. 2. The contiguous
domain structure computed on the basis of the directionality index
as well as the iso-strength contour yielded by our method permit
characterization of the compartmentalization of the wild-type
C. crescentus chromosome (see Fig. 4). The iso-strength contour is
nearly flat for the contact map of the Rifampicin-treated
C. crescentus chromosome using the same model parameters. This
indicates that following rifampicin perturbation this chromosome is
not compartmentalized; instead the captured interactions between
genomic loci decrease uniformly as their genomic distance
increases. The absence of a contiguous domain structure cannot
be captured by methods like those based on the directionality
index.

Hi-C contact information can be analyzed alongside with other
genomic data such as the expression level of genes or data on
proteins being attached to the genome. This has the advantage of
being able to gain insights into the correlation between the two
types of information instead of only analyzing each separately.
Using such a combined analysis it was found that the mouse
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genome is organized into domains of coordinately regulated
enhancers and promoters that coincide with TADs [14]. First,
ChIP-seq data of RNA polymerase II indicative of active promoters
and H3K4mel as a mark for enhancers were compared across
different tissues and cell types. As these signals were concordantly
enriched within clusters in the genome, much like TADs in contact
maps of mammalian genomes, the authors also compared both
types of domains and determined that they indeed overlap. Another
example of such correlation-based data analysis of ChIP-seq-bind-
ing profiles and Hi-C data showed that the proteins CTCF and
cohesin associate with loops that have been detected within contact
maps [8]. The previously discussed domain boundaries in the con-
tact map of the wild-type C. crescentus chromosome have been
found to correlate with the position of highly expressed genes
identified through DNA microarray analysis experiments.

We mentioned only a few exemplary studies that found inter-
esting features of Hi-C contact maps to be correlated with other
genomic data. These correlations, though not implying causality,
are interesting for further specialized studies and hypothesis-driven
modeling approaches since they hint at possible mechanisms under-
lying 3D genome organization.

3 3D Modeling

31 3D
Reconstruction

Hi-C experiments yield information that can be interpreted using
computational models of chromosome organization. There are two
key strategies for building such models. The first data-driven strat-
egy, referred to as 3D reconstruction, uses the contact probabilities
as summarized in the contact map to determine an optimal struc-
tural model of the data. The second strategy aims at establishing
general principles of folding for organization of chromosomes
using physical principles in the framework of polymer simulations.
Contrary to the first strategy, Hi-C data is not used as an input for
these polymer models, but rather for validation. Here, we review
several methods employing either of the two strategies. For a more
complete overview of 3D reconstruction methods, we refer to the
review of Serra et al. [15].

The goal of 3D reconstruction algorithms is to use the contact map
as input to recapitulate the underlying 3D structure of a genome.
In this approach 3C-based data is used to obtain spatial restraints
for modeling the genome; 3D reconstruction is also known as
restraint-based structure modeling. The basic concept for the
reconstruction is simple: the closer two genomic loci are in 3D
space, the higher the probability is that they interact. In technical
terms, the assumption is that the Euclidean distance between two
loci is inversely proportional to their contact probability. Following
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3.1.1  Optimization-
Based Methods

this basic notion, there are two strategies for translating the contact
probabilities within the contact map into a set of 3D coordinates of
loci representing the genome. In the first, optimization-based,
approach the total difference between pairwise distances in the
hypothesized set of 3D coordinates is minimized and the
corresponding distances are inferred from the observed contact
probabilities. In the second, model-based, strategy, the observed
contact probabilities are assumed to follow a probability distribu-
tion from which 3D structures can be inferred.

Irrespective of the underlying strategy, these methods output
cither a single consensus 3D structure or an ensemble of 3D
structures. Both consensus and ensemble methods have advantages
and disadvantages. Ensemble methods are biologically more plau-
sible, because they reflect the fact that Hi-C data is obtained from
an ensemble of conformations. However, the analysis of an inferred
ensemble of 3D structures is not straightforward. One option is the
characterization of the ensemble average [16], another option is to
select a few structures that are representative of the diversity of the
ensemble [17]. Consensus methods, in contrast, generate a single
structure, which can be thought of as a visualization of the contact
map and is easy to analyze. Computationally, ensemble methods are
more demanding than consensus methods, because they need to
sample from a very large dimensional space of candidate 3D struc-
tures.

“ShRec3D” [18]is a method that seeks for analytically reconstruct-
ing a consensus 3D structure. It builds upon the fact that the
contact matrix can be interpreted as the adjacency matrix of a
weighted graph whereby the problem is reformulated in terms of
embedding a graph into Euclidean space. This problem, in turn, is
well known in the literature and can be solved using classical
Multidimensional Scaling (MDS) [19]. Given a set of distances
between the vertexes of a graph, this method returns an Euclidean
set of coordinates. Therefore, the definition of distances between
the vertexes of the graph representing the contact matrix is crucial
within this framework. The authors chose the shortest path dis-
tance for this purpose, but did not show how other distance defini-
tions, such as the resistance distance or connectivity-based
distances, perform compared to that choice. “ChromSDE” [20]
is a numerical method that jointly optimizes the 3D structure and a
parameter that maps contact frequencies to spatial distances. The
main difference with ShRec3D is the translation of contact frequen-
cies to spatial distances by numerical optimization. Both methods
reconstruct a consensus 3D structure. In contrast, Kalhor et al.
have proposed an optimization framework that generates an
ensemble of structures [16]. The idea behind this approach is to
convert contact probabilities into a set of contact restraints for the
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3D structures in the ensemble. However, any given contact is
enforced with its contact probability, hence only in a fraction of
the inferred structures in the ensemble.

Different from the optimization-based approaches, probabilistic
modeling methods assign an uncertainty to the spatial distances
between genomic loci. The observed contact frequency of two loci
is typically assumed to follow a Poisson distribution [21, 22]. This
accounts for the fact that 3C-based experiments detect contact
frequencies among restriction fragments and, hence, count data.
This approach is valid for non-genome-wide input data. However,
these methods are not valid for Hi-C input data as these consist of
contact probabilities rather than contact frequencies among geno-
mic loci. The Markov chain Monte Carlo (MCMC)-based method
“MCMC5C” [17] is an exception in this respect since it assumes a
Gaussian distribution for the input contact data; therefore it can
model both Hi-C contact probabilities and other 3C-based contact
frequencies. In this approach DNA is modeled as a chain of beads
representing the 3D structure, which is iteratively changed using
random moves that can be either accepted or rejected depending on
whether the new 3D structure is more probable given the data.
After a sufficient number of iterations, this MCMC scheme samples
3D structures that fit the experimental contact data. By running
many of those simulations in parallel, a large ensemble of structures
is generated. Hu et al. proposed a probabilistic method called
“BACH?” [21] that models the contact data using a Poisson distri-
bution. Contrary to MCMC5C, Monte Carlo methods are used in
order to gradually refine an initial structure conformation and
generate a consensus 3D structure. “PASTIS” [22] also models
the contact data using a Poisson distribution. It uses maximum
likelihood estimation of the model parameters for reconstructing
the 3D structure with the highest likelihood given the observed
contact data.

Polymer models incorporating known or hypothesized physical or
biological principles can also be used to model chromosomes.
Contrary to 3D reconstruction methods, such models do not
infer conformations using Hi-C data, but rather use such data to
test whether generated ensembles of 3D structures agree with
contact maps or key features thereof.

A polymer can be described using various properties like its
average end-to-end distance or its radius of gyration. Here, we
focus on two biologically relevant quantities that can be compared
to experiments, such as Hi-C or microscopy imaging: (1) the con-
tact probability between two loci as a function of their genomic
distance which can be deduced from the Hi-C data; (2) the mean
squared distance (MSD) of two loci as a function of their genomic
distance, a quantity that can be measured, for example, by
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fluorescence in situ hybridization (FiSH) experiments. Both quan-
tities are averaged over the conformational ensemble in any poly-
mer model and over a population of cells in a Hi-C experiment.
Simple polymer models include the random coil and the self-
avoiding chain. The random coil is the simplest model; it is char-
acterized by non-interacting monomers. Self-avoiding chains
exhibit excluded volume interactions leading to an increased effec-
tive volume compared to the random coil. The worm-like chain or
Kratky-Porod model introduces an intrinsic stiffness by associating
a bending of the chain with an energy cost. Hence, it can describe
semi-flexible polymers, such as double-stranded DNA. The fractal
globule model [23] describes a compact polymer state that emerges
during polymer condensation as a result of topological constraints.
It has been reported to agree with the initial Hi-C data of the
human genome [2] since it shows the same scaling behavior of
the contact probability as a function of the genomic distance at a
scale of ~ 1—-10 Mbp [24]. However, it does not explain findings
from FiSH experiments that display a leveling-off in the MSD for
genomic separations above 10 Mbp [25]. In the dynamic loop
(DL) model [26] the chromosomal fiber is represented as a self-
avoiding chain allowed to form probabilistic intra-polymer cross-
links between non-adjacent monomers. As a consequence, loops of
different size are formed. The main model parameter is the looping
probability, a measure for the probability that a loop is formed
between two non-adjacent monomers. The DL model explains
both the scaling behavior of the contact probability and the
leveling-off of the MSD on the basis of the dynamic formation
and dissolution of loops. The “strings and binders switch” (SBS)
model [27], which assumes diffusible factors (binders) being
responsible for loop formation by linking two monomers of the
polymer, is a special case of the DL model that implicitly incorpo-
rates the properties of such binders in the looping probability
parameter. The polymer fiber is also modeled as a self-avoiding
chain and the binding molecules are represented by Brownian
particles with a certain concentration. The loop extrusion model
[28] proposes that loop-extruding factors form increasingly larger
loops, which are stalled by boundary elements, such as bound
proteins at domain boundaries. Different from the DL and the
SBS model [29, 30], it also explains the formation of domains
[31, 32].

4 Summary

Hi-C contact maps either can be analyzed in terms of feature
detection or can be used as a starting point for developing 3D
models of the spatial organization of chromosomes. In the specific
case of feature detection, it would be useful to have methods that
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allow discrimination of different possible patterns instead of detect-
ing only a specific one. Existing methods, such as directionality
index-based approaches, have shown the existence of domains in
eukaryotic as well as bacterial chromosomes [1, 5-7], but fail to
identify loops or loop domains. There are two different ways of
modeling 3D organization of chromosomes: 3D reconstruction
and polymer modeling. While the first generates the most likely
3D structure given the contact data amenable to visual inspection,
polymer modeling supports clarifying hypotheses of chromosomal
organization deduced from contact maps. The Hi-C studies of the
two bacterial chromosomes C. crescentus [1] and B. subtilis [5]
exemplify the difference between hypothesis-driven modeling and
3D reconstruction. Using ShRec3D, a consensus 3D structure for
the B. subtilis chromosome is reconstructed and then used to
illustrate the point that the chromosome folds into a helicoidal
shape and is organized into domains. In contrast, Le et al. deduced
from their gathered Hi-C and microarray data the hypothesis that
the C. crescentus chromosome consists of domains comprised of
supercoiled DNA plectonemes and boundaries being transcription-
induced. Based on this hypothesis, they performed simulations of a
bottle-brush polymer with linear boundary elements and compared
the simulated with the experimental contact maps.

Acknowledgment

References

1. Le TBK, Imakaev MV, Mirny LA, Laub MT

We would like to thank Remus T. Dame, Frédéric Crémazy and
Fatema Zahra Rashid for the stimulating and fruitful discussions.
This work was supported by a grant from the International Human
Frontier Science Program Organization (RGP0014,/2014).

Topological domains in mammalian genomes

(2013) High-resolution mapping of the spatial
Organization of a Bacterial Chromosome. Sci-
ence 342(6159):731-734. https://doi.org/
10.1126/science.1242059

. Lieberman-Aiden E, van Berkum NL,
Williams L, Imakaev M, Ragoczy T, Telling A,
Amit I, Lajoie BR, Sabo PJ, Dorschner MO,
Sandstrom R, Bernstein B, Bender MA,
Groudine M, Gnirke A,
Stamatoyannopoulos J, Mirny LA, Lander ES,
Dekker J (2009) Comprehensive mapping of
long-range interactions reveals folding princi-
ples of the human genome. Science 326
(5950):289-293. https://doi.org/10.1126/
science.1181369

. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y,
Shen Y, Hu M, Liu JS, Ren B (2012)

identified by analysis of chromatin interactions.
Nature 485(7398):376-380. https: //doi.org/
10.1038 /nature11082

. Nora EP, Lajoie BR, Schulz EG, Giorgetti L,

Okamoto I, Servant N, Piolot T, van Berkum
NL, Meisig J, Sedat J, Gribnau J, Barillot E,
Bliithgen N, Dekker J, Heard E (2012) Spatial
partitioning of the regulatory landscape of the
X-inactivation Centre. Nature 485
(7398):381-385. https://doi.org,/10.1038/
naturel1049

. Marbouty M, Le Gall A, Cattoni DI,

Cournac A, Koh A, Fiche J-B,
Mozziconacci J, Murray H, Koszul R, Noll-
mann M (2015) Condensin- and replication-
mediated bacterial chromosome folding and
origin condensation revealed by hi-C and


https://doi.org/10.1126/science.1242059
https://doi.org/10.1126/science.1242059
https://doi.org/10.1126/science.1181369
https://doi.org/10.1126/science.1181369
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/nature11049

400

10.

11.

12.

13.

14.

15.

Andreas Hofmann and Dieter W. Heermann

super-resolution imaging. Mol Cell 59
(4):588-602. https: //doi.org,/10.1016/j.
molcel.2015.07.020

. Wang X, Le TBK, Lajoie BR, Dekker J, Laub

MT, Rudner DZ (2015) Condensin promotes
the juxtaposition of DNA flanking its loading
site in Bacillus subtilis. Genes Dev 29
(15):1661-1675. https://doi.org/10.1101/
£ad.265876.115

. Trussart M, Yus E, Martinez S, Bau D, Tahara

YO, Pengo T, Widjaja M, Kretschmer S,
Swoger J, Djordjevic S, Turnbull L,
Whitchurch C, Miyata M, Marti-Renom MA,
Lluch-Senar M, Serrano L (2017) Defined
chromosome structure in the genome-reduced
bacterium mycoplasma pneumoniae. Nat
Commun  8:14665.  https://doi.org/10.
1038 /ncomms14665

. Rao SSP, Huntley MH, Durand NC, Stame-

nova EK; Bochkov ID, Robinson JT, Sanborn
AL, Machol I, Omer AD, Lander ES, Aiden EL
(2014) A 3D map of the human genome at
Kilobase resolution reveals principles of chro-
matin  looping. Cell 159(7):1665-1680.
https://doi.org,/10.1016/j.cell.2014.11.021

. Lévy-Leduc C, Delattre M, Mary-Huard T,

Robin S (2014) Two-dimensional segmenta-
tion for analyzing hi-C data. Bioinformatics
30(17):1386-1392. https://doi.org,/10.1093 /
bioinformatics/btu443

Chen J, Hero AO, Rajapakse I (2016) Spectral
identification of topological domains. Bioinfor-
matics 32(14):2151-2158. https://doi.org/
10.1093 /bioinformatics/btw221

Filippova D, Patro R, Duggal G, Kingsford C
(2014) Identification of alternative topological
domains in chromatin. Algorithms Mol Biol
9:14. https://doi.org,/10.1186,/1748-7188-
9-14

Weinreb C, Raphael BJ (2016) Identification of
hierarchical chromatin domains. Bioinformat-
ics 32(11):1601-1609. https://doi.org/10.
1093 /bioinformatics /btv485

Heermann DW, Hofmann A, Weber E (2017)
Domain boundary detection in Hi-C maps: a
probabilistic  graphical model approach.
ArXivl170303656 Q-Bio

Shen Y, Yue F, McCleary DF, Ye Z, Edsall L,
Kuan S, Wagner U, Dixon J, Lee L, Lobanen-
kov VV, Ren B (2012) A map of the
cis-regulatory sequences in the mouse genome.
Nature 488(7409):116-120. https: //doi.org/
10.1038 /nature11243

Serra F, Di Stefano M, Spill YG, Cuartero Y,
Goodstadt M, Bau D, Marti-Renom MA
(2015) Restraint-based  three-dimensional
modeling of genomes and genomic domains.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

FEBS Lett 589(20):2987-2995. https://doi.
org/10.1016/j.tebslet.2015.05.012

Kalhor R, Tjong H, Jayathilaka N, Alber F,
Chen L (2012) Genome architectures revealed
by tethered chromosome conformation cap-
ture and population-based modeling. Nat Bio-

technol 30(1):90-98. https://doi.org/10.
1038 /nbt.2057
Rousseau M, Fraser J, Ferraiuolo MA, Dostie J,

Blanchette M (2011) Three-dimensional mod-
eling of chromatin structure from interaction
frequency data using Markov chain Monte
Carlo sampling. BMC Bioinformatics 12
(1):414. https: //doi.org,/10.1186,/1471-
2105-12-414

Lesne A, Riposo J, Roger P, Cournac A, Moz-
ziconacci J (2014) 3D genome reconstruction
from chromosomal contacts. Nat Methods 11
(11):1141-1143. https://doi.org/10.1038/
nmeth.3104

Young FW (2013) Multidimensional scaling:
history, theory, and applications. Psychology
Press

Zhang Z, Li G, Toh K-C, Sung W-K (2013)
3D chromosome modeling with semi-definite
programming and hi-C data. ] Comput Biol 20
(11):831-846. https://doi.org,/10.1089 /
cmb.2013.0076

Hu M, Deng K, Qin Z, Dixon ], Selvaraj S,
Fang J, Ren B, Liu JS (2013) Bayesian infer-
ence of spatial organizations of chromosomes.
PLoS Comput Biol 9(1):¢1002893. https://
doi.org,/10.1371 /journal.pcbi.1002893

. Varoquaux N, Ay F, Noble WS, Vert J-P

(2014) A statistical approach for inferring the
3D structure of the genome. Bioinformatics 30
(12):126-i33. https://doi.org,/10.1093 /bioin
formatics/btu268

Grosberg AY, Nechaev SK, Shakhnovich EI
(1988) The role of topological constraints in
the kinetics of collapse of macromolecules. |
Phys 49(12):2095-2100. https://doi.org,/10.
1051 /jphys:0198800490120209500

Mirny LA (2011) The fractal globule as a
model of chromatin architecture in the cell.
Chromosom Res 19(1):37-51. https://doi.
org,/10.1007 /s10577-010-9177-0
Mateos-Langerak ], Bohn M, de LW,
Giromus O, Manders EMM, Verschure PJ,
Indemans MHG, Gierman HJ, Heermann
DW, van DR, Goetze S (2009) Spatially con-
fined folding of chromatin in the interphase
nucleus. Proc Natl Acad Sci 106
(10):3812-3817. https://doi.org/10.1073/
pnas.0809501106

Bohn M, Heermann DW (2010) Diffusion-
driven looping provides a consistent framework


https://doi.org/10.1016/j.molcel.2015.07.020
https://doi.org/10.1016/j.molcel.2015.07.020
https://doi.org/10.1101/gad.265876.115
https://doi.org/10.1101/gad.265876.115
https://doi.org/10.1038/ncomms14665
https://doi.org/10.1038/ncomms14665
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1093/bioinformatics/btu443
https://doi.org/10.1093/bioinformatics/btu443
https://doi.org/10.1093/bioinformatics/btw221
https://doi.org/10.1093/bioinformatics/btw221
https://doi.org/10.1186/1748-7188-9-14
https://doi.org/10.1186/1748-7188-9-14
https://doi.org/10.1093/bioinformatics/btv485
https://doi.org/10.1093/bioinformatics/btv485
https://doi.org/10.1038/nature11243
https://doi.org/10.1038/nature11243
https://doi.org/10.1016/j.febslet.2015.05.012
https://doi.org/10.1016/j.febslet.2015.05.012
https://doi.org/10.1038/nbt.2057
https://doi.org/10.1038/nbt.2057
https://doi.org/10.1186/1471-2105-12-414
https://doi.org/10.1186/1471-2105-12-414
https://doi.org/10.1038/nmeth.3104
https://doi.org/10.1038/nmeth.3104
https://doi.org/10.1089/cmb.2013.0076
https://doi.org/10.1089/cmb.2013.0076
https://doi.org/10.1371/journal.pcbi.1002893
https://doi.org/10.1371/journal.pcbi.1002893
https://doi.org/10.1093/bioinformatics/btu268
https://doi.org/10.1093/bioinformatics/btu268
https://doi.org/10.1051/jphys:0198800490120209500
https://doi.org/10.1051/jphys:0198800490120209500
https://doi.org/10.1007/s10577-010-9177-0
https://doi.org/10.1007/s10577-010-9177-0
https://doi.org/10.1073/pnas.0809501106
https://doi.org/10.1073/pnas.0809501106

27.

28.

29.

Deciphering 3D Organization of Chromosomes Using Hi-C Data

for chromatin organization. PLoS One 5(8):
el2218.  https://doi.org,/10.1371 /journal.
pone.0012218

Barbieri M, Chotalia M, Fraser J, Lavitas L-M,
Dostie J, Pombo A, Nicodemi M (2012) Com-
plexity of chromatin folding is captured by the
strings and binders switch model. Proc Natl
Acad Sci 109(40):16173-16178. https://doi.
org/10.1073 /pnas.1204799109

Alipour E, Marko JF (2012) Self-organization
of domain structures by DNA-loop-extruding

enzymes. Nucleic Acids Res 40
(22):11202-11212. https: //doi.org,/10.
1093 /nar/gks925

Hofmann A, Heermann DW (2015) The role
of loops on the order of eukaryotes and prokar-
yotes. FEBS Lett 589(20):2958-2965.
https: //doi.org,/10.1016 /j.tebslet.2015.04.
021

30.

31.

32.

401

Nicodemi M, Pombo A (2014) Models of
chromosome structure. Curr Opin Cell Biol
28:90-95.  https://doi.org,/10.1016/j.ceb.
2014.04.004

Sanborn AL, Rao SSP, Huang S-C, Durand
NC, Huntley MH, Jewett Al, Bochkov ID,
Chinnappan D, Cutkosky A, Li J, Geeting KP,
Gnirke A, Melnikov A, McKenna D, Stame-
nova EK, Lander ES, Aiden EL (2015) Chro-
matin extrusion explains key features of loop
and domain formation in wild-type and engi-
neered genomes. Proc Natl Acad Sci 112(47):
E6456-E6465.  https://doi.org/10.1073/
pnas.1518552112

Fudenberg G, Imakaev M, Lu C,
Goloborodko A, Abdennur N, Mirny LA
(2016) Formation of chromosomal domains by
loop extrusion. Cell Rep 15(9):2038-2049.
https: //doi.org,/10.1016/j.celrep.2016.04.085


https://doi.org/10.1371/journal.pone.0012218
https://doi.org/10.1371/journal.pone.0012218
https://doi.org/10.1073/pnas.1204799109
https://doi.org/10.1073/pnas.1204799109
https://doi.org/10.1093/nar/gks925
https://doi.org/10.1093/nar/gks925
https://doi.org/10.1016/j.febslet.2015.04.021
https://doi.org/10.1016/j.febslet.2015.04.021
https://doi.org/10.1016/j.ceb.2014.04.004
https://doi.org/10.1016/j.ceb.2014.04.004
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1016/j.celrep.2016.04.085

Check for
updates

Molecular Dynamics Simulation of a Feather-Boa Model of a
Bacterial Chromosome

Debasish Chaudhuri and Bela M. Mulder

Abstract

The chromosome of a bacterium consists of a mega-base pair long circular DNA, which self-organizes
within the micron-sized bacterial cell volume, compacting itself by three orders of magnitude. Unlike in
cukaryotes, it lacks a nuclear membrane, and freely floats in the cytosol confined by the cell membrane. It is
believed that strong confinement, cross-linking by associated proteins, and molecular crowding all contrib-
ute to determine chromosome size and morphology. Modeling the chromosome simply as a circular
polymer decorated with closed side-loops in a cylindrical confining volume, has been shown to already
recapture some of the salient properties observed experimentally. Here, we describe how a computer
simulation can be set up to study structure and dynamics of bacterial chromosomes using this model.

Key words Chromosome modeling, Bottle brush polymer, Confinement, Crowders, Langevin heat
bath

1 Introduction

A typical E. coli cell has a diameter of about 0.8 pm and lengths
between 2 and 4 pm. The E. coli chromosome consists of a 4.7 Mbp
of circular DNA which results in a length of 1.6 mm, and thousands
of crosslinking proteins that belong to either of two classes:
(1) nucleoid-associated proteins (NAPs), or (2) ATP-dependent
active structural modification of chromosome (SMC) proteins.
The circular DNA is supercoiled due to a globally maintained,
enzymatically controlled, under-twist. This supercoiling brings dis-
tant parts of the DNA spatially close to each other. The combined
effect of supercoiling, protein-mediated cross-linking, and electro-
static zippering can cause formation of loops in the chromatin
[1, 2]. This process may be further enhanced by osmotic pressure
due to smaller molecules in the cytosol generating further compac-
tion, as well as cell wall confinement. The chromosome self orga-
nizes into a compact structure called nucleoid, which “floats” in the
cytosol in the absence of any nuclear membrane-like confinement.
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The dynamics of loop formation and their distribution along
the DNA chain is expected to be complex, involving poly-dispersity
in loop sizes and topological entanglements. Indeed, electron
microscopy of lysed E. coli bacteria showed an approximate bell-
shaped distribution of loop sizes, with a mean and maximum close
to 10-12 kbp [3]. The local contact map, which measures spatial
contacts of different parts on DNA contour, has been explored
through chromosome conformation capture experiments [4].

Live-cell imaging revealed that the bacterial nucleoid in
rod-shaped bacteria like E. coli [5] and B. subtilis [6] has a helical
shape with ~1 pm pitch, such that 3—4 turns are seen in wild-type
bacteria. Thus a question arises as to what extent such configura-
tions can indeed emerge as equilibrium configurations of real poly-
mers with short-range interactions and, hence, provide clues to
potential purely physical mechanisms. Using a minimal structured
polymer model of chromosome and rod-shaped confinement, we
showed previously that entropic effects alone are sufficient to yield
such helical shapes [7]. This polymer-based modeling suggests that
the helicoidal shape in E. colz and B. subtilisis directly connected to
the shape of the confinement provided by bacterial cells.

The effect of confinement on the shape of self-avoiding poly-
mers has long been appreciated theoretically [8, 9]. Scaling argu-
ments suggest that as the confining dimension D becomes smaller
than the radius of gyration of a polymer Rg, the polymer rather
than behaving as a single “blob” of size Rg breaks up into
connected blobs having size D, indicating a crossover to a lower
dimensional behavior. The amount of compaction required can be
appreciated by considering that a 1.6 mm long linear chain (here
dsDNA with a typical persistence length of 50 nm) has a radius of
gyration of 33 pm, which is much larger than the diameter of a
micron-sized cell. The last decade has seen increasing interest in
understanding the configuration and dynamics of the E. cols chro-
mosome [5] and its implications for chromosome segregation prior
to division [10-12]. Experiments in which the E. coli chromosome
was mechanically compacted revealed its soft nature, and
also changes in entropic force due to molecular crowding were
shown to control its size [13]. The entropic force caused by the
restrictions that confinement imposes on polymer conformation
has been suggested as a possible explanation of the ubiquitous
helical morphology of chromosomes in rod-shaped bacteria [7],
and as a possible mechanism for chromosome segregation [11].

Here, we describe the feather-boa model of a self-avoiding
polymer decorated with a cloud of loops, to model the complex
local structure of the chromosome [7]. The same model has previ-
ously been considered by Reiss et al. [14], in the absence of con-
finement. This type of polymer model is similar to so-called
“bottle-brush” polymers, extensively studied by Binder and cow-
orkers [15-17]. The latter work has shown that such polymers
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exhibit a local resistance to bending due to the entropic repulsion
between the side chains. The closed side-loops in the feather-boa
model lead to enhanced effective repulsion compared to the linear
side-chains of the bottle-brush. This stiffening, combined with
intra-chain packing effects within the cylindrical confinement,
leads to the spontanecous formation of helical configurations
[7]. Taking into account the crowded environment of the cytosol
is expected to lead to depletion effects, with a resultant osmotic
pressure further stabilizing the helix.

2 Materials

2.1 Model
Specification

In the feather-boa model of the bacterial chromosome we consider
a polymer composed of a ring-like backbone chain of length
l, = nuo, with n, beads and bond length o. To this backbone,
side loops of length l; = ny are joined at equal spacing of n,o.
The main-chain and the side-loops are physically the same. This
structured polymer is assumed to be made of self-avoiding har-
monic chains. In this model, consecutive beads interact through a
harmonic potential.

Vi = (k/2)(d; — ou;)? (1)

where the bond vector is d; = r;,; — r;, r; is the position of ith
bead, o the equilibrium bond-length, and u; = d,/|d,| is the local
tangent vector to the chain. Non-bonded beads repel each other
through the Weeks-Chandler-Andersen (WCA) potential [18].

Vwea = 48(G/ri]')12 — (G/I‘ij)6 + 1/4, (2)

If, the inter-monomer separation 7;; < 21/60, else Vyyca = 0.
Here € and o set the energy and length scale of the system respec-
tively. We use kg = 100e. The interaction of all beads with the
confining walls is modeled through,

Vil = 2ﬂg[(2/5) (o/rw)"* = (0/r)* + 3 /5] (3)

if the distance of the ith monomer from a wall r;, < ¢ and
Vyat = 0 otherwise. Using this model, we perform Molecular
Dynamics simulations in the presence of a Langevin heat bath (see
Note 3).

The cytosolic environment composed of much smaller mole-
cules, apart from providing a beat bath, is expected to generate an
entropic depletion effect, further compressing the polymer. To
capture this effect, one can model the cytosol as an ideal gas of
crowders that do not interact between themselves, but repel chro-
mosome segments [19]. The repulsion can be modeled via the
WCA potential of Eq. 2.
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2.2 Implementation

We implemented parallel program simulations using MPI on a
Linux cluster of 2.6 GHz Intel Xeon E5 series processors. The
simulations were performed using ESPResSO molecular dynamics
package that uses c¢/c++ routines, in the presence of Langevin
thermostat. Depending on the number of particles and size of the
simulation box, peak performance was achieved when we used
between 20 and 30 cores of processors. The typical runtime varies
from 20 to 30 h. For example, a simulation of a 40,000 beads chain
in a cylinder of length 1500 and diameter 256 takes 20 h runtime
on a 24 core machine.

3 Methods

3.1 Molecular
Dynamics

with Langevin
Heat Bath

This system can be simulated employing a velocity-Verlet molecular
dynamics algorithm in the presence of a Langevin thermostat fixing
the temperature at kgT = 1 which sets the energy scale. The
simulation may be performed by either using a self-written program
or as implemented in a molecular dynamics package like
ESPResSo [20].

This is a discretized scheme of integrating underdamped Langevin
equations of motion. The equation of motion of a meso-scale i-th
particle of unit mass is given by

A’r;/de = £(r;) — yvi + ;5 (4)

where —yv; denotes the viscous dissipative force due to a free
flowing fluid and n,(t) is the associated Gaussian distributed sto-
chastic force due to incessant molecular motion of fluid molecules.
This model assumes a length scale and time scale separation
between the solvent and solute molecules, with the solute being
bigger and slower. Here r; (t) is the position vector of the i-th
particle, and f(r;) denotes all possible non-stochastic forces acting
on a solvent particle, due to other solvents and confinement. The
fluctuation dissipation theorem requires the following relations
between the deterministic and stochastic components of force
due to the solvent, (ny(t)) = 0 and (ny(t)np(t’)) = 2 v Sup kT
8(t — t') where indices a, f may denote components of a vector, or
particle index.

The integration scheme is based on the velocity-
Verlet algorithm for performing molecular dynamics (MD). This
is a symplectic scheme that conserves time-reversal symmetry allow-
ing a Hamiltonian system to follow a shadow Hamiltonian conserv-
ing the overall phase space volume.

The velocity-Verlet scheme for MD simulation to integrate
Newtonian dynamics #°r;/dt> = f(r;) is given by the following
two steps:
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5t?
ri(t+ 6t) = r;(t) + v;(t).6¢ + Efi(t)

V,'('[‘F(St) :Vi(t) —F%(fi(t) +fi(t+5t)). (5)

To integrate the dynamics in the presence of a Langevin heat
bath, one needs to replace the Newtonian force f; by
{ft) — yvA{t) + nAt)} incorporating the force due to heat bath
{—yvit) + ni{t)}. Thus the above steps of velocity-Verlet change to

5t2

(80 = il +00)

vi(t+6t) = v, (1) + j—;{fi(t) —yvi(t) +n;(t) + £:(t + 8t) — yv,;(t + 6t) + n;(t + 6t) } .

ri(t+ 6t) = r;(t) + v;(t).0t +

= (1 - %)Vi(t) +25—;{f,~(t) +n;(t) + fi(t + 6t) +n;,(t +6t) } — ;—i;vi(t + 6t).

(6)

Taking all the v,(t + dt) terms together, the velocity update can
be written as

2m — yét

Vi(t+5t) :in(t)
ot

+2m—+y6t[fi(t) +n;(t) + £,(t + 62) + n;(t + 6t)]

(7)
Thus the simulation algorithm is as follows.

1. Knowing r,(t) one can calculate the interaction potential that
gives forces f;(t) felt by the sth particle. Store Fyit) =

£i(t) +ni(t).
2. Calculate r(t 4 8t), using f(t) and v,(t):

2

ot
ri(t+6t) = r;(t) + v,;(1).5¢ + o (Fi(t) —yvi(v)). (8)
3. Half Update Velocity:
2m — yot ot
F(t 4 6t) = ———vi(t) + ———Fi(v). 9
Vit =5 e T 5 et ©)

4. Calculate new force f(t + 8t) depending on the new position
r;(t + dt). Store F(t + 6t) = f(t + &t) + n,(t + dt). Notice that,
in calculating forces for each 7 at t 4 dt, one needs ry(t) for all 2.

5. Full update velocity using this new force:
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3.2 Program
Implementation Using
ESPResSo

vi(t+8t) = v (t+6t) + Fi(t + 6¢). (10)

t
2m + yot

The total force on each polymer bead can be derived from the
bead-spring potential connecting consecutive monomers, the WCA
repulsion capturing self-avoidance, and the repulsion from confin-
ing walls. For example, the harmonic interaction between nearest
neighbors is

-1
Vo=3 > - oul, (11)

15

~
Z

I
—

where ¢ is the equilibrium bond-length. The force acting on
each bead, due to the harmonic interaction with nearest neighbors
is

ff = —l(s(di — Gll;’) + ks(difl — 6111;1). (12)

For a N-bead polymer, the first term survives if 7 < N and the
second term survives when z > 1. Similarly, all other forces may be
determined from the corresponding interaction potentials indi-
cated in the previous section.

The stochastic forces can be simulated using the following
arguments. Integration of the correlation of the stochastic force.

ot ot
/dt/ﬁlt/<na(t)11ﬂ(t/)> = 2784, pkp TSt

The noise ny(t) obeys Gaussian statistics. Thus one may use the
Box-Muller algorithm to generate a Gaussian random number 6,
with unit deviate [21] such that (8,6p) = 8, to obtain the stochas-
tic force at a given time step, Ny = (2 YkpT /8t)"/2 0.

In simulating the feather-boa polymer in the ESPResSo package,
the first step is to create a polymer configuration with a backbone
attached to equally spaced side-loops using elementary geometry
(see Fig. 1). For an open backbone the easiest initial condition is to
use a linear configuration. To model the circular chromosome of
bacteria one may choose a circular initial configuration of the
backbone. Note that the side loops are free to rotate around the
main chain, and physically the beads of the backbone and side loops
are all the same. Only to distinguish side loops from the backbone
we used two different colors in Fig. 1. In performing the integra-
tion we used 6t = 0.01.
To implement the simulation, carry out the following steps.

1. Set the initial configuration of the feather-boa chain, and ini-
tialize velocities obeying the Maxwell-Boltzmann distribution
with kgT = 1, using a Gaussian random number generator.
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Fig. 1 (Color online) A segment of the feather-boa polymer is shown. The back-
bone is denoted by blue and the side loops by green beads. Physically all the
beads are identical. Consecutive beads are connected by a spring of equilibrium
length &, and non-bonded beads repel each other by the WCA potential. The
loops are free to rotate around the backbone

2. Use alarge cylindrical confining geometry that is big enough to
encapsulate the initial configuration of the chain. Use cylindri-
cal sidewalls and planar (or sphero-cylindrical) caps at the ends
of the cylinder. The repulsive potential from the walls ensures
that the chain will stay within the confinement.

3. Equilibrate the system. Ensure configurational equilibration by
following eigenvalues of the radius of gyration tensor, and
components of the end-to-end separation vector. At equilib-
rium these values will saturate and fluctuate around the
equilibrium mean.

4. Slowly reduce the confining volume toward the target geome-
try of a much smaller cylinder. The target has to be set such that
the diameter and length of the cylinder are much smaller than
the radii of gyration of the feather-boa chain in bulk (se¢ Note
7). The volume reduction has to be done in small steps with a
scaling factor sg, infinitesimally smaller than 1, taking care that
the positions of all the monomers are also scaled by this factor,
ie., r; —ser, L — sgLand D — s¢ D.
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3.3 Model
Verification: Emergent
Stiffness

5 excluded —= L
= 103 | 8ap=10 W]

— :]_ —_—— -
» gilj 15 L
10 - 5—0:06
1 10 100

slo

Fig. 2 (Color online) In the absence of confinement: The tangent-tangent
correlation (u(0).u(s)) for excluded volume chain, chain associated with side
loops of size I = 21 ¢ with every 10-th bead on backbone (gap = 10), and that
with every bead of backbone (gap = 1). As expected, the excluded volume
polymer shows a power-law decay s—*° consistent with growth of end to end
distance R(s) = (r(s)2> ~ s® with b = 3/5. With increasing density of side-loops
the correlation decays more slowly, finally saturating to s~* with o = 0.06 (see
Note 12)

5. After rescaling, re-equilibrate the system by returning to step
3. Steps 3 and 4 have to be repeated until the target volume
and shape of the confinement have been obtained.

6. Once the target volume and shape of the confinement is
achieved, equilibrate the system once more by performing
step 3, before starting to accumulate data.

The side-loops in the feather-boa polymer lead to an emergent
bending stiffness that can be quantified using the tangent-tangent
correlation function. This is easily seen from a comparison of a
feather-boa chain with a simple self-avoiding polymer. Fig. 2
shows that the simulation results of self-avoiding chains indeed
obey the Flory prediction (u(s).u(0)) ~ s™* with a = 4 /5. How-
ever, in the presence of side-loops the value of exponent a decreases
with increasing side-loop density, reflecting the increase in bending
rigidity (sec Note 12).

4 Notes

1. Note that choice of the time step 8t = 0.01 used in our
simulations is related to the fastest modes in the system, i.e.,
controlled by the spring constant k, = 100kgT used in our
simulations. The harmonic mode sets a frequency ~ k;'/? and
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thus if one decides to use a larger k, 6t has to be reduced as
k, /2 accordingly.

2. The value of k, is chosen such that the bond length fluctuations
remain less than 5%.

3. The reason for modeling chromosomal environment by a Lan-
gevin thermostat is as follows. The bacterial cell is composed of
highly dense and poly-dispersed molecular components, con-
taining genetic material like the nucleoid, plasmids, and cyto-
skeletal elements like actin and tubulin homologues, as well as
molecular machines like RNA polymerase and ribosomes. As is
shown in recent experiments, reduction of metabolic activity
brings the cell close to a glassy state [22]. Thus, it is important
to note that the system we are considering remains in a fluid-
like state due to strong metabolic activity. This allows us to
model the environment of the chromosome, to first approxi-
mation, as a freely flowing fluid with its fluctuations captured
by an effective temperature.

4. In these simulations, special care needs to be taken so that no
particle is left outside the confinement, during the initializa-
tion, or the scaling to reduce the initial confining volume.
Moreover, at the latter step two particles must not come too
close to each other or to the wall, as that may lead to diverging
repulsive force. This is the reason why the scaling factor sgneeds
to be taken as close to unity as possible. In our experience
reduction of volume by using a scale factor sy = 0.99 along
with relaxing the configurations by equilibrating over 7, = 10*
MD steps helped in avoiding any possible overlap and bond
breaking.

5. It is advisable to measure the actual relaxation time for a given
degree of confinement before deciding t, and setting up long
runs toward data accumulation and analysis.

6. After each rescaling, one may first use force capping over several
steps before starting equilibrium relaxation. In force capping
steps, simulation is run with the repulsive interaction imple-
mented with a preset maximum capping value to remove pos-
sible overlaps that might have generated during rescaling. The
cap is lifted slowly as the overlap gets removed. In the
ESPResSo package [20] this is implemented by using

lforcecap.

7. The chromosome length is 10% times longer than the typical
bacterial cell. The effect of confinement is pronounced in this
limit. For example, in ref. 7 a feather-boa chain of length 8400
o was considered which was confined to a cylinder of length
L = 50.756 and diameter D = 29.50.

8. Consider a feather-boa chain with backbone oflength I, = 2000
and side-loops of length I, = 400 attached at each backbone
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Fig. 3 (Color online) Equilibrium structure for a linear backbone chain of length

Ih=

2000 (thick blue line) to which side-loops of length Is = 400 are attached at

each backbone monomer. The polymer is confined within a cylinder of length

L:

50.750 and diameter D = 29.5¢. The side-loop monomers are shown as

transparent green beads

monomer, confined within a cylinder defined by length
L = 50.750 and diameter D = 29.56. We equilibrated this
system over Teq = 106 steps after reaching this target volume,
before collecting 10° data points separated by 10 time steps.
The backbone chain displays a marked helical ordering with =
12.5 o of helical pitch measured along the long axis of the cell
(Fig. 3).

. The degree of helicity can be quantified by considering the

tangent-tangent correlation function (u(s) - u(0)), where a
monomer position along the contour is given by s = ic with
i=0,1,...,200. Its Fourier transform yields a structure function
S(q) with a peak at a dimensionless wavenumber quax = lp/A,
where A denotes the pitch of the helix measured along the
backbone chain.

10. As demonstrated in Ref. [7], the helical morphology in cylin-

11.

drical confinement is stabilized by two effects: (a) emergent
bending stiffness of the backbone due to side loops,
(b) stacking of the loops under strong confinement. The
first effect is an inherent property of the feather-boa polymer.

To quantify the emergent bending stiffness one may study the
tangent-tangent correlation of a free feather-boa chain in the
absence of confinement. As an example, we consider such a
chain of backbone length I,. = 1000, associated with side-
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12.

13.

14.

loops of length Iy = 206 grafted on (a) every 10-th backbone
monomer and (b) every backbone monomer. We compare the
results with (c¢) a self- avoiding polymer that has the same
l, = 1000 chain but in the absence of any side loop. The Flory
scaling of end-to-end distance for a self-avoiding chain (r
(s)?) ~ s® implies a power-law decay of the tangent-tangent
correlation (u(s).u(0)) ~ s~ *with« =2 — 2b. Using b =3 /5
for three-dimensional real chains, one obtains a decay expo-
nent o« =4 /5. Fig. 3 shows that the simulation results of self-
avoiding chains indeed obey this prediction. With increasing
density of side-loops, the value of exponent a decreases, finally
showing a = 0.06 for the feather-boa chain with every mono-
mer of the backbone connected to a side-loop. This reflects a
larger bending rigidity for backbones with increasing density
of side-loops. The small value of a corresponds to exponent
b ~ 1 signifying a rigid rod-like scaling in end-to-end separa-
tion (r(s)?) ~ s (Fig. 2).

The mechanism leading to this enhanced rigidity is the fol-
lowing. The self-avoiding side-loops repel each other such
that a locally bent conformation of the polymer becomes
energetically less favorable. As a result the backbone stiftness
increases with side-loop size s, and the linear density of side
loops along the backbone. The power-law nature of the cor-
relation precludes any interpretation in terms of the worm-
like chain model of polymer [23-26], where the correlation
function decays as an exponential with the intrinsic persis-
tence length. Nevertheless, it is intuitively clear that the
side-loop packing causes a free-energy cost associated with
local bending deformations. For example, the end-to-end
distance R ~ 413 o obtained for backbone length 1, = 5000,
can be reproduced by a worm-like chain with persistence
length 1, ~ 391 o [27], where 1, is comparable to the chain
length 1y, characterizing a significantly stiff chain.

The chromosomal DNA of bacteria such as E. coli is a circular
DNA. Thus, it is more appropriate to consider a circular
teather-boa chain to model properties of the E. coli chromo-
some. As we have shown in ref. 7, within cylindrical confine-
ment the backbone loop gets organized into two parallel
helices running along the long axis of the cylinder, a predic-
tion that was later verified in experiments on E. coli
chromosome [5].

The feather-boa model successfully captures the emergent
helical organization of bacterial chromosomes in cylindrical
cells. This helicity is robust with respect to small variations of
length and width of the confining cylinder. The thickening of
the backbone due to side-loops enhances bending rigidity,
and their stacking under confinement leads to the helical
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shape. Arguably, a change in confining geometry would lead
to a different shape. For example, if the confinement is spher-
ical like that in several coccoid species, with a big enough
diameter such that the backbone may open up completely,
our model predicts a ring-like morphology of the chromo-
some, with the ring being free to rotate. Changes in chromo-
somal shape as a function of controlled but small variations in
E. coli cell shapes have already been reported [5]. Another
important contributor to chromosomal morphology is the
cytosol of bacteria [13]. Osmotic pressure exerted by the
cytosol may hold the chromosome floating inside cellular
confinement. Some recent studies focused on entropic segre-
gation of chromosome and ribosomes within bacterial cell,
with chromosome localizing in a more central position of the
cell while ribosomes concentrate near the cylindrical wall and
the endcaps [28].
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