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ABSTRACT

Despite E. coli being a model organism for understanding the epigenome of prokaryotes,
transcriptional regulation in E. coli is not fully understood. This study aims to provide insight
into the genomic occupancies of various RNA polymerase subunits, sigma factors, sequencespecific transcription factors, and nucleoid-associated proteins under normal growth conditions
as well as upon acute heat shock. This was done using the ChIP-exo assay that provides nearbasepair resolution of protein binding on DNA. We show high-resolution binding patterns of the
nucleoid-associated proteins, Fis and IHF-beta; sigma factors, 70 and 54; and transcription
factor, Crp at their respective motifs. By comparing the DNA shape features at binding sites with
high occupancy with those with low occupancy, we found that proteins rely on sequence-specific
as well as indirect shape features of DNA to recognize their binding sites. In addition, we
observed strong enrichment of the housekeeping sigma factor 70 at the promoters of the genes
genome-wide which correlated well with the binding of various polymerase subunits as well as
transcription. The occupancies of the nucleoid-associated proteins studied do not correlate well
with the sigma factor 70, suggesting that they influence transcription through indirect ways.
Additionally, while we did not observe widespread changes in the binding patterns in many
proteins upon acute heat shock, we saw upregulation of heat shock responsive sigma factor 32
binding at select genes.
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Introduction
E. coli is a well-studied model organism for prokaryotes; however, transcriptional
regulation in E. coli is not fully understood. Bacterial transcription initiation requires sigma
factors which are essential for accurate promoter recognition by RNA polymerase 1,2. In bacteria,
multiple genes can be transcribed in the same transcription unit from a single promoter 3. These
transcription units constitute operons where two or more genes are transcribed as a polycistronic
unit 3. Furthermore, seven transcription factors serve as global regulators, which control the
expression of ~50% of the genes 4. These recognize specific DNA sequences, also known as
motifs, and recruit sigma factors and additional transcription factors for modulating gene
expression in bacteria 4.
ChIP-seq combines chromatin immunoprecipitation with sequencing to obtain
information about protein-binding events 5. ChIP-exo, a variation of the standard ChIP-seq
procedure, utilizes 5’-3’ lambda exonuclease to digest one strand of DNA up to a DNA-protein
crosslinking point 6. This results in sequencing resolution of almost a single base pair and
reduces background signal by removing DNA not bound to the protein of interest 6. This method
of chromatin immunoprecipitation combined with sequencing allows for new features of the
genome to be elucidated. This data allows the study of predicted DNA shape features as the
arrangement of the nucleotides results in a specific DNA shape 7. These predicted DNA shape
features have been used in combination with protein occupancy levels to correlate DNA shape
with protein-DNA interactions 8. This can be used to help explain why some sequence motifs
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have greater binding compared to other identical sequence motifs. This level of analysis, to our
knowledge, has not been used to study protein binding in E. coli.
The goal of this thesis is to identify precise genome-wide binding locations of RNA
polymerase, sigma factors, and of global regulators of E. coli under standard growth conditions
and during heat shock response using ChIP-exo. In yeast, ChIP-exo has been utilized extensively
to understand the mechanisms of transcription initiation under standard growth conditions and
during acute heat shock response 6, 9. Heat shock was shown to induce rapid transcriptional
reprogramming of heat shock responsive transcription factors 9. Thus, heat shock was chosen to
induce changes in the epigenome in E. coli. Previous western blot analysis showed that at 6
minutes, the abundance of the heat shock responsive sigma factor, 32 was the highest 10. Due to
this abundance of 32 during this time, we investigated the DNA-protein interactions in TAPtagged DY330 E. coli that were either grown under normal conditions or exposed to heat shock
for 6 minutes. Proteins not expected to be involved in heat shock response were also analyzed to
further define their binding locations with the use of ChIP-exo.
Bacterial promoters have various sequence elements such as the -35 element, the
extended -10 element, the -10 element, and the discriminator region (Figure 1) 11. The location of
these elements varies on an individual promoter basis 1. RNA polymerase core enzyme in E. coli
has 5 subunits 12. It has two alpha subunits, one beta subunit, one beta prime subunit, and a
gamma subunit 12. RNA polymerase subunit alpha interacts with the UP element of the promoter
(Figure 1) 13. Even though the core enzyme is proficient in RNA synthesis, it is unable to initiate
transcription without the assistance of the proteins known as the sigma factors 1. This RNA
polymerase together with the sigma factors forms the RNA polymerase holoenzyme that can
bind to specific promoter sites to initiate transcription 2. E. coli has seven sigma factors 14. These
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sigma factors direct RNA polymerase to transcribe specific genes and various sigma factors are
responsible for the transcription of different sets of genes 1. Most sigma factors interact with the 35 element, the extended -10 element, the -10 element, and the discriminator element of the
promoter (Figure 1) 1, 15. 70, also known as RpoD, is required for the transcription of most
housekeeping genes in E. coli 10. 32, also known as RpoH, is responsible for the transcription of
select genes during heat shock 10. 54 also known as RpoN, was also of interest to study as it is
unique as a sigma factor. Its binding is not determined by -35 and -10 sites but is determined by
positions -24 and -12 1, 16. 54 transcription initiation does not rely on the abundance of the factor
but rather relies on ATP-dependent activators to initiate transcription 1, 16. This factor deviates as
it has a different evolutionary history than the other sigma factors 11, 17.

Figure 1: Bacterial promoter interactions with RNA polymerase holoenzyme 1.
Alpha subunit of RNA polymerase (CTD) interacts with the UP element. Domain 4
of the sigma factor contacts the -35 element, domain 3 contacts the extended -10
element, domain 2 contacts the -10 element, and domain 1 contacts the
discriminator element. Figure from Douglas F. Browning & Busby, 2016 1.
Other than the sigma factors that interact directly with the RNA polymerase, there are
seven global regulator proteins in E. coli responsible for controlling the expression of about 51%
of genes in E. coli 3. These proteins are Crp, Fnr, IHF, Fis, ArcA, NarL, and Lrp 4. These
proteins directly target the promoter DNA by binding to specific short DNA sequences or motifs
4

. In doing so, they can affect DNA supercoiling or simply impede RNA polymerase binding to

the promoter 4. These global regulators often couple transcription to environmental signals
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thereby allowing gene regulation in response to various environmental cues 1. It is also important
to note that the activities of the global regulators can be modulated in response to the
environmental signals 1. This can be manifested in the form of post-translational modifications or
changes in abundance 1. For example, the activity of NarL changes in response to extracellular
nitrate and nitrite ions 1, 18.
While the bacterial chromosome is not enclosed in a nucleus, it is compacted in a
structure known as the nucleoid 1. The nucleoid is formed as a result of DNA supercoiling,
molecular crowding and with the help of nucleoid-associated proteins (NAPs) that bind
throughout the genome 19. Even though NAPs function in a way that is somewhat similar to
eukaryotic histone proteins, these are a diverse group of proteins that recognize specific DNA
sequences 4, 19. E. coli have 12 known NAPs including Fis, and IHF 1, 19. Many of the nucleoidassociated proteins not only function as genome organizers but also as global regulators 19. Fis
and IHF are examples of global regulators that are also nucleoid-associated proteins of the E. coli
genome 19. These global regulators are of interest to study when describing genome-wide
reprogramming. Promoters which require 32 have been reported to be regulated by Crp and Fis
4

. For this study, we focused on IHF and Fis that function as global regulators as well as NAPs.

The IHF protein is another nucleoid-associated protein and is composed of an alpha and beta
subunit 19. This protein has roles in transcription, and DNA remodeling 19. The Fis protein binds
to regions outside the coding regions of genes and can activate and repress transcription 19, 20.
The protein increases in expression during exponential growth in the cell 19. We also looked at an
additional global regulator, Crp. Crp also known as CAP, catabolite gene-activator protein, is the
master regulatory protein in E. coli 19. Crp has been noted to downregulate transcription of 32 21.
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Table 1: Factors selected for Chromatin Immunoprecipitation
Factor

Description

RpoA
RpoB

RNA polymerase subunit alpha. Interacts with
the UP element at the promoter 1.
RNA polymerase subunit beta 1.

RpoC

RNA polymerase subunit beta prime 1.



Alternative sigma factor which is responsible
for transcription of select genes under heat
shock conditions 10.
Alternative sigma factor which binds at
positions -24 and -12 1, 16. 54 transcription
initiation does not rely on the abundance of
the factor but rather relies on ATP-dependent
activators to initiate transcription 1, 16.
Sigma factor required for the transcription of
most housekeeping genes in E. coli 10.
Nucleoid-associated protein and global
regulator in E. coli 4, 19. Binds throughout the
genome during exponential growth 19. Binds
to regions outside the coding regions of genes
and can activate and repress transcription 19,
20
.
Beta subunit of the IHF heterodimer protein
19
. Nucleoid-associated protein and global
regulator in E. coli 4, 19. This protein plays a
role in regulating transcription and in DNA
remodeling 19.
Global regulator protein and the master
regulatory protein within E. coli 4.




Fis

IHF-beta

Crp
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Material and Methods

Cell Streaking
TAP-tagged strains of DY330 E. coli from GE Healthcare (Cat# OEC4630) were used.
These strains have a Tandem Affinity Purification-tag (TAP-tag) on the C-terminus of the
specified factor of interest. This TAP-tag is comprised of two protein A domains, a TEV
protease cleavage site, and a calmodulin binding domain 22. The protein A domain of the tag can
bind to the nonspecific region of the IgG antibody 22. The glycerol stock containing a TAPtagged strain of interest was removed from the -80 oC freezer. With an inoculation loop, a glob
of material was streaked on an LB Media Plate + Kanamycin (50 ug/mL). The plate was placed
upside down in a 37 oC incubator. Cells were grown over a period of one day. The plate’s
perimeter was wrapped with a strip of parafilm.
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Table 2: Strain Numbers for E. coli TAP Tagged (Cat# OEC4630)
Factor

B Number

GI number

RpoA

b3295

16131174

RpoB

b3987

16131817

RpoC

b3988

16131818



b3461

16131333



b3202

16131092



b3067

16130963

Fis

b3261

16131149

IHF-beta

b0912

16128879

Crp

b3357

16131236

GBP

b2150

16130088

Starter Cultures
5 mL of media was added to a sterile 16 mm culture tube. A single colony from an LB
plate was added to the tube. The tube was placed in a 37 oC shaker overnight.
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Heat Shock Harvest
The 16 mm culture tube was placed in the Ultrospec 10 to measure the optical density.
The starter culture was added to 50 mL of LB such that the optical density (OD) was
approximately 0.1. The 50 mL of media was placed in a 30 oC shaker. The cell growth was
monitored by measuring OD of the culture using the Ultrospec 10. After the OD600 was
approximately at 0.8, the 50 mL sample was split into two samples. One sample was used for
heat shock and the other for control. 25 mL of 54 oC media was added to the heat shock sample
to achieve the final temperature of 42 oC. 25 mL of room temperature media was added to the
control sample. The heat shock sample was placed in a 42 oC shaker for 6 minutes while the
control sample was placed in a 25 oC shaker for 6 minutes. To crosslink the protein-DNA
interactions, 25 mL of cold formaldehyde was added to the heat shock sample and 25 mL of
room temperature formaldehyde the control sample so that the final formaldehyde concentration
was 1%. Both heat shock and control samples were placed in a 25 oC shaker for 15 minutes. 2.5
M glycine was added to the heat shock and control samples to the final concentration of 125 mM
glycine. The samples were further incubated in a 25 oC shaker for 5 minutes. The samples were
then transferred to ice. Samples were centrifuged for 5 minutes, 4000 rpm, 4 oC. The supernatant
was discarded, and the pellet was resuspended with 20 mL of ST buffer and 40 L of COmplete
protease inhibitor (CPi) mini from Sigma-Aldrich. Samples were transferred to 50 mL falcon
tube. Samples were centrifuged for 5 minutes, 2400 rpm, 4 oC. The supernatant was discarded,
and the pellet was resuspended in 1 mL of ST buffer and transferred to 2 mL bead beater tubes.
The samples were centrifuged for 2 minutes, 10000 rpm, 4 oC. The supernatant was discarded
through aspiration. The sample was frozen in liquid nitrogen and stored at -80 oC.
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Lysis
Cell pellets from -80 oC were thawed. 1 mL of E. coli lysis buffer was added to the
sample. 100 L of lysozyme (10 mg/mL) was added per gram of the cell pellet. Samples were
incubated for 30 minutes. Samples were centrifuged for 10 minutes, 3000 rpm, room
temperature. The supernatant was removed.

Sonication
Sonication was used to fragment the chromatin. Pellet was resuspended in 250 L of E.
coli sonication buffer. The sample was transferred to a 1.5 mL polystyrene tube containing ~75
L of 0.1 mm zirconium beads. The sample placed in the Diagenode Biorupter and sonicated for
four 30 seconds on/off cycles. Sonicated chromatin was transferred to a 1.5 mL tube. 50 L of
lysate used to check for sonication success. After the sonication success was seen, samples
centrifuged at 10 minutes, 14000 rpm, 4 oC. Samples stored in -80 oC.

Sonication Check

Quick Reverse Crosslink
175 L of TE buffer added to the 50 L sonication check sample. 225 L of 2X proK
buffer was added to the sample. 2.5 L of 20 mg/mL of proteinase K was added to the sample.
Sample incubated at 65 oC for 30 minutes. Samples were further incubated at 95 oC for 10
minutes.
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PCIA Extraction/ Ethanol Precipitation
450 L of PCIA was added to each sample. The sample was centrifuged for 6 minutes at
14000 rpm, room temperature. 400 L of the aqueous layer was transferred to a 1.5 mL tube. 42
L of 3 M NaOAc was added to the sample. 1 L of 20 mg/mL glycogen was added to the
sample. 1000 L of ice-cold 100% ethanol was added to the sample. The sample was vortexed.
The sample was incubated for 20 minutes at -80 C. The pellet was centrifuged for 15 minutes at
14000 rpm, 4 oC. The supernatant was removed. The pellet was washed with 500 L of ice-cold
70% ethanol. The sample was then centrifuged for 5 minutes at 14000 rpm at 4 oC. The
supernatant was removed. The sample was dried at room temperature for 20 minutes. The sample
was resuspended in 40 L of TE+RNase and incubated at 37 oC for 30-60 minutes. The sample
was run on 1% agarose gel (TAE).

Chromatin Immunoprecipitation

Dynabead Preparation
50 mg of polyclonal rabbit IgG from Sigma-Aldrich was covalently attached to 300 mg
of Dynabeads from Invitrogen to make an IgG-Dynabead slurry. Each ChIP requires 50 L of
the rabbit IgG-Dynabeads slurry. Example volumes listed below are for 8 samples. 440 L of
IgG coupled Dynabeads (1.1 x 8 samples x (50 L stock slurry/sample)) were washed with 1 mL
of IP Dilution buffer+ COmplete protease inhibitor (CPi) with rotation at 4 oC for 1 minute. The
solution was then set in the magnetic rack for 1 minute. The supernatant was removed. 790 L of
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IP dilution buffer+CPi along with 10 L of 10 mg/mL tRNA was added to block the beads. The
solution was placed on the rototorque at 4 oC for 15 minutes. 100 L of bead slurry was
transferred to the 8-well strip tubes. The strip tube was placed against the magnet, the
supernatant was removed and 100-200 L of the sonicated chromatin was added to the strip tube.
Samples were placed on the rototorque at 4 oC overnight. Here the antibodies’ nonspecific
domain binds to the Protein A domain of the TAP-tag.
The next day, the strip tubes were placed on the magnetic rack. The supernatant was
removed from samples. The beads were washed once with 150 L of FA lysis buffer, NaCl
Buffer 250, LiCl Buffer 250, and 10mM Tris-HCl pH 8. All the wash buffers except 10mM TrisHCl had 2 L/ml of the CPi stock solution.

A-tailing
The supernatant was removed and 40 L of the A-tailing reaction master mix (Appendix
B) was added to the sample. The sample was placed in a thermocycler for 30 minutes at 37 oC.

Adapter Ligation
The solution was washed with 10mM Tris-HCl. The supernatant was removed. 10 L of
1.5 uM barcoded sequencing adapters were added to the sample. 30 L of the adapter ligation
Master mix (Appendix B) was added to the sample. The solution was incubated for 1 hour at 25
C. Beads were washed once with 150 L of NaCl Buffer 250, LiCl Buffer 250, and Tris-HCl

o

pH 8.
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Fill-in Reaction
The supernatant was removed. 40 L of the Fill-in Reaction master mix (Appendix B)
was added to the solution. The solution was incubated for 20 minutes at 30 oC. The solution was
washed with 150 L of Tris-HCl pH 8.

Lambda Exonuclease Digest
The supernatant was removed. 40 L of the lambda exonuclease master mix (Appendix
B) was added to the sample. Exonuclease was used on Immobilized DNA leading to digestion to
digest the unbound double-stranded DNA in a 5 → 3 direction until it encountered a proteinDNA crosslink that was induced by formaldehyde treatment 6. The solution was incubated for 30
minutes at 37 oC.

Elution and Reverse Crosslinking
The supernatant was removed. For the elution and reverse crosslinking step 40 L of
ChIP elution buffer and 1.5 L of proteinase K were added to the sample. The sample was
placed at 65 oC overnight.

AMPure Purification
72 L of AMPure beads were added to the sample and resuspended. The sample was
placed on a magnetic rack. The beads were washed twice with 70% ethanol. The supernatant was
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removed. The beads were allowed to dry for approximately 5 minutes. 21 L of water was added
to the sample. The sample was incubated for 5 minutes. The sample was placed back on the
magnetic rack. The eluate was transferred to a new strip tube.

ssDNA Adapter Ligation
ssDNA Adapter ligation master mix was added to the sample. The sample was placed in a
thermocycler for 1 hour at 25 oC.

AMPure Purification
72 L of AMPure beads were added to the sample and resuspended. The sample was
placed on a magnetic rack. The beads were washed twice with 70% ethanol. The supernatant was
removed. The beads were allowed to dry for approximately 5 minutes. 21 L of water was added
to the sample. The sample was incubated for 5 minutes. The sample was placed back on the
magnetic rack. The elutant was transferred to a new strip tube.

PCR
The PCR master mix solution was added to the sample. Cycles were performed according
to the published ChIP-exo protocol 23.

14

Gel check
Samples were run on a 1% agarose gel along with 5-10 L of 1kb ladder from
Thermofisher. The gel was visualized under UV to see if there was DNA in the size range of
200-500 bp.

Gel Purification
Samples were pooled based on the gel intensity and ran on a 2% agarose gel along with
5-10 L of the 1kb+ ladder from Thermofisher. The gel was size selected from 200-500 bp. The
excised gel was placed into a 1.5 mL tube.

Qiagen Cleanup
3 volumes of Buffer QG were added to 1 volume of gel. The gel slice was incubated at 55
o

C and vortexed until the slice completely dissolved. 1 gel volume of isopropanol was added to

the sample and then vortexed. Qiaquick minielute column was placed in the 2 mL collection
tube. The sample was placed into the column and centrifuged for 1 minute at 13000 rpm at room
temperature. The flow-through was removed. The qiaquick minielute column was placed back
into the collection tube. The sample was filtered through the column repeatedly until all the
solution was filtered. 0.5 mL of buffer QG was added to the column. The sample was centrifuged
for 1 minute at 13000 rpm at room temperature. The flow-through was removed. 0.75 mL of
buffer PE was added to the column. The sample was allowed to stand for 5 minutes. The sample
was centrifuged for 1 minute at 13000 rpm at room temperature. Flow through was removed.
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The sample was then again centrifuged for 1 minute at 13000 rpm at room temperature. The
flow-through was removed. Column placed in a 1.5 mL Lo-Bind tube and was set to dry for 2
minutes. 30 L of 1:10 EB buffer that was heated at 50 oC for 5 minutes was added to the
membrane of the column. The sample was centrifuged for 1 minute at 13000 rpm at room
temperature. Sample stored at -20 oC. Gel purified libraries were submitted for sequencing.
Sequencing was performed using Illumina HiSeq 2000 and NextSeq500.

Bioinformatics
Base calls for the paired-end reads were performed using Bcl2fq version 2.16 (Illumina).
ChIP-exo reads were aligned to the E. coli strain W3110 genome using BWA version 0.7.9a with
default parameters. Total tag normalization was performed to mitigate the differences in
sequencing depth of different datasets. For sequence-specific factors, peak calling was performed
using the Genetrack peak caller. Peaks were subsequently paired based on strand information 24.
MEME algorithm was used to determine the presence of known DNA sequence motifs ±30 bp of
the midpoint of the paired peaks 25. Sites that contained the known DNA motif for a given
protein and a peak-pair within ±30 bp pairs were selected for further analyses. Composite plots
and heatmaps were then oriented around these motifs unless specified otherwise. DNA shape
analysis at highly and lowly bound locations was performed using the DNAShape webserver 26.
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Results

Intrinsic DNA Shape features drive preferential FIS binding at its motif

While the transcriptional regulation network of E. coli has been subject to extensive
studies in the past, the genome-wide view of transcription factor binding remains elusive. Here,
we sought to investigate the DNA binding of the global gene regulatory transcription factors and
nucleoid-associated proteins in E. coli by means of high-resolution ChIP-exo assay. First, we
studied the binding of the DNA architectural protein Fis (Factor for Inversion Stimulation),
which is one of the most abundant DNA-binding proteins in bacteria under log phase growth 19.
Fis compacts DNA by seemingly non-specific DNA binding and bending, thereby stabilizing
long-range DNA loops 27. We performed ChIP-exo for TAP-tagged Fis protein in the E. Coli
DY330 strain. We found Fis bound at 1488 sites in the genome based on GeneTrack peaks that
were within 80 bps of the Fis motif. Fis forms stable complexes with specific DNA sequences
shown in Figure 2A.
We decided to focus on its specific DNA binding motif for our further analysis. Using
our standard bioinformatic pipeline we discovered reproducible binding of Fis at 1488 sites in
the genome at the motif (Figure 2A). This motif agrees with the previously published motif 28.
We observed two major exonuclease stops in a strand-specific manner in the composite plots
which identified the protein-DNA cross-linking points for Fis with respect to its binding site
(Figure 2B). We predict that the crosslinking occurs at the G and C of the motif as previous
research shows G/C preference in formaldehyde crosslinking and as these nucleotides fall inbetween the sense and antisense peaks 8. The upstream crosslinking point likely falls in-between
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the large sense peak at -15 bps and the small antisense peak at -3 bps as the crosslinking point
would be stopping exonuclease from going further (Figure 3) 29. The downstream crosslinking
point likely falls in-between the small sense peak at 6 bps and the large antisense peak at 17 bps
(Figure 3).
Fis and GBP ChIP-exo data in control and heat shock conditions were sorted based on
the occupancy of Fis in control conditions. TAP-tagged D-galactose-binding periplasmic protein
(GBP), which does not have sequence-specific DNA binding, showed no obvious trend at the
same sites with the same sort 30. This eliminates the possibility that the occupancy pattern of Fis
was driven by a non-specific background tag enrichment (Figure 2C). We were curious to
identify the mechanism which drives the differences in the occupancy of Fis at its core motif. We
did not observe any predominant specific nucleotide enrichment around the motif at highly
verses lowly bound sites as seen in the four-color plot representation of the 30-bp sequences
centered on the motif midpoint (Figure 2C). Fis was previously reported to regulate
 promoters 4. However, there was no detectible genome-wide change in Fis binding during
heat shock conditions.
Previous in vitro studies showed that Fis selects its DNA binding sites through shape
features of the DNA 31. We wanted to investigate if DNA shape features determine site selection
preferences for Fis in vivo. The DNA shape features of the top 100 most bound sites were
compared to the shape properties of the 100 least bound sites. Fis binding site was especially of
interest to investigate as it only has a conserved G and C in its motif. The degenerate nucleotides
in the motif allow us to determine the differences in the shape of differentially bound sites. Zscores were determined through the use of the Mann-Whitney U Test. The angle of helical twist,
the angle of propeller twist, the angle of roll, and the minor groove width were used to compare
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the high occupancy sites and the low occupancy sites (Figure 2D & 4). Each of these metrics
showed a significant difference in shape between the high and low occupancy sites (Figure 4).
Figure 2E shows previous in vitro structural work showed that Fis bound DNA had an overall
curvature of ~65°, and the close spacing between helix–turn–helix domain was accommodated
by severe compression of the central minor groove 31. While the central 5 bp of the motif was not
directly in contact by Fis, the narrowing of the minor groove within this region was essential for
insertion of the helices within adjacent major grooves 31. This led to a model that Fis initially
selects sites with intrinsically small central minor grooves 31. We speculated that highly enriched
Fis bound sites in vivo will have a smaller central minor groove width as compared to the lowly
bound sites. Indeed, this was what we observed when we compared the MGW of the top 100 and
bottom 100 bound sites (Figure 2F). In addition, our analyses also show that the highly bound
sites tend to have a larger minor groove at +/- 3/4 position with respect to the center of the motif
(Figure 2F). It is possible that the larger minor groove at these positions supports a smaller
MGW at the center, thereby stabilizing the entire DNA-Fis complex. Additionally, highly bound
sites exhibit positive roll deviations in general from -7 to -3 and +3 to +7 positions and
specifically at the  3-4 which correspond to the major groove interface (Figure 2E&F). In
between the conserved G and C of the motif, the helical twist angle of the most occupied Fis
sites was greater than the helical twist of the least occupied Fis sites especially at 6-7 position
(Figure 4). The propeller twist of Fis was significantly lower for the top sites throughout most of
the region (Figure 4). We conclude that the underlying DNA shape is a determinate for Fis
binding.
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Figure 2: Analysis of Fis binding at its motif.
A) MEME logos from the top 500 peak-pairs from the ChIP-exo assay. X’s indicate
predicted crosslinking points.
B) Composite plot of the sense and antisense tag counts of Fis and GBP at the Fis motif.
Control conditions (left) and heat shock conditions (right).
C) Heat maps of tags and four-color plot sorted by high to low Fis occupancy in control
conditions at 1488 sites. Boxes indicate the regions of high and low occupancy that were
compared during shape analysis. Left: 500 bp expansion of a GBP binding on sense and
antisense strands in control conditions. Center left: 500 bp expansion of Fis binding on
sense and antisense strands in control conditions. Center: 500 bp expansion of GBP
binding on sense and antisense strands in heat shock conditions. Center Right: 500 bp
expansion of Fis binding on sense and antisense strands in heat shock conditions. Right: 30
bp expansion of the four-color plot of the motif.
D) Various DNA shape features. Figure from Rossi et al., 2018 8.
E) Fis protein binding to its motif sequence. Figure from Stella et al., 2010 31.
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F) Comparison of shape features between the 100 highest occupied sites and 100 lowest
occupied sites. Top: Minor groove width. Bottom: Roll angle.

Figure 3: Zoomed-in sense and antisense composite plot binding of Fis around the
Fis motif reference point. Boxes indicate a range of sites where crosslinking points may lie.
G and C indicate the nucleotides predicted to be the crosslinking points.

Figure 4: Z-scores from Shape Analysis for Fis. Colors are based on a gradient.
The darkest purple signifies values with Z-scores equal or less than -2. The darkest
green signifies Z-scores equal or greater than 2. White is for Z-scores near zero.
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Intrinsic DNA Shape features drive preferential IHF-beta binding at its motif
IHF was another nucleoid-associated protein that was of interest. IHF is a heterodimer
protein and ChIP-exo analysis was done on the beta subunit 19. IHF was of interest to study due
to its role in introducing U-turns in DNA, transcription, and chromosome replication 19. Upon
binding to DNA, IHF induces sharp bending of the DNA which allows interaction of other
proteins with the DNA 32. Structural studies of the homodimer or heterodimer of IHF proteins
show that the two subunits are intertwined from which two long β ribbon arms extend 32. This
suggested that the arms wrap around the minor groove of the DNA 32. We decided to focus on its
specific DNA binding motif for further analysis.
Using our standard bioinformatic pipeline we discovered reproducible binding of IHFbeta at in the genome with the motif (Figure 5A) which agrees with the published motif 19. We
observed two major exonuclease stops in a strand-specific manner in the composite plots which
identified the protein-DNA cross-linking points for IHF-beta with respect to its binding site
(Figure 5B). We see a prominent sense and antisense peak with minimal shouldering (Figure 5
A&B). The antisense peak does not have as many tags as the sense peak presumably because
lambda exo accessibility was hindered by the presence of the other subunit in the heterodimeric
complex. We could detect reproducible binding at 1637 sites in the genome based on GeneTrack
peaks that were within 80 bps of the motif (Figure 5C). The IHF-beta and GBP ChIP-exo data
during control and heat shock conditions were sorted by IHF-beta tag counts in control
conditions (Figure 5C). TAP-tagged GBP which does not have sequence-specific DNA binding
showed no obvious trend at the same sites with the same sort. This eliminates the possibility that
the occupancy pattern of IHF-beta was driven by a non-specific background tag enrichment
(Figure 5C).
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Since IHF has a role in bending of the DNA molecule, we wanted to analyze the DNA
shape features that drive stable binding of the IHF complex. The DNA shape features of the top
100 most bound sites were compared to the shape properties of the 100 least bound sites. The
degenerate nucleotides in the motif allowed us to determine the differences in the shape of
differentially bound sites. Z-scores were determined through the use of the Mann-Whitney U
Test. The differences in the shape between the high IHF-beta occupancy sites and low IHF-beta
occupancy sites was most evident upstream of the motif (Figure 6). The structure of IHF
complexed with DNA showed that IHF is a minor groove binding protein and since it contacts
DNA exclusively through the phosphodiester backbone, it relies on indirect shape features 32.
This study also pointed out the importance of a narrow minor groove width in the stability of the
protein-DNA complex of IHF 32. In accordance with this, we observe that the more highly
occupied sites tend to have a smaller minor groove width specifically around -5 bp position of
the motif which corresponds to the A rich region of the motif (Figure 5D). Along with a
narrower minor groove, the highly bound sites also prefer more negative roll and larger helical
twist in this region (Figure 5D & 6). All of these features conform well with the protein DNA
structure and provide an explanation for why certain sites are more highly occupied than others
despite binding to the same motif.
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Figure 5: Analysis of IHF-beta binding at its motif.
A) MEME logos from the top 500 peak-pairs from the ChIP-exo assay.
B) Composite plot of the sense and antisense tag counts of IHF-beta and GBP at the
IHF-beta motif. Control conditions (left) and heat shock conditions (right).
C) Heat maps of tags and four-color plot sorted by high to low IHF-beta occupancy
in control conditions at 1637 sites. Boxes indicate the regions of high and low
occupancy that were compared during shape analysis. Left: 500 bp expansion of a
GBP binding on sense and antisense strands in control conditions. Center left: 500
bp expansion of IHF-beta binding on sense and antisense strands in control
conditions. Center: 500 bp expansion of GBP binding on sense and antisense strands
in heat shock conditions. Center Right: 500 bp expansion of IHF-beta binding on
sense and antisense strands in heat shock conditions. Right: 30 bp expansion of the
four-color plot of the motif.
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D) Comparison of shape features between the 100 highest occupied sites and 100
lowest occupied sites. Top: Minor groove width. Bottom: Roll angle.

Figure 6: Z-scores from Shape Analysis for IHF-beta. Colors are based on a
gradient. The darkest purple signifies values with Z-scores equal or less than -2. The
darkest green signifies Z-scores equal or greater than 2. White is for Z-scores near zero.

70 binds at its motif without shape being an essential component of its occupancy
70 is the sigma factor responsible for general transcription 1. Using our standard
bioinformatic pipeline we discovered reproducible binding of 70 at the motif (Figure 7A). The
protein was found at 1869 sites in the genome based on GeneTrack peaks that were within 80
bps of the  motif. We observed two major exonuclease stops in a strand-specific manner in
the composite plots which identified the protein-DNA cross-linking points for 70 with respect to
its binding site (Figure 7B). 70 and GBP ChIP-exo data were sorted by tag counts of 70 in
control conditions. TAP-tagged D-galactose-binding periplasmic protein (GBP) which does not
have sequence-specific DNA binding showed a signal at the highly occupied 70 sites (Figure
7C).
Shape analysis was of interest to look at to see if certain DNA shape patterns warrant
higher protein binding. The top 30 sites were not included in the shape analysis due to their high
amount of GBP signal (Figure 7C). In highly bound sites, the region downstream of the
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conserved regions of the motif has a high number of C’s and G’s (Figure 7 A&C) and
formaldehyde’s reported crosslinking bias to C’s and G’s may be responsible for this signal 8.
This high signal may also be due to the fact that GBP signal is seen at highly transcribed regions
which would correspond to 70 sites (Figure 8). Analyzing this enrichment that is seen with GBP
in the top 30 sites may have given us an inaccurate picture of the DNA shape at highly
occupancy 70 regions. The 31st to 130th most highly occupied sites of 70 binding were
compared to the bottom 100 sites of 70 binding. The degenerate nucleotides in the motif allow
us to determine the differences in the shape of differentially bound sites. Z-scores were
determined through the use of the Mann-Whitney U Test. The highly occupied sites have a
greater propeller twist directly upstream of the motif (Figure 9). At above 9 bps upstream of the
motif the highly occupied sites have a lower propeller twist (Figure 9). There was not a string of
significant values at degenerate regions of the motif at the 70 sites and thus we cannot say that
shape is a determinate of binding (Figure 9).
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Figure 7: Analysis of 70 at its motif.
A) MEME logos from the top 500 peak-pairs from the ChIP-exo assay.
B) Composite plot of the sense and antisense tag counts of 70 and GBP at the 70
motif. Control conditions (left) and heat shock conditions (right).
C) Heat maps of tags and four-color plot sorted by high to low 70 occupancy in
control conditions at 1869 sites. Black boxes show areas that had high GBP
occupancy and were excluded from shape analysis. Blue boxes indicate the regions
of high and low occupancy that were compared during shape analysis. Left: 500 bp
expansion of a GBP binding on sense and antisense strands in control conditions.
Center left: 500 bp expansion of 70 binding on sense and antisense strands in
control conditions. Center: 500 bp expansion of GBP binding on sense and antisense
strands in heat shock conditions. Center Right: 500 bp expansion of 70 binding on
sense and antisense strands in heat shock conditions. Right: 30 bp expansion of the
four-color plot of the motif.
D) Comparison of shape features between the 100 highest occupied sites and 100
lowest occupied sites. Top: Minor groove width. Bottom: Roll angle.
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Figure 8: GBP signal at the ATG of 4160 genes sorted by high to low expression
based on RNA-seq data 33. Expanded 1000 bps. Sense and antisense strands have
been shifted 6 bps and merged. Scale for normalized reads is shown on the side.

Figure 9: Z-scores from Shape Analysis for . Colors are based on a gradient.
The darkest purple signifies values with Z-scores equal or less than -2. The darkest
green signifies Z-scores equal or greater than 2. White is for Z-scores near zero.
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Intrinsic DNA Shape features drive preferential

54 binding

at its motif

54, also known as RpoN, was studied as its binding is not determined by -35 and -10
sites but is determined by positions -24 and -12 unlike the other sigma factors 1, 16. 54
transcription initiation does not rely on the abundance of the factor but relies on ATP-dependent
activators to initiate transcription unlike the other sigma factors 1, 16. Due to the uniqueness of
this 54 it was of interest to study.
54 was found reproducibly at 1488 sites in the genome based on GeneTrack peaks that
were within 80 bps of the 54 motif (Figure 10A). The two crucial sequence-specific features -12
element GC motif and the -24 element GG motif are highly conserved in the motif detected
through ChIP-exo 34. The composite plot of 54 shows a high number of tags in the antisense
strand (Figure 10B). The sense strand shows fewer tags and has more shouldering. 54 and GBP
ChIP-exo data were sorted by tag counts of 54 in control conditions (Figure 10C). TAP-tagged
D-galactose-binding periplasmic protein (GBP) which does not have sequence-specific DNA
binding showed no obvious trend at the same sites with the same sort. This eliminates the
possibility that the occupancy pattern of 54 was driven by a non-specific background tag
enrichment (Figure 10C).
We compared the top 100 most occupied 54 sites to the bottom 100 bound 54 sites in
order to understand the determinants of high occupancy. The degenerate nucleotides in the motif
allow us to determine the differences in the shape of differentially bound sites. Z-scores were
determined through the use of the Mann-Whitney U Test. The highly occupied 54 sites,
upstream of the conserved regions of the motif, had a greater helical twist angle, a smaller minor
groove width, a smaller propeller twist angle, and a smaller roll angle when compared to the sites
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that were not as highly occupied (Figure 10D & 11). The highly occupied sites in between the
conserved regions of the motif have a greater helical twist angle, a decreased minor groove
width, and a decreased propeller twist angle (Figure 10D & 11). The DNA roll angle of the
highest occupied sites is larger near the midpoint of the motif, but the lowest occupied sites had a
greater roll angle downstream of this area (Figure 10D).
While the contribution of the more degenerate regions of the motif towards 54 binding is
not fully understood, previous work has shown that the -12 binding domain of 54 does not make
base-specific contacts with the ‘C’ residue at position 8.5 in the motif despite its high
conservation 34. It was suggested that overall confirmation of the DNA at this residue along with
neighboring base pairs contribute towards binding 34. It is likely the more favorable DNA
confirmation at the highly occupied sites which promotes a more stable DNA-protein
association.
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Figure 10: Analysis of 54 binding at its motif.
A) MEME logos from the top 500 peak-pairs from the ChIP-exo assay.
B) Composite plot of the sense and antisense tag counts of  and GBP at the
 motif. Control conditions (left).
C) Heat maps of tags and four-color plot sorted by high to low  occupancy in
control conditions at 1488 sites. Boxes indicate the regions of high and low
occupancy that were compared. Left: 500 bp expansion of a GBP binding on sense
and antisense strands. Center: 500 bp expansion of  binding on sense and
antisense strands. Right: 30 bp expansion of the four-color plot of the motif.
D) Comparison of shape features between the 100 highest occupied sites and 100
lowest occupied sites. Top: Minor groove width. Bottom: Roll angle.
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Figure 11: Z-scores from Shape Analysis for . Colors are based on a gradient.
The darkest purple signifies values with Z-scores equal or less than -2. The darkest
green signifies Z-scores equal or greater than 2. White is for Z-scores near zero.

Intrinsic DNA Shape features drive preferential Crp binding at its motif
Crp, also known as cyclic AMP receptor protein is another global regulatory protein 4.
This protein is responsible for the regulation of 197 genes in E. coli 35. Using our standard
bioinformatic pipeline we discovered reproducible binding of Crp at in the genome with the
motif shown in (Figure 12A). We saw binding at less than 50% of the 486 motifs that we
identified using the MEME program (Figure 12C) 25. We observed two major stops in a strandspecific manner in the composite plots which identified the protein-DNA cross-linking points for
Crp with respect to its binding site (Figure 12B). Crp and GBP ChIP-exo data in control and heat
shock conditions were sorted by tag counts of Crp ChIP-exo data in control conditions. Crp is
shown to have enrichment at its cognate motif in comparison with GBP though GBP is found to
be enriched at some Crp sites (Figure 12B&C).
Crp is known to bind to its motif as a dimer and induces a sharp bend of ~80 at its
binding site 36. The structure of Crp bound to DNA has been studied extensively and it is known
that Crp makes direct contacts with bases at position 1, 3 and 4 at the motif (Figure 12A) but has
no direct association with ‘T’ at position 2 despite its strong conservation 36. Any sequence
preference at the remaining positions involves indirect contacts through phosphate backbone
interactions 36. DNA bending with Crp involves the formation of two kinks 36. One kink
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compresses the major groove at positions 2 & 3 and the second kink compresses the minor
groove around the A/T rich region upstream or downstream of the conserved bases of the motif
36

. Comparing the highly bound sites with the lowly bound sites, it appears that the top sites tend

to have A/T rich regions downstream of the motif (Figure 12C). In addition, the top 100 most
highly occupied Crp sites downstream of the motif have a greater helical twist angle, a smaller
roll angle, a smaller minor groove width, and a smaller propeller twist angle (Figure 12D & 13).
The top 100 most highly occupied Crp sites directly upstream of the motif have a smaller minor
groove width (Figure 12D). Smaller minor groove upstream and downstream of the conserved
regions of the motif possibly allows better binding of the protein since upon binding Crp further
compresses the minor groove in this region 36.

33

Figure 12: Analysis of Crp binding at its motif.
A) MEME logos from the top 500 peak-pairs from the ChIP-exo assay.
B) Composite plots of the sense and antisense tag counts of Crp and GBP at the Crp
motif.
C) Heat maps of tags and four-color plot sorted by high to low Crp occupancy in
control conditions at 486 motif sites. Boxes indicate the regions of high and low
occupancy that were compared for shape analysis. Left: 500 bp expansion of a GBP
binding on sense and antisense strands. Center: 500 bp expansion of Crp binding on
sense and antisense strands. Right: 30 bp expansion of the four-color plot of the
motif.
D) Comparison of shape features between the 100 highest occupied sites and 100
lowest occupied sites. Top: Minor groove width. Bottom: Roll angle.
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Figure 13: Z-scores from Shape Analysis for Crp. Colors are based on a gradient.
The darkest purple signifies values with Z-scores equal or less than -2. The darkest green
signifies Z-scores equal or greater than 2. White is for Z-scores near zero.

Genome-wide binding sorted based on Operons and Gene ATGs
Prokaryotic genes are organized in polycistronic units, so we decided to map the proteins
of interest on an operon level. The ATG of the first gene in an operon was set as the origin. This
list of ATGs was taken from regulon DB and filtered by sites that were from existing literature 3,
37, 38
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. This list contains 649 operons which are within an estimated range of 630 to 700 operons

. However, a more recent estimate says there may be as many as 1510 operons in E. coli and

thus the list of operons we have selected may not be representative of operons as a whole 40.
This list of ATGs was organized from high to low 70 occupancy during control
conditions (Figure 14). Fis was bound upstream of the ATG region in operons and showed little
to no correlation with the other proteins (Figure 15 & 16). Fis was seen to have a peak of 129 bps
upstream of the ATG (Figure 14). Fis has previously been reported to bind upstream of
promoters 19. IHF-beta was found to be bound upstream of the ATG and has previously been
reported to be bound upstream of operons. (Figure 14 & 15) 41. IHF-beta was seen to have a peak
140 bps upstream of the ATG, a smaller peak at the ATG, and was seen to have little to no
correlation with the other proteins in the study (Figure 15 & 16). 70 was seen to have a peak of
44 bps upstream of the ATG site (Figure 15). RpoA has a peak at 17 bps upstream of the ATG
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(Figure 15). RpoB had a peak 44 bps upstream of the ATG and RpoC had a peak 45 bps
upstream of the ATG (Figure 15). RpoA, RpoB, and RpoC binding correlated with 70 binding as
expected as they are parts of the RNA polymerase and RNA polymerase requires a sigma factor
to initiate transcription (Figure 14 & 16) 1. The RNA polymerase subunit occupancy was
primarily found upstream of the ATG and not downstream within the gene body (Figure 14 and
15). Previous analysis suggested that the transition from transcription initiation to elongation is a
rate-limiting step which would explain why we do not see RNA polymerase further downstream
in the gene body 42. 70 and 32 were also seen to be primarily bound upstream of the ATG and
not within the gene body (Figure 14 & 15). This binding pattern agrees with the idea that sigma
factors are required to initiate transcription, but are released afterward 2.
The genome-wide binding patterns were also examined at every gene’s ATG, to see if
there was a difference in the organization of these factors. Fis was found to have a peak of 108
bps upstream of the ATG in genes (Figure 18). Fis was seen to have a very similar occupancy
pattern at the operon and gene ATGs (Figure 15 & 18). IHF-beta was found to have a peak at
140 and at 2 bps upstream of the ATG (Figure 17). IHF-beta was found to have a second
prominent peak at the origin when organized by the ATG of every gene (Figure 17 & 18). It is
interesting to note this peak was not as prominent, in relation to the upstream peak, when looking
at the ATG of the first gene of the operons (Figure 15). 70 was found to have a peak at 34 bps
upstream of the ATG (Figure 17). RpoA was found to have a peak 14 bps upstream of the ATG,
and RpoB and RpoC were found with a peak 35 bps upstream of the ATG (Figure 18). The
difference in the peaks of RpoA compared to RpoB and RpoC suggests differences in the
crosslinking of the various subunits of RNA polymerase. Here, like at the operon ATGs, RNA
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polymerase correlated highly with

 and

the RNA polymerase holoenzyme was primarily not

seen within the gene body (Figure 17 & 19)
The occupancy for RpoA, RpoB, and RpoC when in control conditions was higher when
looking at the ATG of the first gene in the operon rather than looking at the ATG of every gene
(Figure 15A & 18A). This was evident as the GBP signal was very similar to the signal from
RpoB and RpoC when looking at the ATG of every gene. E. coli RNA polymerase has a
tendency to stay near the promoter and thus the RNA polymerase occupancy will not be as
prominent at regions without promoters 42. Every operon should have at least one promoter, but
not every gene has its own promoter which may explain why RNA polymerase signal is not as
strong at the gene ATG 40. This higher signal at operon ATGs compared to gene ATGs was also
seen in 70 and 32 which also bind at promoters (Figure 15 & 18) 1. However, their signal was
greater in relation to the GBP signal (Figure 15 & 18). GBP signal is likely very similar to the
RNA polymerase subunits’ signals because highly transcribed genes have high background
signal (Figure 8). We suspect the binding of RNA polymerase at these highly transcribed sites
may protect DNA from exonuclease digestion leading to this background signal.
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Figure 14: Heat Maps with the origin being the ATG of the operon. 649 sites and
expanded 2000 bps. Sense and antisense strands have been shifted 6 bps and merged.
Scale for normalized reads is shown on the side.
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Figure 15: Composite plots with the origin being the ATG of the operon. Expanded
2000 bps. Sense and antisense strands have been shifted 6 bps and merged.
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Figure 16: Heatmap for correlation coefficient for occupancy at -500 bps to 100 bps
at operon ATG’s.
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Figure 17: Heat Maps with the origin being the ATG of the gene. ATG of 4225 sites
and expanded 2000 bps. Sense and antisense strands have been shifted 6 bps and
merged. Scale for normalized reads is shown on the side.
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Figure 18: Composite plots with the origin being the ATG of the gene. Expanded
2000 bps. Sense and antisense strands have been shifted 6 bps and merged.
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Figure 19: Heatmap for correlation coefficient for occupancy at -500 bps to 100 bps
at Gene ATG’s.
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Increased Occupancy of

32

in Heat Shock Conditions

32 is the sigma factor responsible for the heat shock response in E. coli. Binding was
observed at 120 genes that have been previously reported to be upregulated due to heat shock or
upregulated due to overexpression of 32 3, 43. 32 binds upstream of the ATG at these genes.
According to the heat maps, 32 binds to a similar set of genes in control and heat shock
conditions (Figure 20A&B). However, the occupancy of these sites increases in response to heat
shock (Figure 21A). This suggests that 32 was bound to these genes at low basal levels but
during heat shock the occupancy increases. Though these were genes that are upregulated by
heat shock or an increase in 32 expression, 32 was not found to be bound at all these genes.
The RNA polymerase subunits RpoA, RpoB, and RpoC were seen to be upregulated at
highly occupied 32 sites during heat shock (Figure 20A&B). During heat shock, RNA
polymerase was expected to be recruited to these highly occupied 32 sites and upregulate the
transcription of these heat shock genes 44. 32 correlates more with RpoA, RpoB, and RpoC in
heat shock conditions more than RpoA, RpoB, and RpoC in control conditions (Figure 22). 70
binding correlates more with RpoA, RpoB, and RpoC in control conditions than RpoA, RpoB,
and RpoC in heat shock conditions (Figure 22). This corresponds to current sigma factor models
that during heat shock RNA polymerase is recruited to fewer 70 sites and being recruited to
more 32 sites, as 32 concentration increases and competes thus competes for RNA polymerase
44

.

44

Figure 20: Heat maps at the 120 genes from Nonaka et al., 2006 and Regulon DB that
are upregulated by 32 overexpression or by heat shock 3,43. Organized by the
occupancy of 32 in control conditions. 500 bps expansion. Scale for normalized reads
is shown on the side.
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Figure 21: Composite Plots at 120 genes from Nonaka et al. and Regulon DB that
are upregulated by 32 overexpression or by heat shock 3, 43. 500 bps expansion
A) Occupancy of  during control conditions (left), heat shock conditions (center),
and comparison of occupancy in the two conditions (right).
B) Occupancy of various proteins during control conditions.
C) Occupancy of various proteins during heat shock conditions.
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Figure 22: Heatmap for correlation coefficient for occupancy from -249 bps to 249
bps from the 120 genes ATG’s from Nonaka et al. and Regulon DB that are
upregulated by 32 overexpression or by heat shock 3, 43.

47

Discussion
E. coli is a model organism used to understand prokaryotic gene regulation. The
regulation of certain genes changes in response to environmental conditions. We sought to
investigate the binding of several transcription factors and nucleoid proteins under normal
growth conditions and in response to acute heat shock.
While we were unable to detect widespread changes in the select nucleoid-associated
proteins in response to heat shock, we observed an increase in the binding of 32 at select genes
that were expressed in response to heat shock or 32 overexpression. In the composite plots, we
saw a widespread change in 32 occupancy. It was previously reported there was a greater than
15-fold increase in 32 protein levels during 6 minutes of heat shock, but this did not correspond
to an equivalent increase in 32 binding at the select 120 genes where we observed ~2-3-fold
increase. Perhaps changes in the protein levels after 6 minutes of heat shock do not translate
directly to changes in the binding of the protein 10. It is possible that the occupancy of 32 would
be higher at heat shock responsive genes if heat shock was administered for a different period of
time. Nonetheless, with the RNA polymerase subunits, we saw binding changes during heat
shock. RNA polymerase correlation with 32 increased during heat shock, but its correlation with
70 decreased during heat shock. This corresponds to models which state sigma factors compete
for RNA polymerase binding 44. In future experiments, we can monitor changes in RNA
abundances to confirm what genes get expressed in response to acute heat shock.
In addition to the RNA polymerase subunits and the sigma factors, we also monitored the
binding of various sequence-specific nucleoid proteins and transcription factors via ChIP-exo.
We showed for many of the proteins in our study, that the binding of a protein to its cognate
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motif is a feature of direct base-specific and indirect DNA shape specific readouts. By
comparing the high and the low occupancy sites at the same underlying motif, we found that
higher occupancy of the Fis, IHF, Crp, and 54 proteins were likely driven by a more favorable
DNA shape readout that is more accommodating for binding of the protein. This agreed very
well with the published crystal structures for Fis, IHF, and CRP, where it was clear that protein
‘reads’ both specific bases as well as the overall shape of the DNA molecule at its motif.
However, for 70 we failed to show that shape of degenerate regions of the motif were
determinates of binding.
From previous studies of nucleoid-associated proteins, Fis and IHF, it was found they
bind upstream of certain genes and by bending the DNA they bridge an activator sequence to the
promoters of the genes. We observed that the heat maps of the sorted occupancy and the binding
location relative to the ATG for Fis and IHF-beta reflect a similar pattern possibly reflecting
similar modes of gene regulation.
It is interesting to note the difference in binding patterns based on the organization into
operons and organization into genes. RNA polymerase seemed to have a stronger binding pattern
compared to the control when looking upstream of the operons. Since multiple genes are
transcribed as a single unit within an operon, it makes sense that binding of the polymerase
correlates better with operon starts rather than the start sites of individual genes. Seeing the
difference in the organization patterns highlights the importance of looking at prokaryotic
epigenome from an operon and a gene basis.
Overall, we were able to analyze the binding of key gene regulators of prokaryotes in
high resolution by ChIP-exo. This study provides a view of the epigenome of E. coli under
normal and acute stress conditions. It is remarkable that even though prokaryotes are thought to
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have simplified gene expression mechanisms, their epigenome shows remarkable complexity and
specificity in the binding of various proteins. In the future, detailed analyses of these factors and
additional regulatory factors at the transcriptional start site and in multiple stress conditions
would provide a more global view of gene regulation in prokaryotes.
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Appendix A
Reagent Recipes
LB media (500 mL) + Kanamycin (50 g/mL)
•

10 g NaCl

•

10 g Tryptone

•

5 g Yeast Extract

Add water to bring up to 500 mL. Autoclaved.
•

500 uL Kanamycin (50 g/mL)

LB Agar (500 mL) + Kanamycin (50 g/mL)
•

10 g NaCl

•

10 g Tryptone

•

5 g Yeast Extract

•

10 g Agar

Add water to bring up to 500 mL. Autoclaved.
•

500 uL Kanamycin (50 g/mL)
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IP Dilution Buffer (2 L)
Reagents

Stock

Volume

20 mM Tris, pH 8.0

1M

40 ml

2 mM EDTA, pH 8.0

0.5 M

8 ml

150 mM NaCl

5M

60 ml

1% Triton X-100

25%

80 ml

Bring volume up to 2 L with ddH20, filter and store at 4˚C.
FA Lysis Buffer (2 L)
Reagents

Stock

50 mM HEPES-KOH, pH 7.5
150 mM NaCl
2 mM EDTA, pH 8.0
0.1% Sodium Deoxycholate

1M
5M
0.5 M
10%
25%

1% Triton

Volume
100 ml
60 ml
8 ml
20 ml
80 ml

Bring volume up to 2 L with ddH20, filter and store at 4˚C.

NaCl Buffer 250 (2L)
Reagents

Stock

50 mM HEPES-KOH, pH 7.5
250 mM NaCl
2 mM EDTA, pH 8.0
0.1% Sodium Deoxycholate

1M
5M
0.5 M
10%
25%

1% Triton

Volume
100 ml
100 ml
8 ml
20 ml
80 ml
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LiCl Buffer 250 (2L)
Reagents

Stock

Volume

100 mM Tris-HCl, pH 8.0

1M

200 ml

250 mM LiCl

1M

500 ml

1% NP-40

10%

200 ml

1% Sodium Deoxycholate

10%

200 ml

Bring volume up to 2 L with ddH20, filter and store at 4˚C

E. coli Sonication Buffer (500 mL)
Reagents

Stock

Volume

1 M HEPES-KOH, pH

50 mM

25 mL

5 M NaCl

150 mM

15 mL

0.5 M EDTA, pH 8.0

0.1%

2 mL

10% Sodium

0.1%

5 mL

1%

20 mL

7.5

Deoxycholate
25% Triton-X 100

Bring final volume to 500 mL with ddH20. Store in 50 mL tube at room temperature on
the day of use and add: 500 uL 20% SDS and 100 uL CPi.
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E. coli Lysis Buffer (50 mL)
Reagents

Stock

Volume

1 M Tris, pH 8.0

10 mM

500 uL

20% Sucrose

10 mL

0.5 M EDTA, pH 8.0

10 mM

1 mL

5 M NaCl

50 mM

500 uL

Bring final volume to 50 mL with ddH20. Store at room temperature
A-tailing Reaction Master Mix (40 μl)
Reagent
Water
10X NEBuffer 2
3 mM dATP
Klenow Frag, -exo (5 U/μl)
Total

Volume
per Sample (μl)
30.3
4.0
2.7
3.0
40.0

Adapter Ligation Master Mix (40 μl)
Reagent
Water
2X Rapid Ligation Buffer
T4 Ligase (600 U/μl)
T4 PNK (10 U/μl)
Total
ExB2_i##/ExA2B (1.5μM)

Volume
per Sample (μl)
7.0
20.0
2.0
1.0
30.0
10.0
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Fill-in Reaction Master Mix (40 μl)
Reagent
Water
10X BSA (1 mg/ml)
10X phi29 rxn buffer
3mM dNTPs
phi29 pol (10 U/ul)
Total

Volume
per Pool (μl)
24.6
8.0
4.0
2.4
1.0
40.0

Lambda Exonuclease Digest Master Mix (40 μl)
Reagent

Volume
per Sample (μl)

Water
10X Lamda Exo Rxn Buffer
10% Triton-X
DMSO
Lambda Exonuclease (5 U/µl)

31.6
4.0
0.4
2.0
2.0

Total

40.0

ssDNA Adapter Ligation Master Mix (40 μl)
Reagent
Water
10X T4 Ligase Buffer
T4 Ligase (600 U/μl)
Total

Volume
per Sample (μl)
9
4.0
2.0
15.0
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PCR Master Mix
Reagent
Water
5X Phusion HF Buffer
3mM dNTPs
P1.3 primer (20 μM)
P2.1 primer (20 μM)
Phusion DNA pol (2 U/μl)
Total

Volume
per Sample (μl)
6.8
8.0
2.67
0.80
0.80
1.0
20.0
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