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Whole set of constitutive promoters for RpoN sigma factor and
the regulatory role of its enhancer protein NtrC in Escherichia
coli K-12

Tomohiro Shimada'*, Shun Furuhata' and Akira Ishihama?

Abstract

The promoter selectivity of Escherichia coli RNA polymerase (RNAP) is determined by its promoter-recognition sigma subunit. The
model prokaryote E. coli K-12 contains seven species of the sigma subunit, each recognizing a specific set of promoters. Using genomic
SELEX (gSELEX) screening in vitro, we identified the whole set of ‘constitutive’ promoters recognized by the reconstituted RNAP holoen-
zyme alone, containing RpoD (67°), RpoS (6%), RpoH (6°2), RpoF (6%8) or RpoE (6%), in the absence of other supporting regulatory factors.
In contrast, RpoN sigma (6°), involved in expression of nitrogen-related genes and also other cellular functions, requires an enhancer
(or activator) protein, such as NtrC, for transcription initiation. In this study, a series of gSELEX screenings were performed to search for
promoters recognized by the RpoN RNAP holoenzyme in the presence and absence of the major nitrogen response enhancer NtrC, the
best-characterized enhancer. Based on the RpoN holoenzyme-binding sites, a total of 44 to 61 putative promoters were identified, which
were recognized by the RpoN holoenzyme alone. In the presence of the enhancer NtrC, the recognition target increased to 61-81 pro-
moters. Consensus sequences of promoters recognized by RpoN holoenzyme in the absence and presence of NtrC were determined.
The promoter activity of a set of NtrC-dependent and -independent RpoN promoters was verified in vivo under nitrogen starvation, in
the presence and absence of RpoN and/or NtrC. The promoter activity of some RpoN-recognized promoters increased in the absence
of RpoN or NtrC, supporting the concept that the promoter-bound NtrC-enhanced RpoN holoenzyme functions as a repressor against
RpoD holoenzyme. Based on our findings, we propose a model in which the RpoN holoenzyme fulfils the dual role of repressor and
transcriptase for the same set of genes. We also propose that the promoter recognized by RpoN holoenzyme in the absence of enhanc-
ers is the ‘repressive’ promoter. The presence of high-level RpoN sigma in growing E. coli K-12 in rich medium may be related to the
repression role of a set of genes needed for the utilization of ammonia as a nitrogen source in poor media. The list of newly identified
regulatory targets of RpoN provides insight into E. coli survival under nitrogen-depleted conditions in nature.

DATA SUMMARY

The genomic SELEX data for RpoN RNA polymerase (RNAP)
holoenzyme (https://shigen.nig.ac.jp/ecoli/tec/download/export/
1/RpoN), NtrC (https://shigen.nig.ac.jp/ecoli/tec/download/
export/2/NtrC) and RpoN RNAP holoenzyme +NtrC (https://
shigen.nig.ac.jp/ecoli/tec/download/export/1/RpoNNtrC) have
been deposited in the Transcription Factor Profiling of Escherichia
coli (TEC) database at the National Institute of Genetics, Japan
(https://shigen.nig.ac.jp/ecoli/tec/).

INTRODUCTION

The specificity of the promoter recognition of RNA polymerase
(RNAP), responsible for environmental changes in bacteria, is
modulated by replacement of the 6 subunit, which controls differ-
ential gene expression [1, 2]. The sigma subunit 6> encoded by
the rpoN gene, was first discovered during an analysis of glutamine
synthetase and nitrogen assimilation in enteric bacteria [3]. Subse-
quent studies have confirmed its role in nitrogen assimilation but
have also shown that it is involved in a variety of nitrogen-related,
and seemingly unrelated, functions [4-6].
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Ammonia is considered the preferred nitrogen source for Escheri-
chia coli grown in minimal medium [7]. Under nitrogen deple-
tion, one of the enhancers of NtrC encoded by glnG is activated
by the phosphorylation of the kinase NtrB encoded by ginL [8].
These two proteins form the NtrBC two-component system
(TCS). Phosphorylated NtrC binds to the nitrogen-regulated
gene promoters, and in conjunction with the RpoN holoenzyme,
transforms the promoter closed complex to an open complex
[8-11]. NtrC directly or indirectly controls the majority of
nitrogen-regulated genes [6, 12]. Based on this well-characterized
NtrC-dependent transcription initiation system as a model, the
RpoN RNAP holoenzyme is believed to be unique, with respect to
the requirement of the enhancer (or activator), as follows: RNAP
RpoN holoenzyme (RpoN-core enzyme complex) binds to the
promoter to form an inactive closed complex, which is converted
into the active open promoter complex after addition of hydro-
lysing ATP, with the help of a distinct class of transcriptional
activators called enhancer-binding proteins [13, 14]. Moreover,
the requirement of enhancers is unique to RpoN and not the other
six sigma factors [15]. At present, 12 transcription factors (TFs) are
known to be E. coli enhancers, belonging to two families: AtoC,
NorR, NtrC, PrpR, PspE QseE RtcR and ZraR, which belong to
the NtrC family, and DhaR, FhlA, HyfR and TyrR, which belong
to the TyrR family [16].

To understand the regulatory role of RpoN in vivo, attempts have
been made to identify RpoN-regulated promoters, such as with
ChIP-seq analysis for detecting the RpoN-binding sites on the E.
coli genome [17] and RNA-seq analysis to determine the mRNA
levels after deletion of RpoN [18]. These genome-wide approaches
have indicated the presence of novel RpoN targets. However, it
is difficult to distinguish between the direct and indirect effects
of the RpoN holoenzyme and/or the enhancer. For instance, the
intracellular concentrations of RNAP sigma factor and TFs change
depending on the growth phase and growth conditions [19, 20].
Therefore, it is difficult to identify the whole set of direct regulatory
targets of NtrC in vivo, even though the genome-wide transcrip-
tome [21] and genome-wide distribution [22] have been analysed.
To avoid the problems associated with in vivo experiments, we
performed genomic SELEX (gSELEX) screening of genomic DNA
sequences recognized by the RNAP holoenzyme containing RpoN
sigma (without other sigma factors) in the presence or absence of
a single species NtrC enhancer. The original SELEX screening
uses synthetic oligonucleotides with all possible sequences, and
is able to identify the target DNA sequence. However, after a
computer-based homology search for the consensus sequences,
it is difficult to identify the whole set of target genes from the
entire genome, because of difficulty in distinguishing positive
target and false positive; whereas the gSELEX screening system
uses genome fragments with all possible target sequences. The
gSELEX screening system was developed to directly identify DNA
sequences recognized in vitro by DNA-binding TFs [23, 24] and
successfully applied to identify regulatory targets of more than 200
TFs from a single species: E. coli K-12 W3350 [16, 25]. Using this
gSELEX method, we also identified the whole set of promoters
recognized by a single species of sigma factor, including the
major sigma subunit RpoD [26] and four species of the minor
sigma subunits, RpoS, RpoH, RpoF and RpoE [27]. Promoter

Impact Statement

The promoter selectivity of Escherichia coli RNA
polymerase (RNAP) is determined by the promoter-
recognition sigma subunit. RpoN sigma (6%), involved in
the expression of nitrogen-related genes and also other
cellular functions, requires an enhancer, such as NtrC,
for transcription initiation. Using the genomic-SELEX-
chip method, we identified the number of target genes
or operons as 44-61, 30-41 and 61-81 for RpoN RNAP
holoenzyme, NtrC and RpoN RNAP holoenzyme +NtrC,
respectively. Newly identified NtrC-dependent RpoN
target genes include not only nitrogen-related genes but
also nitrogen-related metabolism genes, such as those
involved in carbon source metabolism. Based on our
findings, we propose a dual function for the RNAP RpoN
holoenzyme, as a repressor (in the absence of NtrC) and
as a NtrC-activated transcriptase. This type of promoter,
recognized by the RpoN holoenzyme alone, was termed
as a repressive promoter.

search using the gSELEX system enabled the detection of the
whole set of constitutive promoters recognized by each RNAP
holoenzyme alone in the absence of other supporting factors,
as well as in the absence of interfering proteins, including other
sigma factors. Thus, the numbers of constitutive promoters for
each sigma factor identified were as follows: 1320 for RpoD, 235
for RpoS, 331 for RpoH, 260 for RpoF and 493 for RpoE [26-28].
Based on the list of constitutive promoters, we could also predict
the ‘inducible’ promoters recognized and activated in the pres-
ence of additional supporting factors. Under in vivo conditions,
it is impossible to obtain the whole set of binding sites for both
RNAP and TFs. In addition, the transcription-related data listed
in the databases include different levels of accuracy. For instance,
a number of TF-binding sites are estimated in silico, relying on
consensus sequences that often include inaccurate predictions.
Another significant problem originates from the use of various
E. coli strains with different genetic backgrounds and the use of
different culture conditions in each experiment.

In this study, we identified the whole set of RpoN-dependent
promoters and the whole set of NtrC-binding sites using
gSELEX screening. Furthermore, gSELEX analysis of the
RpoN holoenzyme was performed in the presence of NtrC to
identify the RpoN promoters regulated by the NtrC enhancer.
The promoter activity of some RpoN promoters was exam-
ined using a gel-shift assay in vitro and reverse-transcription
quantitative real-time PCR (RT-qPCR) assay in vivo. The
promoter activity of some of the promoters recognized by the
RpoN holoenzyme alone increased in the absence of RpoN.
Furthermore, the binding of the RpoD holoenzyme to the
test promoter was interfered with by the binding of the NtrC-
enhanced RpoN holoenzyme to the promoter, suggesting a
repressor function of the RpoN holoenzyme with competi-
tion against other RNAP holoenzymes. We designated this
promoter as a repressive promoter, alongside the constitutive
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promoter for RpoN-family sigma factors. The whole set of
repressive promoters described herein provides fundamental
catalogues for the promoters recognized by RpoN sigma
factors and a useful resource for further analysis combined
with other enhancers.

METHODS
Bacterial strains and plasmids

E. coli K-12 W3350 type-A, containing the full set of seven
sigma factors [29], was used for the purification of RNAP
and as a template DNA for the gSELEX screening of RpoN
promoters and NtrC target genes. E. coli DH5a was used for
plasmid amplification. E. coli BL21(DE3) was used for the
expression and purification of sigma N and sigma D, core
enzyme subunit proteins, and NtrC. Expression plasmids for
the core enzyme subunits and sigma N subunits (pRpoA,
pRpoB, pRpoC, pRpoD and pRpoN) and NtrC (pNtrC) were
constructed by ligating the corresponding coding sequences,
which were prepared via PCR amplification of the E. coli K-12
W3350 type-A genomic DNA as a template, into the pET21
expression vector, according to a standard procedure used
for the expression of sigma and TFs [30, 31]. E. coli BW25113
[32] and its single-gene knockout mutants, JW3169 for rpoN
and JW3839 for ntrC [33], were obtained from the E. coli
Stock Centre (National Bio-Resource Centre, Japan).

Cells were grown in LB medium or 3mM NH,Cl (for nitrogen-
starvation experiments) Gutnick minimal medium [34] (33.8
mM KH,PO,, 77.5 mM K,HPO,, 5.74 mM K SO, and 0.41
mM MgSO, supplemented with Ho-LE trace elements and
0.2%, w/v, glucose), using NH, Cl as the sole nitrogen source,
at 37 °C with constant shaking at 150 r.p.m. When necessary,
20 pg kanamycin ml™ was added to the medium. Cell growth
was monitored by measuring the turbidity at 600 nm.

Purification of core RNAP

RNAP was purified from log-phase cells of E. coli K-12
W3350 using a standard procedure [35]. The native core
was separated from the holoenzymes by passing the purified
RNAP through a P11-phosphocellulose column in the pres-
ence of 50% (v/v) glycerol. To remove trace amounts of the
core-enzyme-associated sigma factors, the purified RNAP in
the storage buffer containing 50% (v/v) glycerol was dialysed
against the same buffer containing 5% (v/v) glycerol and frac-
tionated by P11-phosphocellulose column chromatography
in the presence of 5% (v/v) glycerol. The level of remaining
sigma factors was less than 0.1%, if any, as verified using SDS-
PAGE gels by both protein staining with a silver reagent and
immunostaining with antibodies against each of the seven
sigma factors.

Purification of core and sigma subunits

The core enzyme subunits (RpoA, RpoB, RpoC and RpoZ)
were expressed using corresponding expression plasmids
and purified by two cycles of column chromatography using
DEAE (DE52) and P11-phosphocellulose [35]. The sigma
subunits were expressed and purified via ion-exchange

column chromatography using DE52 and P11, followed by a
Sephacryl S-300 gel filtration column. The purified sigma and
core subunit proteins were over 99% pure, as determined by
both protein staining and immunostaining of SDS-PAGE gels.

Purification of antibodies

Antibodies against core enzyme subunits were produced in
rabbits by injecting purified proteins [36, 37]. Antibodies
against each RNAP protein were produced in two rabbits, and
after the examination of antibody activity using immunoblot
analysis, a batch with higher activity was used in this study.
The anti-RpoD, anti-RpoS§, anti-RpoN, anti-RpoH, anti-RpoE,
anti-RpoE, anti-Fecl and anti-RpoC used in this study did not
cross-react with each other. These antibodies were produced
by the Nippon Institute for Biological Science and the Animal
Laboratory of Mitsubishi Chemical Medience.

gSELEX screening of the binding sequences of
RpoN RNAP holoenzyme and NtrC

gSELEX screening was performed using a standard procedure
[23, 24]. A mixture of DNA fragments of the E. coli K-12
W3350 genome was prepared by sonicating purified genomic
DNA and cloning it into multi-copy plasmid pBR322 at the
EcoRV site. In each gSELEX screening, the DNA mixture was
regenerated by PCR using a pair of primers with the flanking
sequences of pBR322 EcoRV. For gSELEX screening, 5 pmol of
the mixture of the DNA fragments and 10 pmol RpoN RNAP
holoenzyme or NtrC were mixed in a binding bufter (10 mM
Tris-HCI, pH 7.8 at 4 °C, 3 mM magnesium acetate, 150 mM
NaCl and 1.25 mg BSA ml™') and incubated for 30 min at 37
°C. For reconstitution of the RpoN holoenzyme, the sigma-
free core enzyme and fourfold molar excess of RpoN sigma
subunit were mixed and incubated. For NtrC, acetylphos-
phate (0.1 mM) was added for NtrC auto-phosphorylation.
The DNA-RpoN RNAP mixture was treated with anti-RpoC
antibody and A/G beads, whereas the DNA-NtrC mixture
was treated with a Ni-nitrilotriacetic acid (NTA) agarose
column for purified DNA-test protein complexes. DNA
fragments recovered from the complexes were PCR amplified
and subjected to the next cycle of gSELEX to enrich the test
protein-bound DNA fragments.

For gSELEX-chip analysis, DNA samples were isolated from
the DNA-protein complexes at the final state of gSELEX,
PCR-amplified and labelled with Cy5, while the original DNA
library was labelled with Cy3. The fluorescenty labelled DNA
mixtures were hybridized to a DNA microarray consisting
of 43 450 species of 60 bp long DNA probes, which were
designed to cover the entire E. coli K-12 MG1655 genome at
105 bp intervals (Agilent). The fluorescence intensity of the
test sample at each probe was normalized to that of the corre-
sponding peak of the original library. After the normalization
of each pattern, the Cy5/Cy3 ratio was measured and plotted
along the E. coli K-12 MG1655 genome. The gene organiza-
tion was almost identical between the two well-characterized
E. coli K-12 strains, except for a long-range inversion between
the rrnD and rrnE operons.
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Consensus-sequence analysis

To analyse the RpoN promoter motif and the NtrC binding
sequence, each set of 500 bp binding sequences centred on
the binding peak identified by gSELEX-chip was analysed
using the program MEME SUITE [38]. The sequences were
aligned, and a consensus-sequence logo was created using
wEBLOGO (http://weblogo.berkeley.edu/logo.cgi).

Gel-shift assay

The gel-shift assay was performed according to standard
procedures [39]. Probes of the NtrC-dependent RpoN
holoenzyme-binding target sequences were generated by
PCR amplification using a pair of primers (Table S1a, avail-
able with the online version of this article) and Ex Tag DNA
polymerase (TaKaRa). A mixture of each probe and RpoN
holoenzyme, NtrC and RpoD holoenzyme was incubated
at 37 °C for 30 min in the gel-shift buffer with 25 mM
acetylphosphate and ATP. After the addition of the DNA
loading solution, the mixture was directly subjected to 3.5%
PAGE. DNA in gels was stained with GelRed (Biotium) and
detected using LuminoGraph I (Atto).

RT-qPCR analysis

RT-qPCR analysis was performed according to a standard
procedure [40]. The nitrogen replete and deplete conditions
were made according to Brown et al. with some modifica-
tions [22]. E. coli cells were inoculated in Gutnick minimal
medium supplemented with 0.2% glucose and 3 mM NH CI
at 37 °C under aeration with constant shaking at 150 r.p.m.
until an OD_; of 0.4 (nitrogen replete condition in expo-
nential phase) or 0.9 (nitrogen deplete condition, 20 min
after growth stopped) was reached. Then, the total RNA
was extracted. Total RNA was transcribed to cDNA with
random primers using the THUNDERBIRD SYBR qPCR
RT kit (Toyobo). qPCR (quantitative real-time PCR) was
conducted using THUNDERBIRD SYBR qPCR mix (Toyobo)
and was performed using the LightCycler 96 system (Roche).
The primer pairs used are listed in Table S1(b). The cDNA
templates were serially diluted fourfold and used for qPCR
assays. The qPCR mixtures, each containing 10 ul THUN-
DERBIRD SYBR qPCR mix, 1 ul each primer (50 uM stock),
7 Wl water and 1 pul cDNA, were amplified under the following
thermal cycling conditions: 95 °C treatment for 2 min; 45
cycles of 10 s at 95 °C and 20 s at 55 °C; and incubation for
20 s at 72 °C. The expression levels of 16S rRNA were used
for the normalization of the levels of the test samples, and
the relative expression levels were quantified using Relative
Quantification software (Roche). Results are presented as the
mean values of three independent experiments.

Western blot analysis

Western blot analysis for PAGE gels was carried out by
a standard method as described previously, with some
modification [37]. After the gel-shift assay, gels were blotted
onto PVDF membrane using a semi-dry transfer apparatus.
Proteins on the membranes were immuno-detected with

anti-RpoN or anti-RpoD antibodies, and then detected with
ImmunoStar Zeta (Fujifilm). Images were analysed with
LuminoGraph I (Atto).

RESULTS AND DISCUSSION
gSELEX screening in vitro

Transcription by the RNAP RpoN holoenzyme is believed
to depend on an enhancer (or activator), which promotes
the transition from a closed promoter complex to an open
complex for transcription initiation. This scenario was estab-
lished using a single species of the enhancer NtrC [8-11]. To
identify the whole set of RpoN-dependent promoters in the
entire genome of E. coli K-12 W3110, and to identify the role
of each enhancer, we performed a mass-screening in vitro of
the whole set of sequences that are recognized by the recon-
stituted RNAP RpoN holoenzyme and the well-characterized
NtrC as a model system. The sigma-free core enzyme was
prepared by passing the purified RNAP (stored in a storage
buffer containing 50% (v/v) glycerol) through a phosphocel-
lulose chromatography column, three times in the presence of
5% (v/v) glycerol [35]. The level of remaining sigma subunits,
ifany, was less than 0.1%, as detected by both protein staining
and immunostaining against each of the seven sigma factor
species (RpoD, RpoN, RpoS, RpoH, RpoFE, RpoE and FecI).
The stoichiometry between core enzyme subunits was also
checked by immunostaining with antibodies against each core
subunit, RpoA, RpoB, RpoC and RpoZ. The holoenzymes
fully saturated with each sigma subunit were reconstituted
by mixing this sigma-free core enzyme and fourfold molar
excess of purified RpoN sigma factor. As these sigma subunits
alone are unable to bind to promoter DNA, the presence of
excess sigma does not interfere with the function of RNAP
holoenzymes. For the identification of DNA sequences
that are recognized by each holoenzyme, we employed the
gSELEX screening system [24], in which a library of E. coli
genomic DNA fragments of 200-300 bp was used instead of
synthetic oligonucleotides with all possible sequences used in
the original SELEX method [41-43].

A multi-copy plasmid library of 200-300 bp random DNA
fragments was constructed from the E. coli K-12 W3350
genome [23, 24]. The library used in this study contained 5.5-
fold molar excess of the entire genome and, thus, a single and
the same sequence may be included in five different overlap-
ping segments on average, thereby increasing the resolution
of SELEX fragment mapping. In each experiment of gSELEX
screening, the mixture of genomic DNA fragments, which
was regenerated by PCR from the genomic DNA library,
was mixed with a twofold molar excess of the reconstituted
RpoN holoenzyme and subjected to gSELEX screening. The
DNA-holoenzyme complexes formed were recovered using
the anti-RpoC antibody, which gave the highest level of RNAP
recovery among all the anti-core subunit antibodies. RNAP-
associated DNA was isolated from the antibody precipitates,
amplified by PCR and subjected to cycles of gSELEX. After
repeated gSELEX screening, the final products of RpoN
holoenzyme-bound DNA fragments were mapped onto the
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genome using a DNA tiling microarray (Oxford Gene Tech-
nology) [44]. The binding intensity was measured as the ratio
of RpoN holoenzyme-bound DNA labelled with Cy3 against
the original library DNA labelled with Cy5 on an array, and
plotted along the E. coli genome for each holoenzyme. In the
case of NtrC, His-tagged NtrC was purified and the binding
reaction with the genomic DNA library was performed in the
presence of acetylphosphate for NtrC activation by phospho-
rylation [45]. The NtrC-associated DNA was isolated using a
Ni-NTA agarose affinity column and subjected to DNA tiling
array analysis. During the DNA tiling array, 60 bp long probes
were aligned along the E. coli genome at 105 bp intervals;
therefore, approximately 300 bp long gSELEX fragments were
bound to two or more consecutive probes. This criterion was
employed to avoid background noise of the non-specific
binding of holoenzyme-bound DNA fragments to the tiling
array; it is worth noting that peaks showing hybridization to
only a single probe were judged as false-positive noise.

Binding sites were classified into two groups: one ‘within
spacers’ and the other ‘inside genes. Binding sites of the
within spacers group were further classified into three types:
a type-A spacer, located between bidirectional transcription
units; a type-B spacer, located upstream of one transcription
unit but downstream of another transcription unit; a type-C
spacer, located downstream of both transcription units.
Based on the transcription direction of flanking genes, the
total number of constitutive promoters was predicted to range
between the minimum (number of type-A spacers +number
of type-B spacers) and maximum (number of type-A
spacers x2+number of type-B spacers). The height of the

binding intensity identified by the gSELEX-chip system
is generally in good agreement with the number of clones
identified by the gSELEX-clos (cloning-sequencing) system,
indicating that these two parameters correlate with the
binding affinity of the test regulatory protein to DNA [24].

Identification of the whole set of constitutive
promoters recognized by the RpoN holoenzyme
alone

To identify the whole set of RpoN recognition promoters, we
performed gSELEX screening for the RpoN RNAP holoen-
zyme. After seven cycles of gSELEX screening, the sequences
with a binding affinity to the RpoN holoenzyme formed a
number of peaks along the entire E. coli genome (Fig. 1). By
setting the cut-off level to 30% relative to the highest peak
located upstream of potF (putrescine transporter), a total of 71
RpoN holoenzyme-binding peaks were identified, of which 44
(62%) were located within intergenic spacers (Fig. 1; detailed
in Table S2), in addition to 17 peaks inside type-A spacers and
27 peaks inside type-B spacers (Table S2). From the RpoN
holoenzyme-binding sites inside type-A and type-B spacers,
a total of 44 (17 type-A +27 type-B) to 61 (17x2 type A+27
type B) promoters were tentatively identified as constitutive
promoters recognized by the RpoN holoenzyme (Table 1). A
total of 27 peaks (38%) were located inside the ORFs (Fig. 1;
detailed in Table S2).

Of the 71 binding targets of the RpoN holoenzyme, 23 sites
(32%) were listed as RpoN targets in the RegulonDB database
(RegulonDB column in Table S2). In contrast, 30 sites (42%)
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100% <

90% pspF/pspA
g
5 80%
L2 70%
o prpR/prpB
<
= 60%
x 50%
P4
3
& 40%
C s0% 3—
2
o 20%
-

10%

0%

0 500000

1000000 1500000

2000000

istR/tisB

2500000 3000000 3500000 4000000 4500000

Genome position (bp)

Fig. 1. gSELEX-chip search for the binding sequences of the RpoN RNAP holoenzyme on the E. coli K-12 genome. gSELEX was performed
to search for the binding sites of the RNAP RpoN holoenzyme. The y-axis represents the ratio against the highest peak at the potF
promoter region and shows the level of RpoN holoenzyme-bound DNA fragments, whereas the x-axis represents the position on the E.
coli K-12 genome in bp. The adjacent gene on the E. coli K-12 genome of the peak position was indicated for high intensity peaks (>60%).
A list of binding sites of the RpoN holoenzyme is provided in Table 1 (detailed in Table S2).
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were detected by ChIP-chip analysis (ChIP-chip column in
Table S2) [17]. A total of 39 (55%) were newly identified as
RpoN targets in the E. coli genome in this study (see below).

Identification of the whole set of NtrC target genes

NtrC was isolated as the nitrogen assimilation regulator
encoded by glnG [46], and is known as an enhancer for
nitrogen assimilation under nitrogen-limited conditions
[47]. To understand genome regulation by NtrBC TCS in
E. coli, we attempted to identify the whole set of regulatory
target promoters, genes and operons under the control of
phosphorylated NtrC. For this purpose, we independently
employed gSELEX screening using purified His-tagged NtrC
in the presence of 10 mM acetylphosphate for NtrC phos-
phorylation in vitro. From a mixture of E. coli K-12 W3110
genome fragments, NtrC-bound DNA fragments were
affinity-purified using Ni-NTA agarose and then subjected
to tiling array analysis to identify NtrC recognition sequences.
This gSELEX screening was repeated for up to five cycles.
The original mixture of genomic DNA fragments formed
smeared bands during PAGE. However, after repeated
gSELEX screening, the NtrC-bound DNA formed sharper
bands during PAGE, indicating the enrichment of specific
DNA fragments with specific binding activity to NtrC. Here,
we identified a total of 93 high-intensity peaks by setting the
cut-off level above an intensity of 40%, relative to the highest
peak located on the tus ORF (Fig. 2; for details, see Table S3).
Of these 93 high-level binding peaks, seven binding sites are

listed as NtrC target genes or operons in the RegulonDB data-
base (RegulonDB column in Table S3). A total of 31 (33 %)
NtrC-binding sites were found within the spacers, while 62
(67 %) were found inside the ORFs (Table S3). Of these 31
NtrC-binding sites within spacers, 11 were located within
spacers of bidirectional transcription units (Table 2), 19 were
located inside spacers upstream of one ORF but downstream
of another ORF (Table 2), and two were located inside the
type-C spacer (Table 2). Using these results, we predicted that
the total number of regulatory targets of NtrC was between
30 (11 type A+19 type B) and 41 (11x2 type A+19x1 type
B). We performed gSELEX screening for approximately 200
species of E. coli K-12 TFs. Although the binding of TFs inside
OREFs is variable between TF species, the level of 67 % binding
of NtrC inside ORFs was rather high, and its unidentified
regulatory roles should be analysed in detail.

Identification of the whole set of promoters
recognized by NtrC-controlled RpoN holoenzyme

For transcription initiation by the RpoN holoenzyme, one
of the NtrC- or TyrR-family TFs, such as NtrC, is believed
to be necessary [8-11]. To understand the intrinsic role of
the RpoN sigma factor, we performed gSELEX screening of
the regulatory target promoters of the RpoN holoenzyme in
the presence of an excess amount of NtrC under the same
conditions used for the screening of constitutive promoters
by the RpoN holoenzyme alone. After seven cycles of gSELEX
screening, RpoN holoenzyme-bound DNA segments were

. K
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Fig. 2. gSELEX-chip search for the binding sequences of NtrC on the E. coli K-12 genome. gSELEX was performed to search for the
binding sites of NtrC, in the presence of acetylphosphate, with respect to NtrC phosphorylation. The y-axis represents the ratio against
the highest peak at the tus ORF and shows the level of NtrC-bound DNA fragments, whereas the x-axis represents the position on the E.
coli K-12 genome in bp. The adjacent gene on the E. coli K-12 genome of the peak position was indicated for high intensity peaks (>70%).
Peaks located within the spacer regions are shown with green labels, while peaks located within ORFs are shown with orange labels. A
list of the binding sites of NtrC is provided in Table 2 (detailed in Table S3).
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Fig. 3. gSELEX-chip search for the binding sequences of the RpoN RNAP holoenzyme in the presence of NtrC on the E. coli K-12 genome.
gSELEX was performed to search for binding sites of the RpoN holoenzyme in the presence of NtrC. The y-axis represents the ratio
against the highest peak at the hyfA promoter region and shows the level of RpoN holoenzyme-bound DNA fragments in the presence
of NtrC, whereas the x-axis represents the position on the E. coli K-12 genome in bp. The adjacent gene on the E. coli K-12 genome of the
peak position was indicated for high intensity peaks (>60 %). The peaks located within the spacer regions are shown with green labels,
while the peaks located within the ORFs are shown with orange labels. A list of the binding sites of the RpoN holoenzyme in the presence

of NtrC is described in Table 3 (detailed in Table S4).

isolated using anti-RpoC antibody and then subjected to
tiling array analysis. By setting the cut-off level to 30% rela-
tive to the highest peak located upstream of hyfA (subunit
of hydrogenase 4), a total of 108 NtrC-controlled RpoN
holoenzyme-binding peaks were identified (Fig. 3), of which
61 peaks (56%) were located within intergenic spacers and
47 peaks (44%) were located inside the ORFs (for details
see Table S4). Of the 61 RpoN holoenzyme-binding peaks
within spacers, 19 peaks were located within type-A spacers
of bidirectional transcription units (Table 3, type-A), and
42 were located inside type-B spacers upstream of one tran-
scription unit but downstream of another transcription unit
(Table 3, type-B). The promoters recognized by a combina-
tion of the RpoN holoenzyme and NtrC were predicted to
be located in the type-A and type-B spacers (Table 3). Of
the 108 NtrC-controlled RpoN holoenzyme-binding sites, 57
sites were detected in the absence of NtrC (Table 4, Fig. 4a),
suggesting that these promoters (44 to 61) could be recog-
nized by the RpoN holoenzyme alone without the support
of NtrC (Fig. 4b). This finding indicates the presence of
constitutive promoters for RpoN sigma, as in the case of the
other six sigma factors [26, 27]. In contrast, a total of 21 to 27
promoters required NtrC for binding to the target promoters
(Fig. 4b), of which 4 to 5 promoters were recognized by NtrC
alone, while the other 17 to 22 promoters were recognized by
a combination of RpoN and NtrC (Fig. 4b).

12

Sequences recognized by the RpoN holoenzyme
and NtrC

Using the RpoN-binding sequence from a small number of
RpoN targets, a 17 bp long sequence consisting of conserved
GG at the -24 site and GC at the -12 site was proposed as
the RpoN promoter motif [6, 17], which is different from the
well-known TTGACA (-35) and TATAAT (-10) promoter
sequences of RpoD group sigma factors. The RpoN promoter
motif was then re-evaluated using the entire set of 71 RpoN
holoenzyme-binding targets (see Table 4, RpoN-holo row),
which includes 32 known targets (Table S2). To identify the
RpoN promoters within the binding sites of the RpoN holo-
enzyme, a collection of 500 bp sequences from 71 targets was
analysed via in silico search using the MEME program [38].
Subsequently, we identified a 15 bp long sequence, (-24 side)
TGGCACnnTTnTTGC (-12 side) (Table S2), which included
the proposed RpoN promoter motif TGC at the -12 bp site
and TGGCA at the -24 bp site (Fig. 4a). Previous studies
have performed promoter sequence prediction using the
experimental data obtained in vivo for enhancer-dependent
promoters. Therefore, this study is to our knowledge the first
to analyse the promoter sequence recognized by the RpoN
holoenzyme alone in the absence of supporting TFs.

Using the DNA-binding sequences of several NtrC targets,
a 17 bp long palindromic sequence consisting of a 17 bp
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Table 4. Summary of binding sites of the RpoN holoenzyme and NtrC

The binding site of each RpoN holoenzyme and NtrC on the E. coli K-12 W3110 genome was determined in vitro using the gSELEX screening system.
Details of the experimental procedures are described in a previous study [23]. The number of the target transcription units was estimated based on

the location of the binding sites

Regulator Total no. of Inside spacer Inside ORF No. of regulatory targets
binding sites
Type-A Type-B Type-C Type-A spacer Type-B spacer Total
RpoN-holo 71 17 27 0 27 (38%) 17-34 27 44-61
Total 44 (62%)
NtrC 93 11 19 2 61 (66%) 11-22 19 30-41
Total 32 (34%)
RpoN-holo+NtrC 108 20 41 0 47 (44%) 20-40 41 61-81
Total 61 (56%)

long sequence of TGCACCAnnnTGGTGCA was proposed
as the consensus recognition sequence of NtrC [8]. As we
obtained a large number of NtrC-binding sites by gSELEX,
the consensus sequence of NtrC binding was re-evaluated
using the whole set of 93 targets, including 7 known targets
(Table 2). A collection of 500 bp sequences from these targets
was analysed using the MEME program. Subsequently, we
identified a 17 bp long sequence (Fig. 5b), which contained
highly conserved GCAnnA and TnnTGC. This sequence
is in good agreement with a previous report using in vitro

experimental evidence [8]. Thus, we concluded that this
highly conserved (T)GCA(CC)AnnnT(GG)TGC(A) 17 bp
long NtrC-box sequence is required for the tight binding of
NtrC.

Finally, we analysed the promoter sequences recognized
by the RpoN holoenzyme in the presence of excess NtrC.
Some of the conserved sequences of promoters recognized
by the RpoN holoenzyme alone were lost in the presence of
NtrC, suggesting a certain level of alteration of the promoter

(@ | No. binding sites

NtrC RpoN-holo
(Total 93 sites) (Total 71 sites)

RpoN-holo + NtrC
(Total 108 sites)

(b) | No. regulatory targets

NtrC RpoN-holo
(30~41 targets) (44~61 targets)

RpoN-holo + NtrC
(61~81 targets)

Fig. 4. Correlation diagrams of the targets between RpoN and NtrC. Venn diagram summarizing the correlation of target sites of RpoN
holoenzyme and NtrC. The number of binding sites is shown in (a), while the number of regulatory targets is shown in (b). All the 14 sites
detected in the RpoN holoenzyme but not in RpoN holoenzyme +NtrC showed over 24% intensity in RpoN holoenzyme +NtrC (for counting

the number of targets, the cut-off level was set as 30%) (Table 5).
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23l (a) RpoN holo promoter sequence

(c) NtrC-dependent RpoN holo promoter sequence
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Fig. 5. Consensus sequences of the RpoN holoenzyme promoter and NtrC binding. The promoter motif of RpoN holoenzyme, in the
presence or absence of NtrC and binding sequences of NtrC, was analysed using the MEME program. The sequences are listed in Tables
S2-S4, and were subjected to Logo analysis for the determination of the consensus sequences for the following samples: (a) the whole
set of RpoN holoenzyme targets (total 71 sequences in Table S2); (b) the whole set of NtrC targets (total 93 sequences in Table S3); (c)
the whole set of RpoN holoenzyme targets in the presence of NtrC, not included in the RpoN holoenzyme targets in the absence of NtrC

(total 51 sequences in Table S4).

recognition property in the presence of NtrC. Compared
with the promoter sequence of the RpoN holoenzyme alone
(Fig. 5a), the NtrC-dependent RpoN promoter sequence
showed high-level conservation at the 3rd G and 4th G, but
low-level conservation at the 5th, 15th and 16th C (Fig. 5¢).
These results suggest that NtrC modulates the promoter
recognition property of the RpoN holoenzyme to recognize
sequences of low-level conservation at the position of the -12
GC element.

The RpoN holoenzyme binds to promoters with conserved
sequence elements at —24 GG and —-12 GC. One unique
feature of the NtrC-dependent RpoN promoter identified in
this study is the conservation of these elements, which was low
for -12 GC and high for -24 GG (Fig. 5). This -12 GC element
is involved in the stability of the RpoN holoenzyme-target
promoter complex in vitro [48], while the -24 GG element

18

is the dominant element for promoter binding by the RpoN
holoenzyme [49]. In conjunction with the results of the gel-
shift assay (Fig. 6), NtrC appears to support the stability of the
formation of RpoN holoenzyme-promoter complex, which
has a low-level conservation of the -12 GC element.

Confirmation of the interaction of newly identified
regulatory targets with RpoN holoenzyme and NtrC

Gel-shift assay in vitro

Based on gSELEX-chip analysis, we identified 44-61
promoters for the RpoN holoenzyme alone and 61-81
promoters for the NtrC-supported RpoN holoenzyme
(Table 4, Fig. 4), including approximately 40 hitherto identi-
fied RpoN promoters. Similarly, we identified a total of 30-41
regulatory targets for NtrC via gSELEX screening (Table 4,
Fig. 4). To experimentally confirm the regulation of newly
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Gel Shift Assay
yfcZ/fadL

potG ddpX
NtrC - - -+
RpoN-holo + +

sgrR/sgrS
NtrC - + - +

RpoN-holo - - + +

S
=

B>

+ - +
-+ +

Fig. 6. NtrC-dependent RpoN holoenzyme-DNA complex formation. The target promoter fragments were mixed with the RpoN
holoenzyme (0.3 uM, lane 2), NtrC protein (15 uM, lane 3), or both in combination with the addition of 25 mM acetylphosphate (lane
4). After incubation at 37 °C for 30 min, the reaction mixture was subjected to 3.5% PAGE. Grey triangles indicate the free probe; grey
triangles with white frame indicate the NtrC-probe complex; black triangles with white frame indicate the RpoN holoenzyme-probe
complex; white triangles indicate the RpoN holoenzyme-NtrC-probe complex.

identified target promoters with RpoN and/or NtrC, the
interaction of the RpoN holoenzyme or NtrC with some
representative targets was analysed by gel-shift assay in vitro,
and RT-qPCR assay in vivo, of target mRNA.

To confirm the binding activity of both the RpoN holoenzyme
and NtrC to the target promoters in vitro, we performed a gel-
shift assay to detect the test protein-target DNA complexes.
From the newly identified target genes, seven independent
spacer probes containing nine representative targets were
selected: yfcZ (uncharacterized conserved protein)/fadL
(long-chain fatty acid outer membrane transporter), yeaE
(aldo-keto reductase), yjcS (metallo-lactamase family
protein), sgrR (TF)/sgrS (small RNA antisense regulator),
mutM (DNA glycosylase), yobF (hypothetical protein) and
nth (endonuclease I1I) (targets are indicated in red in Table 5).
In addition, we used two hitherto known RpoN promoters,
namely, potG encoding putrescine transporter and ddpX
encoding D-Ala-p-Ala dipeptidase [12] (these two genes
were also detected in gSELEX screening), and lacUV5 as a
reference control. Each of these test probes was mixed with
purified NtrC, RpoN holoenzyme or both, and the probe-test
protein(s) mixtures were then directly subjected to PAGE.
The two known NtrC target probes, potG and ddpX, formed

both NtrC-probe binary complexes and RpoN holoenzyme-
probe binary complexes (Fig. 6; potG and ddpX panels, lanes
2 and 3). In both cases, two or three bands were detected,
suggesting the presence of more than one promoter-like
sequence on the potG and ddpX promoter probes. In the pres-
ence of both NtrC and the RpoN holoenzyme, the migration
of the complex bands was significantly retarded, indicating
the formation of RpoN holoenzyme-NtrC-probe ternary
complexes (Fig. 6; potG and ddpX panels, lane 4). Next, we
assessed seven spacer probes containing nine newly identified
targets from the gel-shift assay under the same conditions
as those employed for the two known targets. As in the case
of potG and ddpX probes, the binding of NtrC alone (Fig. 6,
lane 2) was confirmed by the disappearance of free probes.
However, the expected probe-NtrC complex formed a smear
band, likely due to the gradual dissociation of low-affinity
NtrC during PAGE. In contrast, all seven DNA probes formed
two or three detectable bands of RpoN holoenzyme-probe
complexes (Fig. 6, lane 3). In the presence of both the RpoN
holoenzyme and NtrC, the intensity of the free promoter
probe clearly decreased for all seven probes, indicating an
increase in DNA-binding intensity in the presence of both
the RpoN holoenzyme and NtrC (Fig. 6, lanes 3 and 4). The
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simultaneous binding of the RpoN holoenzyme and NtrC was
observed, based on the super shift of protein-DNA complexes
from RpoN holoenzyme alone (lane 3) to the mixture of
RpoN holoenzyme and NtrC (lane 4). These observations
indicate the enhancement of RpoN holoenzyme binding to
target promoters by NtrC. Neither the RpoN holoenzyme nor
NtrC exhibited binding to a non-specific lacUV5 promoter
region used as an internal reference (Fig. 6, lacUV5 panel).

RT-qPCR assay in vivo

All seven promoter probes containing nine promoters were
found to interact with both the RpoN holoenzyme and
NtrC by the gel-shift assay in vitro. Next, we examined these
interactions in vivo using an RT-qPCR assay. In addition to
the seven probes employed in the gel-shift assay, we added
an additional six probes in the in vivo assay, including ntrC
(TF; under the control of the glnA promoter), potI (putres-
cine transporter; under the control of the potF promoter),
ddpF (ABC-family transporter; under the control of ddpX
promoter), thiQ (thiamine transporter; under the control
of the sgrR promoter), setA (sugar efflux system; under the
control of the sgrS promoter) and cspC (stress protein; under
the control of the yobF promoter). All these genes were organ-
ized into their corresponding operons under the control of the
NtrC regulator; the operons, including these six target genes,
are indicated in Table 5.

Intracellular levels of RpoN and NtrC are activated in
response to nitrogen depletion [6, 47]. Gutnick minimal
medium is widely used as a nitrogen source control medium
[21, 34]. We observed the growth of the wild-type E. coli
K-12 BW25113 strain and its rpoN and ntrC mutation
strains. In the nitrogen-rich medium (supplemented with
20 mM NH,CI), the cell density of all three strains reached
OD,, 1.3 (Fig. 7a) at 10 h after inoculation. However, in
the nitrogen-limited medium (supplemented with 3 mM
NH,CI), the cell growth of all these strains was delayed at
an OD_ of 0.9, 8 h after inoculation. Based on this result,
each of the wild-type, rpoN-deleted and ntrC-deleted strains
were inoculated in nitrogen-limited Gutnick medium, and
total RNA was prepared from the nitrogen replete phase
(OD,,,=0.4) or depleted phase (OD_,=0.9). The mRNA level
was then measured for 17 representative target genes.

At present, the three representative promoters (ntrC, potG
and ddpX) are known to be recognized by the RpoN sigma
factor and activated by NtrC [12]. After repeated RT-qPCR
analysis, the mRNA levels of ntrC were found to increase
under nitrogen-depleted conditions (Fig. 7b, ntrC slot), in
agreement with the proposed induction of NtrC by nitrogen
depletion [12]. As expected, ntrC induction was not observed
in the rpoN-defective mutant, and negligible levels of ntrC
mRNA were detected in the ntrC-defective mutant. The potG
gene is a member of the potGHI operon for the putrescine
ABC transporter, and the ddpX gene forms the ddpXABCDF
operon for D-alanyl-D-alanine dipeptidase and p-Ala-p-Ala
transporter. The potG and ddpX promoters are known regu-
latory targets of the NtrC-dependent RpoN holoenzyme.
Both promoters have been confirmed as regulatory targets
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of the NtrC-dependent RpoN holoenzyme, via gSELEX
screening and the gel-shift assay. To measure the expression
of these two operons, the mRNA levels were determined for
the first (potG and ddpX) and last (potI and ddpF) genes of
each operon. The levels of potG and pot] mRNA increased
by 6.0- and 3.2-fold, respectively, while the ddpX and ddpF
mRNA levels increased by 104.5- and 2.2-fold, respectively
(Fig. 7b). Thus, we concluded that the potGHI and ddpX-
ABCDF operons were markedly activated in the presence of
both RpoN and NtrC.

Next, we examined the expression of newly identified target
genes or operons of the NtrC-dependent RpoN holoenzyme
(Fig. 7c). The sgrST-setA operon produces sgrS sRNA for
the translation inhibition of ptsG mRNA, the SgrT inhibitor
of glucose transporter PtsG and the sugar exporter SetA.
mRNA for the sgrST-setA operon increased 8.2-fold, when
detected with sgrS, and 11.4-fold, when detected with setA,
in the wild-type E. coli K-12 strain under nitrogen depletion.
We also analysed the expression of the sgrR-sroA-thiBPQ
operon, which is located divergently from the sgrST-setA
operon. SgrR is a transcription activator for the sgrST-setA
operon, and sroA sRNA regulates the translation of ThiBPQ,
a thiamine transporter. The transcription unit of sgrR-sroA-
thiBPQ was inferred automatically computationally without
experimental confirmation [50]. Under nitrogen-depleted
conditions, the mRNA levels for the first gene sgrR increased
6.5-fold (Fig. 7c), while the level of thiQ, the last gene of
this predicted operon, did not increase, implying that thiQ
is not organized in this operon. The mRNA levels of the
divergently organized sgrST-setA operon and the divergently
transcribed sgrR gene did not increase in the rpoN and ntrC
mutants. Thus, we concluded that the sgrST-setA operon
and the divergently transcribed sgrR gene encoding the
regulator of the sgrST-setA operon are under the control of
the NtrC-dependent RpoN holoenzyme. The yeaE gene was
identified as another novel target of the NtrC-dependent
RpoN holoenzyme. YeaE (methylglyoxal reductase) converts
methylglyoxal to hydroxyacetone. yeaE mRNA increased
3.1-fold under nitrogen depletion (Fig. 7c), but not in rpoN
and ntrC mutants, indicating that the yeaE promoter was
regulated by the NtrC-dependent RpoN holoenzyme.

In contrast, mRNA levels of the other seven newly identi-
fied target genes decreased in wild-type E. coli K-12 under
nitrogen-depleted conditions (Fig. 7d). Both mutM mRNA
and nth mRNA expression decreased, by 8.4-fold and 6.4-
fold, respectively. MutM (DNA-formamidopyrimidine
glycosylase) is a DNA glycosylase for redox-damaged
purine nucleotides, whereas Nth (endonuclease III) is a
DNA glycosylase and apurinic/apyrimidinic lyase for the
repair of DNA damage. These proteins appear to be involved
in the modulation of DNA structure and function, which
is not necessary under nitrogen-depleted conditions. In
the absence of RpoN sigma, however, this reduction in the
mRNA levels of mutM and nth was not observed in the
rpoN-deleted mutant (Fig. 7d). This finding supports the
repressor role of the RpoN holoenzyme, irrespective of the
presence or absence of NtrC.
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Fig. 7. Influence of rpoN or ntrC on the transcription levels of the newly identified NtrC-dependent RpoN targets. Growth curve of E. coli
wild-type BW25113, the rpoN-deleted mutant JW3169 and the ntrC-deleted mutant JW3839 in Gutnick medium supplemented with 0.2%
glucose with 3 or 20 mM NH,Cl as the sole nitrogen source (a). The mRNA levels of the known targets (b) and new targets (c, d) of the
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and ntrC mutation strains in the exponential phase (0D, 0.4) and the stationary phase (20 min after growth stopped) in Gutnick medium
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supplemented with 0.2% glucose and 3 mM NH Cl and, subsequently, it was subjected to RT-gPCR analysis. RT-qPCR was repeated at
least three times, and the mean values of the experiments are shown. The y-axis represents the relative level of mMRNA of each NtrC-
dependent RpoN target gene between the nitrogen replete and deplete conditions, with the ratio of 16S rRNA used as an internal control
in each strain. ND indicates it was not detected as below the detection limit.

CspC is a member of the cold shock proteins [51] that has the
ability to bind RNA and ssDNA for the modulation of DNA/
RNA functions. For instance, CspC acts as a transcription
anti-terminator. The cspC gene forms an operon with the
currently uncharacterized yobF gene. Levels of cspC and yobF
mRNA were found to decrease 6.5- and 7.4-fold, respectively,
under nitrogen-depleted conditions. Reduction in the levels
of yobF and cspC mRNA decreased in the rpoN mutant, while
a negligible effect was observed in the ntrC mutant (Fig. 7d).
The fadL (fatty acid uptake outer membrane channel) and
yfcZ genes form a divergent transcription unit. The levels of
fadL and yfcZ mRNA decreased 3.5- and 3.1-fold, respec-
tively (Fig. 7d), supporting the repressor role of the RpoN
holoenzyme. These results suggest that the RpoN holoenzyme
functions as a repressor for a set of genes.
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To confirm the repressive function of NtrC-dependent RpoN
holoenzyme binding, we further carried out an in vitro
competition assay for four targets between RpoN holoenzyme
against RNAP containing the major sigma factor RpoD in the
presence or absence of NtrC. At first, each of these test probes
was mixed with purified RpoN holoenzyme with or without
NtrC or RpoD holoenzyme, and the probe-test protein
mixtures were then subjected to PAGE. The complexes of
RpoN holoenzyme-probe, RpoN holoenzyme-NtrC-probe
and RpoD holoenzyme-probe were observed as shift bands
(Fig. Sla). Next, RpoD holoenzyme was added into the
mixture in which the target probe formed complex with RpoN
holoenzyme under the presence or absence of NtrC, and then
subjected to PAGE. The probe pattern was similar to that in
the presence of RpoN holoenzyme with or without NtrC (Fig.
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S1a). To confirm the binding of each RNAP holoenzyme, we
then performed Western blot analysis using antibodies against
RpoN and RpoD. Using the RpoN antibody, the signal was
observed for RpoN holoenzyme and the intensity was higher
in the presence of NtrC, which suggests the binding of RpoN
holoenzyme to the target promoter was supported by NtrC
(Fig. S1b). In contrast, the signal of RpoD was detected in
RpoD holoenzyme alone, but the intensity became low under
the presence of RpoN holoenzyme, and almost disappeared
with addition of NtrC. These results suggest that the binding
of NtrC supported RpoN holoenzyme competes against RpoD
holoenzyme bindings due to their ability to repress these
promoters. Thus, we propose naming the group of promoters
recognized by the RpoN holoenzyme alone for the repression
of the target genes as the group of repressive promoters. The
RpoN holoenzyme acts as a repressor for the transcription of
a group of target genes.

Physiological roles of the RpoN promoters: a class
of repressive promoters

We previously identified a set of constitutive promoters recog-
nized by RNAP alone containing each of the major sigma
factors of RpoD and the minor sigma factors (stationary-phase
sigma RpoS, heat-shock sigma RpoH, flagella-chemotaxis
sigma RpoF and extra-cytoplasmid sigma RpoE) using the
gSELEX system [26, 27]. Constitutive promoters are recog-
nized and transcribed by each of these RNAP holoenzymes
alone in the absence of supporting regulatory proteins. In
the case of RpoN, however, the RNAP RpoN holoenzyme
recognizes and binds to a set of promoters, detected here
using gSELEX screening. For transcription initiation, TFs
with an enhancing role have been proposed, including those
in the NtrC family (eight species in E. coli) or TyrR family
(four species) [6, 16]. The experimental confirmation of this
enhancer role has only been obtained with a few enhancers,
including NtrC [8] and PspF [52]. In this study, we identified
the whole set of binding sites for the RpoN holoenzyme in the
presence and absence of the enhancer NtrC.

A total of 71 binding sites were identified by the RpoN holo-
enzyme alone, of which 23 (32%) are listed in RegulonDB
database (Table S2). In the presence of NtrC, a total of 108
binding sites were identified by the RpoN holoenzyme in the
presence of NtrC, of which 28 (26%) binding sites are listed
in RegulonDB [50]. In RegulonDB, a total of 101 targets were
listed as RpoN-dependent promoters; however, only seven
targets (acrD, actP, asIB, astC, chaC, ddpX and emrD) have
been experimentally confirmed. All these targets were identi-
fied using in vitro gSELEX screening, indicating the degree
of reliability of gSELEX screening. The majority of the other
targets listed in RegulonDB were predicted by computational
approaches relying on consensus sequences obtained from a
small number of known promoters.

RpoN regulates not only genes involved in nitrogen metabo-
lism but also other cellular functions, including metabolic
pathways, dependent on different enhancers, such as formate
catabolism (TyrR family; FhlA-dependent), acetoacetate
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catabolism (NtrC family; AtoC-dependent), propionate
catabolism (TyrR family; PrpR-dependent), phage shock
response (NtrC family; PspF-dependent) and zinc response
(NtrC family; ZraR-dependent) [6]. We further identified
a novel set of genes under the control of NtrC-dependent
RpoN holoenzyme involved in carbon source metabolism,
such as the sgrST-setA operon (inhibition of PtsG glucose
transporter and sugar efflux pump) and the sgrR gene (acti-
vation of the sgrST-setA operon) [53, 54], both activated
by NtrC. The activation of glucose transporter inhibitors
and sugar efflux pumps, together with the repression of
a long-chain fatty acid transporter, may lead to a carbon/
nitrogen imbalance by decreasing the carbon source influx
and increasing the carbon source efflux. Upon accumula-
tion, 2-oxoglutamate, the key metabolite of the intersection
between carbon and nitrogen metabolism, binds to GInB
(nitrogen regulatory protein PII) and activates NtrB sensor
kinase, which phosphorylates NtrC, thereby activating
a number of NtrC-dependent genes. The expression of
the ntrBC (gInLG) operon is auto-regulated by NtrB-
phosphorylated NtrC, depending on nitrogen availability.

Several promoters recognized by the RpoN holoenzyme
alone were identified as repressive promoters. The occu-
pation of repressive promoters by the RpoN holoenzyme
was predicted to inhibit the expression of the genes located
downstream. In the absence of enhancers under steady-
state stressless conditions, the repressive promoters must
be occupied by the RNAP RpoN holoenzyme, to prevent
transcription by nearby promoters that are recognized by the
holoenzymes containing sigma factors other than RpoN. In
fact, the binding of the NtrC-enhanced RpoN holoenzyme to
the targets interfered with the binding to the promoter of the
RpoD holoenzyme (Fig. S1). Promoter sequences recognized
by other sigma factors overlapped with the newly identified
repressive promoters, such as the RpoD promoter on the
yobF-cspC promoter, and RpoH and RpoD promoters on
the mutM promoter (listed in Regulon DB). Our observa-
tions of the repressive promoters are in good agreement
with the proposed model of the repressor role for RpoN
in transcription of some genes [18]. In E. coli K-12 cells
grown in rich media (e.g. LB broth), three species of the
sigma subunit are present: (i) RpoD, the most abundant and
responsible for the transcription of growth-related genes; (ii)
RpoN, the second most abundant; (iii) RpoF, responsible for
the transcription of flagella-chemotaxis gene [36, 37]. To
date, the mechanism underlying the presence of high levels
of RpoN in growing E. coli cells has yet to be elucidated,
even though nitrogen is not limiting. One possibility is that
the RpoN holoenzyme exerts a repressor role to prevent
the transcription of a certain group of genes by the most
abundant RpoD holoenzyme. The presence of the RpoN
holoenzyme on repressive promoters allows transcription
to initiate quickly once enhancer proteins are induced under
the corresponding stress conditions, such as NtrC activation
under nitrogen depletion.

In this study, we identified the whole set of binding sites of
RpoN holoenzyme, the enhancer NtrC and NtrC-dependent
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RpoN holoenzyme using in vitro gSELEX-chip screening
in the absence of other regulators. The identification of a
set of promoters recognized by the RpoN holoenzyme in
the presence and absence of NtrC enhancer, including the
repressive promoters, provides insight into the regulation of
the bacterial genome.
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