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Levels of RpoS increase upon glucose starvation in Escherichia coli, which leads to the transcription of genes
whose products combat a variety of stresses. RpoS stability is a key level of control in this process, as SprE
(RssB)-mediated degradation is inhibited under glucose starvation. Starvation for ammonia or phosphate also
results in increased stress resistance and induction of RpoS-dependent genes. However, we demonstrate that
RpoS levels following ammonia starvation are only slightly increased compared to growing cells and are 10-fold
below the levels observed under glucose or phosphate limitation. This difference is largely due to regulated
proteolysis of RpoS, as its stability in ammonia-starved cells is intermediate between that in logarithmic-phase
cells and glucose-starved cells. Use of an rpoS construct that is devoid of the gene’s native transcriptional and
translational control regions reveals that stability differences are sufficient to explain the different levels of
RpoS observed in logarithmic phase, ammonia starvation, and glucose starvation. Under phosphate starvation,
however, rpoS translation is increased. The cellular response to nutrient limitation is much more complex than
previously appreciated, as there is not simply one response that is activated by starvation for any essential
nutrient. Our data support the hypothesis that SprE activity is the key level at which ammonia and glucose
starvation signals are transmitted to RpoS, and they suggest that carbon source and/or energy limitation are

necessary for full inactivation of the SprE pathway.

Bacteria have evolved sophisticated stress response mecha-
nisms to combat nutrient limitation and starvation. Escherichia
coli cells starved for glucose mount a rapid response that en-
sures survival through the starvation period. This response,
recently termed the general stress response, also protects cells
from insults they may face during starvation, as these cells are
much more resistant to heat, osmotic, and oxidative stresses
than exponentially growing cells (12, 21).

Glucose starvation represents the best-characterized model
for nutrient starvation, and the key regulator in this response is
the sigma factor RpoS (¢®, 0°®). During glucose starvation
RpoS protein levels increase dramatically, and RNA polymer-
ase containing RpoS (Ec®) transcribes over 70 genes involved
in stress resistance and protection (12). In exponentially grow-
ing cells, RpoS levels are maintained at a low level due to
degradation by the ClpXP protease (28, 32). This degradation
is dependent on SprE (RssB), whose N-terminal domain is
highly homologous to N-terminal domains of two-component
response regulators, including a conserved aspartate (D58)
that is traditionally phosphorylated to regulate this class of
proteins (26, 28). Its C-terminal domain is unique and is be-
lieved to target RpoS to the ClpXP protease for degradation
(25). The mechanism by which the cell senses starvation and
transduces the starvation signal to affect SprE-dependent pro-
teolysis is not currently understood. Recent evidence demon-
strated that RpoS is still stabilized upon glucose starvation in
cells with a mutation of the putative phosphorylation site
(D58A), excluding regulation of SprE as a traditional two-
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component response regulator (27). SprE plays an important
role in regulation of RpoS degradation, but how this activity is
modulated in logarithmic phase and glucose starvation is not
clear.

The role that RpoS synthesis plays under glucose starvation
is also not well understood. There is roughly a twofold increase
in activity of an RpoS-LacZ translational fusion as cells be-
come limited for glucose (20, 22). The fusion used in these
experiments lacked the region of RpoS that is necessary for
SprE recognition, and so these results have been interpreted as
evidence that synthesis of RpoS increases in the transition
from growing exponentially to starving for glucose. Zgurskaya
et al. (39) measured RpoS levels by quantitative Western blot-
ting and degradation rates by [**S]methionine pulse-chase fol-
lowed by immunoprecipitation. They calculated the synthesis
rate of RpoS from these two values across a range of dilution
rates in glucose-limited chemostat cultures and in starved and
growing batch cultures. From these calculations it was found
that the RpoS synthesis rate decreases two- to fourfold as cells
starve for glucose (39).

Previous work suggested similarities between glucose and
ammonia starvations. Common proteins are induced following
starvation for ammonia or glucose as assayed by two-dimen-
sional gel electrophoresis (9, 21). Additionally, ammonia-
starved cells survive similarly to glucose-starved cells following
treatment with heat or peroxide (15), and cells carrying an rpoS
null allele fail to survive ammonia starvation as well as wild-
type cells (16, 23). Further work has shown that transcription
from the RpoS-dependent uspB promoter is induced following
ammonia starvation and glucose starvation (5), suggesting fur-
ther parallels between the two conditions.

It has been demonstrated that ppGpp levels increase upon
ammonia starvation (14), and Gentry et al. (8) provided evi-
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TABLE 1. Strains used in this study

Strain Genotype Reference

MC4100  F~ araD139 A(argF-lac)U169 rpsL150 relAl 4
fIbB5301 deoC1 ptsF25 rbsR

MG1655 34

MIM211  MC4100 sprE::tet

MIM221  MC4100 AclpX::kan AclpP::cam

MIM282  MC4100 rssA2::cam

MIM294  MC4100 rpoS::kan malE::Tnl0

MIM302  MJM294/pBADI18

MIM310  MJM294/pRpoS

MIM312  MJM294/pMalE

YMC12 thi endA hsr AlacU169 hutCyepgiona 1
ginG::Tn5

dence that RpoS levels correlate with ppGpp levels. As such,
they suggested that RpoS levels increase upon ammonia star-
vation due to the increase in ppGpp observed under those
conditions. Although ppGpp has been reported to affect RpoS
synthesis (3, 8, 13, 19), it has not been implicated in stability
control, and the role that ppGpp plays under specific nutrient
limitation remains unclear.

We focused our studies on ammonia starvation to under-
stand how cells respond when challenged with limitation for a
nutrient other than carbon. Previous work from our laboratory
identified translational induction of RpoS following constitu-
tive activation of the phosphate-scavenging regulon (31), and
so it was of interest to compare and contrast another nutrient
limitation with published data on glucose and phosphate lim-
itation. Comparisons of starved cells versus growing cells are
complicated by the difference in total protein synthesis rates
under the two conditions, and so we reasoned that a more
relevant approach to understand RpoS levels in the nongrow-
ing state would be to compare RpoS levels following starvation
for different nutrients.

To understand how the cell senses starvation and transduces
a signal to RpoS based on specific nutrient limitation, we
examined the stability and synthesis of RpoS under ammonia
starvation. We report that in contrast to glucose starvation and
phosphate limitation, cells starved for ammonia fail to dem-
onstrate a dramatic increase in RpoS levels relative to loga-
rithmic-phase cells. Signaling through SprE/ClpXP was inter-
mediate between that observed in growing cells and that under
glucose starvation, indicating that without exhaustion of the
carbon and/or energy source significant proteolysis of RpoS
continued. We discuss the relevance of these results to ammo-
nia starvation specifically and in the larger context of E. coli’s
response to nutrient deprivation.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strains used in this study are listed in
Table 1. Standard microbial techniques (33) were used to construct strains. The
rpoS::kan, sprE::tet, and rssA2::cam alleles are published (30). The AclpX::kan
and AclpP::icam alleles were transduced from a strain kindly provided by S.
Gottesman. Strain YMCI2 (1) was kindly provided by A. Ninfa.

Plasmids pRpoS and pMalE were constructed for this study. For pRpoS,
colony PCR was performed on MC4100 cells with the primers MIM287F (5'-G
AGGATGTCGCTAGCCAAGGACCATAGATTATGAGTCAGAATACGCTG
AAAGTTC ) and MIM307R (5'-GTGACGTCAGGTACCTTCTGACAGATG
CTTACTTACTC ). These primers amplified the entire 7poS open reading frame,
adding the Nhel and Kpnl restriction sites (underlined), respectively. MIM287F
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also added the last 15 bp of the malE 5’ untranslated region (UTR) (bold)
directly upstream of the rpoS open reading frame. For pMalE, colony PCR was
performed on MC4100 cells with the primers MIM288F (5'-GAGGATGTCGC
TAGCCAAGGACCATAGATTATGAAAATAA ) and MIM308R (5'-GTGACG
TCAGGTACCTTACTTGGTGATACGAGTCTG ). These primers amplified
the entire malE open reading frame and 15 bp of the 5" UTR (bold), adding the
Nhel and Kpnl restriction sites (underlined), respectively. After digestion with
Nhel and Kpnl, each PCR product was introduced into the Nhel and KpnlI sites
of pBADI18 (10). In the resulting plasmids, both rpoS and malE were under the
transcriptional control of the pgsp promoter with the Shine-Dalgarno sequence
provided by the malE 5" UTR. The constructs are identical except for the open
reading frame they contain. Oligonucleotide synthesis and plasmid sequencing
were conducted by the Princeton University Department of Molecular Biology
Synthesis and Sequencing Facility.

Media and growth conditions. Cells were grown in Luria-Bertani (LB) broth
and M63 minimal 0.4% glucose as described previously (33) with modifications
as discussed below. Unless indicated, all bacterial strains were grown under
aeration at 37°C and growth was monitored by measuring the optical density at
600 nm (ODygq). Mid-logarithmic phase refers to cultures with an ODy, of 0.3
to 0.5.

For starvation experiments, full M63 minimal glucose (N"C™") contained 0.2%
(NH,),SO, and 0.4% glucose. N~ medium lacked (NH,),SO,; C~ medium
lacked glucose; and N~ C™ medium lacked both nutrients.

Cells for experiments in minimal medium were grown first by selecting single
colonies from LB plates and growing them in liquid LB for 3 to 5 h. Cells were
then subcultured 1:100 into minimal glucose and grown overnight. Cells were
subcultured 1:100 into minimal glucose medium and grown to mid-logarithmic
phase for the appropriate treatment. There have been reports of variation in
RposS levels when cells were not permitted to undergo at least 10 generations
between exit from stationary phase and mid-logarithmic phase (8). Control
experiments in which cells were diluted 1:10° from LB into minimal glucose
yielded identical results as the 1:100 dilutions (data not shown). For standard-
ization, the 1:100 dilutions were used in all cases.

Antibiotics used in strain construction included chloramphenicol (20 wg/ml),
kanamycin (50 pg/ml), and tetracycline (25 pg/ml). Ampicillin (125 pg/ml) was
used for growth of strains containing the pPBAD18-based plasmids.

Starvation treatments. Cells were grown to mid-logarithmic phase in minimal
glucose and then pelleted for 7 min in 15-ml conical tubes at 1,800 X g (3,500
rpm) in a Durafuge 200 centrifuge (Precision Scientific). After resuspension in
prewarmed starvation medium, cells were pelleted again and resuspended in
prewarmed starvation medium. Time after starvation refers to the time since the
first resuspension. Starvation was confirmed by observing a stable ODgq, and
addition of the missing nutrient in various forms [e.g., glutamine, glutamate,
NH,CI, or (NH,),SO, for nitrogen] was sufficient for resumption of growth.

SDS-PAGE and Western blot analysis. Cells were assayed for the ODy, and
then 1-ml samples were removed at given time points and added to 50 l of cold
trichloroacetic acid on ice to precipitate proteins. After an incubation of at least
30 min, proteins were pelleted, washed with 500 pl of cold acetone, and then
resuspended in a volume of sodium dodecyl sulfate (SDS) sample buffer (18)
equal to the ODy0/6 (in milliliters). Samples were boiled for 10 min, and equal
volumes were subjected to SDS-12% polyacrylamide gel electrophoresis
(PAGE) as described by Laemmli (18). The proteins were transferred to nitro-
cellulose membranes (Schleicher & Schuell), and Western blot analyses were
performed. Polyclonal sera (rabbit) against ClpX or against ClpP, both kindly
provided by S. Gottesman, were used as primary antibodies at dilutions of
1:5,000. Polyclonal sera (rabbit) against RpoS or against SprE, both from our lab
stock, were used as primary antibodies at dilutions of 1:6,000 and 1:4,000, re-
spectively. The anti-SprE serum was preincubated with membrane bound by
whole-cell lysate from MJM211 cells (which lack SprE) to reduce background.
Polyclonal serum (rabbit) against MalE was kindly provided by D. Isaac and was
used as a primary antibody at a dilution of 1:3,000. Donkey anti-rabbit immu-
noglobulin G-horseradish peroxidase conjugate (Amersham Biosciences) was
used as a secondary antibody at a dilution of 1:6,000. For visualization of bands,
the ECL antibody detection kit (Amersham Biosciences) and X-Omat film
(Kodak) were used. Analysis of bands was performed using the public domain
ImageJ program (developed at the National Institutes of Health and available at
http://rsb.info.nih.gov/ij/).

Pulse-labeling and immunoprecipitation following pulse-chase. For pulse-
labeling alone, samples were pulsed with 50 wCi of [**S]methionine (MP Bio-
medicals) per ml of culture for 15 or 60 s. One-milliliter samples were removed
at given time points and treated as above for SDS-PAGE, and the results were
visualized by autoradiography.

For immunoprecipitation following pulse-chase, cells were pulse-labeled for 2
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min as described above and then chased for 0, 15, or 30 min after addition of 150
wl of 5% unlabeled methionine. One-milliliter samples were removed at given
time points and added to 50 wl of cold trichloroacetic acid on ice to precipitate
proteins. After an incubation of at least 30 min, proteins were pelleted, washed
with 500 pl of cold acetone, pelleted again, and resuspended in 150 pl of 50 mM
Tris-1 mM EDTA-1% SDS. The samples were boiled for 5 min and then
pelleted. A 140-pl aliquot of the supernatant was incubated with 1 pl of anti-
RpoS polyclonal antiserum in 1 ml of 50 mM Tris (pH 8.0)-0.1 mM EDTA-0.15
M NaCl-2% Triton X-100. These reaction mixtures were gently rotated for at
least 1 h at 4°C. A 50-pl aliquot of a 50% protein A-Sepharose bead slurry
(prepared in the same buffer) was added to the reaction mixture, followed by
gentle rotation for at least 1 h. After pelleting the reaction mixture, the pelleted
immunoprecipitated samples were washed with 50 mM Tris (pH 7.5)-0.5 M
NaCl-0.25% Triton X-100 for 30 min. The pelleted samples were then washed
with 50 mM Tris (pH 7.5)-0.15 M NaCl-0.25% Triton X-100 for 30 min. The
samples were again pelleted and then resuspended in a volume of SDS sample
buffer (18) equal to the ODg, at the start of the experiment divided by 6 (in
milliliters). Samples were run on SDS-PAGE, and the results were visualized by
autoradiography.

Protein stability analysis following inhibition of protein synthesis. Similar to
the method used by Zhou and Gottesman (40), cells were treated with 200 pg of
chloramphenicol per ml of culture and then 1-ml samples were removed at given
time points and treated as above for Western blot analysis.

Calculation of relative rates of RpoS synthesis and degradation. Since the
degradation of RpoS approximates first-order exponential decay in logarithmic
phase, ammonia starvation, and glucose starvation, the rates of RpoS synthesis
and degradation were calculated based on the following differential equation:
dN/dt = kg — kpN, where N represents the RpoS level, kg is the synthesis rate,
and kp, is the degradation rate. This degradation rate can be calculated from the
measured half-life (¢,,,) as follows: k;, = In2/t,,,. Lastly, under steady-state
conditions dN/dt = 0, and so the synthesis rate can be calculated as follows:
ks = kpN,.

RESULTS

RposS levels fail to increase dramatically following ammonia
starvation. RpoS levels increase upon a number of cellular
stresses, most notably under glucose depletion (12). As this
response is believed to be necessary to achieve the multiple
stress resistance found in starved cells, and as ammonia-de-
pleted cells are reported to be resistant to challenge with heat
or peroxide (15), we expected to see an increase in RpoS levels
in cells upon ammonia starvation. To better understand the
regulation of RpoS in ammonia-starved cells, we shifted loga-
rithmic-phase cells into medium lacking ammonia and moni-
tored RposS levels. Since RpoS regulation is best characterized
in response to glucose starvation, we used that condition as a
control for our studies. As Fig. 1A shows, cells shifted to
ammonia-free medium arrested growth as did cells similarly
starved for glucose.

As expected, RpoS levels increased dramatically upon glu-
cose starvation (Fig. 1B). Surprisingly, we found that wild-type
cells (strain MC4100) failed to increase RpoS levels signifi-
cantly when shifted from logarithmic phase into ammonia star-
vation (Fig. 1B). This was not due to a delayed response, as
glucose-starved cells and ammonia-starved cells displayed
maximal levels of RpoS after starvation for 1 h. Quantification
of RpoS levels identified an approximately twofold increase in
ammonia starvation versus logarithmic cells (Fig. 1C). Under
glucose starvation, RpoS levels were consistently 10-fold above
those observed under ammonia starvation (Fig. 1C).

We were concerned that the observed phenotype could be
peculiar to the MC4100 strain background, since this strain
contains the rel41 allele, an almost complete loss-of-function
mutation in rel4 (4, 24). Therefore, we assayed the starvation
phenotypes in the stringent strain MG1655. As shown in Fig.
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1D, MG1655 cells similarly failed to accumulate RpoS upon
ammonia starvation as they did under glucose starvation. We
also replaced the relA1 allele of MC4100 with a relA™ allele.
Although the baseline levels of RpoS were slightly higher in
logarithmic phase, the increases observed under ammonia star-
vation or glucose starvation were comparable to those in
MC4100 (data not shown). Therefore, the difference between
ammonia starvation and glucose starvation was present even
when cells were able to mount a stringent response.

glnG encodes NtrC, the transcriptional activator of nitrogen
assimilation and scavenging genes under conditions of nitro-
gen-limited growth (41). Control experiments with a glnG::Tn5
allele demonstrated that the Ntr system did not affect RpoS
levels or ammonia-induced stress resistance under these con-
ditions (data not shown). Results presented by Zimmer et al.
indicated that RpoS-dependent promoters were not expressed
upon genetic activation of GInG (supplementary data in ref-
erence 41), supporting the idea that the RpoS-mediated am-
monia starvation response is distinct from the Ntr-mediated
nitrogen-scavenging response.

It is important to note that the low levels of RpoS observed
under ammonia starvation are not a trivial consequence of
ammonia starvation physiology. For example, were ammonia-
starved cells limited in their ability to synthesize proteins, then
the limited RpoS levels could have been due to biochemical
constraints rather than signal transduction differences. When
cells were starved for both ammonia and glucose together,
RpoS levels increased commensurate with the increase ob-
served under glucose starvation alone (Fig. 1E). Therefore,
glucose starvation transduces a signal that is absent under
ammonia starvation. Since there are factors known to affect
RpoS transcription, translation, and protein stability, we in-
quired as to what step(s) is regulated differently between am-
monia starvation and glucose starvation.

RpoS stability following ammonia starvation is higher than
in logarithmic phase but lower than under glucose starvation.
RpoS levels increase markedly following glucose starvation,
and there is consensus that RpoS stability is an important level
at which the glucose starvation signal is transmitted (12, 28,
39). Therefore, we assayed RpoS stability following ammonia
starvation by pulse-chase analysis with [*>S]methionine, fol-
lowed by immunoprecipitation for RpoS. The data presented
in Fig. 2 are consistent with published results demonstrating
that the half-life of RpoS under glucose starvation was signif-
icantly higher than in logarithmic phase (154 >> 4.1 min). The
half-life of RpoS under ammonia starvation was found to be
intermediate between these values at 17.9 min (Fig. 2). There-
fore, ammonia-starved cells demonstrated elevated RpoS sta-
bility compared to logarithmic-phase cells, but the protein was
still degraded at a much higher rate than in glucose-starved
cells.

It is important to note that assaying RpoS stability by pulse-
chase analysis was possible despite E. coli being able to utilize
methionine as a nitrogen source in the presence of glucose
(35). During the relatively short time course of this experiment
(2 min for the pulse, 30 min for the chase), the optical density
of the culture remained constant (data not shown). The dou-
bling time of these cells growing on methionine as a nitrogen
source was over 12 h (data not shown), and ammonia-starved
cells failed to degrade RpoS as logarithmic cells do (Fig. 2),
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FIG. 1. RposS fails to accumulate significantly under ammonia starvation as it does under glucose starvation. Starvation was performed in M63
minimal glucose as described in Materials and Methods. Time points refer to hours after cells were first exposed to medium lacking the indicated
nutrient, and RpoS levels were analyzed by Western blotting. Cross-reacting bands recognized by the polyclonal anti-RpoS serum served as loading
controls and were not observed to vary based on growth phase or medium. (A) Optical densities of ammonia-starved and glucose-starved MC4100
cultures following starvation. (B) RpoS levels (arrowheads) in MC4100 in logarithmic phase (Log), under ammonia starvation (N ), and under
glucose starvation (C™). Time points indicating hours poststarvation are shown above the lanes. (C) Quantification of the relative levels of RpoS
from Western blotting, using NIH ImageJ and normalizing to the levels measured in logarithmic phase (set to 1.0). (D) RpoS levels (arrowheads)
in MG1655 cells in log phase or starved for 1 h. (E) Double starvation for both ammonia and glucose mimics glucose starvation alone. RpoS levels
were analyzed by Western blotting. MC4100 cells starved for both nutrients (N~ C™) displayed the high levels of RpoS characteristic of glucose
starvation, but not of ammonia starvation. Samples were obtained from cells that had been starved for 1 h.

further suggesting that the presence of methionine did not
confound these results. Additionally, measuring stability by an
independent method—protein synthesis arrest by antibiotic
addition, followed by monitoring of RpoS levels by Western
blot analysis—similarly showed ammonia starvation stability to
be intermediate between that of logarithmic cells and glucose-
starved cells (data not shown).

Therefore, by two different methods we conclude that RpoS
degradation under ammonia starvation is intermediate be-
tween that in logarithmic phase and that in glucose starvation.

Stabilization of RpoS under glucose starvation is the key
difference between ammonia starvation and glucose starva-
tion. The above results highlight differing RpoS degradation
rates between ammonia and glucose starvation. Since RpoS
synthesis is regulated at the levels of transcription and trans-
lation, we sought to study RpoS dynamics in the absence of this

control to see if the observed stability difference alone can
account for the divergent RpoS levels between ammonia star-
vation and glucose starvation.

To accomplish this, the rpoS open reading frame, in the
absence of its native cis control elements, was placed down-
stream from the pgAp promoter and the malE Shine-Dalgarno
sequence on the pPBAD18 plasmid (Fig. 3A). Since there are no
known cis-acting elements within the rpoS open reading frame
that are both necessary and sufficient for transcriptional or
translational control, we expected that this construct would
allow us to evaluate the role of protein stability only. As a
control for background expression under each experimental
condition tested, the malE coding sequence was introduced
into the same vector. Therefore, the experimental rpoS con-
struct and the control malE construct differ only in the open
reading frame that they contain. The relative constancy of
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FIG. 2. RpoS stability following ammonia starvation is intermedi-
ate between the labile RpoS in logarithmic phase and the stable RpoS
observed under glucose starvation. (A) Logarithmic-phase (Log) or
1-h-starved MC4100 cells, starved for ammonia (N™) or glucose (C™),
were pulse-labeled with [**S]methionine for 2 min and then chased
with cold methionine for the times indicated (in minutes). RpoS was
then immunoprecipitated and analyzed by SDS-12% PAGE and au-
toradiography. (B) Quantification of the levels of RpoS in panel A by
using NIH Imagel, with each sample’s zero-minute time point set to
1.0. Half-lives (t,,,) were calculated by regression analysis of the expo-
nential decay using Microsoft Excel.

MalE levels in logarithmic, ammonia-starved, and glucose-
starved cells, its similarity in size to RpoS, and its cellular
localization in the periplasm (making it inaccessible to SprE
and ClpXP) make it an appropriate expression control.
Figure 3B shows expression of the control MalE under each
condition. Ammonia-starved cells had 20% less MalE than
logarithmic-phase cells, whereas glucose-starved cells con-
tained 80% more than logarithmic-phase cells, likely as a result
of increased synthesis from the pp ., promoter owing to relief
of catabolite repression. These numbers served as the basal
expression levels of the constructs under each condition, and
the levels of RpoS were normalized to these levels to infer the
role that stability played under each condition. From pRpoS,
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FIG. 3. Stability differences explain the low levels of RpoS ob-
served in ammonia-starved cells and the high levels in glucose-starved
cells. (A) pRpoS and pMalE (control) were constructed to study RpoS
stability in the absence of the native cis elements that control rpoS
synthesis. Transcription is controlled by the pzAp, promoter, and trans-
lation is regulated by pBAD plasmid sequences and the last 15 bp of
the malE 5" UTR. N, Nhel; K, Kpnl. The regions outside of these
restriction sites belong to the pBAD18 backbone. Therefore, stability
differences between the two open reading frames are responsible for
differences in levels. (B) MalE levels from MIM312 (MIM294/pMalE)
in logarithmic (Log) and cells starved for 1 h for ammonia (N7) or
glucose (C7). The slight increase in glucose-starved cells is likely due
to increased transcription from the pg,p promoter. (C) RpoS levels
from MIM310 (MJM294/pRpoS) in logarithmic-phase and 1-h-starved
cells. Quantification of bands was performed using NIH ImagelJ, and
shown below each panel are levels relative to those observed in loga-
rithmic phase of the respective strain.

RpoS was barely detectable in logarithmic or ammonia-starved
cells but was remarkably high following glucose starvation (Fig.
3C). When normalized to the MalE levels, RpoS levels were
1.0 in logarithmic phase, 1.6 under ammonia starvation, and
24.6 under glucose starvation (values in Fig. 3C divided by
those in Fig. 3B). These values are strikingly similar to those
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FIG. 4. Ammonia-starved cells with a defective SprE pathway are
identical to glucose-starved cells. Results shown are for logarithmic-
phase (Log) or 1-h-starved cells, starved for ammonia (N™) or glucose
(C7), of strain MIM211 (MC4100 sprE::tet) or MIM221 (MC4100
AclpX::kan AclpP::cam). RpoS levels (arrowheads) were assayed by
Western blotting.

observed in wild-type cells under each condition (1.0, 2.0, and
20.1, respectively) (Fig. 1C), confirming that the elevated RpoS
stability under glucose starvation is sufficient to explain its high
levels. Since the only difference between the malE and rpoS
constructs is the sequence of the open reading frame, these
data demonstrate that the difference in RpoS levels between
ammonia-starved cells and glucose-starved cells is at the level
of protein stability and not synthesis.

SprE activity controls the stability of RpoS. It is of interest
to know whether the stability phenotype observed in ammonia
starvation is the result of either partial inactivation of the SprE
pathway or of full inactivation of the SprE pathway and deg-
radation via a distinct pathway. Using Western blot analysis on
starved cultures lacking SprE or ClpXP, we compared levels of
RpoS in ammonia-starved versus glucose-starved cells (Fig. 4).
It is clear that in the absence of key SprE pathway members,
RpoS levels are identical under either starvation condition,
strongly suggesting that the lability of RpoS observed under
ammonia starvation is due to partial inactivation of the SprE
pathway and not due to degradation via an alternate pathway.
We also note that RpoS levels in the starved cultures were
slightly lower than in the logarithmic sample in the sprE::tet
strain, but not in the AclpX::kan AclpP::cam background (Fig.
4). Therefore, there appears to be slight degradation of RpoS
via ClpXP under starvation that is SprE independent.

The rssA2::cam allele (30) leads to overexpression of sprE
from the chromosome. RpoS levels in logarithmic phase were
lower in this strain than in the wild type—below our level of
detection by Western blot analysis (Fig. 5, lane 4)—presumably
owing to the high levels of active SprE that were present. Upon
glucose starvation, SprE was inactivated and RpoS levels ac-
cumulated as expected, even in the rss42::cam background
(Fig. 5, lane 6). Levels of glucose-starved RpoS were fourfold
lower in this strain than in the wild-type background, presum-
ably due to the lower levels of RpoS in logarithmic phase that
were present at the onset of starvation to be stabilized. RpoS
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FIG. 5. Overexpression of SprE exacerbates differences between
ammonia starvation and glucose starvation. Levels of RpoS (arrow-
heads) were assayed in logarithmic-phase (Log) or 1-h-starved
MC4100 or MIM282 (MC4100 rssA2::cam) cells, starved for ammonia
(N7) or glucose (C™). To facilitate comparisons, we loaded fourfold-
higher amounts of protein from rss42::cam cells than from wild-type
cells.

1% 4x

was stable during glucose starvation in this strain, as assayed by
antibiotic protein synthesis arrest followed by Western blot
analysis (data not shown), demonstrating that SprE activity is
inhibited upon glucose starvation, even with elevated SprE
levels.

Next, we compared the ratio of RpoS under ammonia star-
vation to that under glucose starvation in both strains. To
facilitate analysis of relative RpoS levels, four times as much of
the rssA2::cam samples were loaded on the gel compared to
wild-type samples (Fig. 5). This adjustment allowed us to di-
rectly compare the ratio of RpoS present under ammonia
starvation and glucose starvation in the two strains. In wild-
type cells, there were 10-fold-higher levels of RpoS under
glucose starvation compared to levels under ammonia starva-
tion (Fig. 5, lane 3 versus 2). This ratio is significantly higher
when making the same comparison under SprE overexpression
(lane 6 versus lane 5). SprE acts catalytically, so overexpression
of SprE should increase the reaction rate only when the cata-
lyst is active. Figure 5 shows this is indeed the case under
ammonia starvation, strongly suggesting that SprE retains
some activity under ammonia starvation.

From this we conclude that SprE retains some activity under
ammonia starvation and is fully inactivated only upon glucose
starvation, and that regulation of SprE activity is the basis for
the different levels of RpoS.

The differences in SprE activity are not due to differences in
SprE levels. Given that SprE activity is the key difference
between ammonia starvation and glucose starvation, we as-
sayed levels of SprE pathway proteins to determine if levels of
SprE, ClpX, or ClpP were significantly different between the
two starvation conditions. The data in Fig. 6 exclude levels of
SprE pathway members as the regulated step in distinguishing
glucose starvation from ammonia starvation. Levels of each of
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FIG. 6. Levels of SprE pathway proteins are identical in ammonia-
starved (N7) and glucose-starved (C™) cells. Logarithmic-phase cells
(Log) are also shown for comparison. For ClpX, the lower of the two
dark bands corresponds to ClpX, by comparison with a AclpX::kan
strain (data not shown).

ClpX

ClpP

the proteins were the same in ammonia-starved versus glucose-
starved cells, so the higher degradation rate is not due to
increased levels of any of the known pathway members.

It is also of note that SprE levels were subtly higher under
both ammonia starvation and glucose starvation relative to
levels in logarithmic cells. This is consistent with data pre-
sented by Ruiz et al. (30), in which sprE is transcriptionally
activated by RpoS, and with data discussed above in which
RposS activity is higher under ammonia starvation than in log-
arithmic cells.

As the levels of known components in the SprE pathway are
constant in ammonia starvation and glucose starvation, direct
modulation of SprE activity is the most likely mechanism by
which the cell regulates RpoS stability in response to cues for
limited ammonia or glucose.

DISCUSSION

The developmental program that E. coli cells undergo upon
starvation is critical to their survival, and this has largely been
modeled by studying glucose starvation. Our results illustrate
the shortcomings of using a single nutrient limitation as a
model for all starvation conditions. These results also identify
ammonia starvation as a valuable tool for identifying common
themes and divergent pathways in starvation signal transduc-
tion. Ammonia starvation represents the only nutrient limita-
tion, to our knowledge, in which RpoS levels do not increase
dramatically. Furthermore, the difference in stability observed
between glucose starvation and phosphate limitation (27) ex-
poses different bases for the high levels of RpoS in those cases,
arguing for even more breadth in the E. coli starvation reper-
toire. Therefore, there is not solely one response that is en-
gaged upon starvation for any nutrient, as has been believed
for some time (8, 11, 12, 37). This is not unprecedented in
nature, as Saccharomyces cerevisiae, for example, monitors
both the nitrogen and carbon status of the growth medium in
determining whether to sporulate, enter stationary phase, or
initiate pseudohyphal growth (36).
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The accumulation of RpoS following glucose starvation is
mainly due to a tremendous increase in stability, as has been
reported previously (39). However, RpoS stability under am-
monia starvation or phosphate limitation is approximately an
order of magnitude lower than under glucose starvation, in
which SprE is fully inactivated. The mechanism by which SprE
becomes inactivated is not clear, and Peterson et al. (27) pre-
sented strong evidence that it is not via canonical two-compo-
nent phosphorylation as previously thought. The hypothesis
that growth rate controls SprE activity is also excluded, since
growth is inhibited in response to ammonia starvation, glucose
starvation, or chloramphenicol addition, yet each state exhibits
different levels of RpoS. Instead, we propose that the signal to
inactivate SprE is more directly tied to carbon source and/or
energy source limitation. Ballesteros et al. (2) presented evi-
dence that glucose metabolism continues after the optical den-
sity plateaus from limited ammonia or phosphate, supporting
the hypothesis that full inactivation of SprE is linked to glucose
metabolism.

In addition, there are conflicting data regarding how RpoS
synthesis responds upon glucose starvation, in that RpoS-LacZ
translational fusions (lacking the stability control region) indi-
cate a slight increase in RpoS synthesis upon glucose starvation
(20, 22), whereas chemostat experiments have suggested that
RpoS synthesis decreases as cultures become more glucose
limited (39). We attempted to use LacZ reporter fusions to
dissect synthesis control of RpoS under glucose and ammonia
starvation, but these attempts proved unsuccessful as the LacZ
was degraded under ammonia starvation in as short a period as
1 h (data not shown). Matin’s group previously reported con-
flicting findings between transcriptional fusion data and direct
measurements of RNA synthesis under glucose starvation (39).
Given the limitations of using reporter fusions to study protein
dynamics under conditions of starvation, we turned to more
direct methods.

We attempted to measure RpoS synthesis rates directly by
pulse-labeling with [>*S]methionine followed by immunopre-
cipitation. Quantitative estimates were complicated by the
rapid turnover of RpoS in logarithmic phase (Fig. 2). Since
reporter fusion and direct labeling attempts were confounded
by technical constraints, we inferred synthesis rates as was
done by Zgurskaya et al. (39) and as described in Materials and
Methods. The results of these calculations are listed in Table 2.

First, these calculations agreed with published data that
RpoS synthesis is reduced in glucose starvation compared to
logarithmic phase. Zgurskaya et al. (39) demonstrated a two-
to fourfold decrease in RpoS synthesis in glucose-limited cul-
tures compared to logarithmic cultures, which is consistent
with the twofold decrease that we calculated (Table 2).

Second, we note that RpoS synthesis rates under ammonia
starvation and glucose starvation are remarkably similar. Un-
der glucose starvation, the RpoS level is an order of magnitude
higher and the degradation rate is an order of magnitude
lower, thereby resulting in comparable rates of synthesis as
under ammonia starvation (based on the equation described
above, k, = In 2/t;,,). We point out, though, that protein
synthesis in ammonia-starved and glucose-starved cells is re-
duced compared to that in logarithmic cells. To approach this
semiquantitatively, we pulse-labeled cultures with [**S]methi-
onine (without immunoprecipitation) to examine total protein
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TABLE 2. Relative rates of RpoS synthesis and degradation under
different nutrient limitations”

Measured Calculated
Nutrient
limitation Level (relative tys kp k, (relative
units), N, (min) (min~") units)

Log phase 1.0 4.1 0.1691 0.1691
N™ 2.0 17.9 0.0387 0.0774
(O 20.1 154.0 0.0045 0.0900
P~ 20.1 21.7° 0.0319” 0.6420”

“ Details of the calculations are discussed in Materials and Methods.

 The phosphate starvation data do not clearly approximate first-order expo-
nential decay, and so this “half-life” represents the time in which half of the
initial population decays, as measured previously (27). As a result, the true
degradation rate is more complex than the one calculated here. Therefore, the
values for phosphate limitation should be interpreted only as rough estimates.

synthesis. The amount of protein labeled after 15 s in logarith-
mic cultures was comparable to that labeled after 60 s in
ammonia-starved or glucose-starved cultures (data not shown).
Therefore, the decrease in RpoS synthesis under starvation is
likely to reflect the lower level of basal protein synthesis rather
than regulation of RpoS synthesis specifically. Unless more
precise measurements identify a discrepancy between RpoS
synthesis and total protein synthesis, it is unnecessary to invoke
regulated synthesis to explain differences in RpoS levels among
logarithmic phase, ammonia starvation, and glucose starvation.
Third, the hypothesis that increases in RpoS synthesis over-
whelm SprE, thereby increasing RpoS levels indirectly (29),
does not seem to be supported under ammonia starvation or
glucose starvation. Both have decreased rates of synthesis com-
pared to logarithmic phase, whereas levels of SprE are actually
higher under either starvation condition than in logarithmic
phase. Therefore, RpoS levels would be expected to be lower
during starvation than in logarithmic phase. Furthermore,
rates of synthesis under ammonia starvation and glucose star-
vation are comparable, thus reinforcing that dramatically dif-
ferent RpoS stability can be achieved under conditions with
similar rates of RpoS synthesis. This is an example where the
comparison of two starved states provides information that
cannot be gleaned by comparison of growing cells to starved
cells: ammonia starvation provides intrinsic controls for the
low protein synthesis rate and growth arrest that are present
under glucose starvation but absent in logarithmic cells.
Fourth, phosphate limitation identifies a nutrient depriva-
tion that behaves differently from either ammonia starvation or
glucose starvation. The high levels of RpoS under phosphate
limitation are comparable to those in glucose starvation (8, 27,
31), whereas the degradation rate is similar to that observed in
ammonia starvation (27) (Fig. 2). The resulting synthesis rate
is approximately sevenfold higher than under the other star-
vation conditions and fourfold higher than in logarithmic
phase. This makes sense, based on two known aspects of phos-
phate limitation. First, the cells continue to grow at a slow rate
following removal of external phosphate, suggesting that the
basal level of protein synthesis is higher than under the other
starvation conditions (31). Second, there is a PhoBR-regulated
process that increases translation of RpoS (31). The high syn-
thesis rate of RpoS under phosphate limitation likely results
from these two processes. As shown in Table 2, though, RpoS
decay under phosphate limitation is not a good fit to first-order
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exponential decay, suggesting that its degradation is more com-
plex. SprE is still active in the presence of high levels of RpoS
in phosphate limitation, and so it is possible that SprE avail-
ability is what is limiting RpoS degradation under this condi-
tion, not regulation of SprE activity per se.

What emerges from the data in Table 2 is that starvations for
different nutrients do not elicit identical responses as has been
assumed for a number of years. Reviews of RpoS regulation
have highlighted the diversity of ways in which RpoS is regu-
lated, at the levels of transcription, translation, stability, and
activity. However, starvation for any essential nutrient had
been thought to elicit a conserved response to fully inactivate
regulated proteolysis through SprE and ClpXP. This is clearly
not the case, and different starvation responses may facilitate
our understanding of what aspects of physiology the SprE
pathway is using to sense glucose limitation.

Finally, ammonia starvation is certainly unique in its re-
sponse, in that levels of RpoS remain close to logarithmic
levels instead of rising to those observed under glucose star-
vation or phosphate limitation. It has been known that cultures
under long-term starvation in LB and in minimal glucose ac-
quire partial loss-of-function mutations in rpoS (6, 7, 38).
These so-called GASP (growth advantage in stationary phase)
mutations result in moderate levels of RpoS activity that bal-
ance individual cells’ needs for protection with their ability to
continue growth at a slow rate. Furthermore, a recent report
demonstrated that rpoS mutant strains were able to utilize a
wider range of carbon sources than their isogenic rpoS™ par-
ents (17). Therefore, it is possible that modulation of RpoS
activity may provide additional benefits under ammonia star-
vation that counteract the negative consequences of not fully
activating the RpoS regulon.
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