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ABSTRACT OF THE DISSERTATION

Systems Evaluation of Regulatory Components in Bacterial Transcription Initiation

by

Donghyuk Kim

Doctor of Philosophy in Bioengineering

University of California, San Diego, 2014
Professor Bernhard @. Palsson, Chair

In bacterial transcription, transcription initiation is arguably the most important
regulatory point, because transcribing unnecessary genes into RNA could be a waste of energy,
time and resources. There are multiple components which are involved in bacterial
transcription initiation: RNA polymerase, o-factors, transcription factors, and transcription

start sites. Each component has been intensively investigated, however in a limited scope and

XVii



mostly with low-throughput methods. New technologies, such as hybridization on microarray
and deep-sequencing, enabled researchers to study each component in a systems level, in a
combination of two or more components, and in comparison between different species. In
order to facilitate the analysis, integration, and comparison, software, MetaScope, was
developed to accommodate multiple genome-scale datasets to visualize, analyze, integrate,
and compare. TSS-seq, modified 5’-RACE with deep-sequencing, gave a genome-scale
landscape of transcription start sites, and comparison of TSSs of conserved genes between
closely-related species, E. coli and K. pneumoniae, showed significantly different usage of
promoters, which implies different regulation of orthologous genes. To further investigate
properties of promoters which were identified by TSS-seq, ChIP-chip experiments were
performed for o-factors in E. coli to determine o-factor regulons. From the reconstructed o-
factor network, extensive overlaps between regulons were observed. ¢ and ¢* share the
largest set of genes in E. coli, and additional experiments revealed that those o-factors work in
competition and utilize the negative regulation by 6*. ChIP-exo, which applies exonuclease to
present better resolution of DNA-binding, and RNA-seq implemented more detailed
identification of Fur regulon in E. coli. Reconstruction of Fur regulon completed the previous
knowledge of bacterial response to iron change, and also enabled its role over iron metabolism.
In order to understand how bacteria respond to nitrogen limitation, the same methods were
used under conditions that were predicted from model-based prediction, and resulted in
reconstruction of regulons for major transcription factors, NtrC and Nac. Determination of
those regulons expanded the current knowledge of nitrogen metabolism and how it is
regulated in bacteria. Thus, systems approaches enabled a genome-scale assessment of
regulatory components in in multiple levels, and contributed to expansion of the current

knowledge of bacterial transcription initiation.
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Chapter 1. Genome-wide assessment of transcriptional regulatory

components

Bacteria live in an ever-changing environment, where they have to respond and adapt
again and again to these changes'. For instance, enterobacteria, such as Escherichia coli, live
in the gut of mammals, where they are constantly exposed to changing available nutrients,
available oxygen, pH, neighboring other bacterial species. A simplistic definition of a
phenotype for bacteria is the composite of an observable characteristics or traits, such as its
morphology, biochemical or physiological properties. A phenotype results from the expression
of genes in a bacterial genome as well as the influence of environmental factors and the
interactions between the two. Thus, in response to environmental change, bacteria changes its
phenotype by adjusting expression of genes encoding enzymes that are necessary to

implement its phenotype, and the information encoded in those genes comprises genotype.

Phenotype-genotype relationship

Since it is a necessity for those bacteria to regulate the expression of genes and
synthesize enzymes accordingly to their needs, it becomes of interests to understand how
genotype governs phenotype in bacteria (Figure 1). At the heart of this phenotype-genotype
relationship, there are multiple levels of regulation on gene expression, such as transcriptional,
post-transcriptional, translational, and post-translational regulation. Transcriptional regulation
mostly depends on how transcription initiation is regulated in bacteria, while post-
transcriptional regulation includes modification or processing of primary transcripts, and
degradation of them. During translation process on transcribed products, there are multiple

steps to regulate initiation of translation itself, the speed of translation, and where and when to



stop translation. After translation, there is post-translational regulation, which is to change the

activity of translated enzymes or to degrade no-longer needed proteins.

/’///"/,, RN
: R
RIS

Genotype Phenotype

Figure 1. Genotype-Phenotype relationship
Regulatory components in transcription initiation

Among many regulatory points listed above, arguably regulation of transcription,
more specifically regulation of transcription initiation, is the most important and efficient way
of the regulatory process in the genotype-phenotype relationship. Thus, controlling the process
of transcription is fundamental to gene expression, and gene regulation®. In all organisms of
three kingdoms, the process of transcription is performed by DNA-dependent RNA
polymerase, which transcribes information of genes in the DNA genome onto RNA transcripts.
This RNA polymerase (RNAP) of bacteria is a complicated protein complex (app’w), and it
requires specificity factor, which is called o-factor, in addition to the RNA-synthesizing
machinery to recognize specific sequences in the promoter DNA, and guide where to initiate
transcription from (Figure 2). There have been hundreds of o-factors, or ¢ subunits, identified
in a broad range of bacterial species so far’. Amongst them, primary s-factors, such as E. coli

6", are responsible for housekeeping jobs and maximum growth during exponential phase’,



and in many species it is essential®. Different from housekeeping o-factors, alternative o-
factors function during other growth conditions, such as stationary phase, and/or under stress
conditions. For instance, E. coli 6*® is activated upon entering stationary phase®, E. coli ¢** is
known for expressing a wide set of genes in response to nitrogen-limiting environment, and E.
coli * is a minor o-factor, specializing in response to stresses in general including heat shock,

and stress on membrane®.

Other regulatory regoins
Antisense transcripts Transcription factors

Small RNAs
TSS

(Transcription start site)

UTR
(Untranslated region)
5 UTR and 3' UTR

Promoter region Genes (ORFs)
RNAP machinery/sigma factors Transcription Units/Operons

Figure 2. Multiple components of transcription regulation

Besides o-factors, there is another group of DNA-binding proteins, which is called
transcription factor (TF). TF is a protein that binds to specific sequences on genomic DNA,
and it controls the process of transcription. TFs perform their functions to promote
transcription of down-stream or target genes as an activator by facilitating the recruitment of
RNAP towards promoter regions, or to repress transcription of target genes as a repressor by

blocking the accessibility of RNAP to the promoters®. There are approximately 300 TFs in E.



coli K-12 MG1655, and they play pivotal roles in regulating gene expression to change the
phenotype from genotype.

The transcription initiation site (TSS) is where transcription begins, and is the +1
position of primary transcript’. The promoter, which is recognized and bound by RNAP in
association with o-factors and TFs, governs the ability to initiate transcription and control the
expression of genes, and it is directly upstream of the TSS, mostly within 50 bp upstream of
TSS. Thus, TSS is another key component of regulation in transcription initiation.
Determination of the precise locations of TSSs by experimental approaches is, thus, the
necessity to accurately annotate the promoter region and the untranslated region’. There have
been computational approaches to predict genomic positions of TSSs, however the sequence
elements in promoters are short and not fully conserved in the sequence, thus it is likely to
find similar sequence elements outside the actual promoter regions®. So it is important to
determine TSS locations with experimental methods. The conventional way of identifying
TSS is 5’-RACE (Rapid Amplification of 5> cDNA Ends), and this method has been extended
with advent of sequencing technology, enabling genome-wide identification of TSSs in many

organisms®™.

Experimental approaches to investigate regulatory components

The most popular way of identifying DNA binding events of DNA-binding proteins
including o-factors, and TFs, is chromatin immunoprecipitation (ChIP) and its variations™.
ChlP-chip, also known as ChIP-on-chip, is using high-density microarray chip for
hybridization with DNA libraries from immunoprecipitated chromatin samples. ChIP-chip has
been widely used to investigate interactions between DNA-binding proteins and DNA in vivo.
p3 11, 15' o-

In E. coli, ChIP-chip has been intensively used to identify binding sites of RNA

factors®, TFs'®%, and NAPs* # (nucleoid-associated protein). ChIP-seq is more advanced



version of ChIP-chip, which utilizes next-generation technology, and basically is to sequence
DNA libraries generated from ChlPed DNA samples. ChiP-exo which is also called chromatin
immunoprecipitation with exonuclease treatment is the newest technology of identifying
binding sites of DNA-binding proteins. In brief, ChlP-exo applies a 5°-3 strand-specific
exonuclease to a chromatin immunoprecipitated sample. Deep sequencing of an exonuclease-
treated ChIP sample enables detection of exonuclease stop sites with near 1-bp resolution® %.
ChlP-exo has much better resolution over the other long-established ChIP methods, and also

has improved sensitivity, resulting in more accurate and more detection of binding sites of

DNA-binding proteins.
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Figure 3. Experimental procedures of TSS-seq
TSS-seq (Transcription Start Site with sequencing) is an experimental method to
identify genomic locations of TSSs with next-generation sequencing, which can generate

genome-wide determination of transcription start sites” ** %

(Figure 3). Primary transcripts of
bacteria have tri-phosphate groups at the 5° ends of them, while processed and degraded

transcripts has mono-phosphate groups at those ends. Removal of processed or degraded



products, monophosphate-dependent exonuclease was treated to chop out those products from
5°-3” direction. Intact primary transcripts, then, are treated with pyrophosphatase to remove
two phosphate groups leaving mono-phosphates at the 5° ends. After that, RNA adaptor is
ligated to pyrophosphate-treated RNA samples. Adaptor-ligated sample is then used as a
template for cDNA synthesis with random primers. cDNA sample was amplified with PCR
reaction to build sequencing library for deep-sequencing. The sequence reads were mapped

onto reference genomic sequence to identify 5’ ends of those reads, which are TSSs.



Chapter 2: MetaScope: a genome browser with embedded functions

for analysis and integration of multiple omics datasets

The tremendous amount of novel genomic information is inspiring new
understandings of genomes on a global scale. With the publication of the first full genome
sequence in the mid-1990s?’, it became possible, in principle, to identify all the gene products
involved in complex biological processes in a single organism. In practice, almost 15 years
later, this has proved difficult to accomplish using sequence information alone. Therefore,
establishing the organization structure defined as the metastructure of a genome is a
challenging task™. The organizational components include promoters, transcription start and
termination sites, open reading frames, regulatory noncoding regions, untranslated regions,
operons, and transcription units. Measurement of the components has been intensively
supported by microarray or sequencing-based technologies on a genome-scale. Ultimately,
integrating these multiple data types leads to the metastructure of genomes™ 2. However,
many of the high-throughput genome-scale data types give rise to representational and
computational challenges. For this reason researchers utilize genome browsers as a standard
tool for exploring genomes, facilitating analysis and integration of genome-anchored data®.

MetaScope aims to provide visualization software with embedded functions such as
data manipulation and integration for various datasets, and build an improved annotation
based on them. In addition, MetaScope is designed to support interactive environment where
molecular biologists with minimal computational skills can visualize and process multiple

omics data mapped onto the genome, and share their biological findings.



Implementation

The MetaScope is implemented in C# programming language, and runs on any

computer platform with .NET framework 4.0 or higher.

Overview

The current range of tools for visualizing and analyzing genome-scale data includes
software such as NimbleGen SignalMap (http://www.nimblegen.com), Integrated Genome
Browser”®, Argo Genome Browser®® and Gaggle Genome Browser®'. Dealing with large
volume data requires visualization performance as offered by SignalMap, and data operability
and flexible rich user interface as provided by Integrated Genome Browser, Argo Genome
Browser or Gaggle Genome Browser. For example, elucidating the transcription unit
architecture of E. coli requires capturing organizational components of the genome™.
Elucidating these components necessitates handling various data types of significant volume:
ChlP-chip, expression profiling, transcription start site and proteomic data under various
growth conditions. In order to analyze and integrate these datasets through cross-referencing
different data types, software with data operation functions embedded within the visualization
is required to facilitate this process.

MetaScope addresses these challenges by providing various data operation and
integration functions, visualization performance, and highly flexible and configurable user
interface. As enumerated in Table 1, MetaScope supports assorted data processing functions
for tracks, several operation functions for data features, and integration functions, which can
be used to generate genomic annotations, such as transcription units. Additionally, MetaScope
provides zoomable and scrollable view and is contrived to visualize large amount of
heterogeneous data types including unprocessed datasets, and processed datasets such as

known genomic annotation, genomic association between DNA-binding proteins and genome



from ChIP-chip data, and contiguous transcript signals from expression profiling data.
MetaScope provides a customizable user interface by enabling every window to be moved and

organized to satisfy user preference, as shown in Figure 4.
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Figure 4. MetaScope showing multiple datasets.

Streamlined workflow

Any data file in GFF format can be uploaded in MetaScope by simple drag and drop
or by using the application menu. MetaScope also supports a workspace file, which stores the
list of data files uploaded, track settings including height, scaling information, color of visual
data points and display type. This workspace file can be opened in the same manner data files
are uploaded.

Upon loading one or more data files, MetaScope categorizes all datasets based on
chromosome ID and data type, generating separate tabs for each chromosome ID and
displaying data types on corresponding tracks. The workspace explorer window shows what

data files are uploaded, what chromosome IDs and data types are recognized. The feature
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property window displays all the information about the feature, which the mouse cursor is
hovering over. In a similar fashion, selected feature property window shows information on
multiple features selected by mouse dragging. Search window supports looking up datasets
uploaded with the keyword input, and allows prompt navigation to the genomic position by
double-clicking the search result. MetaScope also supports bookmark function for user-
friendly browsing of the genome-scale data.

The main window of MetaScope visualizes genome annotation and datasets, which
researchers can navigate by zooming and scrolling over genomic positions. Each tracks on the
main window shows each data type and can be scaled to focus on the range of signal intensity
of interest to the user. MetaScope supports four display styles for the data tracks; bar, point
and line display styles are good for displaying transcriptomic datasets, and stack display style
is suitable for showing proteomic data (Figure 4). Two or more tracks can be overlapped
together, allowing researchers to compare and analyze multiple datasets. For example,
overlapping RNA polymerase ChlP-chip data with expression profiling data gives a genome-
wide landscape of RNA polymerase occupancy and transcription level. Similarly, expression
profiling data can be overlapped onto transcription start site data in order to determine starting
and ending positions of transcripts.

MetaScope supports assorted data manipulation function in data track and feature
levels. Combination of these functions enable researchers to compare and analyze datasets
from biological replicates, validate and process by cross-referencing between different data
types, and integrate and build a new genomic annotation based on canonical annotations and
experimental datasets. In this context, MetaScope supports designated integration functions
for assembling transcription unit annotation harboring organizational elements of the bacterial

genomes from the genome-scale data in a step-by-step manner.



Performance

11

MetaScope x86 version can accommodate large volume of datasets up to around 750

MB in size, and work readily on a desktop computer with 2 GHz single core CPU and 3GB

RAM. MetaScope x64 version can handle larger datasets, and tested up to 3GB datasets.

Table 1. MetaScope feature list.

Feature category

Features

Input file format
Navigation

Track display style
Track operation

Feature operation

Integration function
Others

GFF2, GFF3

Zooming, scrolling, jumping to a certain genomic position,
bookmarking, and searching by gene

Bar, point, line and stack

O}/_elzrlapping, scaling, averaging, differencing, summing, merging and

iltering

Selecting, uniting, merging, filtering, moving, copying, creating,
editing, and deleting features

Building transcription unit annotation o )

Customizing application layout, edltlr]? history, splitting data window
and managing workspace files for ditferent projects




Chapter 3: Comparison of bacterial regulatory elements by

transcription start site profiling

Escherichia coli K-12 MG1655 and Klebsiella pneumoniae MGH78578 belong to the
same enteric family of bacteria of the class gammaproteobacteria. While E. coli K-12
MG1655 represents an extensively studied laboratory strain that is not known to be pathogenic,
K. pneumoniae MGH78578 is a well-known pathogenic strain isolated from a patient with
pneumonia®. There have been many comparative genomics approaches used to understand the
similarities of closely related species in a wide range of genera such as Escherichia, Klebsiella,
Salmonella, and Listeria®**". These comparative genomics studies have mostly focused on
comparing the gene contents, either shared or specific for each genome. However, it is also
important to investigate the similarities and differences in non-coding regulatory elements
including promoter, 5’ untranslated region (5> UTR), and small RNA (sRNA), due to their
influence on transcriptional and post-transcriptional processes.

The transcription start site (TSS) is where transcription begins and is the +1 position
of the 5° untranslated region (5 UTR) of mRNA. The promoter, which governs the ability to
initiate transcription and control the expression of genes, is directly upstream of the TSS. The
identification of promoter elements in DNA by computational methods depends on the

38, 39

statistical analysis of consensus sequences as overrepresented regions . Regulatory

sequence elements have been studied by computational methods based on the genomic

sequence of the non-coding upstream region***

, however those sequence elements in
promoters are short and not fully conserved in the sequence. Thus, there is a high probability
of finding similar sequence elements outside the promoter regions. In the case of the TSS, the

region is not overrepresented enough by any consensus sequences and is thus difficult to

12
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predict by computational efforts. However, when the TSS is known, the DNA region most
likely to contain regulatory binding sites is circumscribed, and the effectiveness of searching
sequence motifs of interest is greatly enhanced®. Thus, determining the precise locations of
TSSs by experimental methods is necessary to accurately annotate the promoter region and the
untranslated region. Knowledge of the 5° UTR region is important for studying the sequence
and structure of the 5’ end of mRNA (which is associated with transcription regulation,
mRNA transcript stability, and translational efficiency) because translational efficiency in
bacteria is often controlled by RNA-binding proteins, noncoding regulatory RNAs,
endoRNases, the 30S subunit of ribosome, and structural rearrangements within 5’ UTR®.

Genome-wide identification of TSSs with the aid of deep sequencing has allowed
researchers to reveal a landscape of TSSs across the whole genome in many microorganisms,
including E. coli®***, H. pylori®, G. sulfurreducens®, and other species® *°. In these studies,
experimental TSS datasets were used to understand the transcription architecture, to appreciate
the complexity of genomic structure, and to analyze regulatory elements for each species.
Comeparison of regulatory elements, which can be addressed by experimentally determined
TSSs under the same growth condition, is expected to elucidate any regulatory similarities or
differences, based not only on the genomic sequence, but also on the transcriptional context of
compared species as well.

Here, we carried out the genome-wide TSS profiling experiments for E. coli K-12
MG1655 and K. pneumoniae MGH78578 to accurately determine the boundaries in the
regulatory regions between the promoter region and the 5> UTR. The upstream regulatory
regions between those two closely related species were then compared to investigate whether
those regions are conserved and organized in similar manners. In addition, we used the TSS

dataset to identify SRNAs in K. pneumoniae, because very little is known about them. We then
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compared the K. pneumoniae SRNAs to orthologous sSRNAs in E. coli, in terms of sequence
conservation and their target sites. The range of sequence conservation or diversion between
non-coding regulatory elements in interspecies microorganisms could lead to insights about

regulatory features that may also play similar roles in the respective species.

Experimental identification of TSSs in E. coli and K. pneumoniae

Primary mRNA transcripts in prokaryotes are triphosphorylated at the 5° ends. We
isolated total RNA from E. coli and K. pneumoniae cells growing in mid-exponential phase,
and enriched primary mRNAs by removing any monophosphorylated ribosomal 23S, 16S
rRNA, tRNA, and any degraded mRNAs by treatment with terminator exonuclease™ . By
using a modified 5’RACE (rapid amplification of cDNA ends) followed by deep sequencing
as previously described™, libraries were prepared and sequenced to determine potential TSSs
for each strain of E. coli K-12 MG1655 and K. pneumoniae MGH78578. These TSS libraries
yielded > 11.6 million and > 2.4 million sequence reads for E. coli and K. pneumoniae,
respectively. 15.70% and 19.60% of those sequence reads were uniquely mapped with 36 bp
read length onto the E. coli and K. pneumoniae reference genomes respectively. Unique
sequence reads that perfectly matched the respective genome sequence were mapped to
annotate a total of 3,746 and 3,143 TSSs for the E. coli K-12 MG1655 and K. pneumoniae
MGH78578 genome, respectively. The average number of TSS reads of E. coli and K.
pneumoniae TSSs was 107.8 and 78.5, respectively. The lower number of identified TSSs for
K. pneumoniae could be due to a lesser number of sequence reads, and this factor was taken
into account in further analysis.

To verify the quality of the TSS data, we compared our experimental E. coli TSS data
with previously published E. coli TSS datasets'® ™. There is no public genome-wide TSS

dataset available for K. pneumoniae, which is why only TSS data for E. coli was used for this
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analysis. In RegulonDB, there are 1258 upstream sense TSSs annotated for E. coli, generated
by 5’ triphosphate enrichment method. 624 (49.6%) TSSs out of 1258 matched exactly with
TSSs of this study, and 257 (20.4%) TSSs matched within 3 bp tolerance. Thus, 70.0% of
known TSSs from RegulonDB agreed with the TSSs from our study. From the TSS dataset
generated without 5’ triphosphate enrichment method, 3661 TSSs were reported for the
exponential growth condition. 1603 (43.8%) TSSs matched exactly with TSSs of this study,
and 527 (14.4%) TSSs matched within 3 bp tolerance. In sum, 58.2% of TSSs were found in
TSSs of this study. A comparison of our TSS dataset with two other datasets suggested TSS
datasets generated by a similar method were in better agreement, and E. coli TSSs determined
by an independent experiment were matched by TSSs used in this study.

A genome-wide TSS landscape of E. coli and K. pneumoniae was built by assigning
TSSs to the nearest downstream gene including ORFs and sRNAs, but excluding TSSs located
beyond 700 bp from the translation start site of the closest ORF in a strand specific manner
(Figure 5A). In E. coli, TSSs were assigned to 2654 genes, while TSSs in K. pneumoniae were

assigned to 2301 genes (2175 genes in the main chromosome, and 126 genes in the plasmids).

Identification of small RNAs in K. pneumoniae

While over 80 sSRNAs have been identified and experimentally verified in E. coli, very
little is known about K. pneumoniae sRNAs. Identifying the occurrence of sRNAs and
determining their boundaries in a genome-wide manner is challenging, especially for less
studied organisms, because SRNAs generally have no clear-cut signatures unlike protein-
coding genes, which are specified by a genetic code. In order to overcome limitations of
previous experimental approaches, and to interrogate SRNAs in a genome-wide manner, a
deep-sequencing approach was applied and proved successful®. Before investigating the

possible presence of SRNAs in K. pneumoniae, E. coli TSS datasets were analyzed to assess
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how many currently annotated SRNAs in E. coli could be identified under the experimented
condition, and how well TSS signals were matched with 5° ends of those SRNAs. In addition,
TSS datasets generated with the 5’ triphosphate enrichment method in this study were
compared to four other TSS datasets generated by different methods®™* in the light of using 5’
triphosphate enrichment. Many sRNAs are subjected to post-transcriptional processing,
however, which results in an accumulation of shorter products with 5° monophosphate*®*,
Therefore, only unprocessed sSRNAs or precursor transcripts of sSRNAs, which have 5’
triphosphate and can be detected by this method, were analyzed.

Of 81 annotated sSRNAs in E. coli, 58 (71.6%) had corresponding TSSs, and were thus
considered to be expressed during exponential growth. Expression profiling data taken from
the previous study*' also supported the expression of those SRNAs under the experimented
condition, although rprA showed no significant expression according to that data. This could
be because E. coli RprA transcript is subject to specific endoribonuclease cleavage®, resulting
in the accumulation of processed shorter form, which is not long enough to be detected by the
tiling array. TSS signals were well matched with the 5 ends of unprocessed or precursor
transcripts of 58 sRNAs including rprA (Figure 5B). In comparison, TSS datasets generated
by deep-sequencing without 5’ triphosphate enrichment** presented TSS signals for 44 SRNAs
(54.3%). Three other TSS datasets, generated by other methods® *°, were obtained from
RegulonDB database (http://regulondb.ccg.unam.mx/). They showed TSSs assigned to 11
(13.6%), 6 (7.4%), and 0 (0%) sRNAs for each method (Figure 5B). Thus, experimental TSS
generated by deep sequencing is a practical indicator that shows the occurrences of SRNAs in
E. coli and determines the genomic positions of their 5> ends. Additionally, our TSS dataset

detected the largest number of annotated SRNAs in E. coli, compared to previous methods. We

believe this result shows that the TSS dataset for K. pneumoniae, generated with the same
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method, can be used to detect possible SRNAs in that species and to determine the 5° ends of

those SRNA candidates.
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Figure 5. Experimentally determined TSSs and their association with annotated genes.
(A) Genome-wide TSS mapped onto E. coli and K. pneumoniae genome annotation. (B)
Number of E. coli SRNAs detected with 5 TSS datasets generated by different methods. (C)
Number of SRNAs detected from E. coli and K. pneumoniae during the exponential growth.
(D) Schematic drawing of annotated TSSs assigned to orthologous micF SRNA and coding
genes surrounding micF in E. coli and K. pneumoniae. (E) Schematic drawing of annotated
TSSs assigned to K. pneumoniae SRNA, rnai, and coding genes near rnai.

In order to identify and confirm the occurrence of sSRNAs in K. pneumoniae by
experimentally determined TSSs, tentative SRNA candidates should first be predicted by

computational methods. A number of computational algorithms have been developed over the
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last decade for the purpose of predicting SRNAs in bacterial genomes, and primary sequence
conservation in closely related species is one of the most useful data types for predicting
whether a genomic sequence corresponds to a SRNA*. Since a majority of E. coli annotated
coding genes (63.7%) have homologs in the K. pneumoniae genome, and conserved sSRNAS
are frequently identified adjacent to conserved coding genes in other organisms, we looked up
the closest orthologous ORFs to annotated sRNAs of E. coli, and then searched tentative
SRNA sequences in K. pneumoniae genomic sequences bound to those neighboring
orthologous genes. For example, in E. coli, micF sRNA is surrounded by ompC and rcsD,
both of which are conserved coding genes between the two species. The K. pneumoniae
genomic sequence bound to ompC and rcsD orthologous ORFs was used for searching the
genomic sequence of micF by sequence alignment (Figure 5D, detailed method described in
Methods section). This approach was supplemented by running Infernal algorithm® with
SRNA models from the Rfam database 10.1 (http://rfam.sanger.ac.uk/). Using this combined
approach, we identified 48 tentative SRNAs in the K. pneumoniae genome, and 36 of them
were expressed by associated TSSs (Figure 5C). Expression of those sRNAs was also
supported with expression profiling data, with the one exception being rprA. rprA of K.
pneumoniae showed no significant level of transcription according to the expression profiling
data, however rprA had an assigned TSS with 1865 reads, which was also observed in E. coli
rprA with an assigned TSS of 3012 reads. This indicates a possibility of post-transcriptional
processing of K. pneumoniae RprA transcript as is the case in E. coli. 47 of 48 putative SRNAs
were located in the main chromosome (NC_009648) of K. pneumoniae, while one sSRNA, rnai,
was found in the plasmid (NC_009652) (Figure 5E).

Of 36 small RNAs detected during the exponential phase in K. pneumoniae, 34 had

orthologous sRNAs in E. coli, leaving 2 non-orthologous sSRNAs, rnai, and ryhB-2. Their
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expression was supported by TSS and expression profiling. ryhB-2 was so-named because
another orthologous ryhB sRNA was identified in a position between orthologous ORFs yhhX
and yhhY. rnai non-coding RNA is an antisense repressor of the replication of some E. coli
plasmids™. While E. coli K-12 MG1655 does not have any plasmid, K. pneumoniae

MGH78578 has 5 plasmids, one of which (NC_009652) contains rnai SRNA.

Similar usage of regulatory features

The majority of E. coli annotated genes, 1945 (73.5%), were annotated with a single
TSS, and the remaining 26.5% had multiple TSSs mainly ranging from 2 to 7, allowing
alternative transcripts (Figure 6A). Similar to the complex organization of promoter regions
and usage of multiple TSSs shown in E. coli, 534 (22.8%) of K. pneumoniae annotated genes
had multiple TSSs, leaving a large fraction of genes, 1802 (77.2%), which were assigned to a
single TSS (Figure 6A).

In order to investigate other regulatory features shared by E. coli and K. pneumoniae,
the length distribution of the 5* UTR bounded by experimental TSS and translational start site
was calculated, and possible sequence motifs were examined with the MEME motif search
algorithm®’. The length of the 5> UTR ranged from 0 to 700 nucleotides, with the most
abundant length found to be between 25 to 35 bp for both bacterial species (Figure 6B). For 18
genes from E. coli and 10 genes from K. pneumoniae, leaderless mRNAs with the TSSs
corresponding exactly to the start codon were found. The leaderless mMRNAs encoded proteins

of various functions.
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containing -10 and -35 boxes. (D) Conservation of RpoD amino acid sequences of 5 species in
gammaproteobacteria and 3 other species belonging to proteobacteria. (E) Di-nucleotide
preference near the TSS site.

Experimentally determined TSSs in E. coli and K. pneumoniae were used to detect the
Shine-Dalgarno (SD) sequence of the ribosome binding site (RBS). Expecting to find that

motif within the boundaries of the 5> UTR, which are defined by the TSS and translation start
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site of the downstream ORF, we took sequences from 5’ UTR regions in E. coli and K.
pneumoniae and searched for consensus motifs. A conserved caGGaaaa sequence motif
(lower-case characters indicate an information content <1 bit) was found in E. coli, and an
identical conserved caGGaaaa motif was also found in the 5> UTR of K. pneumoniae. The
most dominant distance between the SD sequence motif and translational start site was 6
nucleotides in both species. Motif logos for both species are illustrated in Figure 6B.

Bacterial promoters usually contain specific sequences, which RNA polymerase-
associated sigma factors can recognize and to which they can bind. For example, the E. coli
housekeeping sigma factor 670 (rpoD, b3067) is known to recognize -10 (TATAAT) and -35
(TTGACA) boxes®. Although sequence motifs of major E. coli sigma factors have been
investigated by experimental and computational approaches, less is known for K. pneumoniae
sigma factors and their binding motifs. E. coli and K. pneumoniae are closely related, and they
share major sigma factors, such as rpoD, rpoS, rpoH, rpoN, and rpoE with a high level of
amino acid sequence conservation over 95%, with the exception of rpoN that has 89.8%
amino acid sequence similarity. Since sigma factor ¢’ is housekeeping during exponential
growth in E. coli and presumably in other gammaproteobacteria including K. pneumoniae as
well, conservation of subregions 2 and 4 of bacterial sigma factor ¢’°, which are known to
recognize the -10 and -35 boxes, can give insights toward understanding the promoter
structure of K. pneumoniae. Thus, amino acid sequences of rpoD of 5 strains belonging to
gammaproteobacteria and 3 strains belonging to other classes were aligned and analyzed
(Figure 6D). Notably, region 2, which recognizes the -10 box, was perfectly conserved among
species in gammaproteobacteria, and region 4, which recognizes the -35 box, was almost
conserved as well. Since the conservation of sigma factor ¢'° subregions recognizing sequence

motifs in the promoter and the expression of housekeeping rpoD in E. coli and K. pneumoniae
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was confirmed with the TSS dataset and expression profile, it is likely that the promoter
structure of those species are identical. Thus, TSSs in E. coli and K. pneumoniae identified in
this study were used to find sequence motifs of the promoter region, which includes the -10
and -35 boxes, in order to see whether two closely related bacteria share similar or identical
promoter sequence motifs. We extracted 50 bp long sequences directly upstream of the TSSs,
which are long enough to cover the -10 and -35 boxes, and ran the MEME motif search
algorithm. As a result, the consensus sequence of the extended Pribnow box motif
(tgnTAtaaT) including the -10 box was obtained, and the -35 box sequence motif (cTTgaca)
was also found, as expected (Figure 6C). Moreover, the most dominant distances between the
-10 box and TSS and between the -10 and -35 boxes were also the same in both bacteria.
Although the sequence motif obtained herein is based on genome-wide TSS profiles generated
only under exponential growth and other sigma factors having different binding sequence
motifs may play a minor role in transcription regulation under the experimented condition,
overrepresented sequence motifs of promoter regions in E. coli are in accordance with prior
knowledge, and the two species in this study showed identical sequence motifs of the
promoter. Thus, these closely related species seem to share identical promoter structures,
reflecting a high conservation of major sigma factors.

Previous studies have shown evidence of a purine (A/G) preference at the TSS in E.
coli**. Here, we investigated if the experimentally derived TSS data provide insights into any
such nucleotide preference at the TSS. Thus, nucleotide preferences from -5 to +5 sites
surrounding the TSSs for E. coli and K. pneumoniae were calculated. The current
experimentally derived TSSs in both species also showed a significant dinucleotide preference
at the +1 TSS and -1 site (Figure 6E). In E. coli, 78.6% of the TSSs were represented by

purine base (45.2% A and 33.4% G) at the TSS. Similarly, 79.4% of K. pneumoniae TSSs
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presented the purine base (48.0% A and 31.4% G) at that site. Interestingly, another nucleotide
preference at the -1 site, the nucleotide before the TSS and the last nucleotide that is not
transcribed, was observed in both species. In E. coli, 80.2% showed the pyrimidine base
(35.4% T and 44.8% C) preference at the -1 site. Likewise, in K. pneumoniae, 81.5% of cases
also showed the pyrimidine base (31.0% T and 50.5% C) at the -1 site. Flanking regions
ranging from +2 to +5 sites and -2 to -5 sites showed no significant nucleotide preference
(Figure 6E). Thus, both species showed the purine preference at the +1 TSS and the
pyrimidine preference at the -1 site. In accordance with this observation, H. pylori, which
belongs to a different class of alphaproteobacteria, also showed purine preference at the TSS
(66.0% A or G) and pyrimidine preference at the -1 site (68.3% T or C)%®. Similar to the
dinucleotide sequence preference at +1 and -1 sites found in bacteria, transcription from the S.
cerevisiae promoter® and the mammalian®* promoter preferentially starts with a purine at
position +1, having a preference for pyrimidine at position -1.

These results suggest that E. coli and K. pneumoniae share many regulatory features at
the transcriptional and translational level. They have a conserved promoter structure reflecting
preserved sigma factors, use multiple TSSs that extensively increase transcriptome complexity
by resulting in alternative transcripts, and show dinucleotide preference near the TSS position.
In addition to this similarity in transcriptional features, E. coli and K. pneumoniae exhibit
conserved Shine-Dalgarno sequence motifs, the same distance from Shine-Dalgarno motif to
translation start site, and 5° UTR length distribution, suggesting similarity in regulatory

features of translation.
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Figure 7. Different organization of upstream regulatory region between E. coli and K.
pneumoniae. (A) Venn diagram showing orthologous genes and species-specific genes
between E. coli and K. pneumoniae. (B) 4 different types of promoter regions, and their
numbers identified in two species. (C) Schematic drawing of annotated TSSs and sequence
comparison of regulatory region upstream of Ipd. (D) Length difference between the pairs of
comparable 5> UTR. (E) Comparison of sequence conservation of promoter, 5° UTR, and
ORF regions. (F) Sequence conservation of genomic regions surrounding translation start sites.
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Different organization of the upstream regulatory region

While E. coli and K. pneumoniae share several regulatory features, it is still unknown
whether the two species use them to regulate gene expression in the same manner. Thus, we
analyzed the usage of regulatory elements upstream of orthologous genes between two strains
in order to investigate whether those conserved genes are regulated in a similar or different
manner. The orthologous genes present in E. coli and K. pneumoniae were selected by
reciprocal alignments using a threshold of 50% amino acid sequence similarity and 50%
alignment length between the encoded proteins, resulting in a set of 2,876 orthologs (Figure
7A). 2962 (79.1%) E. coli TSSs were assigned to orthologous genes defined herein, and in K.
pneumoniae, 2317 (73.1%) of TSSs were assigned to orthologous genes. Considering 63.7%
(2876 out of 4513) of genes in E. coli and 54.2% (2876 out of 5305) of genes in K.
pneumoniae were orthologous, detection of over 79.1% of TSSs in E. coli and 73.1% in K.
pneumoniae assigned to orthologous coding genes implies over 73% of primary transcripts
were expressed from operons or transcription units having orthologous genes at the first
position. In E. coli, the average number of genes in an operon is about 1.5 as reported
previously™, and operons containing orthologous genes in E. coli have a tendency to keep
their sequential position in K. pneumoniae, suggesting possible conservation of operon
structures. This result suggests that the majority of primary transcripts were expressed from
operons containing conserved orthologous genes during exponential growth in both species.
Thus, further analysis of regulatory regions upstream of orthologous genes with genome-wide
TSSs covers a majority of expressed gene contents under the experimented condition.

Despite the fact that orthologous genes were used to express the majority of primary
transcripts during exponential growth, regulatory regions upstream of those conserved coding

genes were organized in a different manner with multiple TSSs (Figure 7B). In order to
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perform a detailed investigation comparing promoter regions between two species, each TSS
was used to define a promoter region. A promoter region was defined as 50 bp long nucleotide
sequences upstream of each TSS, which was long enough to include most of the regulatory
elements identified, including the -1 site, -10 box, and -35 box, but not too long to exclude
unnecessary sequences. Then, the promoter region was categorized into one of four groups,
based on sequence conservation of the promoter region and presence of an experimental TSS:
conserved promoter region with TSS (CPT), conserved promoter region with no matching
TSS (CPNT), orphan promoter region (OP), or species-specific promoter (SSP). CPT was
defined as a promoter region with a conserved sequence in both strains with a matching
experimental TSS, and was used to define the promoter region and 5° UTR, which were
comparable between the two species. CPNT was defined as a promoter region with a
conserved sequence in both strains, however with experimentally determined TSSs in only one
species. Similarly, OP was defined as a promoter region with no conserved sequence between
E. coli and K. pneumoniae, and with experimental TSSs in only one species. SSP was defined
as a promoter region upstream of non-orthologous genes. (More details described in Methods
section)

If the sequence of regulatory regions upstream of orthologous coding genes is also
conserved, then conserved promoter (CPT) should be the most frequent type of promoter
region. However, an exhaustive comparison of promoter regions resulted in only 662
conserved promoters (CPT) between E. coli and K. pneumoniae, which covered 17.7% of
TSSs and corresponding promoter regions in E. coli and 21.1% in K. pneumoniae. An
unexpectedly small portion of conserved promoter regions with matching TSSs in two species
under the exponential growth supports a different organization of regulatory regions

containing multiple TSSs and their associated promoters between those two closely related
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species. Interestingly, in both species, the promoter type with the largest number was the
conserved promoter with no matching TSS (CNPT). In E. coli, 49.6% of TSSs were associated
with promoters with conserved sequence, and no matching TSSs were found upstream of
corresponding orthologous genes in K. pneumoniae. Similarly, 41.3% of TSSs of K.
pneumoniae were associated with that type of promoter. A smaller number of TSSs was
detected in K. pneumoniae versus E. coli, despite K. pneumoniae having the larger genome.
This was possibly due to fewer raw reads being obtained from the K. pneumoniae TSS library.
Thus, it is arguable that the portion of conserved promoters with matching TSSs could
increase as the coverage of TSS reads goes up. However, over 40% of promoters with
conserved sequences had TSSs in one species, but had no matching TSS in the other species.
Thus, the regulatory regions upstream of orthologous genes are organized in a different
manner, despite a large portion of promoters having conserved sequences between two species.
This suggests different sets of TSSs are used to express those orthologous genes. For example,
Ipd had two experimental TSSs in E. coli and K. pneumoniae (Figure 7C). Proximal TSSs
were matching, and had a highly conserved promoter sequence. Distal TSSs of Ipd had
conserved sequences, but were in different locations. Moreover, promoters with no conserved
sequence and TSS in one species (OP, orphan promoter) also support that interpretation. Thus,
while two closely related species may share identical transcriptional machineries including
sigma factors and RNA polymerase, upstream regulatory regions are organized differently, so
that even conserved genes can be regulated differently, and in many cases mRNA transcripts
from orthologous genes can have different 5° UTRs, which may have disparate regulatory
elements in that region.

To investigate similarities and differences in 5° UTR regions, their length and

sequences were defined by 662 comparable conserved promoter regions with TSSs in both
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species, as shown in Figure 7D and Figure 7E. The length comparison of the 5> UTR between
E. coli and K. pneumoniae showed a strong correlation (R2 value of 0.877), and 169 (25.5%)
5’ UTR regions had exactly the same length. However, in general, the K. pneumoniae 5> UTR
was longer than that of E. coli, reflecting the bigger size of the genome (Figure 7D). For
example, the 5° UTR length of rpoS, which is one of the orthologous genes, was 566 in E. coli,
while the length of the K. pneumoniae rpoS was 670. To investigate the sequence conservation
between those comparable 5 UTR regions, sequences of 5° UTR regions from two species
were aligned and percentage sequence identity for each 5> UTR pair was calculated. The
sequence variation of the 5° UTR region along with the percentage identity of corresponding
promoter and ORF is shown in Figure 7E. Consequently, ORF sequence was found to be the
most conserved element, followed by sequence of promoter regions and sequence of the 5’
UTR region as the most diverse regulatory element among them. The averages of sequence
identity of orthologous ORFs, comparable conserved promoters, and their 5 UTR were 88.9%,
79.0%, and 66.0%, respectively. In order to calculate the level of conservation of the regions
surrounding translation start site of orthologous genes, sequences of 200 bp long regions
around translation start sites were aligned for orthologous genes having clearly aligned
translation start sites between E. coli and K. pneumoniae (Figure 7F). In the 5> UTR, there was
a relatively more conserved regions 6 bp upstream of the translation start site. This region was
considered to be the Shine-Dalgarno sequence of the ribosome binding site because in both
species the most dominant distance between the Shine-Dalgarno sequence motif and
translation start site was 6 nucleotides. In the coding region, the first codon, frequently ATG,
was most conserved with slightly less conservation of the first nucleotide of the first codon.
This was because the start codon, ATG, was replaced with GTG or TTG in some orthologs. In

56, 57

agreement with the wobble theory™ *‘, the third nucleotide of each codon was least conserved.
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Interestingly, however, the second nucleotide was more conserved than the first in every
codon analyzed. This might be because conservation of the second nucleotide can contribute
to preserving the same amino acids like leucine, or amino acids with a similar property.
Accordingly, codon analysis of the coding sequence between orthologous genes of the two
species suggested that the majority of substitutions in the first nucleotide of the codon resulted
in either keeping leucine or changing amino acids having similar properties, such as
leucine/isoleucine, leucine/valine, valine/isoleucine, serine/threonine, glutamine/glutamic acid,
or asparagine/aspartic acid.

In addition to species-specific gene content, E. coli and K. pneumoniae also exhibited
differences in the organization of regulatory regions upstream of conserved orthologous genes.
Different usage of TSSs and their promoter regions can contribute to varied regulation of
genes downstream of those promoters, resulting in transcripts with different 5° UTR.
Moreover, both species extensively use multiple TSSs, which increase the complexity and
diverse nature of regulatory regions. Thus, E. coli and K. pneumoniae, which are closely

related, have regulatory regions of orthologous genes organized in a different manner.

Comparison of regulatory non-coding small RNAs

The investigation of regulatory features of coding genes based on genome-wide TSSs
and their comparison between two closely related enterobacteria showed that the two species
share almost identical regulatory features. However, they deploy those regulatory features
upstream of conserved or orthologous coding genes in a different manner, suggesting a
variation of transcriptional regulation by using multiple TSSs and post-transcriptional
regulation by having different 5> UTRs, generated from a different set of TSSs. Since small
regulatory RNAs can function in post-transcriptional control of gene expression in many

processes including stress responses, metabolic reactions, and pathogenesis®” *, and
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identification of SRNAs in K. pneumoniae resulted in 34 orthologous SRNA pairs between two
species, we compared sequences of those conserved sRNAs and investigated whether they
would regulate their target genes in the same manner. This was done, similarly in previous
studies®® >

The conserved RNA-binding protein Hfq, first discovered in E. coli, is a pleiotropic
regulator that modulates the stability or the translation of an increasing number of mMRNAs®* %,
Thus, knowledge of hfg in K. pneumoniae is preliminary in terms of analyzing and comparing
SRNAs between two species. Similar to E. coli and other K. pneumoniae strains®®*, hfq of K.
pneumoniae MGH78578 (KPN_04570), existed between conserved miaA and hflX in the
genome. E. coli K-12 MG1655 hfq (b4172) and K. pneumoniae MGH78578 hfg (KPN_04570)
had one TSS detected upstream of hfg and in the coding region of miaA, with the genomic
position of 4,397,824 and 5,000,510, respectively (Figure 8A). Similar to the high level of
sequence conservation of the hfqg ORF, sequences of promoter regions defined by
experimental TSSs were perfectly conserved. 5 UTR sequences were also highly conserved;
preserving sequences for the Shine-Dalgarno sequence of the ribosome binding site 6 bp
upstream of translation start sites in both species (Figure 8B). This result supports the
existence of a sequence of K. pneumoniae hfq ORF in the genome and is expressed with

matching TSSs. Furthermore, sequence conservation of the promoter region and 5° UTR

indicates they could be regulated in a similar way, at least during the experimented condition.



A Expression of hfg

[ —
5 mutl miaA hf itk ik
8| o)) ) ) w—)
i
o
)

g
o
£
£
o
2
=
2 j.- e ———
1

(@]

Promoter

tgacgeasacgteaggagacectctaccgtatcaggtgeatcagh tgecategerecapegageegtpaact
**

EEAT

v e
BCTCCAtcaacEcatagaacagegttticatcagatgttagctcaggttitgaagcagangt acgeecctttttgcccpcagagatttpcatacggacatgecttccatcgttgtgtoggatace

Becagatgtggtettacetgaagacgaaat cteatacgatgaaat getttatc gagataT L gCaCcacgagacagt tEACAIARCAECIBATaaCCTRECACETERTLARRAAERRATTCACT BE
ECCagatETREtcatatetcastpac BAgat ccCgTatgatpagat gEtttatc gaget gt TLECACCaCEARacagttagccaactcagptcad ctRRctRcgC ARt tARRangEt TECaCt gE

cttgacagtgaasaaccagaac cgaa acaattgay tecgeaatittite agaatcgaasggticasagt
= razsrsass aass axsas seas o3 x s razrs s axersar saxseax
ttaga reiafirbaabirtdoliorabspriiadithbet i sl oin it
acaaa----- tasgeata ANTCTTT

acanaacaageatacatataagganaagagag A TGECTAMGGGGEARTCTTT

Shine-Dalgarno sequence ORF

o

E. coli fprA L{‘cﬁnmmnwmumﬂrr T

rprA arcZ
[ 2 L
j ‘s B Lhﬁd . aaed
S favd l ik (P4 wﬂ‘ i, Mi“'? ydurl S -ﬂ -"“‘ —_“i’ _ _ s
o o =]
wi ol i migA  elbB orcd yhet i
3'_"“’ Sy | TS T———
L L
~ 16 — 1 - 16|
o J._.h‘i._..__....“‘u-..._ TN j“_l Lk 1 w v [URRTRIN | P VRO
a - ® - k]
5 yaik (PA ot o 5 prst yhbs arg? s ara yof 5055 sets
E Hﬂ'_“—ﬂ‘_ E E
3 Yt =) Va3 migA - eibB arc8 wenLos20 3 thia oA sarR arol
c 1 3 1 c
a ‘ ‘ o a
- jf‘m’“’“’"’"*"‘ 2| T T T ——rr
e | L

TGCTETGTGTAGTCTTTGOCCATCTCCACGATEGECTTTTTTT

K. peumoniae [prA RGHATAAGiacicto i1k ATBAMTEEGHGARTMMGHOATIS 511511111 GGG 111

1 B

E. coli areZ GTGOGGCCTGAAAA-CAGTGCTGTGUCCTTGTAAC - TCACATAATAATI TACGGCGC

K. pneumoniae arcZ Eﬁmr((Mn:"caﬁrmcocucﬁrmmmucr AMACAACAG TG0 TCAMEEACCRGTTEE

oS

Promoter pe

o
L

s s on = sandy

attg(ga((a(r—rggt(mgtgt(tgtaazgglm(la:ag(a—r—

aaccgagecgactgteageagtacal

cagtacgectatetecacet

taccaagatgtteccta: a(:az(gattaraa((a(ai(:ﬁ’tt:tt:D‘t(ﬁﬂ:ir::(ﬂ(ia:aa acccagecgactes ccagttegcgatetcan
e K .,
Becgetggecgact, atcg tttggcgct ttaty (g(aﬁatgg(::t:ﬂgtttaxgz(g‘lza(g:gttg(g(gﬂ(ta:::(an(tgattattal(aza:atia(gngatta(t(gagtgutat:
eecectegcce: gaga " Bicespacce: e Ecactecgcgactaces aaacacaacgatgattacctgagtgectacy
cecataacgacacaatgetgg aagt 'k

paccatgpgtagcaccggaaccagttraacacgettgeatt!

OBttt tECRCAECEAtIaRTCRRLRga~ -~

tcpgrog angt

taccatgggtagcaccggaaccaget

ttacattttgasattegt tacagtoctt it

ettt ottgas

FecopagcagtE e tachtECeTe et agagaRgRCaEEREaaat T capgeRtcgt tgh 1 e RIRECELgE:

E ¢

E. coli 5grS sateas OCAHGEG O TG CATGCGTCAGTTTTATCAGCACTATTTTACCGUOACAGCGANGTTGTGL TG TTGUGTTOGTTANGC GTCCCACAALGATTAACCATGCTTGAMGRACTGATGLAGTGG .- TGACCOCART

taacagge

“oooatgttecgteanpsnatcacagstaggagecacc - ATGASTCAGIATACGETGAA

fpctttgctcapgant cacc!

Shine Dalgarna sequence ORF

TCTGAMG

31

K. pneumoniae sgrs ﬁ A TATA TGS CTACCGEARAATCET TC AL ARG TACT 1T TG AL GEASGARGE TC LT S TEGCCCRC A TGUCAGGA AL AGCAGGARAT T TGUGGAAL TGAT ELAGTGEGAG TGACGTEARCGACCTETGATEA

TTGAC I TGEETGCATEATGTGTGAETGAGTATTGGTGIAM - TCACCCGLAGLAGATIATAC - --CTGCTGGTITTITIT

ACTERTCGTTITTCAMACTGCAGGTGCGL T TCRATGC TTec T

ptsG

TiGACT mrommmrﬁmnrreﬂsl_-

Pramoter -

gasatattgtgacatatEttpil et gatEccotEtacac BECEIREX cccttgees £
Gi oz ad se . du % s ghius x| Eers 3 &s s i eeet brbaiatine Sibbs AHere K Seiisbees  Aivs REREEE § AREbEE
ttatttidetet, tagatgteetgt beet
.t Promoter

Shine-Dalgarno sequence

manX

Promoter i

AGTGACGATTGCTATTGTS

Shine-Dalgarna sequence
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With the occurrence of hfg in both species, we further investigated expression of
orthologous SRNAs, compared their sequence, and analyzed possible working mechanisms in
K. pneumoniae with prior knowledge of those sRNAs from E. coli. 34 orthologous sSRNA
candidates were confirmed to be expressed during exponential phase by TSS signals matching
their 5° ends. Their expression was also supported by expression profiling data. However,
those 34 expressed orthologous sRNAs showed different degrees of sequence conservation
levels, ranging from 47.3% to 98.8% with an average of 83.1%. rybB has the most conserved
sequence, whereas sroH has the least. Essentially, no sRNAs of K. pneumoniae had perfect
sequence conservation compared to those of E. coli, which raised the question as to whether K.
pneumoniae sSRNA would work in a similar way as the E. coli SRNA. Thus, we compiled
known target sites of E. coli SRNAs from the EcoCyc database®, and mapped them onto the
corresponding genomic sequence of K. pneumoniae (Figure 8D, Figure 8E).

3 sRNAs, rprA, arcZ, and dsrA were known to regulate the expression of rpoS by
making base paring in the middle region of 5> UTR of rpoS mRNA with the aid of Hfg

protein®®’

. rprA and arcZ in E. coli target and bind to the same region of 5> UTR of rpoS.
Thus, based on the fact that those two SRNASs are expressed in K. pneumoniae, if the sequence
of the target site in rpoS mMRNA and the sequence of the corresponding region of SRNA which
binds to that target site are conserved, then one can hypothesize that rprA and arcZ sRNAs of
K. pneumoniae would regulate the expression of rpoS in a similar manner as in E. coli. As
expected, rprA and arcZ of K. pneumoniae were expressed during exponential growth with
TSSs, which match the TSSs of E. coli’s rprA and arcZ (Figure 8C). Furthermore, regions that
bind to the target site of rpoS were also conserved (Figure 8D). Analogously, rpoS of E. coli

and K. pneumoniae was expressed with TSS at 2,866,139 in E. coli and 3,401,901 in K.

pneumoniae, and the sequence of the promoter region of rpoS was highly conserved between
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the two species, although the 5° UTR defined by those TSSs showed significantly different
lengths with a long nucleotide addition in the 5 UTR of K. pneumoniae rpoS. However, the
sequence of the target site of rprA and arcZ was almost perfectly conserved with one
nucleotide replacement (Figure 8D). Considering that rpoS was expressed from conserved
promoters in both species, and rprA and arcZ targeting the conserved regions of the 5 UTR of
rpoS transcript were also conserved and expressed, it is quite likely those sSRNAs in K.
pneumoniae regulate the expression of rpoS in the same manner as in E. coli.

Furthering the analysis of rpoS-targeting rprA and arcZ, another SRNA sgrS was
similarly analyzed. In E. coli, sgrS was shown to regulate expression of two metabolic
transporters, ptsG and manX, by base-pairing dependent manner®® ®. Although sgrS sRNA of
E. coli and K. pneumoniae was expressed during exponential phase (Figure 8C), the sequence
conservation was quite low at 56.3%. ptsG and manX, which are targeted and regulated by
sgrS in E. coli, were also expressed in K. pneumoniae. However, E. coli and K. pneumoniae
ptsG was expressed by different promoters, resulting in ptsG transcripts with different 5° UTR,
while manX was expressed by a conserved promoter with matching TSSs. Although the
overall conservation level of sgrS between E. coli and K. pneumoniae was quite low, the
region, which is known to bind to ptsG and manX in E. coli, was highly conserved (Figure 8E).
Besides its target sites in ptsG and manX transcripts were also highly conserved, which
suggests sgrS would regulate the expression of ptsG and manX in a similar way as in E. coli.

Comparisons of SRNAs and their working mechanisms should be performed not only
with just the sequence of SRNAs and their target sites, but also with the working context,
including expression of those sSRNAs, transcripts of genes containing target sites, and
occurrence of Hfq, if the SRNA requires the protein. In depth comparisons of SRNAs and their

working context suggest that many of the orthologous sRNAs identified with the TSS dataset
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of this study could work in a similar way as in E. coli since target sequences of those SRNAs
and sequences of SRNAs known to bind to the target sites are conserved and exist in the
primary transcript of target genes under the given condition. Moreover, high conservation of
regions that bind to the target sites despite poor conservation of whole sSRNA sequences
suggests that sequence comparison and conservation can determine which region may be more

important in terms of regulation and their working context.

Disucssion

E. coli K-12 MG1655 is an extensively studied laboratory strain with a wealth of
genome-wide studies. As such, genome-wide TSS determination of the E. coli genome with
single base pair resolution by deep sequencing has been performed by a number of studies®™".
However, K. pneumoniae has only recently been studied using genome-wide approaches®. A

number of TSSs have been reported and investigated with specific focus on genes involved

70-77 78-88

mostly in virulence and nitrogen metabolism in other strains of K. pneumoniae. In
addition to previously known TSSs of K. pneumoniae, this study extended the scope of
knowledge by adding over 3,000 experimental TSSs for that species and by performing an in-
depth look at the intergenic region of the K. pneumoniae genome.

Regulatory features discussed herein with E. coli and K. pneumoniae are not limited to
the class of gammaproteobacteria. G. sulfurreducens in deltaproteobacteria®?, H. pylori in
epsilonproteobacteria®®, C. crescentus in alphaproteobacteria® and methanogenic archaea
Methanosarcina mazei*® were also shown to have a significant amount of multiple TSS usage.
Similarly, a mammalian promoter was also reported to have multiple TSSs®** . Thus,
extensive use of multiple TSSs is a common strategy in a wide range of living organisms,

exploiting alternative transcripts and providing complexity in gene expression and regulation.

The level of multiple TSS usage differs by organism, however. E. coli, a generalist which can
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adjust and live in a wider range of environments, showed extensive usage of multiple TSSs,
suggesting more complicated transcription regulation. On the other hand, G. sulfurreducens or
M. mazei, a specialist that thrives in a more specific niche, showed lesser multiple TSSs. A
significant fraction of operons had multiple TSSs in both E. coli and K. pneumoniae and
encoded genes with essential functions, e.g., genes involved in amino acid biosynthesis,
central metabolism, and transport, similar to G. sulfurreducens®. In addition to the usage of
multiple TSSs, bacterial strains in different classes of proteobacteria show a similar
distribution of 5' UTR length. Like E. coli and K. pneumoniae, the preferred length of the 5’
UTR of H. pylori and G. sulfurreducens is 20-40 nucleotides in length. A distinctive
regulatory function of the 5° UTR was reported in yeast™, however no correlation between the
5’ UTR length and function was found in E. coli or K. pneumoniae. However, when we
compared the distribution of the 5> UTR length between E. coli and K. pneumoniae belonging
to the same COG functional group, most of the COG groups showed similar preferences for 5’
UTR length. Only the “Transcription” group showed significant differences (p-value of
Wilcoxon rank sum test was 1.76x10-5).

Multiple promoters upstream of a gene can be regulated by transcription factors in
different ways. For example, rpoD of E. coli which encodes sigma factor ¢’° has multiple

% or 0, enabling expression of rpoD under

TSSs, and each promoter is recognized by ¢'°, &
conditions including exponential growth, heat shock, or other stresses®®*, Other transcription
factors also contribute to the increasing complexity of promoter region structure. Transcription
of an essential cell division protein operon of E. coli, ftsQAZ, is under the control of the two
core promoters with two TSSs which are separated by 125 bp. Binding of the quorum sensing

regulator, SdiA, activates the distal core promoter while it represses the proximal one®. K.

pneumoniae also has that conserved operon ftsQAZ, and the TSSs of that particular operon
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were observed in both species and a similar regulation on expression of the ftsSQAZ operon
may be happening in K. pneumoniae. Another example is the ure operon (ureDABCEFG) in K.
pneumoniae, which has two core promoters with distinct TSSs. One core promoter is NAC
(nitrogen assimilation control protein) dependent, and the other is not®. For this operon, one
TSS at the genomic position of 3,790,095 was identified during the mid-exponential growth in
K. pneumoniae from this study. Thus, two closely related species in gammaproteobacteria, E.
coli and K. pneumoniae, showed extensive usage of multiple TSSs, however they exhibited
diverse organization of the regulatory region with different sets of promoters and associated
TSSs. In addition to the presence of species-specific genes, this usage of multiple TSSs could
potentially confer divergent regulation of orthologous genes, thereby contributing to
phenotypic differences between two closely related species

Another advantage of having multiple TSSs is a transcript from each TSS has the
different 5° UTR upstream of coding region. Comparative analysis of 5 UTRs between two
species may provide insight into understanding similar or different roles of the 5> UTR in the
regulation of gene expression. One good example is a comparison of orthologous SRNAs and
their binding onto the 5> UTR region of target genes. Many orthologous sRNAs, including
rprA, arcZ, and sgrS, showed enough evidence to postulate that their regulatory mechanism by
the base pair dependent manner proven in E. coli may work similarly in K. pneumoniae. This
conclusion is further supported by phylogenetic analysis of SRNA evolution in E. coli and
Shigella genomes®™. In the previous study, it is claimed that core or conserved SRNAs are
more tightly integrated into cellular genetic regulatory networks, and over 80% of genes
targeted by Hfg-associated core SRNAs have been transferred intact. 90% of orthologous
SRNAs identified in our study were also categorized as core or conserved SRNAs in the

previous study®, supporting conserved regulatory mechanisms of those orthologous SRNASs.
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orthologous genes. (A) ArgR binding on argC (B) OxyR binding on oxyR (C) NarL binding
on ogt (D) AlaS binding on alaS

An interesting additional attribute of the 5' UTR sequence is that it can potentially
serve as a transcription factor binding site, thereby contributing to the transcriptional
regulation of a downstream gene or operon. For example, the ArgR (b3237) transcription

regulator is known to bind to the promoter region and 5’ UTR of argC in E. coli®"®

(Figure
9A). The conserved promoter regions and TSSs were identified from the analysis of this study,
and the sequence alignment of the upstream regulatory region and ORF suggests the binding
regions of ArgR upstream of argC were highly conserved. Similarly, OxyR (b3961)
transcription regulator, which auto-regulates its transcript by binding the promoter region and
upstream regulatory region®, also had conserved promoter regions and 5° UTR defined by
experimental TSSs identified in this study (Figure 9B). The binding regions of OxyR upstream
of oxyR were also highly conserved. Considering those two transcription regulators, ArgR and
OxyR, had a high level of amino acid sequence similarity of 94.2% and 96.1% respectively,
and their target genes were expressed with conserved promoters and matching TSSs, it is
likely that K. pneumoniae, ArgR, and OxyR may regulate argC and oxyR in a similar manner

as in E. coli. However, unlike ArgR and OxyR regulation, NarL and AlaS transcription

regulators showed opposite tendencies. In E. coli, NarL (b1221) regulates ogt by binding the
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upstream region of ogt'®

(Figure 9C). AlaS (b2697) of E. coli auto-regulates transcription of
alaS by binding to the region covering parts of promoter region and the 5> UTR'® (Figure 9D).
A high conservation level of those transcription factors (94.9% amino acid sequence similarity
for NarL and 91.1% for AlaS) suggests the sequence motifs of their binding sites would be
similar between E. coli and K. pneumoniae. However, sequence alignments of upstream
regulatory regions of ogt and alaS between two species showed NarL and AlaS of K.
pneumoniae may not regulate ogt and alaS by binding the same regions of binding sites. Thus,
comparative analysis of upstream regions including the promoter region and the 5> UTR of
two closely related species can hint that the possibility of regulatory mechanisms of a lesser-

studied microorganism, K. pneumoniae, by transferring ample knowledge from a well-studied

microorganism such as E. coli.
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Figure 10. Comparative analysis on possible misannotation in the current annotation of
K. pneumoniae. (A) Comparison of the length difference between the whole orthologous
ORFs and their N-terminus alignments. (B) Updated annotation of ecnB and rcnR by TSS

Analysis of upstream regulatory regions performed in this study was based on the
assumption that the current gene annotation of analyzed species is correct. Unlike the current
gene annotation of E. coli, which is the well-studied microorganism, the current gene
annotation of K. pneumoniae was built by the computational methods and has not been fully

confirmed with proteomic data, leaving the possibility of incorrect annotation of protein
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coding genes. Analyzing the sequence of coding regions and upstream regions of orthologous
coding genes by sequence alignment suggested that many K. pneumoniae orthologous genes
were longer than E. coli orthologous genes. The longer length of K. pneumoniae genes was
mostly due to the fact that the current annotation of those genes had longer sequences at the N-
terminus side (Figure 10A). When the genomic position of translation start sites were changed
based on sequence alignment analysis of the coding region and upstream flanking region, 8
TSSs were found upstream of those changed translation start sites of K. pneumoniae
orthologous coding genes (Figure 10B).

TSS profiling through high-throughput sequencing techniques provides a
comprehensive source of experimentally derived information related to the initiation of
transcription. Annotation of non-coding regions in bacterial genomes, including the promoter
regions and untranslated regions of transcripts, allows for the comparison of regulatory
elements of transcription and translation between closely related species, and the identification
of a spectrum from highly conserved to diverse regulatory elements. Direct comparison
between cross species of bacteria also assists in transferring regulatory information of lesser-
studied bacterial species and significantly improves annotation of regulatory regions. Thus, the
comparative approach of this study provides a starting point for the determination of
conserved and specific features of the transcriptional output of closely related bacteria at

single nucleotide resolution.

Methods

Bacterial Strains, media, and growth conditions: Escherichia coli K-12 MG1655 and
Klebsiella pneumoniae subsp. pneumoniae MGH78578 were grown in glucose (2 g/L)
minimal M9 medium containing 2 ml/L 1M MgSO4, 50 /L 1M CaCl2, 12.8 g/L

Na2HPO4.7H20, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl and 1 ml trace element solution
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(100X) containing 1 g EDTA, 29 mg ZnS04.7H20, 198 mg MnCI2.4H20, 254 mg
CoCI2.6H20, 13.4 mg CuCl2, and 147 mg CaCl2. Glycerol stocks of the E. coli and K.
pneumoniae strains were inoculated into the minimal medium supplemented with glucose and
cultured at 37 <C with constant agitation overnight. The cultures were diluted 1:100 into 50 mL
of the fresh minimal medium and then cultured at 37 <C to an appropriate cell density.

Total RNA isolation: Three milliliters of cells from mid-log (OD=0.6) phase culture were
mixed with 6 ml RNAprotect Bacteria Reagent (Qiagen). Samples were mixed immediately by
vortexing for 5 seconds, incubated for 5 minutes at room temperature, and then centrifuged at
5000 g for 10 minutes. The supernatant was decanted and any residual supernatant was
removed by inverting the tube once onto a paper towel. Total RNA samples were then isolated
using RNeasy Plus Mini kit (Qiagen) in accordance with the manufacturer’s instruction.
Samples were then quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific)
and quality of the isolated RNA was checked by visualization on agarose gels and by
measuring the sample’s A260/A280 ratio (>1.8).

Modified 5’RACE for 5’tri-phosphorylated mRNA profiling: TSS determination protocol
previously described** was adapted for the bacteria strains in the current study. To enrich
intact 5” tri-phosphorylated mRNAs from the total RNA, 5° mono-phosphorylated ribosomal
RNA (rRNA) and any degraded mRNA were removed by treatment with a Terminator 5’-
Phosphate Dependent Exonuclease (Epicentre) at 300C for 1 hr. The reaction mixture
consisted of 10 pg purified total RNA, 1 ulL terminator exonuclease, reaction buffer and
RNase-free water up to total 20 puL. The reaction was terminated by adding 1 pL of 100 mM
EDTA (pH 8.0). Intact tri-phosphorylated RNAs were precipitated by adding 1/10 volume of 3
M sodium acetate (pH 5.2), 3 volume of ethanol and 2 pL of 20 mg/mL glycogen. RNA was

precipitated at -800C for 20 min and pelleted, washed with 70% ethanol, dried in Speed-Vac
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for 7 minutes without heat and resuspended in 20 pL nuclease free water. The tri-
phosphorylated RNA was then treated with RNA 5°-Polyphosphatase (Epicentre) to generate
5’-end mono-phosphorylated RNA for ligation to adaptors. The RNA sample from the
previous step was mixed with 2 uL. 10 reaction buffer, 0.5 uL. SUPERase-In (Ambion), 1
uL RNA 5°-Polyphosphatase and RNase-free water up to 20 pL. The mixture was incubated at
370C for 30 minutes and reaction was stopped by phenol-chloroform extraction. Ethanol
precipitation was carried out for isolating the RNA as described above. To ligate 5’ small
RNA adaptor (5> GUUCAGAGUUCUACAGUCCGACGAUC 3’) to the 5’-end of the mono-
phosphorylated RNA, the enriched RNA samples were incubated with 100 uM of the adaptor
and 2.5 U of T4 RNA ligase (New England Biolabs). cDNAs were synthesized using the
adaptor-ligated mRNAs as template using a modified small RNA RT primer from Illumina (5’
CAAGCAGAAGACGGCATACGANNNNNNNNN  3') and Superscript Il Reverse
Transcriptase (Invitrogen). The RNA was mixed with 25 uM modified small RNA RT primer
and incubated at 700C for 10 min and then at 250C for 10 min. Reverse transcription was
carried out at 250C for 10 min, 370C for 60 min, 420C for 60 min and followed by incubation
at 700C for 10 min. A reaction mixture for reverse transcription consisted of the following
components: 5 1st strand buffer; 0.01 M DTT; 10 mM dNTP mix; 30 U SUPERase*In™
(Ambion); and 1500 U SuperScript™ II (Invitrogen). After the reaction, RNA was hydrolysed
by adding 20 uL of 1 N NaOH and incubation at 650C for 30 min. The reaction mixture was
neutralized by adding 20 pL of 1 N HCI. The cDNA samples were amplified using a mixture
of 1 puL of the cDNA, 10 pL of Phusion HF buffer (NEB), 1 uL of dNTPs (10 mM), 1 uL
SYBR green (Qiagen), 0.5 uL of HotStart Phusion (NEB), and 5 pmole of small RNA PCR
primer mix. The amplification primers used were

S’AATGATACGGCGACCACCGACAGGTTCAGAGTTCTAC AGTCCGA3’ and 5°
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CAAGCAGAAGACGGCATACGA 3’. The PCR mixture was denatured at 98<C for 30 s and
cycled to 98<C for 10 s, 57<C for 20 s and 72<C for 20 s. Amplification was monitored by a
LightCycler (Bio-Rad) and stopped at the beginning of the saturation point. Amplified DNA
was run on a 6% TBE gel (Invitrogen) by electrophoresis and DNA of size ranging from 100
to 300 bp were size fractionated. Gel slices were dissolved in two volumes of EB buffer
(Qiagen) and 1/10 volume of 3 M sodium acetate (pH 5.2). The amplified DNA was ethanol-
precipitated and resuspended in 15 pL. DNase-free water (USB). The final samples were then
guantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific).

Sequencing, data processing and mapping: The amplified cDNA libraries from two
biological replicates for each E. coli and K. pneumoniae were sequenced on an lllumina
Genome Analyzer. Sequence reads for cDNA libraries for E. coli and K. pneumoniae were
aligned onto the E. coli K-12 MG1655 genome (NC_000913) and K. pneumoniae subsp.
pneumoniae MGH78578 genome with 5 plasmids (NC_009648, NC 009649, NC_009650,
NC_009651, NC_009652, NC_009653), respectively, using Mosaik
(http://code.google.com/p/mosaik-aligner) with the following arguments: hash size = 10,
mismatach = 0, and alignment candidate threshold = 30 bp. Only reads that aligned to unique
genomic location were retained. Two biological replicates were processed separately, and only
sequence reads presented in both biological replicates were considered for further process. The
genome coordinates of the 5’-end of these uniquely aligned reads were defined as potential
TSSs. Among potential TSSs, only TSSs with the strongest signal within 10 bp window were
kept to remove possible noise signals, and. TSSs with greater than or equal to 50% of the
strongest signal upstream of an annotated gene were considered as multiple TSSs.
Transcriptome analysis: Transcriptome dataset with oligonucleotide tiling microarrays for E.

coli grown in glucose minimal media to the mid-exponential phase was taken from the
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previous study™. In order to get the transcriptome dataset for K. pneumoniae, the protocol
previously described'? was adapted for the K. pneumoniae in the current study. Briefly, 10 g of
purified total RNA sample was reverse transcribed to cDNA with amino-allyl dUTP. The
amino-allyl labeled cDNA samples were then coupled with Cy3 Monoreactive dyes
(Amersham). Cy3 labeled cDNAs were fragmented to 50 ~ 300 bp range with DNase |
(Epicentre). High-density oligonucleotide tiling arrays consisting of 379,528 50-mer probes
spaced 30 bp apart across the whole K. pneumoniae genome and 5 plasmids were used (Roche
Nimblegen). Hybridization, wash and scan were performed in accordance with manufacturer’s
instruction. Two biological replicates were utilized for mid exponential growth under glucose
minimal media. Probe level data were normalized with RMA (Robust Multiarray Analysis)

algorithm®

without background correction, as implemented in NimbleScan 2.4 software.

Defining orthologous ORF in E. coli and K. pneumonia: Genome annotation for E. coli K-
12 MG1655 and K. pneumoniae MGH 78578 were obtained from the NCBI Genome Database.
The refseq ID of E. coli K-12 MG1655 is NC_000913, and the refseq IDs of K. pneumoniae
MGH 78578 genome and 5 plasmids are NC_009648, NC_009649, NC_009650, NC_009651,
NC_009652 and NC_009653. In order to define orthologous ORFs between E. coli and K.
pneumoniae, we performed reciprocal alignment for exhaustive pairs of amino acid sequences
of ORFs in both strains, by using ClustalW2 software'®. From the reciprocal alignment, we
calculated percentage identity and percentage aligned scores, and used 50% as a cutoff for
both percentage identity and percentage aligned scores of amino acid sequence alignment.

Data processing, visualization and availability: Graphs representing the number of uniquely
mapped reads per nucleotide were stored in GFF (generalized feature format) format files and

visualized using MetaScope (http://sbrg.ucsd.edu/Downloads/MetaScope) and SignalMap

software from Nimblegen (http://www.nimblegen.com/products/software/). Motif logos were
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calculated and drawn by MEME® and Venn diagrams and histograms were prepared by
Microsoft Excel software. Experimental data were formatted to GFF format and visualized in
MetaScope. The raw TSS reads for E. coli and K. pneumoniae and expression profiling dataset
for K. pneumoniae have been deposited in the Gene Expression Omnibus (GEQO) database
(http://www.ncbi.nlm.nih.gov/geo/), GSE35822. Processed experimental data in this study are
available at http://www.sbrg.ucsd.edu.

Identification of potential SRNA: Potential SRNASs in K. pneumoniae were predicted by two
methods. The first method is SRNA sequence search in the target region bound by neighboring
orthologous genes. With the list of orthologous genes between E. coli and K. pneumoniae,
closest orthologous genes neighboring each sRNA in E. coli were searched. Then, target
region in K. pneumoniae genome was decided by neighboring orthologous genes. The
sequence of E. coli SRNA was used to search conserved sequence in the target region in K.
pneumoniae genome. For example, E. coli glmY is surrounded by glrK (b2556) and purL
(b2557) orthologous genes. Thus, the target region in K. pneumoniae was chosen with the
boundaries by glrK (KPN_02881) and purl (KPN_02882). Then, the sequence of E. coli gimY
was searched in the target region, by sequence alignment between glmY and the target region
with ClustalW2. This approach resulted in 48 putative SRNA candidates. The potential SRNA
candidates were supplemented with prediction with Infernal®® (http://infernal.janelia.org).
Rfam database 10.1 was used as model for SRNA prediction. Hits with E-value less than 107
were mapped to TSS dataset previously identified, and hits with the 5° end matching to
experimental TSSs were considered as potential SRNAs. The Infernal and Rfam approach
resulted in 41 sRNA candidates. In sum, a total 50 number of SRNA candidates were

prediction in a combination of two approaches.
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Categorization of promoter region based on conservation and presence of TSS: Each TSS
experimentally identified was considered to be associated with one promoter region, so 50 bp
long genomic region directly upstream of TSS was defined as promoter region. With the list of
orthologous genes between E. coli and K. pneumoniae, TSS and its associated promoter region
was categorized as species-specific promoter region (SSP), if that TSS was not assigned to any
of orthologous genes. TSSs assigned to orthologous genes were categorized as one of three
groups: conserved promoter region with TSS (CPT), conserved promoter region with no
matching TSS (CPNT) or orphan promoter region (OP). For each orthologous gene, all TSSs
assigned to that gene in both species were used to define promoter regions. Then the sequence
of each promoter region of one species was aligned onto the sequence of 800 bp long genomic
region upstream of the orthologous gene in the other species, in order to see the 3’ end of the
alignment match with any TSS of the other species with 2 bp tolerance. If there is a matching
TSS, the promoter region of that TSS was aligned again back onto the 800 bp upstream region
of the first species, and if the 3” end of the second alignment matched with the first TSS, then
those two TSS in both species were categorized as CPT. If the 3° end of the first alignment
didn’t match any TSS of the other species, then the sequence of alignment of the other species
was aligned back onto the upstream region of the first species. If the 3° end of the second
alignment matched with the first TSS, then the promoter region defined by that TSS was
categorized as CPNT. If the 3’ end of the second alignment did not match with the first TSS,

then the promoter region was categorized as OP.
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Chapter 4: Genome-scale reconstruction of the sigma factor network

in Escherichia coli: topology and functional states

The RNAP core enzyme (E) for bacterial transcription is a catalytic multi-subunit
complex (a,,Bp’w) capable of transcribing portions of the DNA template into RNA transcripts.
At the beginning of the transcribing process, the E requires a o-factor to recognize the

genomic location where the process initiates ‘%%

(Figure 11a). o-factor, a single dissociable
subunit, binds to the E, forming a holoenzyme (Ec”, x for each o-factor) and orchestrates the
promoter-specific transcription initiation . To date, one housekeeping o-factor 6’ (rpoD)
and six alternative o-factors 6%, 6%, 6%, 6%, 6**, and o™ (rpoN, rpoS, rpoH, fliA, rpoE, and
fecl, respectively) have been described in E. coli. Although the importance of c-factors and
their role in the function of the RNAP and bacterial transcription are well known, we do not
yet have a genome-wide understanding of the network of regulatory interactions that the o-
factors comprise in any species. With systems biology and genome-scale science emerging
and describing the phenotypic functions of bacteria, it is now possible to comprehensively
elucidate the structure of the o-factor network. Here, we present the results from a systems
approach that integrates multiple genome-scale measurements to reconstruct the regulatory

network of o-factor-gene interactions in E. coli. This reconstruction is provided here as a

resource for the community.

Determination of the genome-wide map of holoenzyme binding

To capture the first step of transcription cycle, which is the formation of the Ec™-
promoter complex, we obtained genome-wide location profiles and integrated the identified
RNAP and o-factor binding sites, leading to a reconstruction of a genome-scale Ec-binding

region map (Figure 11b). A genome-wide static map of entire Ec*-binding sites (Ec*-map)

47
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was determined by employing chromatin immunoprecipitation coupled with microarrays
(ChIP-chip) of rifampicin-treated cells (Figure 11c), revealing the active promoter regions in

107,18 (see Methods). A total of 2,129 Ec*-binding regions were

vivo across the E. coli genome
identified, consisting of 727 (34.1%) for leading strand, 755 (35.5%) for lagging strand, and

647 (30.4%) for both strands (i.e., divergent promoter regions) (Figure 12).

a C AR 6 OO OO 000 A AR AN L
gene 0
gl vl
Eo o-factor
i) oo
L 9, hmwmmmm.wmmwmmwmmm
o l I ﬂ | “ I 'ﬁ I IH ' '
i Transcription Unit _g-
Promoter (ii) : a2 ‘
S 3
b e I d A A I
(i) Rec uction of hol. yme(Ec)-binding region map % s ‘ P
28
g | ol iheld Lol i il iy A A
RNAP-map (2,129)  G-maps (3,161) Ec-map ‘:
6 o 6 IOPR (7) »
OPR(1.245) .. @ UI abddiniadlosdd | bl TNTIY oY A kel
SPR (2,456) r )
Orphan (369) exp ] T T T L T
1k
1k
(ii) Reconstruction of strand-specific promoter map * stat } i 1 -
wv 1k
2 1K
Ec-map (3,161)  TSS- map(4724) P-map — |
Eo” Eg: Ed” 0™ Ikl !
o % CIYN ‘
| ooy gln i r T Y - rr T
o 1k
" 590 I,qOO I.SIOO Z.QOO Z,SIOO 3,(?00 . 3,5]00 4,0]00 4,5]02 (kb)
b - + + + ——————+ +————H
(iii) Reconstruction of o-factor-gene network U O T TS - = - s %
'ttd8 ttdT msU dnaG  rpoD ¢ ¢ insAB

Eo” TU-map (3,609) o-network d
»

Eo 5 ’\cms yaiD mug yqit fecB  fecA fecRfec  yihU yhf  yjhG
Eo® | .. RNA 7 4
P-map{ Eo* + - o [“ & l_“ —M
i e Gene > 0
- 4
B b . o* W R
~ ; - ad I T

4
n L m -
[
0 hesn ntins, Lo bt ... ...
4

nl_..‘uh B il % fn it s

a
-\ Network reprogramming N ol;.,«.»u_wmnm i e e
W Regulatory motifs 1978
@~ Intensive promoter overlaps .« ol.‘.,‘. G e il A "
e ‘ Use of alternative TSS
TSS il 1 L A o

promoter  —{I—{——- —E—.—

] Intenswely overlapped promoter region (5-6 bindings)
@ Overlapped promoter region (2-4 bindings)
@ Single promoter region (1 binding)

(iv) Network analysis & implication *

ChiP-chip
2

Figure 11. Molecular basis of transcription and a reconstruction of 6-TUG network from
multi-omic experimental datasets. (a) A diagram shows bacterial transcription process by a
RNAP core enzyme and an associated o-factor. (b) Four-step process of multi-omic data
integration to reconstruct o-TUG network. (c¢) Datasets used for o-TUG network
reconstruction: ChIP-chip dataset with RNAP and 6 o-factors and TSS dataset. (d) Zoomed-in
examples of rpoD , fecl and fecRAB.
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B leading strand specific RNAP binding
B lagging strand specific RNAP binding
[ divergent RNAP binding

Figure 12. Strand specificity of RNAP bindings.

While the construction of the Ec*-map is informative, is not sufficient to give the -
specific Eo-binding map where the promoter-specific role of the o-factor is detailed®®. We
thus deployed ChIP-chip assays for the direct identification of locations of c-factor binding
across the E. coli genome. We analyzed E. coli cells grown to mid-logarithmic phase or to
stationary phase under multiple growth conditions. Using data from biological duplicate or
triplicate experiments for each o-factor ChIP-chip (36 experiments in total), we identified
1,643 targets for 6'°, 903 targets for 6, 312 targets for 62, 180 targets for o°*, 51 targets for
6%, and 7 targets for 6™ (Figure 11c, Figure 13a). We were not able to get dataset for ¢*, and
the missing dataset was supplemented by incorporating 65 o** promoter regions from
RegulonDB'®. For validation, we compared the o-factor binding regions with the previously
reported promoters regulated by each o-factor '® (Figure 11d). Overall, we identified 86% of
previously reported binding sites and 2,465 new o-factor binding regions, extending our
current knowledge by over 300%.

By integrating the entire Ec* and o-factor binding regions, we obtained the genome-
wide Ec-binding region map (Ec-map) comprising 3,161 binding regions. Next, each Ec-

binding site was classified into one of three categories depending on the number of c-factors
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recruited to that site: single Eo-binding promoter region (SPR), overlapped Eo-binding
promoter region (OPR), and intensively overlapped Ec-binding promoter region (IOPR)
(Figure 11b, Figure 11d, and Figure 13b). For instance, all o-factors except ¢*° were detected
at the promoter region of the rpoD gene, which encodes 6”°, however only ¢*° was found to
bind to the promoter region of the fecABCDE operon which encodes the ferric citrate outer
membrane receptor and the ferric citrate ABC transporter (Figure 11d). Over 48% of Eo-
binding regions identified in this study were overlapped or extensively overlapped binding
regions, indicating that Ec-switching, or binding of alternative Ec, at the same promoter
region may be needed to ensure continued gene expression in response to environmental

changes ' (Figure 13a).

Determination of the genome-wide promoter map

69% of the Eo-binding regions exhibited strand specificity, with the balance being
observed as divergent promoter regions. Although the assignment of the RNAP-binding
regions to each strand was achievable using the expression profiles ™, it is difficult to directly
assign o-factors to the promoter regions because information on the cis-acting sequence
elements, such as -10 and -35 boxes in the promoter regions, is not yet fully elucidated for
each o-factor. To identify the promoter elements more precisely with strand specificity and a
better resolution than ChIP-chip, we performed transcription start site (TSS) profiling at the
genome scale with a single nucleotide resolution. A genome-wide TSS-map was generated
from TSS profiling by the rapid amplification of cDNA ends followed by deep-sequencing
after 5° triphosphate enrichment” *> % for 3 conditions: stationary phase, heat-shock, and
alternative nitrogen source with glutamine. TSS profiling for exponential phase was taken

from the previous study’, and it was processed together with the other three datasets. TSS-map
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was then integrated with the Ec-map to build a strand-specific promoter map (P-map) (Figure

11b, Figure 11c, Figure 11d).

Reconstruction of sigma factor regulons and their overlaps

The P-map was combined with the transcription unit (TU) map ', resulting in the o-
factor-TU-gene network (c-TUG network) (Figure 13d, Figure 13e). A network of interactions
among the o-factors was extracted from the 6-TUG network (Figure 13c). ¢° and ¢** are the
only o-factors that auto-regulate themselves, and 6" and o regulate most of the other o-
factors, reflecting their roles as housekeeping o-factors under exponential and stationary phase

104" Gene essentiality data is available for E. coli **°

, and only rpoD has been found to be an
essential o-factor. This network feature is consistent with the fact that ¢'° regulates the highest
number of o-factors, including itself. In addition, 6’ has the biggest regulon that cannot be

substituted for by the other o-factors (Figure 13d).
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Figure 13. Properties of the reconstructed o-factor network in E. coli. (a) Extensive
overlapping between c-factor binding sites. (b) Number of promoters bound by multiple o-
factors shows complex overlap between different o-factors, indicating complicated alternative

o-factor usage. (c) A regulatory network between o-factors in E. coli, where o

70

and o

regulate expression of most of 7 o-factors. (d) Reconstruction of 3-layered network of o-
factors, transcription units, and genes. (e) Examples of thrLABC and hypBCDE-fhIA
transcription units that are differently regulated by multiple o-factors, and result in different
TUs containing different sets of genes.
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The significant overlap of o-factor regulons leads to fundamental questions: what is
the molecular basis for the overlap and what are the consequences of having a complicated o-
factor network? Due to the individual ability of each o-factor to recognize cis-acting sequence
elements in the promoter region (such as -10 box or -35 box) the sequence motifs of promoter

M1 the sequence motifs of 6° and 6> showed

regions were analyzed. Like previous studies
a similar -10 box sequence (TAtaaT and CTAtacT), however, unlike the ¢’ sequence motif,
the 6> did not have a distinctive -35 box. The similarity in the -10 box sequence motifs of the
6"~ and o*-specific promoters and the degenerate nature of the -35 box sequence of the 6°-
specific promoters explains, in part, how a large overlap between ¢’° and o regulons is
possible.

With the structure and molecular details of the 6-TUG network in hand, we can begin
to study its functional states. Due to the limited number of E complexes in a growing E. coli

cell 0

, each o-factor should compete to achieve association with an E complex to initiate
transcription. Thus, it becomes important which Ec* binds to and how frequently ***. We find
that the promoter sets specific to each o-factor overlap extensively, and a large number of
promoters bound by multiple o-factor share the same TSS (Figure 13a, Figure 13d). These
findings raise a question about the molecular mechanism of o-factor competition for binding

to E complex and subsequently to the promoter, and how that affects the transcription

initiation.

Sigma factor competition in overlapped promoters

o-factors are believed to act predominantly as a positive effector, since they recognize
the cis-acting elements in promoters that enable the Ec” to bind. Interestingly, however, ¢**
does have a negative effect on expression level of some genes, even though it acts mainly as a

positive effector™> *°. To shed light on the molecular mechanisms of c-factor competition by
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6°%, we performed ChIP-chip experiments for RpoB with WT and its isogenic rpoS knock-out
strain to obtain differential Ec* binding to the genome. The differential binding intensity of the
Ec” to the promoters of 1139 genes, whose transcription is directly affected by 6%, is shown in
Figure 14a. If 6®-specific promoters were bound only by 6%, then the E complex recruited
onto those promoters would be very scarce. However, the majority of ¢*°-specific promoters
showed significant levels of signals for Ec* binding in the ¢® deletion strain, indicating
recruitment of the Ec*, implying rescue of transcription activity (Figure 14a). To confirm that
the detected binding of the Ec” leads to transcription, we performed expression profiling with
WT and rpoS knock-out strain cells under stationary phase conditions (Figure 14b). Most
genes having o*®-specific promoters were expressed. Among 1139 genes with ¢*®-specific
promoters, 178 genes (16%) showed up-regulated expression when rpoS was removed and
expression of 291 genes (26%) was down regulated more than 2-fold (t-test p-value < 0.05).
The remaining 58% of genes showed no statistical significance in expression (fold change less
than 2) or were not expressed in either strain. In the absence of rpoS, ¢*®-specific promoters
became active in transcription, leading to expression of the corresponding genes, but at a

different level for 469 (41%) of these 1139 genes.
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Figure 14. Competition between ¢’° and o> in overlapping promoter regions. (a)
Recruitment of RNAP core enzyme to promoters upstream of 1139 o**-specific genes was
recovered when rpoS is knocked-out. RNAP binding intensity on the y-axis was the ChlP-chip
intensity, and 3 red lines represent the first, second, and third quantiles. (b) Comparison of
transcriptional expression of genes in WT and 4rpoS strains. Among 1139 genes with ¢™°-
specific promoters, transcription of 178 genes was up-regulated (red background) and that of
291 genes was down-regulated (blue background) (c¢) Expression level of 0 and ¢* was
measured in both transcriptional and translational level. The amount of " is abundant in
exponential and stationary phase, and so it is absent of rpoS. (d) Up-regulated genes upon
rpoS knock-out were more strongly bound by 6™ than down-regulated genes.

The expression of genes with o>>-regulated genes was recovered when rpoS was
knocked out; however it is still unknown which, among the other c-factors, is replacing the

role of ¢®. Since 6" shared the largest portion of promoters with ¢*, it is reasonable to
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assume that 6'° would replace 6>° when ¢ is missing. In E. coli MC4100, it was reported that
the amount of ¢’ is in abundance during stationary phase ''. Like that strain, E. coli K-12
MG1655 also showed high protein expression of ’° during stationary phase in WT and 4rpoS
strain (Figure 14c). In addition, we examined how many genes bound by o™ in the WT strain
were bound by ¢’ when rpoS was deleted. About 89% of those genes were found to be bound
by ¢’® when > was missing, (Figure 16). This surprisingly high rate of c-factor substitution
explains how the majority of genes directly bound by o> recovered their expression when
rpoS is knocked out (Figure 14b). However, it is still unclear how some of those genes were
up-regulated. Since ~89% of them were bound by ¢’°, we measured the intensity of ¢’
binding in ArpoS during stationary phase with ChIP-chip experiments, and compared the
binding intensity between up-regulated genes and down-regulated genes (Figure 14d, Figure
15). This measurement showed that up-regulated genes were bound more strongly by ¢’ (p-
value of Wilcoxon rank sum test was 4.80x10%), suggesting that strong 6™ binding resulted in
increased transcription. This finding indicates that the presence of ¢ actually contributed to
repressing the transcriptional expression of some genes, presumably by competition for shared

70 38
promoters between 6 and 6™

Comparative analysis of the sigma factor network in close related species

With the detailed reconstruction of the 6-TUG network in E. coli, we are in a position
to address the issue of the difference between such networks in closely related species.
Genome-wide identification of transcription start sites (TSSs) of two gamma-proteobacteria,
E. coli and K. pneumoniae, revealed promoter regions upstream of orthologous genes are
differently organized in the two species, resulting in different usage of TSSs’. Since c-factors
recognize sequence elements of promoters, and that they are directly upstream of TSSs, it

becomes important to determine any differences in o-factor binding patterns. While the E. coli



genome contains 7 o-factors, K. pneumoniae is known to have only 5 o-factors, missing fliA
and fecl that are found in E. coli. The other 5 o-factors which the two species have in common
are highly conserved in terms of amino acid sequence similarity: 95.9% (rpoD), 98.5% (rpoS),
89.8% (rpoN), 95.1% (rpoH), and 96.3% (rpoE). Promoter sequence motifs examined from
the TSSs were found to be identical between E. coli and K. pneumoniae suggesting that the
sequence motifs for each orthologous o-factor are identical” 8. However, the different
organization of upstream regulatory regions of the two species and a different pattern of

transcription initiation indicates the possibility of significantly diverse o-factor binding.

mukB ycbB yebK yebl ybeQ essD ybcS

ChIP-chip WT

— . s
38 s
o e ot il et . .. —-*‘
05
leading 16
strand GLM‘WIL&._LJM.H‘MA.“U I._x.._n_.....-...l.-_,,n,,.l.l_l._h—-_.._n.

wWT
lagging 1 ]
) strand gL dadaly TV PRI Ty il PR TR I T G Andnielibh el o, . i .
Expression R 16
leading
strand GL.I—HHM.M.‘_._L—hJ § MR * ORI R THPTIRIRPAR [P PRSI  JEY F S
ArpoS a6
lagging L
strand  gldama oboeole sl lussedh o oo s .M“ bl i, “.. [
-annotated gene up-regulated gene down-regulated gene

Figure 15. Examples of up-regulated and down-regulated genes when rpoS is knocked
out. ycbB is an example of a down-regulated gene upon rpoS knock-out, and ycbK, ycbL, and
nmpC are up-regulated genes. ycbB was not bound by ¢’® when ¢® was missing, which
resulted in no significant recruitment of RNAP enzyme complex, which was supported by no
transcriptional expression of the particular gene. On the other hand, nmpC was more strongly
bound by ¢ when ¢® was absent, which resulted in more RNAP binding and stronger
expression.
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Figure 16. The majority of 6*-specific promoters were bound by ¢’ when rpoS is
missing.

To investigate binding patterns of two major o-factors, rpoD and rpoS, we analyzed
ChIP-chip datasets for 6" under exponential phase and ¢® under stationary phase grown in
glucose minimal media from the previous study™®. E. coli and K. pneumoniae have 4513 and
5305 genes, respectively, and 2876 coding genes were defined as orthologs by two-way
reciprocal alignment. Then binding of 6" and o™ under specified conditions upstream of those
orthologous genes were analyzed and clustered (Figure 17a). Among 2876 orthologous genes,
60% showed the same binding patterns (584 for both bound, 213 for ¢’ bound, 102 for 6>
bound, and 847 for not bound). The two closely related bacteria, E. coli and K. pneumoniae,
share the majority of gene contents with highly conserved sequences of most ORFs. However,
conserved genes showed significantly different o-factor binding patterns, indicating diverse
gene regulation by different transcription initiation (Figure 17¢, and Figure 17d). Interestingly,
in some cases, altered binding of o-factors was associated with changes in TU organization,
suggesting even more diverse regulation between the two species. Although two major o-
factors were found to bind differently upstream of orthologous genes, regulation between o-
factors remained unchanged, except for the two missing o-factors, fliA and fecl, in K.
pneumoniae (Figure 18). Thus, regulation of gene expression by c-factors may evolve faster

than regulation among the o-factors themselves.
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Figure 17. Conservation and divergence in transcriptional regulation by o-factors. (a)
Clustering o-factor binding patterns revealed conserved and divergent transcriptional
regulation of 2876 orthologous genes. (b) crp is regulated by 6™ and ¢* in both species,
showing regulation conservation. (c) In E. coli, cutA is a part of dcuA-cutA-dipZ transcription
unit and is regulated by ¢’ and ¢*°, while cutA in K. pneumoniae is the first gene in its
transcription unit and is directly bound by ¢’ (d) In K. pneumoniae, panD is a part of
panBCD transcription unit and that transcription unit is regulated by ¢'°, however in E. coli
panD is separated from panBC by yadD, making another distinct transcription unit. Those two
transcription units are both regulated by ¢'°. (¢) A genomic region containing ydeA and marC
in both species was inverted, and this genomic inversion was accompanied with transcription
regulation switch between 6" and ¢
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Figure 18. Comparison of transcriptional regulation by two major ¢-factors, 6" and ¢,
in two closely-related bacteria.

Conclusions

Genome-scale measurements have enabled the reconstruction of the 6-TUG network
in E. coli K-12 MG1655. This network is at the core of transcriptional regulation in bacteria.
Its reconstruction has enabled the assessment of its topological characteristics, functional
states, and limited comparison with related species. With the integration of a growing body of
experimental data on transcription factor binding and activity, the resource provided here open
up the possibility of developing a comprehensive reconstruction of the entire transcriptional
regulatory network in E. coli that would simultaneously describe the function of o-factors and

transcription factors that produce the entire expression state of the organism.

Methods

Bacterial strains, media, and growth conditions: E. coli K-12 MG1655 and its isogenic
knock-out strains were used in this study. The deletion mutants (4rpoS and ArpoN) were
generated by a A Red and FLP-mediated site-specific recombination system . E. coli cells
were harvested at mid-exponential phase (ODgyonm ~ 0.5) with the exception of stationary

phase experiments (ODgoonm ~ 1.5). Glycerol stocks of E. coli strains were inoculated into M9
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or W2 minimal media®

(for nitrogen-limiting condition) with glucose (2 g/L) and cultured at
37 °C with constant agitation overnight. Cultures were then diluted 1:100 into 50 mL of fresh
minimal media and cultured at 37 °C to appropriate cell density. For heat-shock experiments,
cells were grown to mid-exponential phase at 37 °C and half of the culture was used as a
control, while the remaining culture was transferred into pre-warmed (50 °C) media and
incubated for 10 min. For nitrogen-limiting condition, ammonium chloride in the minimal
media was replaced by glutamine (2 g/L).

Total RNA isolation: Three milliliters of cell culture were mixed with 6 mL RNAprotect
Bacteria Reagent (Qiagen). Samples were mixed immediately by vortexing for 5 seconds,
incubated for 5 minutes at room temperature. Then they were centrifuged at 5000 xg for 10
minutes. The supernatant was decanted and any residual supernatant was removed by
inverting the tube once onto a paper towel. Total RNA samples were then isolated using
RNeasy Plus Mini kit (Qiagen) in accordance with the manufacturer’s instructions. Samples
were then quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and the
quality of the isolated RNA was checked by visualization on agarose gels and by measuring
the sample’s Ajgo/Asgo ratio (>1.8).

Transcriptome analysis: Transcriptome dataset with oligonucleotide tiling microarrays for E.
coli K-12 MG1655 wild type grown under 4 conditions, exponential phase, stationary phase,
heat-shock, and nitrogen-limiting condition, were taken from the previous study™. In order to
get the transcriptome dataset for E. coli deletion mutant 4rpoS, the protocol previously
described ’ was adapted for the deletion mutant in the current study. Briefly, 10 g of purified
total RNA sample was reverse transcribed to cDNA with amino-allyl dUTP. The amino-allyl
labeled cDNA samples were then coupled with Cy3 monoreactive dyes (Amersham). Cy3

labeled cDNAs were fragmented to 50 ~ 300 bp range with DNase | (Epicentre). High-density
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oligonucleotide tiling arrays consisting of 371,034 50-mer probes spaced 25 bp apart across
the whole E. coli genome were used (Roche Nimblegen). Hybridization, wash, and scan were
performed in accordance with manufacturer’s instructions. Three biological replicates were
utilized for stationary phase under glucose minimal media. Probe level data were normalized
with RMA (Robust Multiarray Analysis) algorithm without background correction, as
implemented in NimbleScan 2.4 software.

TSS-seq by modified 5> RACE and deep-sequencing: The raw TSS dataset for exponential
phase was taken from the precious study’. For the other 3 conditions, stationary phase, heat-
shock, and nitrogen-limiting condition, TSS determination protocol previously described ’ was
adapted for E. coli K-12 MG1655. To enrich intact 5 tri-phosphorylated mRNAs from the
total RNA, 5> mono-phosphorylated ribosomal RNA (rRNA) and any degraded mRNA were
removed by treatment with a Terminator 5’-Phosphate Dependent Exonuclease (Epicentre) at
30°C for 1 hr. The reaction mixture consisted of 10 pg purified total RNA, 1 pL terminator
exonuclease, reaction buffer, and RNase-free water up to total 20 uL. The reaction was
terminated by adding 1 puL of 100 mM EDTA (pH 8.0). Intact tri-phosphorylated RNAs were
precipitated by adding 1/10 volume of 3 M sodium acetate (pH 5.2), 3 volumes of ethanol, and
2 uL of 20 mg/mL glycogen. RNA was precipitated at -80 °C for 20 min and pelleted, washed
with 70% ethanol, dried in Speed-Vac for 7 minutes without heat, and resuspended in 20 pL
nuclease free water. The tri-phosphorylated RNA was then treated with RNA 5°-
Polyphosphatase (Epicentre) to generate 5’-end mono-phosphorylated RNA for adaptor
ligation. The RNA sample from the previous step was mixed with 2 pLL 10x reaction buffer,
0.5 uL SUPERase-In (Ambion), 1 uL. RNA 5’-Polyphosphatase, and RNase-free water up to
20 pL. The mixture was incubated at 37°C for 30 minutes and reaction was stopped by phenol-

chloroform extraction. Ethanol precipitation was carried out for isolating the RNA as
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described above. To ligate 5' small RNA adaptor (5’-GUUCAGAGUUCUACAG
UCCGACGAUC-3’) to the 5-end of the mono-phosphorylated RNA, the enriched RNA
samples were incubated with 100 pM of the adaptor and 2.5 U of T4 RNA ligase (New
England Biolabs). cDNAs were synthesized using the adaptor-ligated mRNAs as template
using a modified small RNA RT primer from [Nlumina 5’-
CAAGCAGAAGACGGCATACGANNNNNNNNN -3°) and Superscript II Reverse
Transcriptase (Invitrogen). The RNA was mixed with 25 uM modified small RNA RT primer
and incubated at 70 °C for 10 min and then at 25 °C for 10 min. Reverse transcription was
carried out at 25 °C for 10 min, 37 °C for 60 min, 42 °C for 60 min, and followed by
incubation at 70 °C for 10 min. A reaction mixture for reverse transcription consisted of the
following components: 5x 1% strand buffer; 0.01 M DTT; 10 mM dNTP mix; 30 U
SUPERase*In (Ambion); and 1500 U SuperScript II (Invitrogen). After the reaction, RNA was
hydrolysed by adding 20 puL of 1 N NaOH and incubation at 65 °C for 30 min. The reaction
mixture was neutralized by adding 20 puL of 1 N HCI. The cDNA samples were amplified
using a mixture of 1 uL. of the cDNA, 10 pL of Phusion HF buffer (NEB), 1 uL of dNTPs (10
mM), 1 uL SYBR green (Qiagen), 0.5 pL of HotStart Phusion (NEB), and 5 pmole of small
RNA PCR primer mix. The amplification primers used were 5’-AATGATACGGCGACCAC
CGACAGGTTCAGAGTTCTACAGTCCGA-3’ and 5’-CAAGCAGAAGACGGCATACGA-
3’. The PCR mixture was denatured at 98 °C for 30 s and cycled to 98 °C for 10 s, 57 °C for
20 s, and 72 T for 20 s. Amplification was monitored by a LightCycler (Bio-Rad) and
stopped at the beginning of the saturation point. Amplified DNA was run on a 6% TBE gel
(Invitrogen) by electrophoresis and DNA of size ranging from 100 to 300 bp were size
fractionated. Gel slices were dissolved in two volumes of EB buffer (Qiagen) and 1/10 volume

of 3 M sodium acetate (pH 5.2). The amplified DNA was then ethanol-precipitated and
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resuspended in 15 pLL DNase-free water (USB). The final samples were then quantified using

a NanoDrop 1000 spectrophotometer (Thermo Scientific).

Sequencing, data processing and mapping: The data processing and mapping of the
sequencing results to get potential TSSs was performed in the identical way it was done in the
previous study’. In brief, the amplified cDNA libraries from two biological replicates for each
condition were sequenced on an Illumina Genome Analyzer. Sequence reads for cDNA
libraries were aligned onto the E. coli K-12 MG1655 genome (NC_000913) using Mosaik
(http://code.google.com/p/mosaik-aligner) with the following arguments: hash size = 10,
mismatach = 0, and alignment candidate threshold = 30 bp. Only reads that aligned to a unique
genomic location were retained. Two biological replicates were processed separately, and only
sequence reads presented in both biological replicates were considered for further process. The
genome coordinates of the 5’-end of these uniquely aligned reads were defined as potential
TSSs. Among potential TSSs, only TSSs with the strongest signal within 10 bp window were
kept to remove possible noise signals. TSSs with greater than or equal to 40% of the strongest
signal upstream of an annotated gene were considered as multiple TSSs. The strongest signal
was defined as the potential TSSs with the highest number of reads among the TSSs upstream
of an annotated gene. For further analysis, among TSSs, ones that lie within RNAP binding
regions (Table S3) were used for integration with o-factor binding information.

Chromatin  immunoprecipitation and  microarray analysis:  Briefly, the
immunoprecipitated RNAP-associated DNA fragments were fluorescently labeled and
hybridized to a high-density oligonucleotide tiling microarray representing the entire E. coli

genome'®. To identify in vivo binding regions of RNAP complex and 6 c-factors, 6°°, **, 6%,

6%, 6%, and o), we isolated DNA fragments bound to those RNAP subunits from

formaldehyde-crosslinked E. coli cells through chromatin immunoprecipitation with 6
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different antibodies that specifically recognize each subunit (NeoClone). E. coli strain

d*® % and used for the

harboring RpoH-8myc was constructed in the way previously describe
6°® ChIP-chip with anti-c-myc antibody (9E10, Santa Cruz biotech). Cells were grown under
appropriate conditions and harvested. The IP DNA and mock-IP DNA were hybridized onto
high-resolution whole-genome tiling microarrays, which contained a total of 371,034
oligonucleotides with 50-bp probes overlapping 25 bps on both forward and reverse strands.
Tiling microarrays were hybridized, washed, and scanned in accordance with the
manufacturer’s instructions (Roche NimbleGen). To increase depth of the number of promoter
regions identified, datasets were generated under multiple growth conditions with a total
number of 45 ChlIP-chip experiments (36 for c-factors and 9 for RNAP), and analyzed (Table
S1). We were not able to perform ChIP-chip experiment for 6®. This could be because the
expression level of o* was not high enough, or we were not able to find an appropriate
condition to activate c**. To remedy the missing dataset, we deployed known binding
information for 6* from the public database'*".

ChlP-chip data analysis: We used the peak-finding algorithm built in the NimbleScan
software from Roche Nimblegen, and following analysis was performed in the way previously
described™ *'. In brief, transcription factor—binding regions were identified by using peak-
finding algorithm, which is built in the NimbleScan software (Roche NimbleGen). Processing
of ChIP-chip data was performed in three steps: normalization, IP/mock-IP ratio computation
(in log, scale) and enriched-region identification. The log, ratios of each spot in the microarray
were calculated from the raw signals obtained from both Cy5 and Cy3 channels, and then the
values were scaled by Tukey biweight mean. The log, ratio of Cy5 (IP DNA) to Cy3 (mock-I1P
DNA) for each point was calculated from the signals. Then, the biweight mean of this log,

ratio was subtracted from each point. Each log-ratio dataset (from duplicate or triplicate
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samples) was used to identify transcription factor—binding regions using the software (width
of sliding window = 300 base pairs). Our approach to identify the transcription factor—binding
regions was to first determine binding locations from each dataset and then combine the
binding locations from at least five of six datasets to define a binding region using the recently
developed MetaScope visualization software and genome browser
(http://systemsbiology.ucsd.edu/Downloads/MetaScope).

Western blotting: E. coli K-12 MG1655 and ArpoS deletion mutant cells were grown in M9
minimal media with 0.2% glucose, and were harvested from mid-exponential phase to
stationary phase every 2 hours. Cells were pelleted by centrifugation, and were lysed with
lysozyme in a lysis buffer containing 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 1 mM
EDTA. The supernatant was taken after centrifugation to remove unlysed cells. The
concentration of total protein in the lysate was measured with Qubit Protein Assay Kit
(invitrogen), and 5 pg of total protein samples were mixed with 4X SDS-PAGE sample
loading buffer (Invitrogen) and 10 mM DTT, and then boiled at 90 °C for 5 min. Boiled
samples were separated by electrophoresis with 10% Bis-Tris Gel in MOPS buffer, and
transferred onto Hybond-ECL membrane (Amersham Biosciences). The membrane was
briefly washed in TBS buffer with 0.1% Tween-20 (1X TBS-T) for 5 min on a rocker, and
then treated with 2% skim milk in TBS-T buffer for 1 hr with mild shaking. The membrane
was washed twice with TBS-T for 5 min each on a rocker, and then it was sliced into 3 pieces
having RpoB, ¢'° and ¢ in each slice. Sliced membranes were treated with anti-RpoB, anti-
6", and anti-o* antibodies (NeoClone) in 1/10,000 dilution for 1 hour on a rocker. Each
membrane slices were washed in TBS-T for 15 min once and 5 min three times each, and then
was treated with HRP-conjugated anti-mouse 1gG (Amersham Bioscience) in 1/10,000

dilution for 30 min on a rocker, followed by washing in TBS-T for 15 min once and 5 min
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three times each. Chemiluminescent detection was applied to peroxidase conjugates on

membrane to detect the amount of RpoB, 6", and 6.
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Chapter 5: Deciphering the Fur transcriptional regulatory network

highlights its complex role beyond iron metabolism in Escherichia coli

Iron is essential for many fundamental cellular processes, including N; fixation, DNA
synthesis, the tricarboxylic acid (TCA) cycle, and respiration'??. Its function depends on its
incorporation into proteins either as an isolated ion or in a more complex form such as iron-
sulfur (FeS) clusters or a heme group. Unfortunately, although iron is essential for most
organisms, it can also be extremely toxic under oxic environments. Its ability to interact with
superoxide and hydrogen peroxide can generate the highly reactive and damaging hydroxyl

122 Thus, the amount of cellular free iron

radical species by Fenton or Haber-Weiss reactions
should be carefully managed to protect cells from iron-induced toxicity.

In most gram-negative bacteria, including Escherichia coli, ferric uptake regulator
(Fur) regulates iron metabolism to precisely control cytoplasmic iron levels. Although
classical Fur regulation involves the binding of Fur-Fe*" to the promoter region as a repressor,
recent studies have demonstrated that Fur-Fe®* can function as an activator'* and even Fur
without an iron cofactor can act as both in some pathogenic bacteria*?* ***?’_ In E. coli, the
general role of Fur in iron metabolism has been extensively investigated from in vitro DNA-
binding experiments and related mutation analysis*?®***°. However, much less is known about
genome-scale in vivo Fur-binding events and the regulatory network they comprise. A
complete reconstruction of the Fur transcriptional regulatory network in response to iron
availability will reveal detailed modes of Fur regulation by emphasizing direct regulatory

mechanisms and distinguishing them from indirect regulation. Furthermore, a better

understanding of the Fur regulatory network can shed light on unanswered questions about its

68
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role in fundamental cellular processes, other than direct iron metabolism, that need to be

coordinated when E. coli responds to iron availability.
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Figure 19. Flowchart of the method. The in vivo genome-wide Fur-binding maps along with
the changes in RNAP bindings (S, static map) and occupancies (D, dynamic maps) and Fur-
dependent transcriptomic data were generated under both iron-replete and iron starvation
conditions. Combined data sets were used to determine direct Fur regulon and the regulatory
mode for individual ORFs governed by Fur. The Fur regulatory network was reconstructed by
connecting iron transport and utilization regulatory motifs with negative-feedback loops.

In this study, we applied a systems biology approach by integrating genome-scale data
from chromatin immunoprecipitation with lambda exonuclease digestion followed by high-
throughput sequencing (ChlP-exo) for Fur and RNA polymerase (RNAP) and from strand-
specific massively parallel cDNA sequencing (RNA-seq) to decipher the Fur regulatory

network in response to iron availability following the workflow shown in Figure 19. We first
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sought to fully reconstruct the Fur regulon. We examined the Fur-binding sites on the E. coli
genome and also measured the changes in RNAP bindings/occupancies and mRNA transcript
levels on a genome-scale to identify the direct Fur regulon. From this data, we then
determined regulatory modes for individual open reading frames (ORFs) subject to Fur
regulation and reported distinct mechanisms of apo- and holo-Fur activation as well as holo-
Fur repression in E. coli. Finally, we identified that the Fur regulatory network maintains
intracellular iron concentration by connecting iron transport and utilization enzymes with
negative-feedback loop pairs. The reconstruction of the Fur regulatory network provides a
comprehensive view of the coordinative genome-wide regulatory role of this important global

transcription factor.

Genome-wide identification of Fur binding sites

Previously, Fur-binding sites in E. coli have been characterized by in vitro DNA-
binding experiments and related mutation analysis'?®; however, direct measurement of in vivo
Fur binding has not been available. We therefore first employed the ChlIP-exo method to
determine the in vivo Fur-binding maps with near 1-bp resolution in E. coli under both iron-

replete and iron starvation conditions (Figure 20a).
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Figure 20. Genome-wide distribution of Fur-binding sites. (a) An overview of Fur-binding
profiles across the E. coli genome at mid-exponential growth phase under both iron-replete
(red) and iron starvation (blue) conditions. Black and white dots indicate previously known
and newly found Fur-binding sites, respectively. (b) Overlaps between Fur-binding sites under
iron-replete and iron starvation conditions. (c) Comparison of the Fur-binding sites obtained
from this study (ChlP-exo) with the literature information. (d) Sequence logo representations
of the Fur-DNA binding profiles.

Using a peak finding algorithm, 118 and 59 unique and reproducible Fur-binding sites
were identified under iron-replete and iron starvation conditions, respectively (Figure 20a).
The high-resolution of ChiP-exo method enabled us to identify multiple binding peaks in
several binding sites and separate binding peaks in divergent promoter regions, resulting in
143 and 61 peaks under iron-replete and iron starvation conditions, respectively. Most of the
binding sites (58 of 59) under iron starvation condition overlapped with those under iron-
replete condition thus giving a total number of binding sites of 119 (Figure 20b). Only 54% of
them (64 of 119) were located in putative regulatory regions and the remaining 46% were

found in intragenic regions or between two coding regions of convergent genes. In addition,
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69% (40 of 58) of the overlapped binding sites were located in non-regulatory regions. One
interesting exception was the upstream region of ycgZ-ymgA-ariR-ymgC where Fur occupied
only under iron starvation condition, indicating possible direct regulation by Fur under this
condition. Prior to this study, 27 Fur-binding sites had been identified with strong
experimental evidence'®, 74% (20 of 27) of which were also detected in this study (Figure
20c). Collectively, a total of 98 Fur-binding sites were newly identified in this study, 45% (44
of 98) of which are located at putative regulatory regions (Figure 20c), expending the current

scope of the Fur regulatory network.

Genome-wide reconstruction of Fur regulon

Currently, a total of 70 genes in 27 transcription units (TUs) have been characterized
as members of Fur regulon to be directly regulated by Fur in E. coli based on strong
experimental evidence'®. From our ChIP-exo analysis, we significantly expanded the size of
the potential Fur regulon to comprise 110 target genes in 64 TUs. To determine causal
relationship between Fur binding and transcript level, we compared transcript levels between
wild-type and Afur mutant cells grown under both iron-replete and starvation conditions.
Overall, a total of 678 genes were differentially expressed by the Fur deletion under either
iron-replete (553) or iron starvation (211) condition, 86 of which overlapped in both
conditions (Figure 22). In addition, we also measured the RNAP occupancy on a genome-
scale using ChIP-exo to gain a better mechanistic understanding of the transcriptional
regulatory roles of Fur. We could identify locations where RNAP occupancy is increased or

decreased due to changes in Fur-binding levels and iron availability.
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Figure 21. Genome-wide identification of Fur regulon. Comparison of ChIP—exo results
and gene expression profiles under (a) iron-replete and (b) iron starvation conditions to
distinguish direct and indirect Fur regulon. (c) Functional classification of genes directly
regulated by Fur.
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Figure 22. Fur-dependent transcriptome in response to iron availability. We compared
transcript levels between wild-type and Afur mutant under both iron-replete (FeCl,) and
starvation (Dipyridyl) conditions.

Combining our ChIP-exo results of Fur- and RNAP-binding/occupancy maps with
Fur-dependent transcriptome data, we could clarify target genes for direct Fur regulation
depending on iron availability (Figure 21a and Figure 21b). A total of 81 genes in 42 TUs
were directly regulated by Fur under either iron-replete (77 genes) or iron starvation (4 genes)
condition. Only 13% (81 of 678) of the Fur-dependent genes were directly regulated by Fur.
These genes were categorized into clusters of orthologous groups (COG) categories according
to their functional annotation (Figure 21c). As expected, the COG category for inorganic ion
transport and metabolism (P) was found to be overrepresented. However, they also
encompassed a diverse range of COG functional categories, indicating that Fur may play

complicated regulatory roles beyond iron metabolism to coordinate associated cellular
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processes. The other 597 genes would be targets for either indirect Fur regulation (mediated
by RyhB small RNA) or other stress-responsive TFs since iron availability can generate

different types of damages such as redox imbalance and oxidative stress™".

Regulatory modes of Fur in response to iron availability

An interesting aspect of the regulatory modes of Fur is its variable response to iron
availability. Classical Fur regulation involves the binding of iron-bound Fur to the promoter
region as a repressor; however, recent studies have shown cases where Fur functions as an
activator or as both even in the absence of its iron cofactor in some pathogenic species'? *#
125 In order to define regulatory modes of Fur in E. coli, we classified the regulation of 81
genes into 4 different modes (holo-Fur repression, holo-fur activation, apo-Fur repression, and
apo-Fur activation) depending on Fur binding with and without iron.

For example, the promoter regions of fepA and fes TUs, where two divergent
promoters exist, were extensively occupied by Fur under iron-replete condition with a
decrease in RNAP bindings and transcript levels (Figure 24b, holo-Fur repression). We
denoted this regulatory mode as holo-Fur repression (HR). A total of 65 genes were regulated
by this mode, and 23 of them were previously investigated with either weak evidence (fiu-
ybiX, efeUOB, fhuk, yncE, yddA-yddB, ydiE, nrdHIEF, ygjH, and feoABC) or no evidence
(ybaN, adhP, ynfD, yoeA, and yojl) (Figure 24a). Interestingly, the efeUOB operon, which
encodes a ferrous iron transporter complex, was found to be still repressed by iron-bound Fur,
even though this operon is cryptic due to a frameshift mutation®. In contrast, associations of
Fur on the promoter regions of ftnB and ftnA TUs increased RNAP bindings and transcript
levels under iron-replete condition (Figure 24b, holo-Fur activation). Thus, we denoted this

regulatory mode as holo-Fur activation (HA). In the previous study, only ftnA was thought to

be a direct target for activation by iron-bound Fur***, However, we identified 11 more target
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genes (argF-yagl, adk, ftnB, hybOA, zapB, uxuAB, acnA, and yjiT) for direct activation by
iron-bound Fur (Figure 24a). Most of them utilize iron or other divalent metal ions as
cofactors. It is known that acnA, encoding aconitase not only catalyzing the inter-conversion
of citrate and isocitrate in TCA cycle but also sensing iron starvation and oxidative stress, was
indirectly regulated by Fur via RyhB-mediated mRNA degradation'*. Surprisingly, acnA was
also directly activated by iron-bound Fur. This observation is in agreement with the Northern
Blot analysis from the previous study where AryhBAfur double mutant showed much less
amount of acnA transcript compared to AryhB mutant, presumably due to the loss of direct

activation by Fur®

. Another aspect of Fur is its regulation mediated by binding of iron-free
form in some pathogenic bacterial species'® > % Although E. coli K-12 MG1655 has been
regarded not to have this regulatory mode, we observed that the promoter region of the ycgz-
ymgA-ariR-ymgC operon is bound by Fur only under iron starvation condition, and this
binding was accompanied with an increase in both RNAP binding and transcript level (Figure
24b, apo-Fur activation). We denoted this regulatory mode as apo-Fur activation (AA). Three
genes (ymgA, ariR, and ymgC) in this operon are associated with biofilm formation and one of
them (ariR) is also related with acid resistance™. Thus, Fur could play a key role in
suppression of biofilm formation and resistance to acidic stress by activating this particular
operon under iron starvation condition. We did not observe the regulatory mode of apo-Fur
repression (AR) for any TU in E. coli K-12 MG1655, although some pathogenic strains have
been reported to have this mode'?* 12> 12¢,

To further analyze the sequences of individual Fur-binding sites, we created four
different datasets with footprint sequences based on the binding locations (regulatory or non-

regulatory region) and modes of regulation (HR, HA, or no change in transcript level),

resulting in 47 binding sites in holo-Fur repression, 11 binding sites in holo-Fur activation, 25
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binding sites in regulatory regions but no change in transcript level, and 60 binding sites in
non-regulatory regions. A consensus sequence for AA mode was not identified because it only
had one binding site. We also arbitrarily extended the sequence of each site by 20 nt at each
end to allow for adjacent sequences to be included in the motif search procedure®®. The motif
search for holo-Fur repressed genes yielded a consensus sequence with canonical Fur boxes
containing an internal palindromic 7-1-7 sequence®®*® (Figure 20d). In contrast, the identified
motif for holo-Fur activated genes was similar to previously identified Fur boxes but had an
incomplete palindromic sequence. Interestingly, the sequence motifs obtained from binding
sites in non-regulatory regions and those in regulatory regions without transcript level change
resembled the half of the previously known consensus Fur boxes, indicating that Fur binds to
these sites with low affinity due to the recognition sequence but not affect the transcription

level of the downstream genes.

- —_— —_—
fepA fes ftnB
= — I
2500 2500
w "
£ ] £ ]
ChiPexo | § © ChiP-exo | § O
Fur = F « J
2500 ur 2500
FeCl2 = 150 FeClz = 150
5 L1 5.l |
] Yoo
50 bp 50bp

Figure 23. Zoom-in examples of Fur bindings identified by ChIP-exo. The high-resolution
of ChlIP-exo method enabled us to separate binding peaks in divergent promoter regions
between fepA and fes as well as identify multiple biding peaks for ftnB. Arrows indicate the
direction of transcription of each gene.

Fur-regulated feedback loop motifs for iron metabolism

Next, we reconstructed the Fur regulatory network in E. coli to observe how Fur
regulates genes for iron metabolism. After the functional classification of 81 genes directly
regulated by Fur, we observed that the functions of 55% (44 genes) of those genes were
mainly localized to iron transport and metabolism. To identify the metabolic pathways

regulated by Fur, the members of Fur regulon were mapped to the iron uptake/utilization
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pathway8123' 128, 129, 136

(Figure 25a). Under iron-replete condition, Fur repressed entire
enterobactin biosynthesis/transport and iron or iron-complex transport systems including fhuk,
feoABC, and fiu. On the other hand, it activated several iron-utilizing enzymes including ftnB,
UXuAB, and hybOA under the same condition. As shown in a previous study, one of the FeS
cluster assembly systems mediated by suf operon is directly regulated by Fur while the other
mediated by isc operon is indirectly regulated by Fur via RyhB-mediated mRNA

degradation'*’. This RyhB-mediated regulation also forces genes associated with iron

utilization to be regulated according to the intracellular iron pool (sdhDC, fumA, bfr).
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Figure 24. Regulatory modes of individual ORFs governed by Fur in response to iron
availability. (a) Classification of the Fur regulatory modes based on the location analysis of
Fur and RNAP and gene expression profiling in response to iron availability. (b) Examples of
holo-Fur repression (HR) mode (fepA-entD and fes-ybdZ-entF-fepE), holo-Fur activation (HA)
mode (ftnB and ftnA), and apo-Fur activation (AA) mode (ycgZ-ymgA-ariR-ymgC). Boxes
with dotted lines are zoom-in examples in Figure 23.
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Figure 25. Iron acquisition/utilization pathways directly regulated by Fur and regulatory
network motif. (a) The iron acquisition (enterobactin biosynthesis and iron/enterobatin
transport), iron utilization (iron storage and iron/FeS cofactors), and FeS assembly pathways
are represented. The genes regulated by HR and HA are depicted by red and blue characters,
respectively. The genes regulated by RyhB-mediated mRNA degradation are depicted by
green characters with black boxes. 2,3-DHBA, 2,3-dihydroxybenzoic acid; IM, inner
membrane; OM, outer membrane. (b) Schematic diagram for the Fur regulatory motif
reconstruction for iron metabolism.

From this analysis, we were able to connect transport and utilization feedback loop
pairs™® (Figure 25b). In the left loop, Fur regulates transcription of the transport protein (T) in
either the presence or absence of iron, facilitating the uptake of the iron (Fe*,), whereas in
the right loop, Fur controls transcription of iron-utilization enzymes (U) that store Fe?*;, or use
it as cofactors. The possible logical structures of the feedback loop motifs can be characterized
depending on how Fur-Fe** (or Fur) represses or activates both T and U. In this case, Fur
regulatory network showed (-/-) motif for iron metabolism, which represses transcription of
iron transporter genes (HR) and enhances production of iron-utilizing proteins (HA) under
iron-replete condition (Figure 25b). Taken together, these observations demonstrate that E.
coli Fur in the iron-bound form directly controls transcription of transporters and utilization

enzymes in a manner of (-/-) motif to maintain intracellular iron concentration.
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Elucidation of complex roles of Fur regulatory network beyond iron metabolism

The genome-scale reconstruction of Fur regulatory network in E. coli enabled us to
extend the scope of its roles in response to iron availability (Figure 26). We classified them
into four different categories: iron metabolism, DNA synthesis, energy metabolism, and
nutrient search. Most importantly, Fur regulates iron metabolism comprised of a set of genes
involved in iron uptake, storage, and FeS assembly in response to iron availability (Figure
26a). Under iron-replete condition, Fur activated transcription of iron-utilization genes (HA)
while repressing that of iron transporter genes (HR). Under iron starvation condition, Fur

released these regulations to respond to iron shortage and scavenge available iron.

Fur is also involved in DNA synthesis under iron starvation condition (Figure 26b). It
is known that E. coli uses iron-dependent (NrdAB) or manganese-dependent (NrdEF)
ribonucleotide reductase (Fe-RNR or Mn-RNR) to provide dexoyribonucleotide precursors for
DNA synthesis under iron-replete or iron starvation condition, respectively*®. Prior to this
study, nrdHIEF operon did not have strong evidence for belonging to the Fur regulon.
However, this study found that Fur regulated both mntH and nrdHIEF, which encode divalent
metal cation transporter (preferentially Mn*") and Mn**-dependent ribonucleotide reductase
system, respectively. Once the iron is scarce, MntH imports Mn®* and NrdEF (Mn-RNR) to
utilize this metal ion for DNA synthesis rather than NrdAB (Fe-RNR). The increased
intracellular Mn** would also activate MntR (Mn-MntR) to repress RybA small RNA that
down-regulates key genes in the aromatic amino acid biosynthesis pathway'*. Thus, these
series of regulations might increase precursor pools of enterobactin synthesis to efficiently

scavenge iron under iron starvation condition.
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Figure 26. Global coordination roles of the Fur regulatory network in E. coli. The Fur
regulatory network is involved in many cellular functions required in addition to iron
acquisition and utilization. Fur directly regulates genes associated with (a) iron metabolism,
(b) DNA synthesis, (c) redirection of metabolism toward fermentative pathways, and (d)
biofilm formation for searching nutrients in response to iron availability. These networks are
linked through the coordination role that Fur plays.

Another interesting role of Fur regulatory network is its involvement in energy
metabolism by rapidly shifting metabolism between oxidative phosphorylation and
fermentation in response to iron availability (Figure 26c¢). Our recently developed genome-
scale model of metabolism and gene expression (ME-Model) in E. coli'** predicted that iron
starvation leads carbon flux to fermentative pathways rather than oxidative phosphorylation as

shown in the previous study using Staphylococcus aureus'*

(Figure 27). Under iron
starvation, down-regulation of acnA is achieved by indirect Fur regulation (mediated by
RyhB) that results in temporarily shutting down the TCA cycle and releasing citrate for
chelating iron™*. Based on our results, Fur also activated the transcription of acnA under iron-
replete condition, presumably to support active TCA cycle and oxidative phosphorylation for
faster cell growth. This dual regulation of acnA by Fur might enable cells to rapidly change

flux of the TCA cycle in response to iron availability. The metabolism shift might also

dramatically change redox state (such as NADH/NAD® ratio) and thus, redox sensors
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including ArcA regulate a large number of genes associated with respiration**®. Moreover,
redirection of metabolism towards fermentative products would also decrease pH of the
environment so that Fe?* is slowly or not being oxidized to Fe** 142 144,

Remarkably, Fur is also responsible for nutrient search of cells by controlling biofilm
formation in response to iron availability (Figure 26d). It is known that iron starvation leads to
the repression of biofilm formation in E. coli by apo-IscR*. The apo-Fur activation of ymgA,
ymgC, and ariR would also suppress biofilm formation and enable planktonic growth of the

13 Our results also indicate that activation of ariR would

cells to find iron-rich environment
contribute to expressing genes to endure acidic environments caused by shifting the metabolic
state towards fermentative pathways under iron starvation condition.

Taken together, the primary role of Fur regulatory network is to maintain intracellular
iron molecules within a narrow range of concentration so that their level can be relatively
insensitive to changes in extracellular conditions. To accomplish this, Fur regulates genes
associated with iron metabolism for iron uptake, storage, utilization, and FeS assembly. In the
meantime, Fur is also directly involved in various fundamental cellular processes such as

DNA synthesis, energy metabolism, and biofilm formation to allow cells to survive and adapt

to the iron imbalance.
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Figure 27. ME-simulation results depending on the iron uptake rate. From ME-model
simulation, we predicted (a) relative growth rate, (b) O, uptake rate relative to glucose uptake,
and (c) fraction of carbon secretion in response to different iron uptake rate. As iron is scarce,
both growth rate and O, uptake rate are decreased. However, the fraction of fermented carbon
dramatically increases while that of respired carbon decreases, indicating metabolism shifts
towards fermentative pathways.
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Figure 28. Western blot analysis. The E. coli strain harboring Fur-8myc was grown under
iron-replete (FeCl,) and iron starvation (Dipyridyl) conditions. Antibodies that specifically
recognize myc-tag for Fur and RpoB subunit of RNAP were used.
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Discussion

We comprehensively reconstructed the Fur regulon in E. coli by combining genome-
scale Fur binding maps, RNAP binding/occupancy profiles, and transcriptome data under both
iron-replete and iron starvation conditions. We identified (i) a total of 81 genes in 42 TUs
directly regulated by Fur under either iron-replete (77 genes) or iron starvation (4 genes)
conditions, (ii) regulatory modes for individual genes in the Fur regulon, (iii) the Fur
regulatory feedback loop motifs composed of transporters and utilization enzymes in response
to iron availability for iron metabolism, and (iv) the additional roles of Fur regulatory network
beyond iron metabolism.

From the genome-wide Fur binding maps under both iron-replete and iron starvation
conditions, we were able to show that a total of 119 Fur-binding sites were identified. The
high number of Fur-binding sites was not surprising, considering the number of binding sites
bound by global transcription factors such as ArcA, Crp, Fnr and Lrp specifically bind to the
similar number of sites'® %% % Among the 119 binding sites, 54% (64 of 119) of them were
located within regulatory regions, while the remaining 46% were found within non-regulatory
regions such as intergenic or intragenic of two convergent genes (Figure 20). As expected,
none of the Fur binding events within non-regulatory regions affected transcription.
Surprisingly, 95% (55 of 58) of Fur bindings on the overlapped binding sites in both
conditions were not responsible for regulation of transcription either (Supplementary Table
S1). Given these binding properties of Fur, it is plausible that either there might be additional
undiscovered function for Fur such as maintaining chromosome structure like H-NS and Fis in

23, 146

addition to a promoter-specific regulator or evolution has been slow to eliminate these

non-functional DNA binding sites for Fur'"’.
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Combining Fur binding maps with transcriptome data and RNAP binding/occupancy
profiles led us to identify direct Fur regulon and define 4 different regulatory modes of Fur
based on the binding patterns of iron cofactor and the way to regulate the target genes (Figure
24). We provided strong evidences that 9 Y-genes (yncE, yddA-yddB, ydiE, yqjH, ybaN, ynfD,
yoeA, and yojl) were directly regulated by HR mode. Given their putative functional
annotations'?® and the fact that E. coli Fur directly controls transcription of transporters and
utilization enzymes in a manner of (-/-) motif (HR/HA) for iron metabolism, we suggest that
the functions of these genes might be involved in either iron/iron-complex transportation or
iron-acquisition processes*”. In addition, there have been accumulating evidences that Fur in
other pathogenic species also have AA mode for transporters and AR mode for utilization
enzymes (Supplementary Table S6). Given that the other (-/-) motif can also be implemented
by AA/AR pairs (Figure 25b), these pathogenic species might have evolved to more
sensitively respond to iron availability with additional iron acquisition/utilization regulatory
system.

Comprehensive reconstruction of Fur regulatory network also extended our
knowledge of the roles of Fur in response to iron availability. Beyond iron metabolism, Fur
regulatory network was directly involved in other various biological processes such as DNA
synthesis, energy metabolism, and nutrient search that are essential for cell survival (Figure
26). Remarkably, these networks were also connected to each other. For example, Mn?*
uptake (Figure 26b) and temporal TCA shutdown (Figure 26c), driven by Fur under iron
starvation condition, consequently could lead to increase the intracellular Fe** pool, and Fur-
mediated repression of biofilm formation (Figure 26d) could contribute to protecting cells
from acidic environment caused by temporal TCA shutdown under this condition. Thus,

disrupting Fur regulatory network in either iron-replete or iron starvation condition can lead to
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dramatic changes in transcript levels of genes associated with various stress responses
(oxidative stress, redox imbalance, and acidic environment) besides Fur regulon
(Supplementary Table S7 and S8); note that only 13% (81 of 678) of the Fur-dependent genes
were directly regulated by Fur.

In summary, we have described an integrative analysis of various types of cutting-
edge genome-scale experimental data and how this systems approach enabled us to
comprehensively understand the complex roles of Fur regulatory network in E. coli. By
combining ChIP-exo, which showed higher resolution and lower false-discovery rates than
conventional ChIP-chip or ChIP-seq®, with highly sensitive RNA-seq-based transcriptome
analysis**®, we showed an unprecedented view into genome-wide binding of E. coli Fur and its
regulon as well as complex regulatory network. In the future, the incorporation of these
comprehensive operon structures that account for cellular regulation along with regulatory
networks® into ME model would make it possible to mechanistically model and predict the
complex regulatory interactions and thus, allow us to more accurately compute complex

phenotypes™*’.

Methods

Bacterial strains, primers, media, and growth conditions: All strains used are E. coli K-12
MG1655 and its derivatives. The E. coli strain harboring Fur-8myc was generated as described
previously (Figure 28)*°. Deletion mutant (Afur) was constructed by a ARed-mediated site-
specific recombination system®®*. Glycerol stocks of E. coli strains were inoculated into M9
minimal medium (47.8 mM Na,HPO,, 22 mM KH,PQO,4, 8.6 mM NaCl, 18.7 mM NH,CI, 2
mM MgSO,, and 0.1 mM CaCl,) supplemented with 0.2 % (w/v) glucose and cultured
overnight at 37°C with vigorous agitation. For iron-replete condition, the overnight cultures

were inoculated into the same fresh M9 medium with 0.1 mM FeCl, and continued to culture
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at 37°C with vigorous agitation to mid-log phase. For iron-depleted condition, the overnight
cultures inoculated into the same fresh M9 media were supplemented with 0.2 mM 2, 2’-
dipyridyl (DPD) at early-log phase and continued to culture at 37°C for additional 2 h with
vigorous agitation. For the rifampicin-treated cultures, the rifampicin dissolved in methanol
was added to a final concentration of 150 g/mL at mid-log phase and stirred for 20 min.

ChlP-exo: To identify Fur- and RNAP-binding maps in vivo, we isolated the DNA bound to
Fur protein and RNAP from formaldehyde cross-linked E. coli cells by chromatin
immunoprecipitation (ChlIP) with the specific antibodies that specifically recognizes myc tag
(9E10, Santa Cruz Biotechnology) and RpoB subunit of RNAP (NT63, Neoclone),
respectively, and Dynabeads Pan Mouse IgG magnetic beads (Invitrogen) followed by
stringent washings as described previously™. ChIP materials (chromatin-beads) were used to
perform on-bead enzymatic reactions of the ChIP-exo method” with following modifications.
Briefly, the sheared DNA of chromatin-beads was repaired by the NEBNext End Repair
Module (New England Biolabs) followed by the addition of a single dA overhang and ligation
of the first adaptor (5’-phosphorylated) using dA-Tailing Module (New England Biolabs) and
NEBNext Quick Ligation Module (New England Biolabs), respectively. Nick repair was
performed by using PreCR Repair Mix (New England Biolabs). Lambda exonuclease- and
RecJ; exonuclease-treated chromatin was eluted from the beads and the protein-DNA cross-
link was reversed by overnight incubation at 65°C. RNAs- and Proteins-removed DNA
samples were used to perform primer extension and second adaptor ligation with following
modifications. The DNA samples incubated for primer extension as described previously®
were treated with dA-Tailing Module (New England Biolabs) and NEBNext Quick Ligation
Module (New England Biolabs) for second adaptor ligation. The DNA sample purified by

GeneRead Size Selection Kit (Qiagen) was enriched by polymerase chain reaction (PCR)
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using Phusion High-Fidelity DNA Polymerase (New England Biolabs). The amplified DNA
samples were purified again by GeneRead Size Selection Kit (Qiagen) and quantified using
Qubit dsDNA HS Assay Kit (Life Technologies). Quality of the DNA sample was checked by
running Agilent High Sensitivity DNA Kit using Agilent 2100 Bioanalyzer (Agilent) before
sequenced using MiSeq (Illumina) in accordance with the manufacturer’s instructions. Each
modified step was also performed in accordance with the manufacturer’s instructions.
RNA-seq: Total RNA including small RNAs was isolated using the cells treated with
RNAprotect Bacteria Reagent (Qiagen) followed by purification using Qiagen RNeasy Plus
Mini Kit (Qiagen) in accordance with the manufacturer’s instruction. Samples were then
guantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and quality of the
isolated RNA was checked by running RNA 6000 Pico Kit using Agilent 2100 Bioanalyzer
(Agilent). Paired-end, strand-specific RNA-seq was performed using the dUTP method**® with
the following modifications. The ribosomal RNAs were removed with Ribo-Zero rRNA
Removal Kit (Epicentre). Subtracted RNA was fragmented for 2.5 min using RNA
Fragmentation Reagents (Ambion). cDNA was generated using SuperScript 11l First-Strand
Synthesis protocol (Invitrogen) with random hexamer priming. The samples were sequenced
using MiSeq (Illumina) in accordance with the manufacturer’s instructions.

Data analysis: To identify enriched sites in the ChlP-exo data, Illumina sequencing reads
were mapped to reference genome (NC_000913) and analyzed for peak calling by using
MACE program (https://code.google.com/p/chip-exo/). Signal-to-noise ratio was calculated by
setting the noise level as the value at the top 5% of entire signals. The Fur-binding motif
analysis was completed using the MEME tool from the MEME software suite*”. We extended
the sequence of each binding site by 20 bp at each end to allow for adjacent sequences to be

included in the analysis. We used default settings except for the width parameter fixed at 21
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bp. For RNA-seq data analysis, we used Cufflinks/Cuffdiff**® to identify differentially
expressed genes with log2 fold change > 0.5 and a false discovery rate (FDR) value < 0.01.
Genome-scale data were visualized using NimbleGen’s SignalMap software.

Western blot analysis: Soluble cell lysates were subjected to electrophoresis in a NUPAGE
Novex 10% Bis-Tris Gel (Invitrogen) with MOPS running buffer, and the resolved proteins
were transferred to a Hybond™-ECL membrane (Amersham Biosciences) using XCell 11 Blot
Module (Invitrogen). The ECL™ Western detection kit (Amersham Biosciences), antibodies
that specifically recognizes myc tag (9E10, Santa Cruz Biotechnology) and RpoB subunit of
RNAP (NT63, Neoclone), respectively, and horseradish peroxidase (HRP)-conjugated sheep
anti-mouse immunoglobulin G (IgG) (Amersham Biosciences) were used to detect the
proteins. The Qubit Protein Assay Kit (Invitrogen) was used to measure the amount of total
proteins in the lysates in order to load same amount of proteins in each lane. All experiments

were performed in accordance with the manufacturer’s instructions.
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Chapter 6: Elucidating transcriptional regulation of nitrogen

metabolism with systems approaches

Demystifying transcription regulatory network (TRN) in bacteria is important to
understand metabolic flexibility and robustness in response to environmental changes™*. The
most popular way to elucidate TRN at the systems level is integrating multiple ‘omics’
datasets, such as ChIP (chromatin immunoprecipitation), expression profiling and genome-
scale TSS profiling. The first step of such experiments is deciding a relevant growth condition
where a transcription factor (TF) of interest is expected to be active. Deciding experimental
conditions for TF activation has been frequently based on information from the literature. This
approach has been working well, especially for very specific or locally working TFs, which
has one or a few activation conditions. However, there could be multiple activation conditions
for global TFs, and in many cases it is difficult to assess which condition is better than the
others.

Development of cellular network models including recently developed models of
metabolic network'™ and of metabolism and expression’*" enabled exploration in
unexperimented solution spaces of E. coli in virtually every imaginable conditions.
Comparison of different network states generated under different conditions can shed lights on
differential cellular response to the environmental change rendered in parameterization of
simulation. For instance, transactional change predicted with ME model*** can present a
cellular response in the transcription level to the environmental signal, thus combining
simulations from that model with known, but limited, regulon information from the public
database can result in prediction of conditions where a TF could be activated, but never

experimentally validated.

90
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In order to exploit this possibility, two major TFs in response to nitrogen limitation,
NtrC and Nac™***®, were chosen for the model-driven experimental design, because nitrogen
metabolism is one of key parts in E. coli metabolism, however in vivo binding of those TFs
has not been investigated at the genome-scale. There are similar studies for carbon

metabolism, for aerobic/anaerobic metabolism®%

, and for other TFs sensing nitrogen
containing molecules, such as Lrp'®, ArgR/TrpRY, PurR. Thus, systems approach of model-
based decision of experimental condition was applied for two major nitrogen-responsive TFs,
NtrC and Nac. Cutting-edge ChIP-exo (chromatin immunoprecipitation with exonuclease
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treatment)™ and RNA-seq was performed to reconstruct NtrC and Nac regulons, and further

analysis was conducted to elucidate distinct roles of those regulons.

Model-driven prediction of activation conditions for TFs

Using a model of metabolism and expression (ME model) in E. coli**!, growth on

glucose and different viable nitrogen sources in the model was simulated. Then predicted
expression of genes in the model for each nitrogen source was compared with predicted
expression for growth on ammonia to find a set of predicted differentially expressed genes.
Previously annotated regulons for NtrC and Nac from the public database™® were used to
calculate regulons enriched in the differential set of genes for each alternative nitrogen source
(Figure 29).

For NtrC, cytidine and cytosine were predicted to be nitrogen sources that would
change the expression of genes that NtrC regulons were statistically enriched in. Thus NtrC
was predicted to be activated under those conditions. For Nac, cytosine, but not cytidine, was
predicted to make Nac activated. In addition to cytidine and cytosine, ammonia was tested for

a negative control which has been known not to activate those TFs, and glutamine was also
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included as a positive control that was considered to activate them™® although the model

predicted otherwise.
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Figure 29. Flowchart of model-driven experimental design and following near 1-bp
resolution experiments to reconstruct NtrC and Nac regulons, and further analysis to

elucidate functional roles of those regulons.

On ammonia, and 3 other alternative nitrogen sources, glutamine, cytidine, and

cytosine, a series of experiments including expression profiling and ChIP experiments were

performed to confirm activation of TFs under the given conditions, and to experimentally

measure expression change and in vivo TF bindings onto the E. coli genome. From the

experimental measurements, expanded definition of NtrC and Nac regulons was defined,

which were used with model simulation to identify roles of these regulons in responding to

nitrogen limitation.
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Experimental confirmation of predicted conditions

Activation of a transcription factor means a series of multiple events, including
transcriptional activation of a gene encoding the transcription factor, increasing translation
from the transcript resulting in more protein, and regulation of target genes by binding onto
genomic locations. First, to see if there is up-regulation of ntrC and nac transcription, RNA-
seq was performed with E. coli K-12 MG1655 cells grown on ammonium, glutamine, cytidine
and cytosine up to mid-log phase. amtB, which encodes an ammonia transporter, was reported
to be up-regulated when glutamine was supplemented as a sole nitrogen source®, thus
transcription level of amtB, ntrC, nac and 3 subunits of RNA polymerase (RNAP), rpoN,
rpoD, and rpoB, was compared between ammonium and 3 other alternative nitrogen sources
(Figure 30). In all alternative nitrogen sources, transcription of amtB, ntrC and nac was
significantly up-regulated, while no significant change in transcription level of RNAP subunits
was observed. In expansion of comparison, transcription level of 4,595 annotated genes in E.
coli genome was analyzed to see how broad the response to nitrogen limiting condition is in
terms of transcriptional change (Figure 31A). Using alternative nitrogen sources, glutamine,
cytidine and cytosine, resulted in 667, 390, and 690 differentially expressed genes
respectively, and expression of 1046 genes (22.8%) was changed under at least one condition,
leaving 3548 (77.2%) not changed in all conditions. This number is much bigger than the

previous report'®*

, Where about 100 genes were claimed to be of the nitrogen regulated (Ntr)
response.

To make sure that up-regulation in transcription of ntrC and nac resulted in increasing
amount of protein, western blotting was performed to investigate protein level of NtrC, Nac,

RpoN and RpoD (Figure 31B). In agreement with expression profiling with RNA-seq, protein

expression of NtrC and Nac increased in glutamine, cytidine, and cytosine, although the
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amount of Nac on cytidine was much less than on glutamine and cytosine. This could explain
why the number of differentially expressed genes on cytidine was the least among three

conditions.
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Figure 30. Expression changes of key enzymes under alternative nitrogen sources.

The final component of transcription factor activation is its binding onto genomic
locations, regulating expression of target genes. Experimental measurement of TF binding
onto genome was accomplished by performing recently developed ChIP-exo (Chromatin
immunoprecipitation with exonuclease treatment) by adopting the original protocol®, but
modifying it for bacterial use. In total, 19, 249, 153 and 2171 binding sites across conditions
were identified for NtrC, Nac, RpoN, and RpoD respectively (Figure 31C). Number of binding
sites for two o-factors, RpoN and RpoD, did not change much, whereas binding sites of NtrC
and Nac increased on all 3 alternative nitrogen sources. For instance, bindings of NtrC
increased from 5 to 19, and Nac bindings increased from 15 to > 240.

In summary, transcriptional expression of key components in response to nitrogen
limiting conditions was up-regulated, which was followed by increase in protein amounts of
those TFs. Direct measurement of TF bindings in vivo in a genome-scale manner showed

increasing bindings of those two TFs onto genome. Thus, alternative nitrogen sources,



95

glutamine, cytidine and cytosine, rendered nitrogen limiting conditions, and activated NtrC

and Nac in transcriptional, translational, and binding activity levels.
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Figure 31. Experimental confirmation of activation conditions for NtrC and Nac.

Advantages of ChIP-exo over previous methods

In brief, ChIP-exo applies a 5°-3” strand-specific exonuclease to a chromatin
immunoprecipitated sample. Deep sequencing of an exonuclease-treated ChIP sample enables

19 ChIP-exo method was claimed

detection of exonuclease stop sites with near 1-bp resolution
to have a better resolution and sensitivity, so that detection of much narrow peaks and peaks
with weak bindings could be identified, which was not possible with ChIP-chip or ChiP-seq.

To illustrate the resolution improvement that ChlP-exo method presents, ChIP experiment
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results for RpoD from the same condition with 3 different methods, ChIP—chip3, ChlIP-seq, and
ChlP-exo, were compared to show binding signals upstream of rpsU-dnaG-rpoD and ileX
operons. Bindings detected with three methods aligned well near the center (Figure 32).
However, ChlP-exo definitely presented the best resolution, although ChIP-seq showed a

better resolution over ChIP-chip.
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Figure 32. Comparison of 3 ChIP methods: ChIP-chip, ChlP-seq, and ChlP-exo for
RpoD.

Binding peaks detected for NtrC, Nac, RpoN, and RpoD, with ChlP-exo had average
widths of 57.2, 34.6, 33.7, and 50.1 bp with low variation in binding widths (Figure 33).
Another advantage in ChlP-exo method is strong bindings are most reflected in peak height
(number of reads), and less associated with broadness of peaks, while ChIP-chip and ChlIP-seq
methods have a tendency of showing broader peaks for stronger bindings. This property helps
with locating where the genomic sequences that TF recognizes and binds on lie with improved

resolution (Figure 32).
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Figure 33. Distribution of binding region widths of NtrC, Nac, RpoN and RpoD.

Sharpness of ChIP-exo binding peaks makes it possible, for the first time, to detect
bindings upstream of SRNAs. In E. coli K-12 MG1655, there are about 81 annotated SRNAS.
Widths of them range from 53 to 436 bp with the average of 137.1 bp. Binding peaks from
two previous methods are much wider than the SRNA length, and in many cases SRNAs are
located in the vicinity of neighboring genes. Thus it was technically difficult to distinguish
bindings for SRNAs. With an improved resolution, ChlP-exo overcomes this issue, enabling
direct measurement of protein binding upstream of SRNAs. For instance, spf is 109 bp long,
and binding of Nac and RpoD was identified by ChlP-exo method (Figure 34). Binding peak
of RpoD was found near the 5” end of spf gene, and was clearly separated from Nac binding
peak. These observations were further supported with sequence motif analysis (Figure 34).

Thus, ChlIP-exo evidently shows advantages over two long-established ChIP methods.
Outpacing resolution and sensitivity of this method contributed to more accurate annotation of
binding regions of TFs and o-factors in this study, further to spatial pattern between TF and

associated o-factors, which is discussed in detail later.
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Sequence motif analysis of binding regions

Since binding peaks detected with ChlP-exo method were so narrow, it became of
interest if a sequence motif is found from those peak regions, and where the sequence motif
lies inside the regions. To address these questions, MEME software'® was used to retrieve
sequence motifs. The sequence motifs from NtrC, Nac, RpoN, and RpoD binding sites were
GCaCcaaaAtgGtGC, tGGcacgattttTGCa, ATAagnaaaanttAT, and ttgaca-15bp-gntAtaaT
(lower-case characters indicate an information content <1 bit). These motifs were identical to
the known motifs® 1% 16318 Except for RpoD motif, sequence motifs located near the center
of and inside binding regions (Figure 31D). For RpoD, only -10 box, gntAtaaT, was found
inside the binding regions. This observation conflicts with the knowledge of RpoD, because
RpoD is known to specifically recognize -10 and -35 boxes sequences, which are expected to
be protected from exonuclease activity. RpoD binding peaks align well with RpoB binding
peaks (Figure 35) and transcription start sites (TSSs) were dominantly located at the center of
binding regions; ChlP may be capturing RpoB that are associated with RpoD.

In short, sequence motifs, which TFs presumably bind onto, located near the middle
of binding regions and were identical to previously reported ones. Thus comparison of
bindings of the same TF under different conditions is capable of detecting binding activation

upstream of coding genes and sSRNAs, further hinting functions of NtrC and Nac.
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Figure 36. No binding of Nac upstream of nac identified by ChlP-exo dataset.

Confirmation of binding sites with comparison to known sites

From 19 and 249 total binding sites for NtrC and Nac, 16 and 247 binding sites were
found upstream of genes, hence called as regulatory binding sites. These binding sites were
compared to 4 and 3 known binding sites for NtrC and Nac. For NtrC, all of known sites

165-168
C

upstream of ginL, glnA, glnH, and ast were detected in the dataset of this study.

S8 170 \were detected,

Similarly, 2 of 3 known Nac binding sites, upstream of codB, and ydc
however Nac binding upstream of nac*®® was not. Nac binding for nac was claimed based on
evidences from K. aerogenes and sequence alignment nac promoter regions between E. coli
and K. aerogenes'®®. However, no binding was detected from ChlP-exo dataset (Figure 36),
and nac does not have RpoD promoter, thus it may be more likely that Nac does not regulate
nac in E. coli.

In sum, NtrC and Nac binding sites identified in this study cover all known binding

sites, with expanding the current knowledge by 375% and 8,200%, respectively (Figure 37A).
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Figure 37. Reconstruction of NtrC and Nac reulgons.

Reconstruction of NtrC and Nac regulons

Although post-translational regulation on glutamine synthetase (gIinA) by GInD, GInK,
GInB have been extensively studied™**"®, limited information of in vivo binding of those TFs
has been capping knowledge on regulation of nitrogen metabolism in transcriptional level. To
shed light on transcription regulation by NtrC and Nac, regulons of them were reconstructed
by associating TF bindings with transcription units® **. From 3181 TUs covering 4485 genes

(97.6% of annotated genes), 19 TUs were associated with NtrC and 223 TUs were with Nac.
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Another interesting aspect from regulon reconstruction is that two regulons barely
overlap with each other, except for 1 TU which is insH-3 (Figure 37B). In the latest
definitions of TUs® - 160 transposon-related insH-3 was annotated to make one TU on its
own. However, RNA-seq profiling with paired-end reads suggested there might be a longer
transcript starting from insH-3, possibly including gltl-sroC-glItJKL (Figure 37C). Confirming
this possibility, 49.3% of sequence reads covering intergenic region between insH-3 and gltl
overlapped both with insH-3 and gltl, indicating cotranscription of those two genes. Similar
approach was applied to the downstream 6 genes, and there seems the longer TU has at least 6
genes from insH-3 to gltL. Thus, two promoters with RpoD and RpoN upstream of insH-3
contribute to transcription of glutamate/aspartate ABC transporter (gltlJKL), and binding of
NtrC and Nac are associated with those o-factors (Figure 37C). Transcriptomic expression of
the longer TU was up-regulated under nitrogen-limiting conditions by NtrC and/or Nac,
resulting in increased glutamate/aspartate transporters as a scavenging mechanism.

Transcriptomic comparison to K. pneumoniae genome’ gives more insights on TU
organization and conservation (Figure 38). In K. pneumoniae, gltl-sroC-gItJKL and two
upstream coding genes, Int and ybeX, are all conserved, and transcription starts upstream of
gltl. However, insH-3 is not found in K. pneumoniae genome. Thus, TU of gltl-sroC-gltJKL is
conserved, but insH-3 got into 5” UTR of this TU in E. coli K-12 MG1655.

Thus, reconstruction of regulons presented scant overlapping between two nitrogen-
limiting responsive regulons, cluing distinct roles in response to nitrogen limiting condition

and in nitrogen metabolism.
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Figure 38. Comparison of TU organization containing gltlJKL operon between E. coli
and K. pneumoniae.

Association of TF with o-factor

Definition of two TF regulons raised a following question which o-factor associates

179 and

with each TUs in regulons. NtrC belongs to the RpoN-dependent activator family
interacts with RpoN through adjuvant DNA-binding protein*®, thus its binding was expected
to be accompanied with RpoN binding. Nac is postulated to serve as an adapter between NtrC
and final RpoD-dependent promoters™*®, so its binding would appear in the vicinity of RpoD
binding regions. This observation has not been confirmed with in vivo measurement of TF and
o-factor binding, thus it is still an open question how many RpoN-dependent or RpoD-
dependent promoters are associated with NtrC or Nac, or if there is any directionality of TF
binding to o-factor binding and how far their bindings align.

From ChlP-exo dataset and calculation of closed-located bindings from the dataset,
NtrC binding was associated with RpoN binding, and Nac with RpoD (Figure 37D). Out of 19
NtrC binding sites, 16 were found with RpoN binding near them upstream of the same gene, 9
of which were from complicated promoters with RpoD and RpoN promoters. For instance,
glnA has a distal RpoD-dependent promoter (gIinApl) and a proximal RpoN-dependent

160

promoter (ginAp2)™", which were captured from ChIP dataset (Figure 39). Upstream
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regulatory region of insH-3-gltl-sroC-gltJKL makes another example (Figure 37C). NtrC
binding was found upstream of RpoN-dependent promoter, whereas no Nac binding was
observed near RpoD-dependent promoter. This also exemplifies an extensive overlapping
between RpoD regulon and RpoN regulon ®. The majority of Nac bindings (167, 67.1%)
adjoined RpoD bindings, while 15 bindings were found in promoters having both of RpoD
and RpoN bindings (Figure 37C is one example). NtrC works dominantly as a transcription
activator on RpoN-dependent promoter by binding upstream of promoter in many cases
(Figure 37E). Nac works as a dual regulator on RpoD-dependent promoter, and it more binds
upstream of promoter when up-regulating the downstream gene, whereas it binds downstream

of promoter when down-regulating (Figure 37E).

Annotated gene ———_——-
ntrC ntr8 glnA
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pressi
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Figure 39. Complicated promoter structure upstream of glnA, and binding patterns of
NtrC, Nac, RpoD and RpoN in that region.

Thus, NtrC binds in the vicinity where RpoN binds, while Nac does near RpoD. There
are multiple promoter regions that have RpoN and RpoD-dependent promoters, however NtrC

and Nac bind separately except for 1 region, indicating distinct roles of two TFs.
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Contrasting roles of NtrC and Nac regulons

In addition to a bare overlap between NtrC and Nac regulons, functional analysis of
regulons sheds more light on distinct roles of NtrC and Nac in response to nitrogen limitation.
NtrC up-regulated 41 genes (30 genes under all alternative nitrogen sources, and 11 genes in
some conditions), and down-regulated 2 genes (yeaE in all conditions, and mipA only in
cytosine), leaving 3 genes not changed or changed less than 2 folds (Figure 37F). NtrC
regulon contains 18 transporters or their subunits, 3 TFs, 1 sRNA and 28 other enzymes.
Transporters are for mostly nitrogen sources including ammonia (amtB), glutamine (ginHPQ),
glutamate (gltlJKL), histidine (hisJ), lysine/arginine (hisQMP, argT), xanthine/uracil (rutG),
and others are less characterized (yhdWXYZ). NtrC up-regulates regulatory proteins too,
including 3 TFs, ntrC itself, nac, and cbl and 2 post-translational regulatory proteins (gInK,
and glnL). The role of cbl in nitrogen response still needs more investigation; however it is
obvious that NtrC regulates major regulatory enzymes, responding to nitrogen limitation.
Metabolic enzymes that NtrC regulates catalyze reactions for nitrogen-containing molecules
including glutamine (gInA), pyrimidine (rutABCDEF), arginine (astCADBE), and D-alanyl-D-
alanine (ddpXABCDF).

While NtrC regulates a smaller set of genes and mostly activates the expression of
target genes, Nac regulates a larger group of genes and works as a dual regulator by up-
regulating 70 genes and down-regulating 79 genes (Figure 37F). Another difference is NtrC
regulates nitrogen-related regulatory proteins, transporters, and metabolic enzymes, Nac
regulon covers beyond nitrogen-related enzymes. For instance, Nac binds upstream of gltP
(glutamate/aspartate transporter), codB (cytosine transporter) however it also binds upstream
of carbon source transporters such as mgIBAC (galactose ABC transporter). Nac regulon

includes a number of mostly locally acting TFs, some of which are known to be related carbon
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metabolism or in both carbon/nitrogen metabolism, such as cynR (cyanate binding
transcriptional activator) csiR (carbon starvation induced regulator), sfsB (maltose metabolism
related regulator), gutM (glucitol regulator), ebgR (evolved B-galactosidase repressor), tdcA
(threonine and serine transcriptional regulator), deoR (deoxyribose regulator), allR (allantoin
repressor), caiF (carnitine regulator), Irp (leucine-responsive regulatory protein), lysR (lysine
regulator), feaR (phenylethylamine regulator), xapR (xanthosine/deoxyinosine transcriptional
regulator), asnC (asparagine regulator), and metR (methionine biosynthesis related regulator).
Moreover, interestingly Nac regulates some of key genes in glycolysis and TCA
(Tricarboxylic acid) cycle; phosphofructokinase (pfkA, and pfkB), citrate synthase (gItA),
succinate dehydrogenase (sdhCDAB), 2-oxoglutarate dehydrogenase (sucAB), and succinyl-
CoA synthetase (sucCD). COG analysis of NtrC and Nac regulons showed genes for amino
acid metabolism and signal transduction are more enriched in NtrC regulon, while Nac
regulon has genes functionally enriched in energy production and amino acid metabolism
(Figure 40).

In summary, NtrC with RpoN regulates TFs, transporters, and metabolic enzymes for
responding to nitrogen-limiting condition. However, Nac in a company with RpoD is
responsible for regulating a broader set of genes beyond nitrogen-related. Thus, NtrC and Nac
have contrasting roles in response to nitrogen-limitation; however the role of Nac regulon in
the response seems less obvious than NtrC regulon and the linkage between NtrC regulon and

Nac regulon still needs more elaboration.
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Figure 40. Functional analysis of NtrC and Nac regulons.

Primary response by NtrC regulon

Glutamine is the central molecule with which E. coli cells sense nitrogen-limiting
condition'®!, and the mechanism of Ntr regulatory cascade from sensing the low level of
glutamine to activation of NR, with phosphorylation is relay of post-translational regulation
(Figure 41A) and has been extensively studied'®. In brief, low glutamine stimulates UTase
(uridylyl-transferase) activity of GInD, which is a single peptide with UTase and UR
(uridylyl-removing) activities, by binding to a single site on the enzyme®®. UTase activity of
GInD uridylylates two functionally redundant two proteins, P, and GInK. Uridylylated P, and
GInK fail to interact with NRy;, which results in net phosphorylation of NR,**3. Phosphorylated
NR; is an active form, activating transcription of NtrC regulon genes. Uridylylation of P, and
possibly GInK stimulates the deadenylylating activity of ATase (glutamine synthetase
adenylyltransferase/deadenylase, gInE), and GInE deadenylates glutamine synthetase (gInA)

184

making it an active form™". As a result of this cascade, the internal level of glutamine can go

up.
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Figure 41. Transcriptional regulation of Ntr regulatory cascade by NtrC.

Unlike post-translational regulation of Ntr regulatory cascade, transcriptional level of

this regulation has been less studied. In this regulatory cascade consisted of 10 genes, 8 genes

are regulated either by NtrC or Nac. 5 genes, ntrC, nac, ntrB, glnA and gInK, are up-regulated

by NtrC, 1 gene, gInD, was up-regulated by Nac, and 2 genes, gltB and gltD, were down-

regulated by Nac, while 2 genes, glnB and gInE, are not regulated by them (Figure 41A,

Figure 42). Thus, NtrC and Nac regulate the majority of regulatory components in this

cascade, making multiple positive-forward loops. These loops make a complicated network

with well-characterized network motifs including coherent type 1 feed-forward loop (C1-FFL)
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and positive auto-regulation (PAR). C1-FFL is a frequent motif found in E. coli™ and has a



109

function of a sign-sensitive delay element and a persistence detector®®, and PAR shows the
slower response time than simple regulation and may lead to a bimodal distribution of protein
level™. These properties may contribute to filtering out short signals of nitrogen limitation,
rendering a response with a short delay for persistent signals, and shutting off the output fast

when nitrogen-limiting condition is relieved.
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Figure 42. Expression change of genes in Ntr regulatory cascade under alternative
nitrogen sources.

In E. coli, cytoplasmic glutamine is either synthesized from glutamate by glutamate
synthetase (gInA) or is transported by glutamine ABC transporter (gInHPQ) (Figure 41B).
Both operons were up-regulated by NtrC and its associated RpoN-dependent promoters. Other
than asparagine synthetase B (asnB), all genes that consume glutamine was not changed (fold
change < 2) or down-regulated, indicating that E. coli cells change the abundance of metabolic
machineries towards increasing intracellular glutamine level. In E. coli, glutamate can be built
up from a-ketoglutarate in two reactions. One is by glutamate dehydrogenase, which is
encoded by gdhA and the gene has an RpoD-dependent promoter for constitutive expression
and expression of gdhA did not change significantly upon alternative nitrogen sources. The

other is by glutamate synthase, which is encoded by gltBD, and the operon also has an RpoD-
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dependent promoter, however Nac negatively regulates expression of glitBD upon alternative
nitrogen sources.

Thus, securing enough glutamine pool under nitrogen limitation necessitates
expression changes of regulatory and metabolic enzymes in Ntr regulatory cascade, and NtrC
plays a central role in this complicated regulation. In addition to transcriptional regulation in
the cascade, NtrC also activates transporters for favorable nitrogen sources as a scavenging
mechanism, and induces expression of the other key TF, nac. Moreover, it becomes of interest
how E. coli cells manage production and consumption of a-ketoglutarate under nitrogen
limitation, because production of intracellular glutamine requires expense of a-ketoglutarate,

which is one of key molecules in carbon metabolism.

Carbon flux rebalancing by Nac regulon

Since a-ketoglutarate is one of substrates in TCA cycle, glycolysis and TCA cycle
pathways were analyzed in term of TF and o-factor bindings and expression change (Figure
43A). Genes in those pathways were transcribed from RpoD-dependent promoters, and
surprisingly 11 genes of them were regulated by Nac. Nac repressed expression of genes in
TCA cycle, pck, sucAB, sucCD, and sdhBADC. Nac also repressed glycolysis genes, pfkA,
pfkB, fbaA, and ppc, but the expression fold change was less than 2. Nac did not bind upstream
of genes in PPP (pentose phosphate pathway), except for ones that work in glycolysis and PPP

at the same time.
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Among genes in TCA cycle, genes downstream of a-ketoglutarate were bound by

Nac, and ones upstream of that molecule were not. It was postulated that genes encoding

enzymes downstream of a-ketoglutarate would be more repressed for two reasons. First, Nac

works as a repressor on enzymes in this pathway (Figure 43A). Second, cells are under

nitrogen-limitting stress, which directly constrains growth in silico simulation (Figure 44), and

a-ketoglutarate is a precursor for glutamine synthesis. As postulated, all downstream genes,

sdhBADC, sucCD, Ipd, and sucAB, were more down-regulated than upstream genes, icd,

acnAB, and gltA when on cytosine (Figure 43B). Degree of repression on glutamine and

cytidine was less than on cytidine; however two alternative nitrogen sources also showed the

same pattern (Figure 45).
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In sum, response to nitrogen limitation accompanies changes in gene expression of
enzymes in TCA cycle to rebalance carbon flux towards facilitating glutamine pool

maintenance. Nac plays a role in this process.
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Figure 45. Expression change of gene in TCA cycle near a-ketoglutarate.

Less activation of Nac on cytidine

NtrC regulon has a primary responsibility of responding to nitrogen limiting
environment, while Nac regulon has a subsidiary role of rebalancing carbon metabolism for
nitrogen source shift. The remaining question is cytidine rendered nitrogen-limiting condition,
MRNA expression of nac was up-regulated (Figure 30), and key enzymes in glutamine
synthesis were up-regulated on cytidine (Figure 41B). However protein expression of it on
cytidine was much less compared to on glutamine and cytosine (Figure 31B), the number of
differentially expressed genes on cytidine was significantly less than on the other two
alternative nitrogen sources (Figure 31A), and expression change of metabolic genes in TCA

cycle on cytidine was the least among the three nitrogen sources (Figure 43B, Figure 45).



114

To explain this discrepancy, FBA (flux balance analysis) with E. coli metabolic

model**®

and experimentally measured glucose uptake rate was performed to see internal flux
states under different nitrogen sources (Figure 43C, Figure 44). On ammonia, glucose uptake
rate was 8.86 mmol/gDW/hr, and 39% of g6p (glucose 6-phosphate) went into PPP, leaving
61% remaining in glycolysis pathway. Flux distribution through g6p on cytosine is same as
ammonia, but with lower glucose uptake rate of 6.54 mmol/gDW/hr. On cytidine, 7.04
mmol/gDW/hr flux into g6p was split differently, more flux towards PPP (49%) and less flux
to downstream glycolysis (51%). Interestingly, however, most fluxes through PPP increased,
and as a result, flux from f5p (fructose 5 phosphate) and all fluxes downstream increased.
These raised flux in glycolysis pushed more flux through TCA cycle, too (Figure 43C). Thus,
compared to on ammonia, there is less or no need to repress activities through TCA cycle,
which in turn requires less repression of genes of enzymes. This means there is less need for
Nac to repress genes, which potentially explains why less activation of Nac was observed on
cytidine.

Further analysis gives insights into how increased flux through PPP was possible on
cytidine (Figure 43D). Flux from cytidine uptake went into cytidine deaminase (cdd) reaction
to make uridine and ammonium. Uridine breaks into uracil and ribose 1-phosphate (rlp) by
uridine phosphorylase (udp). This rlp is converted to r5p, which can go into PPP. To
accommodate more r5p, there should be more xylulose 5-phosphate (xu5p), which explains
more flux into PPP from g6p on cytidine. This analysis also enables better understanding on
how differently uracil could be used when cytidine or cytosine is a sole nitrogen source
(Figure 43D). Uracil still has 2 nitrogen molecules, however in order to harvest them, 2
molecules of NADH+ and 1 of NADPH+ are required. Flux analysis showed cells could fully

assimilate nitrogen from cytidine by utilizing more energy, which could be a part of more
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activated glycolysis and TCA cycle on cytidine. However, on cytosine, the flux model
predicted that cells would take one nitrogen molecule from cytosine and export uracil out of
cell, which is less efficient but requires less energy.

Estimating fluxes through metabolic reaction with using E. coli model and FBA
analysis under different nitrogen sources enabled explanation of seemingly contradictory
observation on less activation of Nac. This was because ribose part of cytidine could be
utilized to make more energy and result in more activated glycolysis and TCA cycle. Also this
analysis gave insights into how cells could decide how many nitrogen molecules from uracil

depending on the energy availability in the cell.
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Chapter 7: Towards a detailed understanding of bacterial

transcription regulation with systems approaches

At the core of phenotype-genotype relationship, there are multiple levels of gene
expression and gene regulation, among which arguably transcription regulation, more
specifically regulation of transcription initiation, is the most important and efficient regulatory
point. In this dissertation, multiple regulatory components including TSS, o-factors and

associated promoter regions, and TFs are assessed at the genome-scale.

Increasing needs for bioinformatic tools.

As it becomes easier and cheaper to generate sequencing-based data, data analysis, not
data generation, becomes the rate-limiting step in genomics and transcriptomics studies®.
Thus, there has been an increasing need for data visualization tools that facilitate analysis by
enabling researchers to explore, interpret, and manipulate the multiple —omics datasets, and in
cases to perform computations based on the datasets?®. There are a number of visualization
and analysis software, however most of them are developed on Java and often fail to
accommodate multiple —omics datasets at the same time or have some performance issues.
MetaScope was implemented with C# and overcomes these problems by allowing
manipulation of large datasets over giga bytes, thus it has been extensively used in all studies
in the dissertation, and other studies in the research group. However, MetaScope has limited
capability for on-the-fly computation, leaving rooms for upgrades for implementing a
mechanism to allow user-defined functions or procedures by inter-operability to python or R

programming languages.
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Comparative systems biology on regulatory elements by genome-wide TSS profiling

TSS profiling of two enterobacteria, E. coli and K. pneumoniae, expanded the
understanding on properties of bacterial regulatory elements. First, genome-wide identification
of TSSs with modified 5° RACE with deep-sequencing or TSS-seq provided comprehensive
sets of TSSs in those species. Analysis on those TSS datasets showed E. coli and K.
pneumoniae share common regulatory elements including usage of multiple TSSs, 5° UTR
length, Shine-Dalgarno sequence motif, promoter sequence motif, and so on. However,
comparison of TSSs and promoters defined by those TSSs upstream of orthologous genes
presented different organization of regulatory upstream regions, indicating different gene
regulation between two closely related organisms. Further analysis on small RNAs in a
comparative perspective showed that there is a tendency that more important regulatory
elements such as binding sites in small RNAs are more conserved than the other regions. This
observation seems not limited to only small RNAs, sequence conservation analysis of known
TF binding sites in E. coli and mapping them onto K. pneumoniae genomic sequence dictated
possibilities of conservation and disruption of TF binding sites for many TFs (Figure 46).
Adding more experimental evidences onto the computational prediction is expected to give
more insights on how microorganisms manage to adapt and evolve not just only by evolving

gene contents, but also by modifying regulatory components.
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Figure 46. Conservation and disruption of TF binding sites between E. coli and K.
pneumoniae.

Genome-scale reconstruction of e-factor network in E. coli

Reconstruction of o-factor network provides a valuable resource, from which new
biological findings could be extracted. In order to reconstruct s-factor network, genome-wide
identification of RNAP and o-factor bindings were obtained by performing ChIP-chip
experiments under multiple conditions, resulting in enumeration of active promoter regions
and o-factor association with those promoter regions which is holoenzyme-binding region
map. This holoenzyme map was integrated with strand-specific TSS information to build
promoter map. In turn, this promoter map was combined with known TU information*. The
reconstruction of o-factor network was first used to show interaction between two major o-
factors: ¢ and ¢*® that work in competitive mode to render negative regulation by ¢* under
stationary phase in E. coli. In addition, o-factor binding in E. coli was compared to K.
pneumoniae, and it was found that TU organization and o-factor regulation onto some TUs are
different, indicating quite diverse regulatory mechanisms on the conserved gene contents
(Figure 47), which expands the observation found in comparison of TSSs between those two

microorganisms.
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Species-specific
non-coding RNA

Systems determination of Fur transcriptional regulatory network

Elucidation of Fur regulon exemplifies usage of near 1-bp resolution ChIP-exo
protocol and reveals its play in iron regulation. In order to reconstruct Fur regulon, ChlP-exo
experiments with and without iron, and RNA-seq experiments on WT and Afur with and
without iron were performed. Based on these experimental measurements, Fur regulon was
reconstructed and target genes were categorized into 4 groups by activation/repression and
binding with iron. No case for apo-Fur repression (AR) was found, but 4 genes in one TU
were categorized as apo-Fur activation (AA). More genes were to be in holo-Fur activation
(HA) mode, while holo-Fur repression (HR) was the biggest group. From this reconstruction,
a regulatory network motif with feedback loops was found for Fur regulating transportation
and utilization of iron in a complicated fashion. Further functional analysis showed that Fur
regulon is also involved in broader cellular processes beyond iron metabolism including DNA

synthesis, nutrient search and energy metabolism.
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Figure 48. Conservation of regulatory components and metabolic enzymes in nitrogen
metabolism.

Elucidating transcriptional regulation of nitrogen metabolism

Rendezvous of model-based computation and genome-scale experiments enables
intelligent experimental design and interpretation of regulation in nitrogen metabolism. Unlike
carbon and oxygen metabolism which have been investigated with systems approaches,
nitrogen metabolism has not been studied at the same scale, except for more specific regulons.
In order to investigate NtrC and Nac regulons at the systems level, model-driven prediction of
activation conditions for NtrC and Nac was utilized, and experiments were designed for
cytidine and cytosine from the prediction with ammonia as a negative control and glutamine
as a positive control. ChiP-exo and RNA-seq experiments were performed, from which NtrC
and Nac regulons were reconstructed. From the in-depth analysis with the reconstruction and
predicted flux states calculated from M model concluded contrasting roles of NtrC and Nac
regulons. In other words, NtrC regulon is responsible for primary response to nitrogen-
limiting condition, while Nac regulon is in charge of rebalancing carbon metabolism to
accommodate flux changes induced by nitrogen source shift. Conservation analysis of

regulatory components and metabolic enzymes (Figure 48) and conservation of TFs in y-
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proteobacteria (Figure 49) showed that metabolic enzymes are more conserved through all
groups in microorganisms ranging from Escherichia to archaea, giving additional evidences to

diver regulation on conserved gene contents.

163 51 36 24 1.3 15
[ 1 1 11
E. coli HS
E. coli CFT073
E. coli O157:H7 EDL933
S. fiexneni 2a str. 2457T
S. typhimurium LT2 |
K. pneumoniae MGH78578

arcA  for fur 7oA, 1poB, 1poC, paD, 1poE, rpoH, rpoN, rpoZ figM. finC  nac oS gadE  rpoF fecl, fecR
gadW
gadX

Figure 49. Conservation of TFs in y-proteobacteria.

Conclusion
Thus, systems approaches enable a genome-scale assessment of regulatory

components in multiple levels, and contribute to expansion of the current knowledge of

bacterial transcription regulation and transcription initiation.
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