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RESEARCH ARTICLE

Nitrogen and Carbon Status Are Integrated at the Transcriptional
Level by the Nitrogen Regulator NtrC In Vivo
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Division of Cell & Molecular Biology, Imperial College London, London, United Kingdom?; Department of Surgery and Cancer, Faculty of Medicine, Imperial College
London, London, United Kingdom®; MRC Centre for Molecular Bacteriology and Infection, Imperial College London, London, United Kingdom¢; Division of Molecular
Biosciences, Imperial College London, London, United Kingdom9; Department of Mathematics, Imperial College London, London, United Kingdome; Institute of

Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland®

ABSTRACT Nitrogen regulation in Escherichia coli is a model system for gene regulation in bacteria. Growth on glutamine as a
sole nitrogen source is assumed to be nitrogen limiting, inferred from slow growth and strong NtrB/NtrC-dependent gene acti-
vation. However, we show that under these conditions, the intracellular glutamine concentration is not limiting but 5.6-fold
higher than in ammonium-replete conditions; in addition, a-ketoglutarate concentrations are elevated. We address this glu-
tamine paradox from a systems perspective. We show that the dominant role of NtrC is to regulate glnA transcription and its
own expression, indicating that the glutamine paradox is not due to NtrC-independent gene regulation. The absolute intracellu-
lar NtrC and GS concentrations reveal molecular control parameters, where NtrC-specific activities were highest in nitrogen-
starved cells, while under glutamine growth, NtrC showed intermediate specific activity. We propose an in vivo model in which
a-ketoglutarate can derepress nitrogen regulation despite nitrogen sufficiency.

IMPORTANCE Nitrogen is the most important nutrient for cell growth after carbon, and its metabolism is coordinated at the met-
abolic, transcriptional, and protein levels. We show that growth on glutamine as a sole nitrogen source, commonly assumed to
be nitrogen limiting and used as such as a model system for nitrogen limitation, is in fact nitrogen replete. Our integrative quan-
titative analysis of key molecules involved in nitrogen assimilation and regulation reveal that glutamine is not necessarily the
dominant molecule signaling nitrogen sufficiency and that a-ketoglutarate may play a more important role in signaling nitrogen
status. NtrB/NtrC integrates a-ketoglutarate and glutamine signaling—sensed by the UTase (glnD) and PII (gInB), respective-
ly—and regulates the nitrogen response through self-regulated expression and phosphorylation-dependent activation of the
nitrogen (ntr) regulon. Our findings support a-ketoglutarate acting as a global regulatory metabolite.
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ntegrative systems biology approaches provide comprehensive

data on the physiological state of the cell that can reveal control
parameters and limits of regulatory networks, inform predictive
models, and guide metabolic engineering approaches. Ultimately,
they can be used to understand adaptive processes. Nitrogen (N) is
amajor nutrient for cells, and nitrogen regulation and metabolism
have been extensively studied (1).

The central nitrogen metabolic circuit is conserved in the vast
majority of plants, archaea, and bacteria. Ammonium is the pre-
ferred nitrogen source of most bacteria, and nitrogen assimilation
involves the enzymes glutamate dehydrogenase (GDH), glu-
tamine synthetase (GS), and glutamate synthase (or glutamate-
oxoglutarate amidotransferase [GOGAT]). Glutamate provides
88% of nitrogen for the synthesis of all nitrogen-containing cellu-
lar compounds (1) but also serves as a major compound to main-
tain the K* pool (2). GDH reversibly aminates a-ketoglutarate
(a-KG) to glutamate but has a higher K,, for ammonium
(>1 mM) than GS (K,,, < 200 uM) and appears to play a role in
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nitrogen assimilation only under energy- and carbon (C)-limiting
conditions (2). GS aminates glutamate to glutamine, the amine
donor for the remaining 12% of nitrogen-containing compounds.
During growth in saturating glucose conditions, glutamate is
nearly exclusively produced through amidotransfer from glu-
tamine to a-KG by GOGAT (3), so that nitrogen assimilation
from ammonium into glutamine and glutamate would rely essen-
tially on GS. GS activity is posttranslationally regulated by adeny-
lylation in response to the glutamine and a-KG levels (4). Nitro-
gen assimilation into glutamine is regulated primarily through
expression and posttranslational modification of GS.

Glutamine is thought to be the main intracellular signal for
nitrogen availability in Escherichia coli and most other bacteria. Its
levels are sensed by the uridyltransferase/uridylyl-removing en-
zyme (UT/UR), which sits at the top of a well-studied regulatory
cascade involving several proteins (5). At low glutamine levels,
UT/UR uridylylates the paralogous transducers/regulators PII
and GInK, which are thought to have some redundant functions.
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PII-UMP stimulates the adenylate-removing activity of the bi-
functional adenylylate transferase/removing enzyme (AT/AR) to
increase the catalytic activity of GS. The nonuridylylated PII acti-
vates the adenyl transferase activity of GS. PII also controls the
activity of the bifunctional enzyme NtrB, reducing its histidine
kinase and stimulating its regulated phosphatase activity (6).
These PII activities were shown to be modulated in vitro through
direct binding of a-KG, ATP, and ADP, presumably to coordinate
carbon and energy with nitrogen assimilation (7). The NtrB/NtrC
two-component system (also called NRII and NRI) regulates tran-
scription of the ntr regulon, comprising 27 operons involved in
nitrogen scavenging, metabolism, and regulation (8). NtrC is a
bacterial enhancer binding protein (bEBP) that activates the alter-
native 0> RNA polymerase (9, 10). NtrB phosphorylates the NtrC
receiver domain in response to nitrogen status, triggering confor-
mational changes that favor formation of higher order NtrC oli-
gomers, which is thought to be a prerequisite for transcription
activation (11). However, NtrC can also act as a transcriptional
repressor, and the role of its phosphorylation at repressed pro-
moters is unclear. One consequence of this alternative regulatory
mechanism is the strict requirement of an enhancer binding pro-
tein for the activation of o°*-dependent transcription (12).

The glnALG operon is central to nitrogen metabolism. It codes
for GS, NtrB, and NtrC and comprises three promoters (glnAp1,
glnAp2, and ginLp) with potentially three NtrC-dependent au-
tofeedback loops (13). The cAMP receptor protein (CRP) also
regulates transcription of glnApl and glnAp2 in response to C
source availability (14).

Many genetic studies on the regulation of N assimilation have
used glutamine as the sole N source (e.g., references 2 and 15-19).
It was proposed that active import of glutamine by the high-
affinity glutamine transporter (¢glnHPQ) is too slow to support fast
growth and the necessary metabolic fluxes from glutamine, and so
would account for intracellular N-limiting conditions that result
in the strong NtrC-dependent upregulation of the ntr regulon
(20). Ammonium is the preferred N source, allowing fast growth
and resulting in the repression of the ntr regulon and the transport
of glutamine by the glutamine transporter (¢glnHPQ) (21). More
generally, slow growth of enteric bacteria such as Salmonella in a
number of nonoptimal nitrogen sources, such as arginine and
proline, in conjunction with strong NtrC-dependent transcrip-
tion, has been defined as nitrogen limiting due to low intracellular
glutamine concentrations (22).

Here, we report transcript, protein, and metabolite levels of the
key molecules (transcripts, proteins, metabolites) involved in N
regulation and metabolism in wild-type Escherichia coli and an
isogenic ginG deletion, grown in batch cultures under N-rich
(10 mM NH,CI), glutamine (5 mM glutamine), and N-starved
(3 mM NH,CI) conditions. We reasoned that direct measure-
ments of key intracellular molecule levels would (i) provide a
more quantitative description of the N-adaptive physiological
states and how these relate to transcription control, (ii) not suffer
from potential pleiotropic effects in gene deletion studies, and (iii)
provide multilevel control parameters of the N regulatory net-
work. Strikingly, we found that intracellular glutamine levels un-
der glutamine conditions were nearly 6-fold higher than for
growth under nitrogen-rich conditions, which is inconsistent with
glutamine being a sufficient and dominant signal of nitrogen sta-
tus regulating NtrC-dependent transcription. We propose a mod-
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ified regulatory network with a predominant role for

a-ketoglutarate.

RESULTS

NtrC is required for optimal growth in both nitrogen-poor and
-rich media. We used wild-type (WT) E. coli strain NCM3722 and
nitrogen regimes that allow comparisons with many previous
studies of the Ntr system (e.g., see references 8, 23, 24, and 25).
NCM3722 is prototrophic and a close reconstruction of the orig-
inally sequenced but genetically corrupted MG1655 E. coli K-12
strain, which suffers from various growth defects (23). We pro-
duced the NCM3722AgInG (AglnG) strain, which lacks the coding
sequence for NtrC, through phage transduction from donor strain
JW3841-1 (BW25113AgInG), provided by the Keio collection.

We directly quantified key metabolites, transcripts, and pro-
teins under three different nitrogen regimes: two steady states and
one transient physiological state. We used glucose as the carbon
and energy sources throughout, in a defined minimal medium.
Steady-state samples were taken during exponential growth (op-
tical density at 600 nm [ODg,] between 0.4 and 0.6). The initial
nitrogen contents were 10 mM NH,Cl, 5 mM glutamine, and
3 mM NH,Cl. Ammonium is the preferred nitrogen source for
most bacteria, and 10 mM NH,Cl is nitrogen replete (NH, rich).
Growth on glutamine as the sole nitrogen source (glutamine) is
slow, and NtrC-regulated genes are strongly upregulated during
glutamine-dependent growth. Hence, growth on glutamine has
been extensively used in earlier studies as a model of nitrogen
limitation. To capture changes in the physiological state of cells as
they pass from nitrogen-replete to nitrogen-poor growth condi-
tions, we carried out ammonium run-out experiments (nitrogen
starved) from an initial 3 mM NH,CL

As expected, growth of WT and AglnG strains in NH,Cl was
considerably faster than growth in glutamine (Fig. 1). We ob-
served that following a period of balanced exponential growth in
3 mM NH,CI, doublings slowed abruptly in WT and AglnG
strains. For nitrogen-starved conditions, samples were taken
10 min after growth stopped (Fig. 1C).

The doubling time of NCM3722 in defined nitrogen-rich min-
imal medium was 42 min, which is identical with reported dou-
bling times of wild-type E. coli (26) and very similar to those re-
ported in early studies with wild-type E. coli (e.g., see reference 27)
(Table 1). Significant transcriptomic, metabolomic, and pro-
teomic differences have been reported between closely related
E. coli strains grown under identical conditions, underlining the
importance of using isogenic strains in comparative systems biol-
ogy studies (28, 29). Our results support the use of NCM3722 as a
reference strain for wild-type E. coli (23).

For all conditions tested, the AglnG strain grew significantly
slower than the WT. We conclude that NtrC confers fitness under
nitrogen-rich conditions, in addition to its well-established role in
adaptation to nitrogen starvation (8). The statistically indistin-
guishable growth rates of the WT in high- and low-ammonium
media prior to run-out imply that ammonium uptake under those
conditions is not limiting, consistent with ammonia crossing the
bacterial membrane at neutral pH and supporting optimal
growth. The NtrC-regulated high-affinity ammonium transporter
AmtB is activated only at very low (below 30 uM) ammonium
concentrations, since passive transport is sufficient at higher con-
centrations (30). Therefore, the growth phenotypes in Fig. 1
should not be a simple consequence of insufficient ammonium

November/December 2013 Volume 4 Issue 6 e00881-13

Downloaded from https://journals.asm.org/journal/mbio on 13 June 2024 by 90.243.53.1438.


mbio.asm.org

0.8 . 0.6
> 0.7 o, DE“.”-ﬁ' > 0.51 =
% 06 o8 o 5
[2] [2]
é 05 ° § 041
— 04 — 0.3
8 8
'-oa 03 4 ..3_ 0.2 1
g 02 S .. 9

0.1 1,

0 0

0 100 200 300 400 500 0 100 200 300 400 500
time [min] time [min]

0.6 1.2
2 051 1
2
& 0.4 0.8 -
— 03 QO 061----- P R EE T
[ A = .
kel o ’
B 024 04
9 “ -

0.1 g 0.2~

0 - - - : . 0

0 100 200 300 400 500 0 50 100 150 200 250
time [min] time [min]

FIG1 Growth curves of E. coli NCM3722 (black) and NCM3722AgInG (red)
strains under different nitrogen regimes. Samples for targeted quantitative
determination of metabolites, transcripts, and proteins in vivo were from these
cultures during exponential growth in ammonium-rich conditions (top left),
in glutamine (top right), or 10 min after growth arrest, indicating nitrogen-
starved conditions (bottom left). Growth rates for ammonium-starved condi-
tions (Table 1) were derived from logarithmic growth before nitrogen run out.
Bottom right, growth rate differences (AODy,,/At) between NCM3722 and
NCM3722AgInG strains under different regimes: ammonium rich (long dash),
glutamine (short dash), ammonium starved (solid).

uptake. To test this, we measured ammonium depletion in the
media during exponential growth under high and low initial am-
monium concentrations (see Fig. S1 in the supplemental mate-
rial). Ammonium consumption strictly correlated with growth,
and ammonium uptake was indistinguishable between high- and
low-ammonium conditions during the initial exponential growth
phase, consistent with no dependence on AmtB. The early onset of
slowed growth of the AglnG strain under both ammonium condi-
tions is therefore not easily explained by a lack of intracellular
ammonium.

The glutamine paradox. Growth in glutamine was markedly
slower than in media containing ammonium, for both the WT
and AglnG strains. Unlike ammonia, glutamine cannot freely dif-
fuse across the membrane and is thought to require import by the
glutamine transporter encoded by the NtrC-regulated glnHPQ
operon. To see if intracellular glutamine was limiting due to slow
transport, we measured the intracellular concentrations of glu-
tamine by liquid chromatography-mass spectrometry (LC/MS),

TABLE 1 Doubling times (g) and growth rates (u) of wild-type
NCM3722 and NCM3722AgInG strains under different growth regimes®

Genotype N status ¢ (min) * SE w(h™') = SE
WT NH, rich 42.1 = 0.9 0.99 = 0.02
WT Glutamine 7524 £ 0 0.55*0

WT NH, starved 45.5 3.2 1.04 £ 0.08
AglnG NH, rich 53.8 £ 0.96 0.77 = 0.01
AglnG Glutamine 95.7 £ 1.7 0.14 = 0.01
AglnG NH, starved 74+ 2.1 0.56 + 0.02

@ Growth rates for ammonium-starved cells are derived from logarithmic growth before
ammonium run-out (see Fig. 1). SE = 1 standard error of the mean.
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FIG 2 Intracellular concentrations (molecules/cell) of a-ketoglutarate

(black), glutamine (white), and glutamine (gray) under different nitrogen re-
gimes as indicated. Note logarithmic scale on the y axes. Red dotted line indi-
cates quantification limit. Error bars indicate one standard error of the mean
across minimally three biological replicates.

after confirming that our sampling approach allowed accurate,
rapid, and separate quantification of metabolites present in both
the exo- and endometabolomes (see Fig. S2 in the supplemental
material).

Intracellular glutamine concentrations were high under glu-
tamine growth (Fig. 2). This calls into question the reported role
of intracellular glutamine as a sufficient and dominant signal for
nitrogen status, and so we quantified two other key metabolites in
nitrogen assimilation, glutamate and a-KG. All samples had sim-
ilar intracellular glutamate concentrations (Fig. 2), supporting the
importance and homeostatic protection of the glutamate pool in
enteric bacteria (2), but intracellular «-KG accumulated in
nitrogen-starved and glutamine conditions. Interestingly, we also
found a-KG in the supernatants of glutamine and nitrogen-
starved cultures (data not shown), indicating active export of
a-KG to prevent its hyperaccumulation in the cells. We conclude
that the key metabolite concentrations of the nitrogen assimila-
tion pathway (glutamine in particular) are not limited under glu-
tamine growth and therefore cannot account for the slow-growth
phenotype or the transcriptional activation of NtrC-dependent
genes.

This apparent paradox calls for an alternative hypothesis to
explain the glutamine phenotypes. To better understand the in-
terplay between physiological state and nitrogen regulation by
NtrC, we measured the a-KG, glutamate, and glutamine concen-
trations in the AglnG strain. The glutamine concentrations in the
AginG strain were at least 10-fold lower than those of the WT
under nitrogen-rich and glutamine growth conditions and still
measurably lower under starved conditions, although exact mea-
surements of fold change were not possible, as levels were below
the limit of quantification for nitrogen-rich and nitrogen-starved
samples (Fig. 2). The slower growth in the AglnG strain under
nitrogen-rich conditions may be a direct consequence of lacking
glutamine. However, the relatively high glutamine concentration
of the AglnG strain under glutamine growth suggests that glu-
tamine limitation does not exclusively account for the severe
growth phenotype under these conditions. During the course of
the experiments under glutamine but not under ammonium
growth, growth rate differentials between the WT and AglnG
strains (Fig. 1D) indicate that relative growth rates of the AglnG

mBio mbio.asm.org 3

Downloaded from https://journals.asm.org/journal/mbio on 13 June 2024 by 90.243.53.148.


mbio.asm.org

Schumacher et al.

70 54 70
A o o o c
<
>1< [ >2< >3 100 % ginAp2
- - 1 glnA ginL >—| ginG >—
= N o 998
< < Ny = 96
ES ES £ o
S 5) S = 994
S 992
[S]
® X
o
“= 9838
98.6
NHy4 GIn NHy4
-® rich starved
B -, 000025, 4 000251 2 0.000187 3 025 ginG/ginA
Q 0.00016
@ 0.0002 0.002 0.00014 g 0.2
c [0
.S 0.00015 0.0015 06085312 = 015
= X
5 0.0001 0.001 0.00008 2 04
@ 0.00006 g
S 0.00005 0.0005 0.00004 E 005
=] 0.00002
0 0 0
NH4 Gin NHg NHyq Gln NHyq NHy4 Gin NHg NHy4 Gin NH4
rich starved rich starved rich starved rich starved

FIG 3 Transcription from different NtrC-dependent promoters within the glnALG operon under different nitrogen regimes. (A) Scheme of the ginALG operon
architecture and NtrC-mediated feedback loops acting at 07°- and 0°#-dependent promoters. Black arrows indicate three primer pairs used for quantitative PCR
of glnAp1 (1), glnA (2), and glnG (3). (B) mRNA levels relative to 16 s mRNA of E. coli NCM3722 (black) and NCM3722AgInG (red) strains comprising glnAp1
(1), glnA (2), and gInG (3) message. Transcript levels between E. coli NCM3722 and NCM3722AgInG strains confirm the regulatory roles of NtrC at those
promoters. (C) The percentage of glnAp2 activity of total glnA transcription was derived from glnA transcripts minus glnApl transcripts. The ratio of glnG
transcripts relative to glnA transcripts reflects on the regulation at the glnLp promoter.

strain partly recover compared to those of the WT, suggesting a
potential role for NtrC during adaptation to glutamine growth. To
better understand the role of NtrC in N adaptation, we turned our
attention to the NtrC regulon and its distinct roles in the growth
phenotypes, since metabolite concentrations of the central N
pathway are not limiting (Fig. 2).

Revisiting the regulation of NtrC-dependent genes. Regu-
lated NtrC expression involves two negative and one positive au-
toregulatory feedback mechanisms through the glnApl, glnLp,
and glnAp2 promoters, to which NtrC binds within the ginALG
operon (Fig. 3A). glnAp2 comprises two high-affinity enhancer
NtrC binding sites (1 and 2) and two low-affinity NtrC binding
sites further downstream (3 and 4), proposed to act as governor
sites to limit glnA transcription at high phosphorylated NtrC
(NtrC~P) concentrations (16). Further complexity at the glnA
promoter is provided by CRP-cAMP, which can counteract NtrC-
dependent regulation by activating glnAp1 and repressing glnAp2,
thus integrating C and nitrogen source availability. CRP-cAMP
also activates the glnH promoter (glutamine transporter) under
high-glutamine and low-carbon conditions (14). The mecha-
nisms of CRP-cAMP regulation at those promoters are complex,
and we hypothesized that the high @-KG and glutamine levels
under glutamine growth could explain the “glutamine paradox”
of strong transcriptional activation of glnA despite clear glutamine
sufficiency. We measured transcript levels of glnApI, ¢glnA, and
gInG by real-time PCR to derive promoter activities of glnAp1 and
glnAp2 and their relation to gInG transcription (Fig. 3B). The
overall contribution of glnAp1 to glnA transcription was highest
(0.8%) under nitrogen-rich conditions, indicating that nitrogen-
dependent transcription control is dominated by NtrC, at least
when cells are grown in glucose. The overall glnA transcript levels
showed an inverse activity in response to the nitrogen status. No-
tably, glnA mRNA levels were lower during glutamine growth

4 mBio mbio.asm.org

than for nitrogen-starved cells, although GS activity measure-
ments suggested the highest output under glutamine (31, 32). The
transcription profiles at glnApl and glnAp2 indicated that both
repression and activation, respectively, were dependent on the
nitrogen status and NtrC. The lack of transcription driven from
glnAp2 and the elevated transcription levels from glnAp1 promot-
ers in the AglnG strain confirmed this. The less well-characterized
gInLp promoter showed a similar pattern to glnApI when the over-
all glnA transcript levels were taken into account (glnG/glnA), sug-
gesting that NtrC negatively controls glnLp in response to the
physiological status. These results indicate that NtrC, in response
to nitrogen status, orchestrates expression of both the key nitro-
gen assimilation protein GS and itself through direct feedback
control of glnAp1, glnAp2, and glnLp. While we cannot completely
rule out a CRP-mediated mechanism affecting glnA expression, it
appears that transcription from glnApI under glutamine growth
conditions is regulated by NtrC.

Intracellular concentrations of NtrC and GS. Phosphoryla-
tion of the receiver domain of NtrC shifts the equilibrium from
inactive to active NtrC conformers (33). Therefore, transcrip-
tional control by NtrC depends both on NtrC abundance and
conformation. NtrB specifically phosphorylates NtrC under
nitrogen-limiting conditions but also dephosphorylates NtrC
when in complex with nonuridylated PII in a regulated phospha-
tase reaction. The degree of NtrC phosphorylation depends on the
level of glutamine, which determines the uridylylation state of PII,
and also on ATP, ADP, and a-KG, which are allosteric effectors
modifying PII’s ability to regulate NtrB activities, at least in vitro
(7).

In order to correlate transcription control with NtrC concen-
tration in vivo, we employed a quantitative targeted proteomics
approach using multiple-reaction monitoring mass spectroscopy
(MRM-MS). MRM-MS allows precise measurements of protein
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TABLE 2 Protein concentrations given as copy number/cell under different nitrogen regimes as determined by MRM-MS with protein standard

absolute quantification?

Copy no./cell = SE

Genotype N status GS NtrC IDH FNR IIVE

WT NH, rich 18,691 * 536 499 £ 7 25,446 * 989 8,480 * 413 8,336 = 406
WT Glutamine 66,705 * 1,084 2,091 £ 78 35,277 £ 1,686 4,183 £ 134 4,116 = 132
WT NH, starved 34,681 * 1,746 1,313 = 106 29,656 * 3,540 2,051 * 49 6,940 * 544
AglnG NH, rich 4,456 = 221 0*+0 31,838 * 3,345 10,750 = 947 10,568 = 931
AglnG Glutamine 3,428 = 183 0*0 46,587 *= 1,426 5,651 = 49 5,555 + 230
AginG NH, starved 3,675 £ 171 0*+0 48,615 *= 2,677 5,406 * 694 6,302 £ 190

@ GS, glutamine synthetase; NtrC, nitrogen regulation protein C; IDH, isocitrate dehydrogenase; FNR, fumarate and nitrate regulator; IIvE, branched-chain amino acid transferase.

SE = 1 standard error of the mean.

levels and can be used for absolute quantification if combined
with a purified isotopically labeled standard (34). This approach
provides arguably the most accurate and reliable quantitation of
target proteins (35), particularly when using purified labeled pro-
teins as a standard rather than just labeled synthetic peptides (as
this also controls for the efficiency of the tryptic digestion step).
We established a robust sampling and MRM-MS workflow to de-
termine the intracellular concentrations of NtrC and GS that
could be generally applicable for Gram-negative bacteria (see
File S1 in the supplemental material for a detailed protocol and
quality control). We purified a number of histidine-tagged,
13Cg,1°N,-Lys- and '3C,'>N,-Arg-labeled proteins as internal
standards (NtrC, GS, IIVE, isocitrate dehydrogenase [IDH], and
fumarate and nitrate reductase regulator [FNR]). IlvE, IDH, and
FNR served as control proteins to monitor global protein varia-
tions that occur in different physiological states but are NtrC in-
dependent (8, 36). Intracellular copy numbers have been esti-
mated in E. coli under broadly comparable conditions for IDH,
FNR, and GS and compare well with our results (37). Protein
standard purities for NtrC and GS were 89% and 92% pure, re-
spectively, and isotopic labeling values were 100% and 97%.
Across 18 biological samples, total protein extraction in 7 M urea
was 92.91% (standard error [SE] of 0.58%), and trypsin digestion
efficiency was 89.25% (SE of 1.95%). The main nonsoluble and
trypsin-resistant proteins were determined by Edman degrada-
tion to be the outer membrane porins OmpF and PhoE (see File S1
in the supplemental material). We conclude that our MRM-MS
samples comprised complete peptide sets of NtrC, GS, IIvE, IDH,
and FNR derived from the cytoplasmatic E. coli proteome. We
calculated the copy numbers per cell for each protein based on the
reported cell volume of E. coli of 1 fl and a cell number of 1.1 X
10°/ml/ODg, (Table 2) (38) (with 1,000 molecules per cell corre-
sponding to a concentration of 1.61 uM).

GS was most abundant under glutamine growth and least
abundant in high ammonium, in line with previous transcrip-
tional reporter gene studies. NtrC was less abundant than GS,
supporting a functional role of a putative attenuation site in the
glnA-gInL intergenic region (32). NtrC was absent in the AglnG
strain, and GS levels were drastically reduced in contrast to IDH,
FNR, and IIVE, confirming the dominant and direct role NtrC
plays in regulating both glnA and itself. For growing cells, glnA and
¢InG transcript levels correlated well with GS and NtrC protein
levels. NtrC and GS levels in starved cells were lower than those
seen for cells grown in glutamine, despite higher glnA and glnG
transcript levels, indicating a higher specific NtrC transcription
activity under nitrogen-starved conditions than in glutamine
growth.
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We could not directly determine the phosphorylation state of
NtrC by MRM-MS, probably because NtrC~P is labile (39). How-
ever, the transcript/NtrC ratios provide a relative measure of
NtrC-specific transcription activity (NtrC*), while the inverse re-
lationship (NtrC/transcript) relates to NtrC-specific repression
activity (NtrCR) at various promoters, as NtrC* depends on
adopting an active higher oligomeric state, while NtrCR may not
(40, 41). Transcription from the simpler ginK promoter depends
exclusively on the activation of NtrC through phosphorylation,
and therefore transcription levels from glnKp in relation to NtrC
levels report on NtrCA (42). NtrCA was lowest in nitrogen-rich
conditions as expected (Fig. 4A).

Surprisingly, the NtrCA was markedly higher in nitrogen-
starved conditions than in glutamine conditions, suggesting that
only a subpopulation of NtrC was active in the latter conditions
(Fig. 4). This finding is consistent with the high intracellular glu-
tamine levels that would result in PII-mediated repression of NtrC
phosphorylation. Notably, NtrC# levels under glutamine growth
were higher than NtrCA levels in nitrogen-rich conditions, despite
a 5.6-fold-higher glutamine concentration, indicating that signal-
ing controlling formation of NtrC~P depends also on other fac-
tors. The glutamine/a-ketoglutarate ratio is thought to determine
primarily the phosphorylation state of NtrC (43). However, the
glutamine/@-KG ratios in nitrogen-rich, glutamine-starved, and
nitrogen-starved conditions were 0.47, 0.76, and 0.057 (Fig. 2),
respectively, indicating no simple correlation between these ratios
and NtrCA.

DISCUSSION

NtrC plays a major role in metabolic regulation and adaptation.
The quantitative data on metabolites, proteins, and transcripts
allow the assessment of adaptive processes for nitrogen assimila-
tion and regulation in a physiological context. NtrC plays a key
role in responding to nitrogen source and nitrogen availability,
since growth under all conditions tested here was significantly
slower for the AglnG strain (Table 1) than for the WT strain. When
grown with the preferred nitrogen source, ammonium, glutamine
levels in the AglnG strain are at least 35-fold lower than in the WT,
which could directly account for slow growth. The low constitu-
tive expression level of glnA from the glnApIpromoter (Fig. 3) and
resulting low level of GS (Table 2) support this interpretation. The
cellular nitrogen demand (based on 0.3 pg [dry weight]/cell for
E. coli and 14% nitrogen content) (44), and assuming that gluta-
mate is exclusively anabolised via the GS/GOGAT cycle when
grown in glucose-replete conditions (3), is 1.8 X 10° glutamine
molecules per cell. The NCM3722 strain had 18,691 GS molecules
under these conditions (Table 2), and assuming a k_,, value of
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FIG 4 Specific NtrC activation (NtrC*) and repression (NtrCR) activities at
the ginK, glnAp2, and glnApl promoters. Top and middle, transcript levels
from the glnK and plnAp2 promoters per copy number of NtrC molecules
reflect on NtrCA; bottom, repression activity at glnAp1 is expressed as NtrC/
glnAp2 expression levels (NtrCR). The y axis is in arbitrary units.

50 s~ ! as determined in vitro (45), this would be sufficient to
support a generation time of 42 min (producing 2.36 X 10° glu-
tamine molecules/42 min), whereas the fewer GS molecules in the
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NCM3722AgInG strain (4,456; producing 5.61 X 10® glutamine
molecules/42 min) presumably would not.

One surprising metabolic finding was the high intracellular
glutamine level for cells grown on glutamine as a sole nitrogen
source (Fig. 2). Therefore, growth under glutamine is not nitrogen
limiting in the strict sense of glutamine availability. This observa-
tion distinguishes glutamine growth from other nitrogen-limiting
nitrogen sources such as aspartate, proline, and arginine, for
which intracellular glutamine levels are approximately 10-fold
lower than growth on ammonium, at least in the related Salmo-
nella enterica serovar Typhimurium (22). The high-affinity glu-
tamine transporter (glnHPQ) probably imports most of the glu-
tamine under glutamine growth. The ¢glnH promoter architecture
(comprising ginHp1 and glnHp?2) is very similar to the glnA pro-
moter (glnApl and glnAp2) (14) and thought to be activated si-
multaneously by NtrC from the p1 sites. In agreement with previ-
ous findings, we therefore suggest that, similar to GS, the
glutamine transporter is highly expressed under glutamine
growth (14), thus allowing for rapid glutamine import, since, un-
like other amino acid transporters, the high-affinity glutamine
transport system (glnHPQ) is not repressed by its substrate but by
other N-containing compounds, including ammonium (21).

While slow growth and high levels of NtrC-dependent tran-
scription are common on glutamine, aspartate, proline, and argi-
nine, the molecular basis of transcription under glutamine is
probably very distinct. For true nitrogen-limiting substrates (e.g.,
aspartate, arginine), the import and conversion of amino acids to
feed into the central nitrogen metabolic pathway, comprising
a-KG, glutamate, and glutamine, is likely to be slow, resulting in
nitrogen deficiency, low glutamine levels, and phosphorylation of
NtrC via UTase, PII, and NtrB signaling. In contrast, under glu-
tamine growth, the conversion of intracellular glutamine into glu-
tamate via GOGAT should be rapid. It is currently unclear if the
high a-KG concentrations when grown under glutamine (Fig. 2)
are caused by insufficient efflux of a-KG from the Krebs cycle into
nitrogen assimilation and/or if GDH deaminates glutamate to
a-KG (46). This would in effect constitute a nitrogen assimilation
reverse flux from glutamine to a-KG, in which one glutamine and
one a-KG would be converted to two glutamate molecules by
GOGAT followed by deamination to a-KG by GDH. In either
case, the 5.7-fold-higher a-KG level under glutamine growth
compared to growth under ammonium-rich conditions (Fig. 2)
suggests a direct in vivo role for a-KG in regulating signaling to
NtrC (see below). Glutamine and a-KG levels were both signifi-
cantly higher for growth in glutamine than for growth in ammo-
nium, while glutamate levels were the same, suggesting that nei-
ther C nor N limitation was responsible for slow growth. As far as
we know, neither high intracellular glutamine nor a-KG levels are
toxic, and so the slow growth could be a consequence of as-yet-
unidentified global effects caused by these or downstream metab-
olites. For instance, a-KG was recently shown to act as a signal
mediating global anabolic and catabolic regulation through inhi-
bition of the production of cyclic AMP and therefore to link a-KG
levels with cell growth rates (47). We observed that initial growth
of the AglnG strain in glutamine was particularly slow but reached
a growth rate similar to that of the WT after several hours
(Fig. 1D), suggesting that slow, presumably global metabolic ad-
aptations to the glutamine regime are involved that are dependent
on NtrC.
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Signaling to NtrC dominates transcriptional regulation in
response to the nitrogen status. NtrC* was 400-fold higher at the
gInK promoter under ammonium-starved than ammonium-rich
conditions, providing a numerical in vivo approximation of the
equilibrium shift induced by NtrB-mediated phosphorylation of
NtrC (Fig. 4A). Under ammonium-rich and -starved conditions,
we quantified averages of 499 and 1,313 NtrC molecules/cell
(0.83 uM and 2.1 uM), respectively. Given the still appreciable
number of NtrC molecules present under ammonium-rich con-
ditions, this may suggest that NtrC phosphorylation, rather than
increases in copy number, is the determining factor controlling
transcription from the glnK promoter, at least under our experi-
mental conditions. It has been proposed that as cells run out of
ammonium, the strong glnAp2 promoter would first result in in-
creased NtrC expression, which, above a certain threshold and
under inducing conditions, would then activate transcription at
the gInK and nac promoters (16). Recalling that NtrC activity re-
quires the formation of higher oligomers from inactive dimers,
and the associated higher-order concentration dependency of
such self-association, then NtrC concentration should play an im-
portant role in NtrCA formation. However, it is unclear if the
2.5-fold-lower NtrC concentration observed under ammonium-
rich than under ammonium-starved conditions would be suffi-
cient to exclude prompt expression of glnK following a shift from
nitrogen-rich to nitrogen-poor conditions that would not require
prior glnG expression.

NtrCA at the gInK and glnAp2 promoters was markedly differ-
ent under ammonium-rich conditions, while NtrC4 levels at the
glnAp2 promoter (Fig. 4B) were similar under ammonium-rich
and glutamine conditions. Because o°*-dependent transcrip-
tion—in contrast to potential transcription factor-independent
transcription from o7%-type RNA polymerase (48)—strictly de-
pends on active enhancer binding proteins, we propose that even
under these conditions, a subpopulation of NtrC exists in an ac-
tive conformation. This may imply that the molecular kinetics
governing transcription at the glnAp2 and gInK promoters are
different, because the total transcript levels at glnK and glnAp2
under ammonium-starved conditions are similar (0.00252 and
0.00174 relative to 16S mRNA, respectively).

The apparent low NtrC* level at the glnAp2 promoter under
glutamine growth could be a direct consequence of nonphospho-
rylated NtrC repression through binding to the glnAp2 governor
sites p3 and p4, although further experiments would be needed to
address this point. NtrCR activities at the glnApl promoter
(Fig. 4C), between glutamine and when starved for ammonium,
reflect NtrC# activities at the glnK and glnAp2 promoters. This
correlation may support an in vivo repressor function of NtrC at
glnAp1 that would largely be NtrC~P dependent (32).

a-KG may override glutamine signaling to NtrC. We propose
that the elevated a-KG level observed under glutamine conditions
is, at least in part, directly responsible for the observed high GS
and NtrC levels. In vitro studies show that a-KG can counteract
glutamine signaling by directly binding to PII (7). Although the
physiological role of this observation was unclear, the dependency
of transcription under glutamine growth conditions with elevated
NtrC” activities from various NtrC-dependent promoters indi-
cates that a subpopulation of NtrC must be phosphorylated. We
propose that, in vivo, elevated a-ketoglutarate concentrations
can at least partly override glutamine-dependent signaling to
NtrC phosphorylation, most likely through PII binding of
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a-ketoglutarate resulting in the inhibition of the regulated phos-
phatase of the PII-NtrB complex on NtrC. As a net result, and
contrary to the high intracellular glutamine concentrations when
cells are grown with glutamine as the sole nitrogen source, a pro-
portion of NtrC exists in its active, phosphorylated state. Many
studies have reported upregulation of NtrC-dependent genes on
growth on glutamine as a nitrogen source; the a-ketoglutarate
effect would account for this because of the dominant role of
NtrC~P in activating the ¢ polymerase at various promoters.
Our results indicate that NtrC-dependent gene upregulation on
glutamine is not because of the hitherto assumed slow glutamine
uptake, which would signal nitrogen deficiency, but because high
intracellular glutamine results in metabolic fluxes from glutamine
to increase the a-KG level, which acts as a metabolic signal of
nitrogen regulation.

Our findings could also explain a previously reported incon-
sistency between the expected results for glutamine, glutamate,
and a-KG and NtrC-dependent transcription. Goss and col-
leagues (49) pointed out that when E. coli is deleted for the struc-
tural genes for GOGAT (gltBD), the glutamine concentrations
should be high (since it cannot be depleted rapidly), which could
not account for slow growth and the lack of NtrC-dependent ac-
tivity. When grown on glutamine as a sole nitrogen source, NtrC-
dependent activities were highly upregulated (histidase and GS) in
WT E. coli as expected but not in gltD mutants. A high glutamine
concentration in a g/tD mutant could not produce glutamate from
glutamine and therefore not reverse nitrogen assimilation flux to
a-KG, resulting in derepressed NtrC. Further, growth of the same
GOGAT-deficient strains on glutamate as a sole nitrogen source
also resulted in highly activated NtrC-dependent activities (49).
Neither phenotype (Ntr—) could be explained by glutamine star-
vation inducing the NtrB/NtrC system, but they are fully consis-
tent with high a-KG concentrations derepressing NtrC in vivo.
Because GOGAT and GDH are NtrC independent, the expecta-
tion would be that the a-KG concentrations would also be ele-
vated under glutamine growth in the AglnG strain, consistent with
our measurements (Fig. 2).

MATERIALS AND METHODS

Bacterial strains and culturing conditions. Strain NCM3722 was used as
wild-type Escherichia coli (23). The NCM3722AgInG strain was con-
structed by transduction using the P1,; bacteriophage as described (50),
with JW3839 from the Keio collection serving as the donor strain and
NCM3722 as the recipient strain (51). Cells were grown in Gutnick
(33.8 mM KH,PO,, 77.5 mM K,HPO,, 5.74 mM K,SO,, 0.41 mM
MgSO,), supplemented with Ho-LE trace elements (52) and 0.4% glu-
cose, and containing either 10 mM NH,Cl (ammonium rich), 3 mM
NH,Cl (ammonium starved), or 5 mM glutamine. Glutamine was pre-
pared freshly to avoid spontaneous slow hydrolysis into glutamate and
ammonia (53). Steady-state samples were taken at ODj, values between
0.4 and 0.6. For nitrogen-starved conditions, samples were taken 10 min
after growth stopped. We monitored growth until the nitrogen-limiting
culture ceased to increase in optical density and sampled the amounts
indicated below for the multiomic investigation of nitrogen assimilation
regulation. Ammonium concentrations were determined using the
Aquaquant ammonium quantification kit (Merck Millipore), according
to instructions. All experiments were carried out in three independent
biological replicates.

Transcription assays. Cell samples were taken from each time point
and RNA stabilized with Qiagen RNA protect reagent. Total RNA was
extracted with an Invitrogen RNA purification kit and stored in RNase-
free water at —80°C. cDNA was generated from 100 ng RNA using the
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high-capacity ¢cDNA reverse transcription kit (Applied Biosystems).
Primer and probe mixtures were custom designed from Invitrogen (Taq-
Man gene expression Assays). Real-time PCR was performed on an ABI
7500 Fast real-time PCR machine. A 16S RNA gene was chosen as the
internal control gene and showed exactly the same expression levels across
the conditions tested. The relative expression ratios were calculated using
the delta-delta method (PerkinElmer).

Proteomics. A detailed proteomics protocol is provided in File SI in
the supplemental material.

Metabolomics. Samples for extraction and endometabolome analysis
were taken by rapid filtration, using a protocol adopted from Bolten et al.
(54) and fully described in Behrends et al. (55). Briefly, 10 ml of cell
suspension was harvested by vacuum filtration (filter, PTFE, 0.45-um
pore size, 47 mm diameter, with stand and magnetic filter funnel [Pall,
Ann Arbor]) and washed with 5 ml of 1.2X Gutnick medium not con-
taining carbon and nitrogen sources. The filter was then transferred to a
precooled (—40°C) 50-ml reaction tube containing 10 ml methanol-
acetonitrile-H,O (2:2:1, vol/vol/vol) and frozen in liquid nitrogen. The
whole procedure took <40 s. To ensure full lysis, all extracts were sub-
jected to two freeze-thaw cycles and sonication. After the removal of the
filter, the extracts were centrifuged to pellet the cellular debris, dried in a
vacuum concentrator (Eppendorf; 45°C), and resuspended in 1 ml
methanol-acetonitrile-H,O (2:2:1, vol/vol/vol). Eighty percent of the
sample was routinely used for nuclear magnetic resonance (NMR), 10%
was used for LC/MS, and 10% was kept as backup. For NMR measure-
ments of the endometabolome, the samples were dried in a vacuum con-
centrator, resuspended in NMR buffer (90% 2H,O, 1 mM sodium 2,2-
dimethyl-2-silapentane-?H¢-5-sulfonate [DSS], 5 mM NaNj), and
transferred to a 5-mm NMR tube. For LC/MS analysis, samples were dried
in a vacuum concentrator, resuspended in 50 ul methanol-acetonitrile-
H,O (2:2:1, vol/vol/vol), and mixed with 25 ul of 15 uM 3Cg,'*N,-
glutamine in the same solvent for quantification. For analysis of the exo-
metabolome, samples were obtained by centrifuging 500 ul of culture
(16,000 X g, 1 min, room temperature). A total of 480 ul of the superna-
tant was mixed with 120 wl buffer (5 mM DSS and 25 mM NaNj in 100%
’H,0).

Nuclear magnetic resonance spectroscopy. Spectra were acquired on
a Bruker Avance DRX600 NMR spectrometer (Bruker BioSpin,
Rheinstetten, Germany), with a magnetic field strength of 14.1 T and
resulting 'H resonance frequency of 600 MHz, equipped with a 5-mm
inverse probe following an approach described in Beckonert et al. (56).
One-dimensional spectra of extracts were routinely acquired with 768
transients with 8 dummy scans using a standard NOESYPR1d water sup-
pression pulse sequence, while supernatants were acquired with 64 scans.
After acquisition, spectra were Fourier transformed and phased in iNMR
(Nucleomatica, Molfetta, Italy). The full-resolution data were exported as
ASCII and imported into Matlab (MathWorks) using an in-house code
for further analysis. Peaks were assigned using spectral information from
previous studies (57) and the BioMagResBank online database (58).

Liquid chromatography mass spectrometry. LC/MS was performed
using a method adapted from Spagou et al. (59). Briefly, the samples were
chromatographed on an Acquity UPLC (ultra-performance liquid chro-
matography) system with an Acquity UPLC BEH HILIC (1.7-um, 2.1- by
100-mm) column (Waters Corp., Milford, MA) at 40°C. Separation of
glutamine from glutamate and a-ketoglutarate was achieved with gradi-
ent elution of 90/10% ACN-H,O (A) and 50/50% ACN-H,O (B), both
containing 0.1% (vol/vol) formic acid and 10 mM ammonium acetate, at
a flow rate of 0.4 ml/min. Starting conditions were 99.0% A and 1% B for
1.0 min, changing linearly to 100% B over the next 11 min, after which the
solvent composition returned to starting conditions over 0.1 min, fol-
lowed by reequilibration for 3.9 min prior to the next injection. Spectra
were acquired in negative mode on a Waters Xevo TQ-S tandem quadru-
pole mass spectrometer. Monitored parent-to-fragment ion transitions
were 147 to >84 for glutamine, 148 to >84 for glutamate, and 154 to >89
for 13C,,'>N,-glutamine. The cone voltage and collision energy were set to

8 mBio mbio.asm.org

25 V and 15V, respectively. Data were exported as CDF files and inte-
grated in Matlab using in-house code based on Behrends et al. (60).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
Nlookup/suppl/doi:10.1128/mBio.00881-13/-/DCSupplemental.

Figure S1, TIF file, 0.1 MB.

Figure S2, TIF file, 0.1 MB.

File S1, PDF file, 0.8 MB.
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