
The shift from planktonic to biofilm-associated cells in V. cholerae is characterized by global transcriptional changes such as repression
of motility genes and induction of genes involved in the synthesis of ECM components [8]. These changes are in response to
extracellular and intracellular signals such as high local cell density and the second messenger cyclic-di-GMP [7,8,9]. To investigate how
EPODs regulate V. cholerae virulence and biofilm-associated genes in response to these factors, wild-type El Tor and a deletion mutant
of a transcription factor in the regulon of cyclic-di-GMP (ΔvpsR) were grown in M9 defined rich media were exposed to two plasmids.
One plasmid induced cyclic-di-GMP overexpression while the other acted as a control to represent the effects of increased cell density.
A nitrocellulose filter binding assay was performed to generate total protein occupancy and RNAP-ChIP was performed as well.
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Background

Hypothesis/Objective

Generating Protein Occupancy Landscape

Occupancy Changes at Virulence-Associated Operons

We hypothesize that EPODs and global protein occupancy can be investigated to inform our 
understanding of how bacteria regulate transcription in response to conditions of interest. 

To explore this question, the Freddolino Lab performed IPOD-HR and RNAP-ChIP on wild-type E. coli K-12 MG1655 in addition to Δdam, 
Δdcm, and ΔdamΔdcm mutant strains. The resulting reads were aligned and quantified with the E. coli genome and then scanned for 
EPOD locations. Following this, the total protein occupancy, minus RNAP occupancy, at Dam and Dcm target motifs between each strain 
were compared to determine if the different methylation states present in each strain would affect the protein occupancy at these 
methylation sites (Fig 3Left). A similar comparison was made based on the representation of methylation sites in EPODs (Fig 3Right).

DNA Methylation in Escherichia coli

Figure 2: Overall workflow of IPOD-HR. Protein DNA-interactions are crosslinked with formaldehyde, the cells
are lysed, and the DNA extract is broken-up by sonication. Interphase extraction is used to isolate protein-bound
DNA. This DNA is sequenced and the reads are aligned with the genome and quantified to produce a protein
occupancy landscape. Reproduced from [6].

Biofilm-Inducing Factors in Vibrio cholerae

These findings show that the composition of EPODs across the V. cholerae genome changes in response to the imposed conditions.
Broadly, the EPOD landscape of V. cholerae chromosome I differs drastically after 15 minutes of the cells overproducing cyclic-di-GMP
compared to when overproduction is not induced (Fig 6). More specifically, EPODs otherwise present at the location of the toxin co-
regulated pilus (tcp) operon, which encodes for a type IV pilus that mediates V. cholerae adherence to human intestinal cells, and the
accessory colonization factor (acf) operon, which encodes for a periplasmic protein that may mediate V. cholerae chemotaxis toward
mucin, are not present at this location 15 and 30 minutes after cyclic-di-GMP production is induced (Fig 5) [8,10]. This example of our
findings, in addition to other findings not shown here, demonstrates that V. cholerae EPOD composition relative to virulence and
biofilm-associated genes changes in response to production of the biofilm-inducing second messenger cyclic-di-GMP. This difference
being most apparently present at the 15-minute timepoint encourages focus on this timepoint as when V. cholerae EPOD composition
is changing in response to virulence-associated conditions such as increased production of cyclic-di-GMP.

Discussion for V. cholerae

Future Directions for V. cholerae

Changes in Global EPOD Locations Between Conditions

No Occupancy Changes at Methylation Sites

Conclusion

Figure 1: (Top) Schematic of how removal of H-NS occupancy of the pap
operon in E. coli allows methylation of a Dam site at the promoter region of
papB. Reproduced from [6]. (Bottom) Cartoon of planktonic and biofilm-
associated V. cholerae colonizing the human gut. Reproduced from [7].

Figure 5: Protein occupancy score peaks and EPOD locations (above each peak track) for 0, 15, 30, and 60 minutes after the control plasmid is
introduced. The peaks shown here are from chromosome I of (Left) wild-type and (Right) ΔvpsR mutant V. cholerae. The genome annotation track
at the top shows the tcp (red) and acf (green) operons. Transcription factor binding sites (pink) are also shown.

Figure 4: (Left) 
Schematic demon-
strating cyclic-di-GMP 
levels associated with 
motility/biofilm state. 
Reproduced from [9]. 
(Right) Cartoon of 
experimental design. 
“Inducer” represents 
plasmid introduction. 
“NC” represents 
nitrocellulose assay. 
Figure courtesy of 
Rebecca Hurto, PhD. Figure 6: Heatmaps of the number of unique EPODs present in the labeled condition that are not present in the other condition at each timepoint.

Shown here is data from chromosome I of (Left) wild-type and (Right) ΔvpsR mutant V. cholerae. An example interpretation of these values: (Left) at 15
minutes there are 34 EPODs present at various locations when cyclic-di-GMP production is induced that are not present at these locations when the
control plasmid is introduced.

Figure 7: Cartoon of follow-up experimentation that was
recently performed. The data from this experimentation will
soon be available for analysis.

Figure 3: (Left) Frequency distribution of occupancy scores at Dam and Dcm methylation sites at the single base pair level for each strain. The two motifs
for each methyltransferase can sometimes overlap, these instances are represented by the “both” distribution. The “none” distribution indicates the
frequency of the protein occupancy scores at base pairs associated with neither methylation site. (Right) Contingency tables of the presence of EPODs at
each methylation site at the single base pair level for each strain. Each value in each row was divided by the sum of the row and then log10 normalized.

Taken together, these results demonstrate that different methylation states of the genome is not globally impacting protein occupancy
at the Dam and Dcm methylation sites. This holds to be true even when looking specifically at EPODs. These findings strongly suggest
that DNA methylation states in E. coli do not impact large-scale protein occupancy.

Mapping the genomic locations of
EPODs can be done through the
analysis of large datasets
produced by protein-DNA
extraction techniques performed
under relevant conditions of
interest. Such techniques include
high resolution in vivo protein
occupancy display (IPOD-HR),
which enriches for total protein
occupancy, and RNA polymerase
chromatin immunoprecipitation.
RNAP occupancy is subtracted
from the total protein occupancy
signal because changes in RNAP
occupancy can mask changes in
occupancy of other DNA-binding
proteins [6]. The resulting protein
occupancy landscape can then be
analyzed using computational
tools to identify EPODs.

In addition to being potential infectious agents, bacteria are
utilized in numerous biotechnological applications across the
fields of medicine, research, agriculture, and industry. Optimal
bacterial performance in any of these contexts is largely
dependent upon phenotypic state, which is a functional profile
resulting from transcriptional regulation of the genome. DNA-
binding proteins, like transcription factors and nucleoid-
associated proteins (NAPs), such as histone-like nucleoid-
structuring protein (H-NS), occupy genomic sites to drive
transcriptional regulatory networks in bacteria. An interesting
feature of large-scale protein occupancy of the bacterial genome
is the presence of extended protein occupancy domains (EPODs),
which are transcriptionally silent regions, at least one kilobase in
length, that are crowded with NAPs such as H-NS [1,2].
The first aim of this work is to investigate the relationship
between EPOD formation and DNA methylation in Escherichia
coli. E. coli DNA methylation is involved in a range of processes
including DNA mismatch repair, chromosomal replication and
structure, and regulation of gene transcription. The DNA adenine
methyltransferase (Dam) and DNA cytosine methyltransferase
(Dcm), perform almost all of the methyltransferase activity in the
E. coli genome [3]. Consideration of the potential interactions
between DNA methylation and large-scale protein occupancy in
the context of gene regulation encourages investigation of
changes in EPOD composition of the E. coli genome when the
genes encoding for Dam and Dcm are deleted.
The second aim of my project is to explore the contribution of
EPODs to the regulation of Vibrio cholerae virulence genes in
response to biofilm-inducing factors. Biofilms are bacterial
communities that are self-encased within an extracellular matrix
(ECM), comprised of polysaccharides and proteins, that in
pathogenic bacteria are a virulence feature that can complicate
antibiotic intervention and host immune response [4]. V. cholerae
is the causative agent of cholera in humans, which causes “rice-
water” diarrhea that can lead to severe dehydration and death
[5]. A better understanding of transcriptional regulation of biofilm
formation could inform new drug targets.

Similar analysis performed on an IPOD-HR protein occupancy signal should further
support my initial findings. In addition to wild-type IPOD-HR data, data on several
virulence-associated regulator deletion mutants has also been collected. Critical to
supporting my assertion that the presence of EPODs is a silencing feature will be the
analysis of RNA-Seq expression data that is currently being produced. For key
virulence and biofilm-associated genes that are noticed to be under EPOD regulation,
it may prove informative to demonstrate EPOD silencing by inserting a reporter with
its own promoter into the EPOD region [1]. Additional follow-up experimentation that
would further inform this investigation would be to delete V. cholerae production of
NAPs, namely H-NS which comprises most EPODs, and evaluate the EPOD
compositions of such NAP mutants under the same experimental conditions [1,2].
Qualitative and quantitative analysis of V. cholerae biofilms in such deletion mutants
could also support the claim that EPODs are an important regulatory feature of V.
cholerae biofilm formation.

Overall, this project demonstrates that computationally analyzing features of large-scale protein occupancy such as EPODs can inform
investigations into changes in bacterial regulatory logic in response to conditions of interest.
Analysis in the context of E. coli DNA methylation concluded that there is no global response in protein occupancy at methylation sites
when E. coli methyltransferases are deleted. This suggests that DNA methylation likely does not regulate large-scale protein occupancy.
The protein occupancy landscape of the V. cholerae genome changed drastically in response to biofilm-inducing conditions, namely
increasing cell density and induced production of cyclic-di-GMP. The most notable difference in occupancy peak changes and EPOD
location changes happened 15 minutes after the introduction of the plasmid conditions, and some of these changes were associated
with virulence operons. Broadly, this investigation into the role of large-scale protein occupancy in regulating the V. cholerae genome in
response to biofilm-forming conditions could identify the importance of previously overlooked regulators of V. cholerae pathogenicity.
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