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Rapid Curtailing of the Stringent Response by Toxin-Antitoxin
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Escherichia coli regulates its metabolism to adapt to changes in the environment, in particular to stressful downshifts in nutrient
quality. Such shifts elicit the so-called stringent response, coordinated by the alarmone guanosine tetra- and pentaphosphate
[(p)ppGpp]. On sudden amino acid (aa) starvation, RelA [(p)ppGpp synthetase I] activity is stimulated by binding of uncharged
tRNAs to a vacant ribosomal site; the (p)ppGpp level increases dramatically and peaks within the time scale of a few minutes.
The decrease of the (p)ppGpp level after the peak is mediated by the decreased production of mRNA by (p)ppGpp-associated
transcriptional regulation, which reduces the vacant ribosomal A site and thus constitutes negative feedback to the RelA-dependent (p)ppGpp synthesis. Here we showed that on sudden isoleucine starvation, this peak was higher in an E. coli strain that
lacks the 10 known mRNase-encoding toxin-antitoxin (TA) modules present in the wild-type (wt) strain. This observation suggested that toxins are part of the negative-feedback mechanism to control the (p)ppGpp level during the early stringent response.
We built a ribosome trafficking model to evaluate the fold increase in RelA activity just after the onset of aa starvation. Combining this with a feedback model between the (p)ppGpp level and the mRNA level, we obtained reasonable fits to the experimental
data for both strains. The analysis revealed that toxins are activated rapidly, within a minute after the onset of starvation, reducing the mRNA half-life by ⬃30%.
IMPORTANCE

The early stringent response elicited by amino acid starvation is controlled by a sharp increase of the cellular (p)ppGpp level.
Toxin-antitoxin module-encoded mRNases are activated by (p)ppGpp through enhanced degradation of antitoxins. The present
work shows that this activation happens over a very short time scale and that the activated mRNases negatively affect the
(p)ppGpp level. The proposed mathematical model of (p)ppGpp regulation through the mRNA level highlights the importance
of several feedback loops in early (p)ppGpp regulation.

U

pon sudden nutritional stress, bacteria cope with the adverse
conditions by rapidly producing guanosine tetra- and pentaphosphate [(p)ppGpp], the master regulators of the stringent
response (1–4). The “alarmone” (p)ppGpp coordinates multiple
physiological processes, such as reduction and adjustment of transcription and activation of biosynthetic pathways (5–9). One of
the central topics in stringent response research is to understand
how (p)ppGpp triggers these processes at an appropriate time
scale.
Numerous measurements revealed that the early (p)ppGpp
profile exhibits a sharp peak within a few minutes after the onset of
amino acid (aa) starvation (10–18) (e.g., see Fig. 1a). Figure 1b
shows the main feedbacks in (p)ppGpp regulation that are relevant to the early stringent response. (p)ppGpp is synthesized by
the synthetase RelA and degraded by the hydrolase SpoT. In Escherichia coli, SpoT also has a weak synthetase activity, but RelA is
the major producer of (p)ppGpp during aa starvation (7). RelA
activity is significantly increased in the presence of uncharged
tRNAs and ribosomes (1). The presence of an uncharged tRNA
loaded at the ribosomal A site probably allows RelA to rapidly
sense aa starvation. In addition, there are positive-feedback mechanisms acting on the level of (p)ppGpp. The hydrolase activity of
SpoT may be inhibited by high concentrations of (p)ppGpp (19).
This inhibition provides a delay in the normal degradation process
and facilitates the accumulation of (p)ppGpp. Furthermore,
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(p)ppGpp has been shown to increase the activity of RelA in vitro
(20). These two factors have positive-feedback effects on the
(p)ppGpp concentration (Fig. 1b, gray arrow).
The decrease of the (p)ppGpp level after a few minutes is conjectured to be caused by the reduced mRNA level, which is known
to show a rapid change upon starvation (21, 22). This leads to less
RelA synthetase activity through reducing the number of empty A
sites, forming a negative-feedback mechanism (Fig. 1b, black arrows). The decrease of mRNAs may be caused by the (p)ppGppmediated reduction of transcription (21–23). On longer time
scales, effects such as modulation of ribosome copy number (24,
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ABSTRACT

Curtailing of the Stringent Response by TAs

MATERIALS AND METHODS

FIG 1 Early stringent response to isoleucine starvation. (a) (p)ppGpp responses of the wild-type MG1655 strain (wt) and a strain with all 10 known
toxin-antitoxin loci deleted (⌬10TA) to valine-induced isoleucine starvation
at time zero. The levels of (p)ppGpp were normalized to the prestarved level
for each strain. The triangles and squares represent average fold increases for
three independent measurements, and the error bars represent standard errors. The simulated levels of (p)ppGpp from the model of the early stringent
response were plotted as blue and red curves. (b) Schematic illustration of the
regulatory network. (p)ppGpp synthesis is triggered by sudden aa starvation
imposed on rapidly growing cells. The level of (p)ppGpp is self-amplified by
RelA and SpoT, and (p)ppGpp induces transcriptional inhibition. (p)ppGpp
also activates Lon protease to release toxins from the toxin-antitoxin complexes to deplete mRNA.

25) and the induction of amino acid synthesis (26) will also affect
the (p)ppGpp level, but here we focus on a short time scale.
relBE, one of the 10 known type II toxin-antitoxin (TA) modules encoding mRNases (also called mRNA interferases) in E. coli,
is suggested to be activated upon starvation (27). The toxin RelE
cleaves mRNAs at the ribosomal A site (28). In nonstressed, rapidly growing cells, RelE activity is neutralized by the antitoxin
RelB, which forms a tight complex with RelE (29, 30). During aa
starvation, the protein synthesis rate is about 5% of that under
nonstarved conditions for the relBE⫹ strain, while in the relBE
mutant strain it is about 10% (27). This indicates that RelE is
released to act as a part of the stress response to rapid shutdown of
translation. The release is thought to be mediated by (p)ppGpp, as
Lon protease, which degrades the antitoxin RelB, is known to
exhibit increased activity under nutritional stress (25, 27, 31). Under such conditions, activated Lon is also suggested to degrade the
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In vivo (p)ppGpp measurement. To determine the (p)ppGpp contents of
the wt (MG1655) and ⌬10TA strains upon valine-induced isoleucine starvation, we modified a previously described method (33). In brief, overnight cultures were diluted 100-fold in 10 ml of MOPS (morpholinepropanesulfonic acid)-glucose minimal medium supplemented with all
nucleobases (10 g ml⫺1 [each]), as previously described (34), and incubated at 37°C with shaking. The MG1655 and ⌬10TA strains were previously reported to have identical growth rates in LB medium (32), and the
doubling time in MOPS-glucose minimal medium was just over an hour
(⬃62 min) for both strains. At an optical density at 600 nm (OD600) of 0.5,
cells were diluted 10-fold to an OD600 of 0.05 and were left to grow with
shaking at 37°C with H332PO4 (100 Ci ml⫺1). After 2 to 3 generations
(OD600 of 0.2 to 0.3), amino acid starvation was induced by the addition of
valine (0.5 mg ml⫺1). One-hundred-microliter samples were withdrawn
before and 1, 2, 3, 5, 10, 20, and 30 min after addition of valine. The
reactions were stopped by the addition of 20 l of ice-cold 2 M formic
acid. A 10-l aliquot of each reaction mixture was loaded on polyethyleneimine (PEI) cellulose thin-layer chromatography (TLC) plates (purchased from GE Healthcare) and separated by chromatography in 1.5 M
potassium phosphate at pH 3.4. The TLC plates were revealed by phosphorimaging (GE Healthcare) and analyzed using ImageQuant software
(GE Healthcare). The increase in the level of (p)ppGpp was normalized to
the basal level (time zero) for each strain.
Ribosome trafficking model. (i) Model description. We modeled the
ribosome traffic upon starvation by extending previous models of translation processes during exponential growth (35–37). A summary of the
model is presented in Results. In the model, we considered one mRNA
chain modeled as one-dimensional lattice sites, where each site represents
one codon. The total length was chosen to be 300 sites, based on the
average protein length (38). In every simulation, we randomly generated
the mRNA sequence as follows: the first codon was fixed as the start
codon, and the remaining codons were randomly generated with probabilities proportional to the usage of the amino acids in E. coli (the usage is
available in reference 39). We considered a pool of 15 ribosomes available
for translation per mRNA (see Table S1 in the supplemental material). We
assumed that each ribosome occupied 11 codons and translated the codon
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other antitoxins (32, 33). Therefore, it is likely that all 10 corresponding toxins are activated to some degree during aa starvation.
These observations led us to the hypothesis that TA modules
may work not only as a downstream component of the stringent
response but also as a component to provide negative feedback to
the (p)ppGpp level, since activated toxins help to reduce mRNAs
that are required to activate RelA (Fig. 1b, blue arrows). Here we
experimentally measured the dynamics of the (p)ppGpp level in
the wild-type (wt) strain and a strain lacking the 10 TA loci
(⌬10TA) (32) under aa starvation conditions to investigate the
extent of the feedback as well as changes in the kinetics of the
stringent response. We then used quantitative modeling to analyze the observations in a two-step procedure. In the first step, we
evaluated the initial starvation signal by analyzing a stochastic
model of ribosome translation dynamics, with explicit consideration of binding of uncharged tRNAs to empty ribosomal A sites.
In the second step, we used the resulting estimate as an input to a
simple feedback model of (p)ppGpp control to study how this
initial signal and the regulatory feedbacks mediated the changes in
(p)ppGpp and mRNA levels. Fitting the feedback models to the
experimental data showed that the feedback shown in Fig. 1b is
indeed enough to reproduce the experimental data and revealed
that the toxins are likely to be activated immediately after the onset
of starvation, within 1 min.
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冦

“elongating” at rate kch ci ⫹ pmistrl

“idle” → “idle” ⫹ (p)ppGpp at rate kun (1 ⫺ ci)
“free” at rate pabort

(1)
(2)
(3)

Reaction 1 represents binding of a charged tRNA to the ribosomal A site,
which changes the ribosomal state to “elongating.” A charged cognate
tRNA binds at the rate kchci, where ci is the charging level of tRNA for the
amino acid i. A noncognate charged tRNA can also bind at the low rate
pmistrl, representing the mistranslation process. We used the equation
pmistrl ⫽ p0⌺j⫽ijcj, where j is the usage of amino acid j and cj is the
charging level for the corresponding tRNA.
Reaction 2 represents the binding of an uncharged cognate tRNA at
the rate kun(1 ⫺ ci), which triggers the production of (p)ppGpp by 1 unit
(in arbitrary units, as we consider only the fold change in levels before and
after starvation). We assume that uncharged tRNA is immediately ejected
from the A site, with the ribosome remaining in the idle state.
Reaction 3 represents abortion of binding at the rate pabort, where the
ribosome dissociates from mRNA and joins the free pool.
(c) Ribosome in the “elongating” state (third column in Fig. 2a). If
the codon in front is not occupied, an elongating ribosome may translocate by one codon, eject the now uncharged tRNA, and change its state to
“idle,” with the rate kel. Otherwise, the ribosome will not translocate and
will keeps its status.
Finally, when a ribosome finishes translating the last codon, it exits the
mRNA chain and changes its state to “free” (fourth column in Fig. 2a).
We implemented the model with the Gillespie algorithm (40), and the
parameter values used in the simulation are listed in Table S1 in the supplemental material.
(ii) Data acquisition. The RelA activity was calculated as the number
of events where an uncharged tRNA bound to the ribosomal A site in a
time window. The number of translating ribosomes was calculated as the
number of ribosomes (idle and elongating) on the mRNA chain. The
mistranslation fraction was computed by dividing the number of mistranslations by the number of translocations. The trajectories and relative
ribosome occupancies in Fig. 2b and in Fig. S2 in the supplemental material were based on a single simulation. The values for other figures were
the averages for 100 independent simulations with randomly generated
mRNA. We smoothed the data with a window size of 0.05 s for the time
series plots. The relative RelA activity () was computed by dividing the
average RelA activity during the last second of simulation by the prestarved steady-state activity.
For trafficking models without abortion and mistranslation (see Fig.
S2 in the supplemental material), we set pabort and pmistrl to zero. For
trafficking models for general amino acid starvation (see Fig. S6), we artificially set the usage of one amino acid to be the fraction of starvation and
set the charging level for this amino acid to 0.02 after starvation.

1920

jb.asm.org

Parameter fitting and error of fitting. We used a deterministic model
of (p)ppGpp-mediated feedback (Fig. 3a) to reproduce the experimental
data. The parameters were determined by fitting to the experimental data
as follows.
The error of fitting for one strain was defined as follows:
Error ⫽

冑兺 冉
i

mexp 共ti兲 ⫺ msimu共ti兲
exp 共ti兲

冊

2

where mexp is the average and exp is the standard error of the mean for
experimentally measured (p)ppGpp levels and msimu is the simulated
number of (p)ppGpp molecules. The error of fit was computed by summing over all measured time points except for time zero. In Fig. 1a and in
Fig. S4b in the supplemental material, the overall error was defined as the
L2 norm of the errors for the two strains. In Fig. 3d and in Fig. S4c, the
error was the one for fitting to the wt strain. In Fig. S5c, the error was
the one for the ⌬10TA strain. The MatLab (Mathworks) function fmincon
was used to obtain the parameter values by minimizing the error of fit, and
100 independent minimizations with random initial guesses were carried
out to search for globally optimal values.
Global mRNA half-lives. The measurement of mRNA half-lives was
done essentially as described previously (41). Briefly, cells were grown in
M9 minimal medium supplemented with 0.2% glucose at 37°C to an
OD450 of 0.5. The culture was diluted to an OD450 of 0.1 when the first
sample of 200 l was taken and placed on ice with 10% SDS and 20%
trichloroacetic acid (TCA). Immediately after, 1 mg ml⫺1 rifampin, 50
g/ml nalidixic acid, and 100 mCi mmol⫺1 [3H]uridine were added to the
culture, and sampling was continued every 30 s for 20 min. Samples were
boiled at 95°C for 5 min, applied to nitrate cellulose filters (Whatman),
and washed with 10% cold TCA. The filters were transferred to vials, and
the incorporated radioactivity was counted in a liquid scintillation counter. When half-lives were measured during aa starvation, the cells were
starved with 0.4 mg ml⫺1 serine hydroxamate (SHX) for 1 h before sampling.

RESULTS

Early stringent response to isoleucine starvation. “Hyperactivation” of the toxin RelE in the cell was previously shown to be
enough to impair the activation of RelA (42). This was suggested
to be due to the ribosome-dependent cleavage of mRNA by RelE
resulting in inhibition of translation, thus inhibiting RelA from
sensing the charging state of the tRNAs (42). More recently, high
levels of (p)ppGpp have been suggested to activate Lon protease to
degrade all type II antitoxins of E. coli (31). Based on these reports,
we wanted to measure the (p)ppGpp profile during the early stringent response in the wt strain (MG1655) and an isogenic strain
with all 10 toxin-antitoxin loci deleted (⌬10TA) to quantify the
strength of the toxin-mediated negative-feedback loop (Fig. 1a).
We induced isoleucine starvation by supplementing the medium
with excessive valine (43) at time zero. We quantified the levels of
(p)ppGpp 1, 2, 3, 5, 10, 20, and 30 min after the addition, and we
normalized the data to the prestarvation level of (p)ppGpp for
each strain (see Materials and Methods; see Fig. S1 in the supplemental material). Agreeing with previous reports (10, 12), the
(p)ppGpp profiles of both strains exhibited the typical shape of
(p)ppGpp accumulation (Fig. 1a). The (p)ppGpp level in the
⌬10TA strain reached the maximal value of around a 13-fold increase in 5 min, while the level in the wt strain reached the maximal value of 8-fold within that time frame. The visible difference
in 5-min samples suggests that toxins are released rapidly after the
starvation signal. Interestingly, the same measurement for the
⌬relBE strain showed a (p)ppGpp profile similar to that of the wt
strain, suggesting that this early time difference is not determined
solely by the relBE locus (see Fig. S8).
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in the middle (35). We did not consider degradation of mRNA, therefore
focusing on the steady state of the ribosome traffic.
The reactions in the ribosome trafficking model are illustrated in Fig.
2a. We considered that a ribosome takes one of the following three states:
(i) the “free” state, where a ribosome is not on the mRNA chain (brown in
Fig. 2a); (ii) the “idle” state, where a ribosome is on the mRNA, but the A
site is empty (yellow in Fig. 2a); and (iii) the “elongating” state, where a
charged tRNA is bound to the ribosomal A site and the ribosome is ready
for translocation (green in Fig. 2a). The possible reaction rates are assigned as follows.
(a) Ribosome in the “free” state (first column in Fig. 2a). If there are
no ribosomes occluding the initiation (i.e., the centers of all translating
ribosomes are located at codon 12 or later), a free ribosome may initiate
translation by binding to the start codon at the rate kinit and may change its
state to “idle.”
(b) Ribosome in the “idle” state (second column in Fig. 2a). An idle
ribosome at the codon encoding amino acid i may experience one of the
following reactions:

Curtailing of the Stringent Response by TAs
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FIG 2 Ribosome trafficking model. (a) Schematic description of the ribosome trafficking model. Free ribosomes may initiate translation at the rate kinit if the start
codons of mRNAs are not occupied. Every translating ribosome may bind a charged cognate tRNA at the rate kchc, where c is the charging level of the tRNA, and
elongate one codon at the rate kel (1); bind an uncharged cognate tRNA, eject, and produce (p)ppGpp (increase the RelA activity by 1 unit) at the rate kunu, where
u ⫽ 1 ⫺ c gives the uncharged level (2); or abort translation at the rate pabort (3). We also allowed for noncognate tRNA binding to ribosomal A sites at the small
rate pmistrl to represent mistranslation. Elongation occurs only if the codon in front is free. Translation is terminated when a ribosome finishes translating all the
codons and exits the mRNA. A detailed description of the algorithm is available in Materials and Methods. (b) Ribosome occupancy on mRNA. (Left)
Spatiotemporal plot of ribosome traffic on a randomly generated mRNA upon isoleucine starvation at time zero. The lines represent the movement of ribosomes.
The blue lines represent normal translation, and the red lines represent (p)ppGpp synthesis. (Right) Relative mean occupancies of mRNA codons by ribosomes
in the poststarved steady state. The dashed lines represent the locations of isoleucine codons. (c) Relative RelA activities () in the pre- and poststarved states. The
averages for 100 independent simulations were plotted as a red curve. The dashed line represents the induction time of starvation. (d) The level of isoleucine
starvation was modulated by sampling the uncharged level of tRNAIle (uIle) between 0 and 1. The relative RelA activities () in the poststarved steady state were
plotted. The figure confirms the previous claim that the stringent response is significant when more than 85% of tRNAs are uncharged (53).

July 2016 Volume 198 Number 14

Journal of Bacteriology

jb.asm.org

1921

Tian et al.

Quantitative analysis by mathematical modeling. We aimed
to quantitatively understand the obtained (p)ppGpp profiles (Fig.
1a). The first signal of aa starvation is the activation of RelA. This
is promoted by the binding of uncharged tRNAs to the ribosomal
A sites, which results in (p)ppGpp production per mRNA. This
leads the above-mentioned feedback loops to take effect and alter
the (p)ppGpp levels further. For a quantitative analysis, we needed
to separate the initial direct signal of the aa starvation from the
effect of the feedbacks. We therefore quantified the early stringent
response in two steps. In the first step, we analyzed a ribosome
trafficking model (Fig. 2a) (see Materials and Methods for details)
where the binding of charged and uncharged tRNAs to the translating ribosomes was explicitly considered. From the model, we
evaluated the initial direct signal of aa starvation (), defined as
the fold change in the (p)ppGpp production rate per mRNA just
after aa starvation. No regulatory feedbacks or effects of toxins
were considered at this step. In the next step, we used this  value
as an input to the (p)ppGpp regulatory feedback model in which
we would study the effects of feedbacks.
Ribosome trafficking model to quantify the starvation signal. The ribosome trafficking model simulated the movements of
multiple ribosomes on a typical mRNA of 300 codons (38). We
modeled the charging levels for the tRNA cognate for each amino
acid explicitly, and the codons of the mRNA chain were randomly
chosen, with probabilities proportional to the usage of their cognate amino acids (with the usage of the isoleucine codons being
around 6% [39]). We excluded mRNA degradation and cleavage
because these processes took place on a longer time scale (see
below). Consequently, we cannot distinguish between the wt and
⌬10TA strains here. Each ribosome stochastically initiates translation at the rate kinit when there is no occlusion by the other
ribosomes. The kinetics of the translating ribosome was modeled
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with several possible reaction steps to address starvation-induced
(p)ppGpp production. When translating a codon, a ribosome can
be bound by a charged cognate tRNA with the rate kchc, with c
being the charging level of the corresponding tRNA, or it can be
bound by an uncharged cognate tRNA with the rate kunu, with u ⫽
1 ⫺ c denoting the fraction of the uncharged cognate tRNA. If an
uncharged tRNA is bound, (p)ppGpp molecules are produced
and the tRNA is ejected, while if a charged tRNA is bound, the
ribosome moves to the next codon at the rate kel as long as the
codon in front is not occupied by another ribosome. When a ribosome reaches the end of the mRNA, it is released to join the free
ribosomes and ready to initiate another round of translation. We
also accounted for mistranslation (44) and the abortion of the
translating ribosome mediated by transfer-messenger RNA
(tmRNA) (45), but with realistic parameters they did not have a
significant effect on the result (see below). Parameters were chosen to fit previously published data (see Table S1 in the supplemental material).
Figure 2b (left panel) presents a typical spatiotemporal plot of
ribosome traffic with isoleucine starvation at time zero. The
charging levels (c) of all tRNAs in the prestarved state were set to
be 0.8 (23, 46), and we reduced the charging level of tRNAIle (cIle)
to 0.02 (see Table S1 in the supplemental material) from time zero
and kept the levels of other tRNAs unchanged to simulate isoleucine starvation. The immediate reduction in the charging level can
be justified by the rapid turnover of tRNA (47). We saw that ribosomes elongated rapidly along the mRNA chain in the prestarved
state (trajectories shown in blue), with few events of (p)ppGpp
synthesis (shown in red). Upon starvation, (p)ppGpp synthesis
events occurred more frequently. The average translation elongation time for ribosomes, however, decreased 20% due to frequent
stalling, a number similar to the previously reported 15% reduc-
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FIG 3 Model of the early stringent response. (a) Formulation of the model. (b) (Left) Illustration of the relative RelA activity () upon isoleucine starvation at
time zero. (Right) Illustration of the average mRNA half-life (ln2/dm) upon isoleucine starvation at time zero for both the wt strain (blue) and the ⌬10TA strain
(red). (c) Simulated concentrations of mRNA for the wt and ⌬10TA strains (see Fig. 1a). (d) Effects of the time scale () and strength () of mRNA cleavage
activity by toxins on the error of fitting to the wt measurements.
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This value of  suggests that the starvation signal alone was not
enough to induce a 13-fold increase in the (p)ppGpp profile for
the ⌬10TA strain (Fig. 1a). We therefore needed to include some
positive feedbacks on the (p)ppGpp concentration to get the peak
high enough.
The degradation of (p)ppGpp was modeled with saturation in
the Michaelis-Menten form to capture the starvation-dependent
hydrolysis activity (19). It turned out that this saturated degradation could provide enough positive feedback to accumulate
(p)ppGpp more than the fold increase of  to fit the data, so for
simplicity, we focused on this result in the main text. A version of
the model with additional positive feedback for (p)ppGpp synthesis (20) is presented in Fig. S4 in the supplemental material, which
also gave a reasonable fit.
Note that we also analyzed a model without any positive feedback, but with a high value for , because it is possible to produce
a strong starvation signal by modulating tRNA charging levels
(Fig. 2d) at starvation. However, a good fit to the experimental
curves required an unrealistically long mRNA half-life (see Fig. S5
in the supplemental material). Thus, we concluded that the model
with a lower  value and with some positive feedbacks is more
realistic.
For the mRNA level, we modeled the transcription rate with
[P]-dependent repression of the Michaelis-Menten form. We assumed a constant degradation of mRNA, with a half-life of 2 min
(dm ⫽ ln2/mRNA half-life) (48, 49). For the wt strain, we considered the additional toxin-mediated mRNA cleavage by modulating the half-lives of mRNA. By changing the half-lives of mRNA
from 2 min to 2⫺1 min at time  min after starvation (Fig. 3b,
right panel), we accounted for both the time scale of toxin activation () and the strength of the mRNA cleavage activity ().
We obtained the parameter values from the literature and by
fitting to the experimental curves (see Materials and Methods and
see Table S2 in the supplemental material). We obtained reasonable fits to the data for both strains (Fig. 1a). Our model illustrated
that saturated degradation of the (p)ppGpp level can provide a
delay to the peak to fit the 5-min time scale of the (p)ppGpp peak.
Without the saturated degradation, even with a sufficiently strong
starvation signal, a good fit required a long mRNA half-life during
the rise of the peak but a short one during the fall of the peak even
for the ⌬10TA strain, a phenomenon that is unlikely to occur
(data not shown).
The best fit to the wt strain gave the estimate that the toxins
were released shortly ( of ⬃10 s) after isoleucine starvation, and
the mRNA half-lives decreased by around 30% ( ⬇ 1.4). This
gave a faster drop in the mRNA level in the wt strain than in the
⌬10TA strain (Fig. 3c), reducing the (p)ppGpp peak height (Fig.
1a). To verify this further, we sampled the values of  and  over a
wide range and computed the distance between the simulated
curves and the experimental (p)ppGpp profile (or the error of fit)
(see Materials and Methods). Figure 3d shows that a good fit required the effective half-life of mRNA to be reduced 20% to 40%
and for toxins to be released within 1 min after starvation. Therefore, our analysis suggests that a rapid and mild mRNA cleavage
activity is induced from the toxin-antitoxin complexes in the cytoplasm.
Our model could generate predictions consistent with experimental measurements. For example, the model predicted that the
wt strain would show a 4-fold reduction in the transcription rate
{computed by the term km/(Km ⫹ [P])} within 10 min after the

Journal of Bacteriology

jb.asm.org

1923

Downloaded from http://jb.asm.org/ on June 27, 2016 by DANISH CONSORTIA

tion (21). To visualize the ribosome movement further, we plotted
the relative occupancy of each mRNA codon by ribosomes in the
poststarved state (Fig. 2b, right panel). Ribosomes were shown to
occupy isoleucine codons (dashed lines) more often than the unstarved ones did, and ribosome jamming was visualized by the
stair-like occupancy curve upstream of the starved codons. No
visible difference was observed between the occupancies at unstarved codons close to the 5= end and those close to the 3= end,
meaning that translation abortion was rare.
To quantify the starvation signal, we computed the average
statistics for 100 independent simulations. The relative RelA activity (), defined as the ratio of the frequencies of (p)ppGpp
synthesis events in the poststarved state and the prestarved one,
increased about 8-fold almost immediately upon starvation (Fig.
2c). This fast convergence pinpointed that depletion of the amino
acid pool can rapidly and accurately be sensed through the binding of uncharged tRNAs and suggested that the initial increase of
(p)ppGpp synthesis upon aa starvation can be decoupled from
slower biological processes, including the mRNA cleavage and
regulatory feedbacks (Fig. 1b).
We fitted the parameters so that the fraction of mistranslated
isoleucine codons in the prestarved state was 0.5% (44). We found
that mistranslation did not have a significant impact on the relative RelA activity, as a trafficking model without this process generated a 10-fold increase in RelA activity after the onset of starvation (see Fig. S2 and S3d in the supplemental material).
The fold change of (p)ppGpp synthesis upon starvation ()
was sensitive to the charging level of isoleucyl-tRNA at starvation,
as a cIle value of 0.04 gave a 5-fold increase and a cIle value of 0 gave
a 15-fold increase (Fig. 2d). We adopted a cIle value of 0.02 as a
typical value, based on measurements showing the charging level
of tRNALeu being between 1% and 3% upon leucine starvation
(23) and on the assumption of a similar value for isoleucine starvation due to the similarity in the amino acid structures. This gave
an  value of 8, and we used this value as an immediate input to the
control of (p)ppGpp on aa starvation as we analyzed a model of
(p)ppGpp regulatory feedbacks (see the next section).
A feedback model of the early stringent response suggests a
rapid activation of toxins. In the second step of our quantitative
analysis, we looked at how the initial aa starvation signal and the
regulatory feedbacks mediated the early dynamics of (p)ppGpp
levels by constructing a simple feedback model. The model equations were formulated as shown in Fig. 3a, where we considered
the concentrations of (p)ppGpp ([P]) and mRNA ([M]). We assumed that the toxins were not active in the wt before aa starvation
and therefore assumed no difference in model parameters before
the starvation. We modulated the mRNA degradation rate in the
wt strain after aa starvation (Fig. 3b, right panel, and see below), as
mRNAs should have shorter half-lives in the wt strain with the
toxins’ mRNase activity.
The synthesis rate of (p)ppGpp was formulated in two terms:
the first term accounted for basal production, including SpoTmediated synthesis, and the second one accounted for the RelAmediated production proportional to the mRNA level. The starvation dependence of this term was represented in the parameter
.  is equal to 1 before starvation and increases to another constant at starvation to represent the fold change of the (p)ppGpp
synthesis rate per mRNA after starvation. For isoleucine starvation, we chose the poststarvation value of  to be 8, based on the
presented ribosome trafficking model analysis (Fig. 3b, left panel).
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DISCUSSION

In this study, we combined experimental measurements and
modeling to study the early dynamics of (p)ppGpp levels after
isoleucine starvation. Our models demonstrate that the feedbacks
through the mRNA level are enough to reproduce the (p)ppGpp
peak. We also showed that the TA systems not only modulate
physiological activities in the poststarved steady state (27) but also
serve as a negative feedback on (p)ppGpp levels during the early
stringent response. Our analysis predicts that activation of toxins
occurs rapidly (within a minute) after the onset of starvation and,
on average, induces an ⬃30% reduction of the mRNA half-life.
Although our modeling framework was developed for valineinduced isoleucine starvation, it can be applied to a wide range of
experimental setups by explicitly setting the charging levels of
tRNAs and the fraction of starved codons. The ribosome trafficking model predicts a sublinear increase of relative RelA activity ()
on the fraction of starved amino acids compared to total amino
acid usage (e.g., 2% for histidine starvation and 16% for isoleucine
and leucine starvation) (see Fig. S6a in the supplemental material). The early (p)ppGpp response curve in different situations
can be obtained by applying the obtained fold increase of RelA
activity () to the proposed model, which naturally predicts increasing (p)ppGpp peak heights with starvation of more frequently used amino acids (Fig. 4). Following the procedure described in Results, one may also utilize our modeling framework
to estimate the mRNA levels and translation rates shortly after aa
starvation. For example, our model predicts a 3-fold reduction in
the mRNA level and a 70% drop in the translation rate within 10
min after the onset of histidine starvation, while the numbers are
10-fold and 95% for isoleucine/leucine starvation (see Fig. S6d
and e).
Our findings on the rapid activation of the toxins by (p)ppGpp
support the idea that the TA systems may serve as an immediate
protection mechanism against stress. Meanwhile, it is probably
uneconomical for cells to enter a complete shutdown of translation, regardless of the extent of adversity. This suggests that rather
weak mRNA cleavage activity from the toxins probably facilitates
the entry of cells into a temporary state (for aa starvation, the
“hunger state,” as suggested previously [18]) to evaluate the extent
of austerity, ensuring that the cell may recover without a high cost
in metabolism if the stress is modest or transient.
Since we focused only on the early behavior of aa starvation,
our model might be inconsistent with experimental data on longterm behavior. Our model predicts that the ⌬10TA strain has a
lower transcription rate [due to higher (p)ppGpp levels] and lon-
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FIG 4 Predicted ppGpp levels upon general amino acid starvation. The charging level of the starved codons was set to be 0.02 during starvation. The percentages in the legend represent the usage of the starved amino acids, and the
values for  indicate the strengths of the corresponding starvation signals. The
prediction assumes that the toxins are released immediately upon starvation
and that the reduction of mRNA half-lives by toxins is not modulated by the
number of starved codons.

ger mRNA half-lives (due to the absence of toxins) than those of
the wt strain, resulting in the two strains having similar mRNA
levels and translation rates (Fig. 3c). This prediction does not
match a previous report where RelE alone was shown to reduce
translation rates 2-fold in the long term (27). This inconsistency
can be explained by long-term behaviors of the transcription rates
and mRNA half-lives which were not considered in the current
model. First, the model parameters related to transcription rates
were fitted to the early stringent response, where the downregulation of growth-related genes is dominant (26, 51). Consequently,
the model prediction primarily reflected the differences between
the two strains in the expression of these genes, and the (p)ppGppdependent upregulation of stress response genes in the poststarved steady state was less covered. If we also account for the
stress response genes, then the transcription rate may exhibit a
smaller difference between the two strains than that seen with
model prediction. Second, our model did not consider many factors modulating the global mRNA stability in the poststarved
state. In reality, a change in mRNA species (26) and protection of
mRNA from degradation by stalled ribosomes (41, 52) may increase the stability. To check this, we measured the average mRNA
half-lives in the pre- and poststarved (60 min after aa starvation)
states (see Materials and Methods). We found that mRNA halflives in the ⌬10TA strain indeed increased 2-fold, from 1.8 min
before starvation to 4.4 min in the poststarved steady state. Meanwhile, the wt strain showed less stabilization (from 1.5 min to 2.4
min) (see Fig. S7 in the supplemental material). As a result, the
mRNA decay rate in the wt strain was 2-fold higher than that in the
⌬10TA strain in the poststarved state. In summary, the possibility
that the two strains have similar transcription rates but a 2-fold
difference in mRNA decay rates indicates a 2-fold difference in the
cellular mRNA levels in the long term, explaining the translation
rate differences in the two strains. It would be interesting to extend
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onset of isoleucine starvation (Fig. 3). Earlier literature reported a
similarly rapid transcription inhibition (21, 22, 50). O’Farrell (50)
also reported that the transcription rate of the wt strain dropped to
30% to 35% of the unstarved level under isoleucine starvation
conditions, and this number was consistent with our model’s prediction. Furthermore, if we assumed that the translation rate (aa
incorporation rate) could be estimated by the product of the
mRNA level and the translation elongation rate, we could predict
translation rates from our model. We showed earlier that the ribosome trafficking model predicted that the translation elongation rate dropped 20% after aa starvation. Combined with the
mRNA levels, we predicted that the translation rate dropped to
15% of the prestarved level. This number is in accordance with the
previously reported values of 10% to 13% (50).

Curtailing of the Stringent Response by TAs

our present model to include these effects so that it also becomes
applicable to long-term behavior after aa starvation.
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