
Direct Regulation of GTP Homeostasis by (p)ppGpp: A Critical
Component of Viability and Stress Resistance

Allison Kriel1,$, Alycia N. Bittner1,$, Sok Ho Kim2, Kuanqing Liu1, Ashley K. Tehranchi1,
Winnie Y. Zou1, Samantha Rendon1, Rui Chen1, Benjamin P. Tu2, and Jue D. Wang1,*

1Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX 77030
2Department of Biochemistry, University of Texas Southwestern Medical Center, Dallas, TX
75390

Summary
Cells constantly adjust their metabolism in response to environmental conditions, yet major
mechanisms underlying survival remain poorly understood. We discover a post-transcriptional
mechanism that integrates starvation response with GTP homeostasis to allow survival, enacted by
the nucleotide (p)ppGpp, a key player in bacterial stress response and persistence. We reveal that
(p)ppGpp activates global metabolic changes upon starvation, allowing survival by regulating
GTP. Combining metabolomics with biochemical demonstrations, we find that (p)ppGpp directly
inhibits the activities of multiple GTP biosynthesis enzymes. This inhibition results in robust and
rapid GTP regulation in Bacillus subtilis, which we demonstrate is essential to maintaining GTP
levels within a range that supports viability even in the absence of starvation. Correspondingly,
without (p)ppGpp, gross GTP dysregulation occurs, revealing a vital housekeeping function of
(p)ppGpp; in fact, loss of (p)ppGpp results in death from rising GTP, a severe and previously
unknown consequence of GTP dysfunction.

Introduction
To adapt to environmental constraints such as nutrient availability, organisms alter their
transcriptome, proteome, and metabolome to allocate and conserve resources (Buescher et.
al., 2012; Scott et al., 2010). The ubiquitous nature of environmental challenge and the dire
consequences to organisms incapable of robust response necessitate the study of key factors
underlying global alterations and supporting the stability of metabolism.

GTP, an important player in metabolism, is required for multiple cellular processes.
Reduction of GTP levels lowers transcription of rRNA (Krasny and Gourse, 2004), triggers
sporulation in B. subtilis (Lopez et al., 1981), and slows growth of yeast (Iglesias-Gato et
al., 2011). GTP dysfunction may also have consequences in metazoans: Increased capacity
for GTP biosynthesis is a long-suspected feature of malignancy (Jackson et al., 1975), and
mutations in IMP dehydrogenase, a GTP biosynthesis enzyme, are linked to hereditary
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retinal disease (Bowne et al., 2002; Kennan et al., 2002). Regulation of GTP levels by
homeostatic mechanisms has previously been demonstrated (Lehninger et al., 2000; Ebbole
and Zalkin, 1989), but it is unknown whether these mechanisms are sufficient to control
GTP production robustly.

The starvation-inducible nucleotide guanosine (penta)tetraphosphate ((p)ppGpp) exists in
bacteria, plants, and possibly metazoans and is crucial for bacterial fitness, persistence,
virulence, and development (Dalebroux and Swanson, 2012; Potrykus and Cashel, 2008;
Sun et al., 2010). (p)ppGpp is produced from GTP/GDP and ATP, and its production during
amino acid starvation accompanies a decrease in cellular GTP levels (Lopez et al., 1981;
Gallant et al., 1971). In Escherichia coli, (p)ppGpp enables resistance to starvation by
binding to RNA polymerase (RNAP), in synergy with the transcription factor DksA (Paul et
al., 2004), directly altering transcription of many genes, including rRNA and amino acid
biosynthesis genes (Barker et al., 2001; Murphy and Cashel, 2003). This global
transcriptional response to starvation is the best-characterized physiological role of
(p)ppGpp (Durfee et al., 2008; Traxler et al., 2008). However, the mechanism in E. coli does
not explain the action(s) of (p)ppGpp in other bacteria, in which (p)ppGpp does not affect
RNAP directly (Krasny and Gourse, 2004; Vrentas et al., 2008). Although (p)ppGpp has
multiple targets other than RNAP, their regulation by (p)ppGpp has not been shown to be
critical for survival (Dalebroux and Swanson, 2012), and it is unclear what may be the direct
critical target(s) of (p)ppGpp in organisms other than E. coli.

Here we characterize the direct regulation of cellular GTP levels by (p)ppGpp and show that
this regulation is essential for survival during starvation and perturbations to GTP
homeostasis. We found that (p)ppGpp elicits global metabolic changes in B. subtilis upon
starvation, dramatically reducing GTP levels. By quantitatively comparing metabolome and
transcriptome results, we identified two GTP biosynthesis enzymes, Gmk and HprT, as
major post-transcriptional targets of (p)ppGpp whose activities are strongly inhibited by
(p)ppGpp in vitro. This regulation of GTP levels is sufficient for resisting starvation;
suppressor mutations that reduce GTP synthesis restore viability, revealing different critical
(p)ppGpp targets in B. subtilis versus E. coli. This regulation is also required for general
GTP homeostasis: GTP levels can rise uncontrollably in (p)ppGpp-deficient cells, even in
the absence of starvation, leading to cell death.

We conclude that (p)ppGpp plays a crucial role in B. subtilis to regulate GTP homeostasis in
response to extrinsic stress and intrinsic cell status, thus preventing death-by-GTP and
preserving metabolic stability. This implies an important and multifunctional role for
(p)ppGpp as a global player in the metabolome, and regulation of GTP levels by (p)ppGpp
may be a common strategy employed by many bacteria and beyond.

Results
Starvation Induces Profound, Predominately (p)ppGpp-Dependent Metabolic Changes

To understand how cellular metabolism globally responds to environmental stressors, we
extracted metabolites from exponentially growing and amino acid-starved B. subtilis cells
and quantified 131 metabolites with liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Tu et al., 2007) (Figure 1A). We identified 96 abundant species with high quality
values (the remaining 35 were low-abundance species or could not be unambiguously
quantified) (Table S1). These 96 metabolites exhibited quantitative consistency among
biological replicates yet displayed profound changes upon amino acid starvation, with half
(48/96) altered significantly during starvation (1.5–15 fold change) (Figure 1B, Figure S1,
and Table S2).
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We then examined the dependence of these metabolic changes on a single regulator,
(p)ppGpp, which is rapidly induced to high concentration during amino acid starvation
(Potrykus and Cashel, 2008). We created (p)ppGpp-deficient cells (termed (p)ppGpp0

(Potrykus and Cashel, 2008)) by deleting the three genes encoding (p)ppGpp synthetases:
RelA (Wendrich and Marahiel, 1997), YjbM, and YwaC (Nanamiya et al., 2008; Srivatsan
et al., 2008). Compared to wild-type cells, we observed significantly attenuated or opposite
metabolic responses in (p)ppGpp0 cells upon starvation (Figure 1B, Figure S1, and Table
S2). Among the 48 metabolites that changed significantly in wild-type cells, only 11
changed independently of (p)ppGpp, and most of these changes were mild (Table S2).

As a complementary approach, we performed principal component analysis (PCA) to
separate our samples by metabolic features (Figure 1C). We verified that profiles from the
same strain and treatment are located near each other in the PCA plot, demonstrating that the
experiments are reproducible. Untreated wild-type and (p)ppGpp0 samples are located in
overlapping regions, indicating that they have similar metabolic profiles. In contrast, profiles
of starved wild-type cells are located in a distinct cluster along the first principal component
axis (PC 1), separate from those of starved (p)ppGpp0 cells and untreated cells. This
accounts for the largest difference among metabolic profiles and thus supports that
(p)ppGpp drives the metabolic response to starvation.

To identify metabolic pathways affected by (p)ppGpp during starvation, we performed
pathway analysis using MetaboAnalyst (Xia and Wishart, 2011). The highest-ranking
pathway (p-value = 1.01 × 10−5) differentially altered was purine biosynthesis (Table S3).
We observed differential changes between wild-type and (p)ppGpp0 cells in the pathways
leading to production of ATP and GTP from IMP (Figures 1D and 1E). GMP, GDP, and
GTP levels were reduced in starved wild-type cells but elevated in starved (p)ppGpp0 cells.
In contrast, ADP and ATP were elevated in starved wild-type cells, but the increase was
attenuated in (p)ppGpp0 cells.

(p)ppGpp Post-transcriptionally Blocks Two Steps in GTP Biosynthesis
Our metabolic profiling supports previous observations that starvation-induced reduction of
GTP levels correlates with (p)ppGpp induction (Lopez et al., 1981; Krasny and Gourse,
2004). It also shows (p)ppGpp-dependent reduction of multiple intermediates in the GTP
biosynthesis pathway. To identify key targets of (p)ppGpp, we quantitatively analyzed our
results, focusing on adjacent intermediates in the GTP biosynthesis pathway (Figure 2A) and
reasoning that (p)ppGpp inhibition of a reaction would result in substrate accumulation and
decreased product levels (Figure 1A). We observed such changes at the transitions from
GMP to GDP (~10 fold decrease) and hypoxanthine to IMP (~40 fold decrease) upon
starvation in wild-type cells but not in (p)ppGpp0 cells (Figure 2A). This suggests two
enzymes—guanylate kinase (Gmk, which is proposed to convert GMP to GDP) and HprT
(which converts hypoxanthine to IMP and guanine to GMP)—as in vivo targets of
(p)ppGpp.

To determine whether (p)ppGpp down-regulates Gmk and HprT via transcriptional versus
post-transcriptional mechanisms, we examined transcript levels using microarrays. gmk and
hprT mRNAs were not reduced following starvation (Figure 2B), indicating that (p)ppGpp-
mediated regulation of Gmk and HprT occurs post-transcriptionally.

(p)ppGpp Directly and Potently Inhibits the Enzymatic Activities of Gmk and HprT
We next examined whether (p)ppGpp directly inhibits the enzymatic activities of Gmk and
HprT. In B. subtilis, Gmk is an essential enzyme whose putative function is to convert GMP
to GDP (Kobayashi et al., 2003). We purified B. subtilis Gmk (Figure S2A) and used a
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coupled enzymatic assay to verify that Gmk converts GMP to GDP (Figure 2C and Figure
S2C). We found that pppGpp and ppGpp, but not GTP, potently inhibit Gmk activity,
achieving 50% inhibition at ~20 µM (p)ppGpp (Figure 2D and Table S4). This inhibition is
specific to Gmk and not attributable to inhibition of the coupling enzymes (Figure S2B). We
conclude that (p)ppGpp is a specific, direct, and potent inhibitor of Gmk enzymatic activity.

HprT, which converts both guanine to GMP and hypoxanthine to IMP, was previously
suggested as a potential target of (p)ppGpp during amino acid starvation in B. subtilis
(Beaman et al., 1983). To test whether (p)ppGpp inhibits HprT in vitro, we purified B.
subtilis HprT (Figure S2A) and performed kinetic assays (Figure S2D). We found that
pppGpp and ppGpp are potent inhibitors of HprT, achieving 50% inhibition at ~11 µM
(Figure 2E and Table S4).

Inhibition of GuaB Plays a Minor Role in Starvation Response
GuaB (IMP dehydrogenase) converts IMP to XMP and is a proposed target of (p)ppGpp
(Gallant et al., 1971; Lopez et al., 1981). To test whether (p)ppGpp inhibits B. subtilis GuaB
in vitro, we purified GuaB (Figure S2A) and performed kinetic assays (Figure S2E). GMP
moderately inhibits GuaB activity (Figure 2F), similar to results obtained in E. coli (Gallant
et al., 1971). However, pppGpp and ppGpp only moderately inhibit GuaB activity, and 50%
inhibition of GuaB activity requires relatively high levels of pppGpp and ppGpp (~0.3–0.5
mM, respectively) (Table S4).

Thus, ~10–20 µM (p)ppGpp significantly inhibits both HprT and Gmk activity, while even
at 2 mM (p)ppGpp, more than 30% of GuaB activity remains (Figure 2F). In relevant
context, as the in vivo concentration of (p)ppGpp increases up to 1–2 mM during amino acid
starvation, it should be sufficient to strongly inhibit Gmk and HprT activity, thus lowering
GTP pools in response to starvation; however, inhibition of GuaB activity by (p)ppGpp is
likely a minor contributor. Correspondingly, our metabolomic data did not show a major
block after IMP (Figure 2A), and overexpressing guaB did not increase GTP levels during
amino acid starvation (Figure S2F).

(p)ppGpp is Indispensable for GTP Homeostasis, via Negative Feedback Control
While high levels of (p)ppGpp upon starvation strongly inhibit GTP synthesis, basal levels
of (p)ppGpp in cells during normal growth (~10–20 µM) are comparable to the in vitro
(p)ppGpp concentrations at which ~50% of activities of HprT and Gmk are inhibited.
Therefore, we hypothesized that (p)ppGpp might regulate GTP levels even in the absence of
starvation.

Interestingly, we found that pppGpp, produced from GTP, is in fact moderately induced by
increased GTP levels in the absence of starvation. To increase GTP levels transiently, we
added guanosine, which is converted to GTP via the salvage pathway (Figure 1E), and we
measured levels of GTP and (p)ppGpp by thin layer chromatography (TLC). Following
guanosine addition, pppGpp levels rise concomitantly with GTP levels (Figure 3A).
Although the pppGpp level is much lower than that induced during amino acid starvation, it
should be sufficient to inhibit GTP biosynthesis via HprT and Gmk inhibition, based on the
in vitro potency of (p)ppGpp-dependent regulation (Figures 2D and 2E).

Therefore, we proposed that pppGpp might be globally involved in GTP homeostasis via a
negative feedback mechanism, as it is induced by increased GTP and subsequently inhibits
GTP synthesis (Figure 3B). We thus examined GTP homeostasis in (p)ppGpp0 cells:
Surprisingly, we observed complete dysregulation of cellular GTP levels. Correspondingly,
two-dimensional TLC (to visualize nucleotides in 32P-labeled cell extracts sampled 20
minutes after guanosine addition) revealed no significant changes in GTP levels with respect
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to other nucleotides in wild-type cells (Figure 3C, left), indicative of tight feedback control
of GTP levels. However, in the absence of (p)ppGpp, GTP levels strikingly rose to become
the most dominant spot (Figure 3C, right).

We confirmed this result by quantifying label-free GTP levels with targeted LC-MS/MS. In
wild-type cells, GTP levels initially rise following guanosine addition but quickly re-
equilibrate within 5 minutes (Figure 3D), likely due to negative feedback regulation by
increased levels of pppGpp. In (p)ppGpp0 cells, in contrast, GTP levels continuously
increase up to ~20 fold (Figure 3D), while ATP levels are not dramatically altered (Figure
3E). Examination of the metabolites along the GTP salvage pathway in guanosine-treated
cells verified that a major block occurs before GMP formation (Figure S3), supporting our in
vitro results showing that (p)ppGpp inhibits HprT activity (Figure 2E).

In summary, we found that previously characterized homeostatic mechanisms are
insufficient to protect GTP levels from perturbations in B. subtilis, and we demonstrate that
pppGpp not only facilitates but is indispensable for maintaining GTP homeostasis via
negative feedback control.

A Genetic Screen Reveals that (p)ppGpp Targets GTP Biosynthesis, not RNAP
We found that (p)ppGpp not only elicits changes in metabolites but also is required for B.
subtilis cells to survive nutrient stress. Within 20 minutes of amino acid starvation, only
~3% of (p)ppGpp0 cells survive, compared to ~100% of wild-type cells (Figure 4A). In
addition, similar to E. coli results, loss of (p)ppGpp renders B. subtilis cells unable to form
colonies on minimal medium without amino acid supplementation (Figure 4B).

To understand how (p)ppGpp exerts its protective role during nutrient stress, we performed
an unbiased genetic selection for mutations that allow (p)ppGpp0 cells to form colonies on
minimal medium. We inoculated (p)ppGpp0 cells in separate liquid cultures and plated them
on minimal medium plates. We obtained a single colony from each plate (Figure 4C) and
examined these mutants by first sequencing the genes encoding the β and β' subunits of
RNAP, rpoB, and rpoC, as a similar screen performed in E. coli found mutations in rpoB
and rpoC (Xiao et al., 1991; Murphy and Cashel, 2003). Interestingly, among the 105
suppressors we isolated, none contained mutations in rpoB or rpoC, suggesting that the
physiologically critical targets of (p)ppGpp in B. subtilis differ from those in E. coli.

Combining Illumina whole-genome sequencing with gene-targeted DNA sequencing (Figure
4C), we identified mutations in 37 suppressors (Figure 4D and Table S5). Most mutations
are located in genes along the de novo GTP biosynthesis pathway—guaA, guaB and gmk
(Figure 4E)—and several have mutations in the −10 and −35 canonical promoter sequences,
presumably resulting in reduced transcription (Table S5). This suggests that partial loss-of-
function mutations in GTP biosynthesis genes rescue colony formation. Correspondingly,
we placed the endogenous guaB locus under the control of an IPTG-inducible promoter and
observed that depletion of guaB, upon removal of IPTG, also completely rescued colony
formation (Figure S4A).

In addition, a number of suppressor mutations map to codY, which encodes a GTP-regulated
transcription factor with numerous targets (Molle et al., 2003). The majority of codY
mutants contained frame-shift mutations (Table S5), and deletion of codY partially rescued
colony formation (Figure S4B and Figure 5A). Although CodY is not directly involved in
GTP biosynthesis, it activates transcription of guaB (Figure 4E) (Molle et al., 2003), and
loss-of-function mutations in codY could decrease GTP levels.
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(p)ppGpp Regulation of GTP Biosynthesis is Essential for Survival During Starvation
Next, we tested whether these suppressors could survive sudden amino acid starvation.
Interestingly, suppressor mutations that best rescue colony formation on minimal medium
can prevent cell death completely upon starvation in liquid culture (Figures 5A and 5B). On
the other hand, deletion of codY, which does not completely rescue colony formation on
minimal medium, did not prevent cell death.

We confirmed that GTP levels in both untreated and starved suppressor mutants are
decreased in comparison to (p)ppGpp0 cells (Figure 5C), suggesting that the mutants resist
amino acid starvation due to lowered GTP levels. We also noticed that stronger suppressors
had lower GTP levels and survived starvation in liquid culture, while weaker suppressors
had higher GTP levels and did not survive. GTP levels upon amino acid starvation
negatively correlate with the ability to survive starvation (Figure 5D) and to form colonies
on minimal medium (Figure S5A). Although changes in ATP and GTP levels are inversely
coupled during starvation in wild-type cells (Figure 1E), GTP but not ATP levels varied
greatly from one suppressor allele to another (Figure 5E). There was also no significant
correlation between ATP levels and resistance to starvation (Figure 5F and Figure S5B). Our
results indicate that GTP levels or GTP/ATP ratios, but not ATP levels, correlate with the
ability to withstand amino acid limitation.

To test the causal relationship between GTP levels and resistance to amino acid limitation,
we treated cells with the GMP synthetase (GuaA) inhibitor decoyinine (Lopez et al., 1981)
to inhibit GTP biosynthesis and found that it increased the ability of (p)ppGpp0 and ΔcodY
(p)ppGpp0 cells to form colonies on minimal medium (Figure 6A). Conversely, increasing
GTP levels by guanosine addition abolished the ability of the suppressors to form colonies
on minimal medium (Figure 6B), demonstrating that lowering GTP levels enhances (and
increasing GTP levels diminishes) resistance to amino acid limitation.

Regulation of GTP Homeostasis Dictates Survival
Finally, we found that loss of (p)ppGpp-mediated GTP homeostasis drastically reduces cell
viability even in the absence of starvation. Addition of guanosine to (p)ppGpp0 cells,
thereby increasing GTP levels (Figures 3C and 3D), kills ~99% of cells within an hour
(Figure 6C; confirmed using a Live/Dead test, Figure 6D). (p)ppGpp0 cells also fail to form
colonies on plates with guanosine even in the presence of all 20 amino acids (Figure 6E).

We found that the sensitivity of (p)ppGpp0 cells to guanosine is attributable to high levels of
GTP (or potentially GDP), as suppressors affecting different steps of the GTP biosynthesis
pathway show differential resistance to guanosine addition (Figures 6E and 6F). Upon
guanosine addition, suppressors that inhibit only the de novo GTP biosynthesis pathway
(guaB, codY) have high levels of GTP (Figure 6F) and cannot form colonies even when all
amino acids are present (Figure 6E). In contrast, a suppressor with a gmk mutation, which
blocks both the de novo and salvage pathways prior to GDP formation, does not have high
levels of GTP upon guanosine addition (Figure 6F) and can form colonies (Figures 6B and
6E). Our results demonstrate that high GTP (or GDP) levels, but not their precursors, are
toxic to cells and that this effect is independent of amino acid availability.

Discussion
In this study, we profiled metabolic changes in B. subtilis cells and found that amino acid
starvation significantly alters half of the representative metabolites. The starvation-inducible
nucleotide (p)ppGpp, which strongly inhibits GTP biosynthesis, actively mediates most of
these changes. We showed that (p)ppGpp reduces GTP levels during starvation by directly
inhibiting the activities of two enzymes, Gmk and HprT, at critical steps in GTP
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biosynthesis. This (p)ppGpp-mediated regulation also prevents GTP from surging to high
levels even in the absence of starvation, revealing a central mechanism of GTP homeostasis
—regulation that protects cells from starvation and death-by-GTP. While it is unclear how
high levels of GTP result in cell death, the regulation of GTP by (p)ppGpp is crucial for
survival under multiple conditions and may be conserved in other species.

Critical Targets of (p)ppGpp Differ Between E. coli and B. subtilis
p)ppGpp has multiple previously identified targets, including E. coli RNAP (Barker et al.,
2001), translation factor IF2 (Milon et al., 2006), lysine decarboxylase (Kanjee et al., 2011),
GTPase Obg (Buglino et al., 2002), exopolyphosphatase (Kuroda et al., 1997), and primase
(Wang et al., 2007). However, the only target previously known to have a major
physiological impact is E. coli RNAP (Barker et al., 2001). Here we identify direct
(p)ppGpp targets with major impact in B. subtilis: the GTP biosynthesis enzymes Gmk and
HprT. Although GuaB and HprT are regulated by (p)ppGpp in E. coli, inhibition requires
higher levels of (p)ppGpp (Hochstadt-Ozer and Cashel, 1972). In contrast, we show potent
inhibition of Gmk and HprT in B. subtilis (IC50 ~20 µM and ~10 µM, respectively), which
demonstrates the major biological relevance of these targets, allowing protection of GTP
levels independently of starvation even at barely detectable (p)ppGpp levels.

We note that (p)ppGpp regulation of Gmk, HprT, and GuaB may not be exclusive; our data
suggest additional layers of regulation could exist upstream of IMP in de novo purine
biosynthesis (Figure 1E). Thus, (p)ppGpp may affect multiple components of purine
biosynthesis both directly or via transcriptional control, adjusting GTP levels robustly in
fluctuating environmental conditions.

Importantly, we demonstrate that regulation of GTP biosynthesis enzymes by (p)ppGpp is
critical for B. subtilis viability. In E. coli, genetic selections identified mutations in RNAP
(β and β’ subunits) that enable (p)ppGpp0 cells to grow on minimal medium (Murphy and
Cashel, 2003), indicating that the crucial function of (p)ppGpp is to regulate RNAP. In
performing a similar genetic selection in B. subtilis, we found no suppressors with mutations
in RNAP. Instead, all mutations lead to decreased GTP levels. Decreasing GTP levels by
decoyinine addition also suppresses the (p)ppGpp0 phenotype, and increasing GTP levels by
guanosine addition abolishes the ability of the identified suppressors to form colonies on
minimal medium (Figures 6A and 6B). Thus, (p)ppGpp enables B. subtilis cells to form
colonies on minimal medium by reducing GTP levels.

Our results indicate that bacteria use (p)ppGpp in different ways to survive starvation. In one
strategy, (p)ppGpp regulates transcription by directly interacting with RNAP (in synergy
with DksA) in bacteria such as E. coli. Our work suggests that a second strategy, direct
regulation of GTP levels by (p)ppGpp, may be applicable to other bacteria such as B.
subtilis, allowing (p)ppGpp to regulate transcription indirectly via GTP levels and to
mediate protective effects beyond transcription. In T. thermophilus, (p)ppGpp does not
affect transcription directly (Vrentas et al., 2008) despite forming a complex with RNAP in
a high-resolution structural study (Artsimovitch et al., 2004). Like B. subtilis, T.
thermophilus lacks DksA and GTP levels decrease upon starvation (Kasai et al., 2006); thus,
it will be interesting to test whether T. thermophilus uses (p)ppGpp-mediated regulation of
GTP synthesis for starvation response.

From Stress Response to Homeostasis: A Master Regulator of GTP
Interestingly, our results show that (p)ppGpp-mediated regulation of GTP biosynthesis is a
critical event not only during starvation but also upon other perturbations to GTP
homeostasis. GTP homeostasis is tightly controlled, and multiple well-established
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mechanisms were thought to be sufficient to maintain GTP homeostasis (Lehninger et al.,
2000). These include negative feedback by IMP/AMP/GMP to inhibit the de novo synthesis
pathway and mechanisms that maintain balance between GTP and ATP levels.
Unexpectedly, we found that GTP homeostasis is abolished in (p)ppGpp0 cells, with GTP
levels rising uncontrollably to ~10 mM or higher (Figure 3C and 3D). This dysregulation
indicates that (p)ppGpp not only contributes to but is a master regulator of GTP
homeostasis.

Several features of this direct enzymatic feedback inhibition advance our understanding of
GTP homeostasis. First, most known mechanisms regulate the de novo pathway; (p)ppGpp
blocks both de novo and salvage GTP biosynthesis, globally regulating GTP production
from all sources. Second, transcriptional feedback mechanisms that regulate GTP
biosynthesis genes (Ebbole and Zalkin, 1989; Belitsky and Sonenshein, 2011) may not
prevent accumulation of GTP as rapidly as direct enzymatic inhibition by (p)ppGpp. Third,
previously known mechanisms of GTP homeostasis involve only precursors and
intermediates of purine biosynthesis; pppGpp is an off-pathway product synthesized from
GTP to provide a negative feedback loop (Figure 3B). Because increases in GTP produce
pppGpp to buffer GTP levels against fluctuations, the role of (p)ppGpp in maintaining GTP
homeostasis may lie beyond protection from imbalanced external guanosine and may
constitute a fundamental aspect of GTP control. Inhibition of GTP biosynthesis appears to
allow two major functions of (p)ppGpp as a master regulator of GTP homeostasis: (1) at
lower (p)ppGpp levels, buffering GTP against fluctuations and (2) at higher levels,
modulating GTP levels to stabilize metabolism in response to external stressors (Figure 7).

Discovering a Severe Metabolic Consequence: Death-by-GTP
GTP is involved in numerous cellular processes, but unlike ATP, a well-known indicator of
metabolic states, less is known about the cellular effects of GTP concentrations. By
removing (p)ppGpp-dependent GTP homeostatic control, we uncovered a drastic
consequence of GTP dysregulation—massive and rapid cell death. This death is independent
of starvation, accompanied by excess GTP, and rescued by decreased GTP synthesis;
therefore, we deem it death-by-GTP.

The mechanisms underlying death-by-GTP remain unknown. Elevated GTP levels might
compete with ATP and poison ATP-utilizing proteins required for viability. They might also
lead to deleterious alterations of the transcriptome and may directly up-regulate transcription
of rRNA (Krasny and Gourse, 2004), leading to over-investment in translation machinery at
the expense of other essential products. GTP is the precursor of dGTP, and dysregulation of
GTP may perturb DNA replication due to dGTP-pool overexpansion, as suggested in yeast
(Breton et al., 2008). Dysregulation of GTP may also alter other GTP-dependent processes
such as translation, secretion, ribosome biogenesis, signaling, or cell division, resulting in
loss of viability. While future work will be necessary to determine the mechanisms of death-
by-GTP, it is clear that a vital role of (p)ppGpp in B. subtilis is to prevent this death.

Maintenance of GTP levels across species is critical to fitness, and GTP dysregulation has
relevance to malignancy and genetic disease. (p)ppGpp is a key player in bacterial stress
response and pathogenesis. Our discovery in the broadly applicable organism B. subtilis–
that GTP modulation involves direct regulation of enzymatic activities by (p)ppGpp—
expands the (p)ppGpp paradigm established by decades of research in E. coli and
demonstrates that previously characterized homeostatic mechanisms are insufficient to
protect GTP levels from perturbations. Many stressors induce (p)ppGpp; it is feasible that
(p)ppGpp regulates GTP levels during a multitude of conditions. Thus, (p)ppGpp plays a
crucial role: regulating GTP homeostasis in response to extrinsic stress and intrinsic cell
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status, preserving metabolic stability. Future experiments should test whether (p)ppGpp
modulation of GTP levels is a general strategy used by organisms across the domains of life.

Experimental Procedures
Strains, Growth Conditions, and Protein Assays

All strains and plasmids used are listed in Table S6. Construction of strains and plasmid,
protein purification and enzymatic assays are described in Supplemental Material. Unless
otherwise indicated, all cells were grown in S7 defined medium (Vasantha and Freese,
1980); MOPS was used at 50 mM rather than 100 mM, supplemented with 0.1% glutamate,
1% glucose, and 0.5% casamino acids at 37°C with shaking. For metabolic profiling and
measurement of nucleotide levels, phosphate was 0.5 mM instead of 5 mM.

Metabolite Extraction and LC-MS/MS Quantification
The procedure for metabolite extraction was adapted from published protocols (Kiefer et al.,
2008). Wild-type and (p)ppGpp0 cells were grown to an OD600 ~0.4–0.5 and treated with
0.5 mg/ml arginine hydroxamate (RHX), an analog of arginine, to induce amino acid
starvation for 10 minutes. 10 ml samples were collected and washed on two GHP membrane
filters by vacuum filtration within 30 sec (0.45 µm; 5 ml per filter). Filters were immediately
transferred to boiling water for 15 minutes to extract metabolites. Extracts were centrifuged
to remove cell debris, frozen in liquid nitrogen, and vacuum dried. Metabolites were
quantified by LC-MS/MS as described in Supplemental Materials.

Suppressor Selection and Identification
To isolate suppressor mutants, single colonies of the strain JDW755 were inoculated in
individual tubes. Cells were grown either to exponential or stationary phase, collected by
centrifugation, washed thrice with Spizizen’s minimal salts (Spizizen, 1958), and selected
on minimal plates supplemented with tryptophan and methionine. One colony on each plate
was selected.

To identify suppressor mutations, whole genome sequencing was first performed for one
suppressor strain with the Illumina platform as described (Srivatsan et al., 2008). This
sequence was compared to that of the parental strain to reveal a single difference in codY.
To verify the suppression phenotype, the mutation was delivered to the parental strain as
described in Supplemental Experimental Procedures. Next, Sanger sequencing of all other
suppressors was performed specifically at the codY locus to identify additional codY
mutants. Finally, whole genome sequencing was applied to an additional suppressor strain
with a wild-type codY locus to identify mutations in other genes.

Microscopic Evaluation of Cell Death
The Live/Dead BacLight Viability Kit (Molecular Probes) was applied, in which live and
dead cells are labeled with SYTO9 and propidium iodide, respectively. Cells were fixed on
pads of 1% agarose in Spizizen's salts and visualized on a Zeiss Axiovert 200 microscope,
with a 100× phase contrast objective. Images were captured on a Hamamatsu Digital CCD
camera.

Measurement of Intracellular Nucleotides by TLC
Measurement of nucleotides was performed as described (Wang et al., 2007). For two-
dimensional TLC, 1.75 M morpholine, 0.1 M boric acid, 1.4 M HCl (pH 8.7) was used for
the first dimension solvent, and 3 M (NH4)2SO4 with 2% disodium EDTA (pH 5.5) was
used for the second dimension solvent (Lee et al., 1983).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

(p)ppGpp allows survival of amino acid starvation by reducing GTP levels

(p)ppGpp directly and potently inhibits multiple GTP biosynthesis enzymes

(p)ppGpp is a key component of GTP homeostasis

In the absence of (p)ppGpp, high GTP levels lead to cell death
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Figure 1. Metabolic Profiling of Wild-type and (p)ppGpp0 Cells upon Amino Acid Starvation
(A) Discovery of critical direct targets of (p)ppGpp during starvation in B. subtilis. For
metabolic profiling, wild-type (WT) and (p)ppGpp0 cells were starved and metabolites were
quantified by LC-MS/MS. Changes in metabolite signatures were analyzed to reveal
(p)ppGpp as the major effector of the starvation response and to identify purine biosynthesis
as significantly altered. To identify targets of (p)ppGpp, the pathway was examined for steps
in which levels of a substrate increased while levels of the product decreased.
Transcriptional profiling indicated that the identified targets were regulated post-
transcriptionally. Predicted targets were assayed for enzymatic inhibition by (p)ppGpp in
vitro. In parallel, a genetic screen was performed in (p)ppGpp0 cells, which identified

Kriel et al. Page 14

Mol Cell. Author manuscript; available in PMC 2013 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mutations that lower GTP biosynthesis. These results revealed that the crucial function of
(p)ppGpp during starvation is to directly inhibit the activities of GTP biosynthesis enzymes.
(B) Clustering analysis of metabolite profiles obtained by LC-MS/MS. Rows correspond to
55 metabolites that display significant changes in WT ((p)ppGpp +) or (p)ppGpp0

((p)ppGpp −) cells in the presence (+) or absence (−) of starvation. Columns correspond to
samples labeled above the heat map; ≥ 3 experimental replicates are shown. Samples and
metabolites were hierarchically clustered using Cluster and plotted with TreeView.
Metabolite levels are normalized to total ion current (TIC) and are indicated by color: high
levels are yellow and low levels are blue. An expanded, annotated view is presented in
Figure S1.
(C) PCA analyzes correlations among the metabolite profiles in WT and (p)ppGpp0 samples
and identifies independent factors (principal components) that explain the variation between
samples. Principal components 1 (PC1) and 2 (PC2) comprise nearly 64% of the total
variation. The 95% confidence interval is circled around each sample set.
(D) A cluster is magnified from a complete sub-branch of 1B. Metabolites were quantified
by the levels of their daughter ions (1–2 daughter ions), with parent/daughter ion masses
indicated.
(E) Starvation-induced changes in the purine biosynthesis pathway. Metabolites with
significant changes (q-value < 1% for both daughter ions) in WT and (p)ppGpp0 cells are
colored: yellow and blue indicate increased and decreased levels, respectively; white
indicates no significant change. HPX: hypoxanthine, Guo: guanosine.
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Figure 2. (p)ppGpp Directly Inhibits Multiple GTP Biosynthesis Enzymes
(A) Quantification of LC-MS/MS data suggests that upon starvation, conversions from
hypoxanthine (HPX) to IMP (by HprT) and from GMP to GDP (by Gmk) are blocked in
WT but not (p)ppGpp0 cells. Log2 ratios of metabolite levels between starved and untreated
samples are plotted. Red: WT; blue: (p)ppGpp0 cells. One daughter ion is used for
calculation; nearly identical results were obtained from the second daughter ion (not shown).
Error bars = standard error (n ≥ 3) for this and all subsequent figures.
(B) Microarray-based profiling shows that mRNA levels of hprT and gmk are not down-
regulated by starvation. Log2 ratios of mRNA levels between starved and untreated samples
are plotted. Red: WT; blue: (p)ppGpp0 cells.
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(C) Schematic of the in vitro three-step coupled assay for Gmk enzymatic activity. PK:
pyruvate kinase, LDH: lactate dehydrogenase, PEP: Phospho(enol)pyruvate.
(D) (p)ppGpp potently inhibits the enzymatic activity of Gmk in vitro. Gmk activity was
measured with 10 nM Gmk, 4 mM ATP, 1.5 mM PEP, 150 µM NADH, 2U PK, 2.64U
LDH, 50 µM GMP. The relative activity (V0 with inhibitors / without inhibitors) is plotted
as a function of concentration of the indicated nucleotide inhibitors. V0 is obtained as in
Figure S2C.
(E) (p)ppGpp potently inhibits B. subtilis HprT activity in vitro. HprT activity was measured
with 20 nM HprT, 50 µM guanine and 1 mM PRPP, and plotted as a function of
concentration of the indicated inhibitors. V0 is obtained as in Figure S2D.
(F) (p)ppGpp and GMP modestly inhibit GuaB activity in vitro. GuaB activity was
measured with 50 nM GuaB, 400 µM IMP, and 2.5 mM NAD, and plotted as a function of
concentration of the indicated inhibitors. V0 is obtained as in Figure S2E.
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Figure 3. pppGpp Mediates Feedback Control of GTP Levels
(A) pppGpp levels increase concomitantly with increased GTP levels in WT cells following
guanosine treatment (Guo). 32P-labeled WT cells were treated with 1 mM Guo. At the
indicated times after treatment, nucleotides were extracted, measured by TLC, and
normalized to T=0.
(B) Schematic of a negative feedback loop of GTP synthesis with pppGpp.
(C) Two-dimensional TLC of 32P-labeled nucleotides with ATP and GTP indicated. WT
(left panels) and (p)ppGpp0 (right panels) cells before (upper panels) and 20 minutes after
addition of 1 mM Guo (lower panels) are shown.
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(D–E) Quantification of GTP (D) and ATP (E) levels by LC-MS/MS of WT (red) and
(p)ppGpp0 (blue) cells in a time course after treatment with 1 mM Guo, normalized to T=0.
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Figure 4. (p)ppGpp0 Phenotype and a Genetic Selection for Suppressor Mutations
(A) (p)ppGpp0 cells do not survive sudden starvation. WT and (p)ppGpp0 cells were treated
with 0.5 mg/ml RHX for the indicated time and plated on LB. Percent survival was
calculated by counting the number of cells able to form colonies the next day, normalized to
T=0.
(B) (p)ppGpp0 cells fail to form colonies on minimal medium plates. WT and (p)ppGpp0

cells were plated on LB and minimal medium plates, and colonies were counted the next
day. CFU/ml: colony forming unit (CFU) per ml of culture, normalized by OD600.
(C) Schematic of genetic selection for (p)ppGpp0 suppressor mutants that can form colonies
on minimal medium. Suppressors were selected on minimal medium plates. Whole genome
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sequencing was conducted on one suppressor to identify a mutation in one gene, followed by
targeted sequencing of this gene in all other suppressors. An additional suppressor was
subsequently identified by whole-genome sequencing. This process was repeated iteratively.
(D) Distributions of (p)ppGpp0 suppressor mutations in the indicated genes. The numbers
indicate independently isolated suppressors with mutations in each gene. Details are listed in
Table S5.
(E) Schematic of the pathways affected by the (p)ppGpp0 suppressor mutations. GuaB,
GuaA, and Gmk are enzymes in the GTP biosynthesis pathway. CodY is a pleiotropic
transcription factor that is activated by GTP and activates transcription of guaB. The colors
of the gene products match that of the genes in Figure 4D.
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Figure 5. Decreased GTP Levels Allow Survival of Amino Acid Starvation
(A) Colony formation of WT ((p)ppGpp +), (p)ppGpp0 ((p)ppGpp −) and the indicated
suppressor mutants on minimal medium. For this and subsequent panels, the colors denote
the different genes that have mutations in the (p)ppGpp0 suppressors and are coded as in
Figure 4D.
(B) Percent survival of WT, (p)ppGpp0, and the indicated suppressor mutants upon amino
acid starvation. Cells were treated with 0.5 mg/ml RHX for 40 minutes and then plated on
LB. Percent survival was calculated as in Figure 4A.
(C) GTP levels of WT, (p)ppGpp0, and the indicated suppressor mutants before and after
treatment with 0.5 mg/ml RHX for 10 minutes were quantified by TLC and normalized to
initial levels of ATP.
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(D) GTP levels are correlated with survival of amino acid starvation. Starvation-induced
changes of GTP levels in the indicated suppressor mutants were obtained by TLC and
plotted against % survival. Averages from three independent experiments are plotted for
each suppressor allele. To assess correlation, the coefficient of determination (R2 value) was
calculated. Strains are color coded as in Figure 4D. ◇: (p)ppGpp0; ■: codY, ○: guaA, ◆:
guaB, and ▲: gmk suppressor alleles.
(E) Starvation-induced changes of GTP levels of the indicated suppressor mutants are
plotted against changes of ATP levels, similar to Figure 5D.
(F) Starvation-induced changes of ATP levels of the indicated suppressor mutants were
obtained by TLC and plotted against % survival, similar to Figure 5D.
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Figure 6. High Levels of GTP Kill (p)ppGpp0 Cells Independent of Starvation
(A) Decreasing GTP levels by decoyinine (50 µg/ml) enhances colony formation of
(p)ppGpp0 and ΔcodY (p)ppGpp0 cells on minimal medium.
(B) Increasing GTP levels by guanosine (0.1 mM Guo) decreases colony formation of
(p)ppGpp0 suppressors on minimal medium. WT, (p)ppGpp0, (p)ppGpp0 ΔcodY,
guaB-65T>C (guaB), and gmk419C>T (gmk) mutants were plated on medium with or
without 0.1 mM Guo.
(C) (p)ppGpp0 cells do not survive Guo addition. WT and (p)ppGpp0 cells were grown in
liquid medium with casamino acids, treated with 1 mM Guo, and then plated on LB plates at
the indicated times after treatment.
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(D) Exponential phase cultures 30 minutes after treatment with 1 mM Guo are stained with
the fluorescent dyes SYTO9 (green) and propidium iodide (red) to label live and dead cells,
respectively.
(E) A mutation in gmk, but not codY or guaB, enables (p)ppGpp0 cells to form colonies in
the presence of Guo. WT, (p)ppGpp0, (p)ppGpp0 ΔcodY, (p)ppGpp0 guaB-65T>C (guaB),
and (p)ppGpp0 gmk419C>T (gmk) mutants were plated on medium supplemented with 20
amino acids, with or without 0.1 mM Guo.
(F) A mutation in gmk, but not codY and guaB, prevents high levels of GTP in (p)ppGpp0

cells. GTP levels for untreated or Guo-treated (1 mM, 20 minutes) samples were determined
by TLC for the same strains as 6E.

Kriel et al. Page 25

Mol Cell. Author manuscript; available in PMC 2013 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. (p)ppGpp governs starvation-sensing negative feedback control of GTP levels via
direct enzymatic inhibition, thus preventing death
(p)ppGpp, produced from GTP(GDP) and ATP, directly inhibits the GTP biosynthesis
enzymes HprT and Gmk to rapidly block de novo and salvage GTP biosynthesis. (p)ppGpp
is induced (1) to low levels by increased GTP levels, to provide negative feedback control of
GTP; and (2) to high levels by amino acid starvation, via activation of the main (p)ppGpp
synthetase RelA, to decrease GTP levels. The regulation of GTP by (p)ppGpp is important
for cell viability as high levels of GTP result in cell death.
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