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suppressor mutant of glutamine auxotrophy in
TW14359ArpoN and observing its effect on GDAR and
LEE gene expression, acid resistance, and adherence.
Growth of TW14359ArpoN in MOPS media containing
0.2% glucose and 0.1% r-histidine (i.e., high energy but
nitrogen limiting) is impaired due to auxotrophy for glu-
tamine (GIn—) (Fig. 3A). However, after 48 h the out-
growth of a prototrophic (Glnt+) suppressor mutant
(TW14359ArpoNGIn+) was repeatedly observed in which
wild-type growth in MOPS media was restored (Fig. 3A),
and in which the expression of glnA was significantly
increased compared to TW14359ArpoN during growth in
DMEM (ODggy = 0.5) (P = 0.013) (Fig. 3B); glnA expres-
sion was still, however, slightly but significantly lower in
TW14359ArpoNGIn+ when compared to TW14359
(P = 0.02). Mutations which suppress Gln— in E. coli have
been mapped to ntrC, and to cis-elements controlling glnA
transcription. glnA can be transcribed from three promot-
ers: glnAp, and glnAp; are ¢”° promoters that are repressed
by NtrC during nitrogen-limitation, whereas glnAp, is a
o™ promoter that is activated by NtrC under the same
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conditions. Mutations in the DNA-binding domain of
NtrC (amino acid residues 400-470) at the C-terminus
result in the derepression of glnAp; and/or glnAps, while
mutations in the promoter(s) enhance transcription from
glnAp, or result in formation of a de novo ¢’® consensus
at glnAp, (Reitzer et al. 1987). DNA sequencing of ntrC
and the glnA promoter region did not reveal any of these
described mutations in TW14359ArpoNGln+. Sequencing
of the TW14359ArpoNGIn+ genome, however, revealed a
single adenine deletion in the ntrC ORF at nucleotide
position 4,910,080 (accession NC_013008, NCBI), result-
ing in a frameshift mutation. This mutation occurs early
in the ORF at +285 relative to the start codon and results
in a premature stop codon or opal (UGA) mutation at
amino acid position 106. It was thus suspected that
increased expression of glnA, and growth in the absence of
glutamine for TW14359ArpoNGInt+ (Fig. 3B), reflects
derepression at the glnAp; and glnAp; promoters due to
NtrC inactivation.

Expression levels for gadE and ler did not differ between
TW14359ArpoN and TW14359ArpoNGIn+ during growth

Figure 3. Impact of glutamine metabolism on
the GDAR and LEE expression phenotype of
TW14359ArpoN. (A) Mean (n = 3) logqo
transformed optical density at 600 nm (logq
ODgno) plotted for wild type (square), ArpoN
(circles), and suppressor mutant ArpoNGIn+
(triangles) as a function of time during growth
in nitrogen-limiting MOPS media (2 g/L
glucose, 1 g/L t-histidine, pH 7). (B) Expression
levels for glnA, gadE, and ler plotted for wild
type (black), ArpoN (white), and ArpoNGIn+
(stippled). Error bars denote standard deviation
for A and B. (C) Representative colony-forming
units (CFU/mL) on LBA for wild-type and
derivative strains following 1-h challenge in EG
media (pH 7 vs. pH 2). (D) Counts for
microcolonies on HT-29 cells plotted for wild-
type and mutant derivative strains. Boxplots
are as described for Figure 1D. For B and D,
plots that differ in lowercase letter for each
gene (B) or strain (D) differ significantly by
Tukey's HSD following a significant F-test

(n >3, P<0.05). GDAR, glutamate-dependent
acid resistance; LEE, locus of enterocyte
effacement.
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in DMEM (ODgp = 0.5), indicating that glutamine
availability has no impact on GDAR and LEE gene regula-
tion. Interestingly, however, CFU/mL recovered from
acidified EG media were decreased by ~1000-fold for
TW14359ArpoNGInt when compared to TW14359ArpoN
(Fig. 3C). Deletion of glnA in TW14359ArpoNGIn+ again
restored survival in acid comparable to that of
TW14359ArpoN (Fig. 3C), suggesting that glutamine syn-
thetase production plays an indirect role in EHEC acid
resistance. Overexpression of glnA in TW14359ArpoN
(strain TW14359ArpoNpRAM-9) similarly mitigated the
acid resistance phenotype of TW14359ArpoN (Fig. 3C),
clearly demonstrating a role for glnA in the complete
acid resistance phenotype of TW14359ArpoN. Adding to
this, CFU/mL recovered from acidified EG increased by
>100-fold in TW14359AglnA compared to TW14359.
Consistent with qRT-PCR data on ler (Fig. 3A), the
number of microcolonies formed on HT-29 cells in
TW14359ArpoNGIn+ was significantly reduced when com-
pared to TW14359 (P < 0.05), but did not differ from
TW14359ArpoN or TW14359ArpoNAgIinAGIn+, collec-
tively suggesting that changes in glutamine availability has
no effect on ¢"-dependent LEE expression and adherence
to intestinal cells (Fig. 3D).

Acetyl phosphate stimulates the NtrC-o"-
pathway controlling GDAR and LEE
expression

When E. coli is cultivated in media without ammonia,
intracellular levels of glutamine are low, culminating in
the phosphorylation and activation of NtrC by sensor
kinase NtrB and NtrC-¢™-dependent transcription. It was
thus suspected that the absence of ammonia in DMEM
may prompt NtrC-¢™-dependent transcription of fIiDC,
activating the pathway for GDAR and LEE regulation,
and that supplementation of DMEM with ammonia
would offset this effect. If so, ammonia would be
expected to stimulate gad gene expression and repress the
LEE in TW14359, but to have no effect in the
TW14359ArpoN and TW14359AntrC backgrounds.

While the addition of ammonium chloride (2 g/L
NH,CI) was observed to slightly but not significantly
increase GDAR gene (gadE and gadB) expression in TW1
4359, expression in TW14359AntrC and TW14359ArpoN
uniformly decreased (P < 0.05) (Fig. 4A). Correspond-
ingly, ammonium addition reduced CFU/mL recovered for
TW14359AntrC and TW14359ArpoN by ~100- to 1000-fold
but had no observable effect on CFU/mL recovered for
TW14359 (Fig. 4B). For the LEE, ammonium addition
increased ler, tir, espA, and cesT expression in all back-
grounds (Fig. 4C) and correspondingly increased the
number of microcolonies formed on HT-29 cells for all
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strains (P < 0.05). The same observations were made when
substituting equimolar ammonium sulfate for ammonium
chloride (data not shown). These results reveal that ammo-
nium does in fact influence GDAR and LEE gene expres-
sion, but by a mechanism that is independent of ntrC and
rpoN. In support of these data, the expression of pathway
components (gadE, ler, flhiDC, and fliZ) for control of
GDAR and the LEE were not altered in a strain deleted for
the NtrC cognate sensor kinase, ntrB (Fig. S1). Interest-
ingly, growth in DMEM containing ammonium was
observed to significantly reduce rpoS expression in
TW14359, TW14359AntrC, and TWI14359ArpoN (P <
0.01), while having no impact on fIhDC or fliZ expression
in these backgrounds (Fig. 4E). This reduction in rpoS
transcript levels correlated with a reduction in ¢° levels in
all backgrounds with ammonium, however, ¢° levels were
not as strongly reduced in TW14359ArpoN when compared
to TW14359 or TW14359AntrC (Fig. 4F).

Feng et al. (1992) demonstrated phosphotransfer to,
and activation of, NtrC in E. coli by the small molecule
phosphodonor acetyl phosphate (acetyl~P). Acetyl~P
readily accumulates during growth on glucose or in the
presence of excess acetate, but not during growth on glyc-
erol (McCleary and Stock 1994; Wolfe 2005). It was thus
of interest to determine the effect of glucose and acetyl~P
availability on NtrC-¢"™-dependent control of pathway
components for the regulation of GDAR and the LEE.
During growth in MOPS media containing glucose (2 g/L)
and NH,Cl (1 g/L) (ODgy = 0.5), the expression of
fIhDC, fliZ, and ler was decreased and gadB increased in
TW14359AntrC and TW14359ArpoN when compared to
TW14359 (P < 0.05) (Fig. 5A), similar to that observed
during growth in DMEM media (Figs. 1A, B and 2A).
Substituting 0.2% (v/v) glycerol for glucose as the sole
carbon source reduced fIhDC, fliZ, and ler expression in
TW14359 and rpoN complement strain TW14359ArpoN-
PRAM-1 (P < 0.05), but not in TW14359AntrC and
TW14359ArpoN (Fig. 5A). Likewise, glycerol substitution
increased gadB expression in TW14359 and TW1435
9ArpoNpRAM-1 (P < 0.05), but not in TW14359AntrC
and TWI14359ArpoN. The addition of sodium acetate
(2 g/L) to glycerol treatments restored flhDC, fliZ, and ler
expression to levels observed for glucose in TW14359,
however, gadB expression was slightly but not signifi-
cantly increased when compared to glycerol treatments
(Fig. 5A). In TW14359AntrC and TW14359ArpoN, acetate
was still observed to generally increase fliZ, flhDC, and ler
expression, yet had no impact on gadB expression in
these backgrounds, which may reflect a more generalized,
ntrC- and rpoN-independent effect of acetate on the
expression of these genes. To further examine the effect
of acetate and acetyl~P availability on this regulatory
pathway, gadB and ler expressions were measured in a
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Figure 4. Role for ammonium in the NtrC—aN—dependent pathway controlling GDAR and the LEE. (A) Expression levels for gadE (filled) and gadB
(empty) without (—) and with (+) the addition of NH4Cl plotted for wild-type and derivative strains; asterisks denote significant difference
between treatments by t-test (*P < 0.05, **P < 0.01, n>3). (B) Representative colony-forming units (CFU/mL) on LBA for wild-type and derivative
strains grown without (—NH,4) or with (+NH,) NH4Cl added to DMEM and following 1-h challenge in EG media (pH 7 vs. pH 2). (C) Expression
levels for ler (black), tir (white), espA (stippled), and cesT (gray) for wild-type and derivative strains grown without (—=NHs) or with (+NHs3) NH,4CI
added to DMEM. (D) Counts for microcolonies on HT-29 cells plotted for wild-type and mutant derivative strains grown without (—NH,) or with
(+NH,4) NH4Cl. Boxplots are as described for Figure 1D. (E) Expression levels of fIhDC, fliZ, and rpoS plotted for wild type (black), AntrC (white),
and ArpoN (stippled). (F) Representative western blot for > and GroEL (control) in wild type, ArpoN, and AntrC grown without (=) or with (+)
NH,4Cl added to DMEM. For A, C, and E, asterisks denote significant differences between treatments by t-test (*P < 0.05, **P < 0.01, n > 3). For
D, plots that differ in lowercase letter differ significantly by Tukey’s HSD following a significant F-test (n >3, P < 0.05). Error bars denote
standard deviation. GDAR, glutamate-dependent acid resistance; LEE, locus of enterocyte effacement.

strain null for acetate kinase (ackA), the product of which TW14359AackA, gadB expression was significantly and
catalyzes the interconversion of acetate to acetyl~P (Rose uniformly increased when compared to TW14359
et al. 1954). In TW14359AntrC, TW14359ArpoN, and (P <0.01) (Fig. 5B). Complementation with ackA (strain
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TW14359AackApRAM-8) restored gadB expression to
wild-type levels. For ler, expression was similarly reduced
in TW14359AackA, TW14359AntrC, and TW14359ArpoN
when compared to TW14359 and TW14359AackApRAM-
8 (P < 0.05). Together, these data provide evidence that
regulation of GDAR and the LEE by NtrC-¢" is insensi-
tive to changes in nitrogen availability (i.e., glutamine/
ammonium), but instead is influenced by the availability
of acetyl~P.

Discussion

In the present study, NtrC and ¢" have been shown to
positively regulate the expression of c¢rl and fliZ, the
products of which control the activity of ¢°. It is pre-
dicted that of the two, only FliZ is a required component
of the ¢ pathway controlling ¢°, GDAR, and the LEE.
What impact crl upregulation in TW14359ArpoN has on

© 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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a°, if any, is as yet unclear. Crl and FliZ play antagonistic
roles in the regulation of ¢°. Crl directly binds ¢° facili-
tating interaction with RNA polymerase and holoenzyme
(Ec®) formation (Bougdour et al. 2004), whereas FliZ acts
downstream of E¢® formation, binding to the -10 box of
¢° promoters (Pesavento and Hengge 2012) precluding
promoter recognition by E¢®. Thus, FliZ may be domi-
nant to Crl in ¢™-directed control of ¢° activity. Alterna-
tively, Crl reduces ¢° stability in an RssB-dependent
manner during all stages of growth (Typas et al. 2007). It
is therefore plausible that the increased stability of ¢° in
rpoN null backgrounds (Dong et al. 2011; Mitra et al.
2012) results from reduced crl expression. This is consis-
tent with the observation that in TW14359ArpoN the
GDAR and LEE expression phenotype cannot be repro-
duced by increasing ¢° stability alone (Mitra et al. 2012).
The transcription of fliZ is largely determined by FIhDC,
a global regulator of motility genes (Francez-Charlot et al.
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2003). FIhD forms a heterodimer with FIhC, directly acti-
vating transcription of the fliAZY operon from the ¢’°
dependent promoter fliAp. This study determined that
fIhDC was required for ¢™-directed regulation of GDAR
and LEE genes in a manner that was dependent on an
intact fliZ. Based on our results, it is predicted that NtrC
and ¢ directly activate transcription of flhDC during
exponential growth in DMEM (4 g/L glucose, with no
NH,) requiring the putative ¢™-promoter flhDp,, and a
newly identified NtrC box at positions 2481732-2487152
(Fig. 6). This NtrC box is nearly identical to the predicted
NtrC consensus (Ferro-Luzzi Ames and Nikaido 1985),
differing by a single nucleotide in the dyad repeat region.
Upregulation of FIhDC leads to increased transcription of
fliZ (Francez-Charlot et al. 2003), the product of which
decreases the activity of ¢ (Pesavento and Hengge 2012)
(Fig. 6). This suggests that during exponential growth
NtrC-o™ keep the activity of extant ¢° in check by
increasing FIhDC-dependent transcription of fliZ. One
consequence of this reduced ¢° activity in EHEC is an

\ Pch, E
CBD ) m—5 |
[7nD > GadX

ginAp, r glnA GIn E
QP GadAIB
Glu _> CO, + GABA

Figure 6. Model predicting NtrC-¢"-dependent regulation of GDAR
and the LEE. During exponential growth in DMEM (a nitrogen-limiting
media), NtrC activates transcription from ¢"-dependent promoters for
flhD and glnA. FIhDC (regulator of flagellar biosynthesis) directly
activates fliZ, the product of which reduces the activity of ¢>-RNAP
(Ec®) holoenzyme. ¢° indirectly downregulates LEE expression by
repressing the LEE activator pchA by an unknown mechanism, while
upregulating the GDAR activator gadE through increased transcription
of gadX. GadE has also been shown to directly repress transcription
of ler. The upregulation of glnA (encoding glutamine synthetase, GS)
increases the conversion of extant glutamate (Glu) to glutamine (GIn),
thus depleting the substrate for GDAR system decarboxylases (GadA/
GadB) and the potential for proton scavenging and acid
detoxification. Acetyl~P (AcP) is a noncognate phosphodonor that can
activate NtrC-dependent transcription from ¢ promoters for flhD and
glnA. The model is an amalgam of experimental observations inferred
from this and previous studies (Reitzer et al. 1989; Feng et al. 1992;
Tomoyasu et al. 2005; Kailasan Vanaja et al. 2009; Zhao et al. 2010;
Lee et al. 2011; Pesavento and Hengge 2012; Branchu et al. 2014).
See the text for further details. GDAR, glutamate-dependent acid
resistance; LEE, locus of enterocyte effacement.
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increase in LEE expression (Riordan et al. 2010) and
correspondingly, increased in vitro microcolony forma-
tion. This could occur by at least two discrete mecha-
nisms: by wupregulation of pchA or through the
downregulation of gadE (Fig. 6). PchA is a LEE activator
that is negatively regulated by ¢° (Iyoda and Watanabe
2005), whereas GadE represses the LEE and is activated
by ¢° through upregulation of gadX (Ma et al. 2003).
While the involvement of PchA in this pathway cannot be
ruled out, only gadE and gadX expressions are signifi-
cantly altered in the rpoN null background (Riordan et al.
2010). Even though FIhDC has been shown to effect
adherence in E. coli, until now, the association has been
negative. Leatham et al. (2005) reported that the deletion
of fIiDC in E. coli K-12 increased colonization of a
mouse, while constitutive expression of flhDC in another
study, reduced adherence of EHEC to HeLa cells (Iyoda
et al. 2006). As the former study is in the K-12 MG1655
background, the effect of fIhDC on colonization is
clearly LEE independent. For EHEC, however, flhDC and
the LEE are known to be inversely regulated; expression
of LEE-encoded GrlA downregulates fIliDC and motility
in a manner dependent on RcsB, a response regulator of
the Res phosphorelay system (Iyoda et al. 2006; Morgan
et al. 2013). Perhaps FIhDC is used by ¢" to initiate tran-
scription of the LEE, and then is repressed as GrlA accu-
mulates as part of a GrlA-RcsB feedback loop initiating
intimate adherence. This would be consistent with the
transience and growth-phase dependence of ¢™-dependent
regulation of the LEE (Mitra et al. 2012).

By reducing the activity of ¢°, ¢™ also helps to main-
tain a low level of GDAR gene expression during expo-
nential growth (Fig. 6). However, unlike ¢"-dependent
LEE regulation, it is predicted that full expression of the
GDAR phenotype in rpoN null strains is a consequence of
two discrete but concurrent mechanisms. One requires ¢°
for the activation of GDAR system genes (gad genes), the
products of which confer acid resistance by a proton-
scavenging mechanism involving the decarboxylation
(GadA/GadB decarboxylases) and subsequent protonation
of glutamate to yield y-amino butyric acid (GABA)
(Fig. 6). In the absence of glutamate, GDAR is defective
in protecting E. coli from acid stress (reviewed in Foster
[2004]). It is this cellular glutamate that is the source of
the corresponding mechanism. Specifically, under nitro-
gen-limiting conditions (ex. growth in DMEM), NtrC-g"
activate transcription of glutamine synthetase (glnA),
which catalyzes the conversion of glutamate (Glu) to
glutamine (Gln) (Fig. 6). Strains null for rpoN or ntrC
are therefore unable to activate glnA in response to
reduced nitrogen availability, leading to glutamate
accumulation and auxotrophy for glutamine. These
strains are thus characterized by elevated levels of both

© 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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the components (i.e., gadE, gadA/B, gadC) and substrate
(glutamate) for GDAR. This mechanistic duality is
reflected in the observation that neither fliZ nor glnA
deletion can fully recapitulate the GDAR phenotype of an
rpoN null background. Since as many as 60% of ¢-regu-
lated genes have been shown to be antagonistically con-
trolled by ¢° in E. coli (Dong et al. 2011), the interplay of
these sigma factors likely has a more global impact on
virulence, fitness, and metabolism than simply control of
GDAR and the LEE.

The precise activating signal for NtrC-¢™-dependent
regulation of GDAR and the LEE is as yet unknown.
Phosphorylation and activation of NtrC is sensitive to
changes in the intracellular levels of glutamine. When
E. coli is grown in the absence of ammonium, glutamine
levels are low, signaling the phosphorylation of NtrC by
its cognate sensor kinase NtrB, and NtrC-dependent acti-
vation of 6" promoters for nitrogen assimilation (Reitzer
2003). Although the addition of ammonium to DMEM
did have a significant impact on GDAR and LEE expres-
sion, it did so independently of ntrC and rpoN. This effect
of ammonium on the expression of E. coli colonizing fac-
tors has been formerly observed in EPEC, as well as for
enterotoxigenic E. coli (ETEC). In EPEC, ammonium
reduces expression of the bundle-forming pilus genes
bfpA and bfpT, and reduces T3S-secretion of the EspA,
EspB, and EspC translocon proteins (Puente et al. 1996;
Kenny et al. 1997; Martinez-Laguna et al. 1999). For
ETEC, ammonium increased expression of the 987P fim-
bria genes fasH and fasA (Edwards and Schifferli 1997).
Changes in EPEC and ETEC colonizing factor expression
in response to ammonium correlate with differences in
tissue tropism and reflect the availability of ammonium
in the intestine; its concentration gradually increases
toward the distal small intestine (Toskes 1993; Edwards
and Schifferli 1997; Martinez-Laguna et al. 1999). This
natural gradient of intestinal ammonium may have a sig-
nificant influence on the decision for colonization in all
E. coli. However for EPEC, repression of bfp was shown
to require a trans-acting factor that was absent, or pres-
ent, but not functional in E. coli K-12 (Martinez-Laguna
et al. 1999). How the ammonium signal is communicated
to GDAR in EHEC and to the LEE in EHEC and EPEC
requires further study.

Based on the findings of this study, it is proposed that
NtrC is autophosphorylated by a noncognate phosphodo-
nor in the ¢" pathway controlling GDAR and the LEE.
Acetyl~P is a plausible candidate (Fig. 6), as it is a known
NtrC phosphodonor (Feng et al. 1992; Atkinson and
Ninfa 1998), and experimental alteration of acetyl~P lev-
els by substituting either glycerol or glycerol and acetate
for glucose, or by the deletion of acetate kinase (ackA),
altered the expression of pathway components for regula-

© 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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tion of GDAR and the LEE in a manner dependent on
rpoN and ntrC. Requirement for acetyl~P is consistent
with the growth-phase dependency of ¢" for GDAR and
LEE regulation. The cellular pool of acetyl~P during
growth with glucose peaks during exponential phase, and
drops off precipitously during transition into stationary
phase (Takamura and Nomura 1988; Pruss and Wolfe
1994). Correspondingly, control of gad and LEE genes by
NtrC and ¢" is restricted to the mid-exponential phase of
growth (Riordan et al. 2010; Mitra et al. 2012). Remark-
ably, acetyl~P also serves as a phosphodonor for Rrp2, a
o™ EBP found in B. burgdorferi and required for activa-
tion of the ¢™-¢° pathway regulating virulence expression
in this pathogen (Xu et al. 2010). Thus, the use of ace-
tyl~P for autophosphorylation of ¢ EBPs may be a phe-
nomenon that is conserved across different species of
bacteria. Why acetyl~P would be used in place of the cog-
nate sensor kinase NtrB in E. coli is not yet known. It has
been formerly proposed that the phosphorylation of NtrC
by acetyl~P may be used to initiate transcription of Ntr
genes during transition to a nitrogen poor environment,
as cellular NtrB levels are very low when nitrogen is
abundant (Feng et al. 1992). Yet, in this study ntrB was
clearly dispensable for GDAR and LEE regulation when
grown in nitrogen-limiting media containing glucose, sug-
gesting that acetyl~P alone is sufficient to activate this
pathway. It remains to be determined if ntrB is required
for GDAR and LEE regulation by NtrC-¢" in nitrogen-
limiting media lacking glucose. The broader significance
of this finding is that acetyl~P levels in E. coli are sensitive
to many factors, including nutrients, temperature, anaero-
biosis, and pH (Wolfe 2005), suggesting that it may be
used by NtrC to communicate various environmental

cues to GN.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Effect of ntrB deletion on the expression of
genes for GDAR and LEE control. Gene expression levels
plotted for wild type (black), ArpoN (white), AntrC
(hatched), and AntrB (gray). Asterisks denote significant
difference between wild-type and respective mutants by ¢-
test (*P < 0.05, **P < 0.01, n > 3). Error bars denote stan-
dard deviation.

Figure S2. Growth curve for TW14359 and mutant deriv-
ative strains in DMEM. Optical density (ODgg0) is plotted
for each strain as a function of time. Samples were taken
every hour for 12 h. ODgyy measurements differed by less
than 5% for each time point and strain.
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