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Many bacteria exist in a state of metabolic quiescence where
energy consumption must be minimized so as to maximize avail-
able resources over a potentially extended period of time. As
protein synthesis is the most energy intensive metabolic process in
a bacterial cell, it would be an appropriate target for down-
regulation during the transition from growth to quiescence. We
observe that when Bacillus subtilis exits rapid growth, a subpop-
ulation of cells emerges with very low protein synthetic activity.
This phenotypic heterogeneity requires the production of the nu-
cleotides (p)ppGpp. which we show are sufficient to inhibit pro-
tein synthesis in vivo. We then show that one of these molecules,
ppGpp. inhibits protein synthesis by preventing the allosteric acti-
vation of the essential GTPase Initiation Factor 2 (IF2) during trans-
lation initiation. Finally, we demonstrate that the observed
attenuation of protein synthesis during the entry into quiescence
is a consequence of the direct interaction of (p)ppGpp and IF2.

protein synthesis | dormancy | IF2 | translational regulation

M ost microbial life exists in a nonproliferating state of qui-
escence that enables survival during nutrient limitation
and in stressful environments (1, 2). A major challenge facing a
quiescent cell is how to minimize energy consumption so as to
maximize available resources over a potentially extended period
of time. As protein translation is the most energy intensive
metabolic process in a cell, accounting for as much as ~70% of
total energy consumption in bacteria (3, 4), it would be an ap-
propriate target for down-regulation during the transition from
growth to quiescence. Metabolic conditions that may be present
during this transition such as amino acid limitation would reduce
protein translation, but whether it is also actively inhibited re-
mains an open question.

Several highly conserved, essential GTPases participate in
translation (5) and are appealing regulatory targets for
quiescence-dependent attenuation. In the bacterium Bacillus
subtilis undergoing sporulation, phosphorylation of EF-Tu in-
hibits its ability to hydrolyze GTP, an activity essential for its
function and, thereby, blocks translation (6). How else could
these GTPases be targeted? Binding of a ligand other than GTP
to the GTP binding site could affect protein function. For ex-
ample, in vitro, the hyperphosphorylated nucleotides guanosine
tetraphosphate and pentaphosphate can bind translational
GTPases (7). Collectively termed (p)ppGpp, these alarmones
mediate the stringent response, the mechanism used by bacteria
to coordinate a response to cell stresses including nutrient dep-
rivation (8, 9). The primary source of (p)ppGpp in most bacteria
is the ribosome-associated RelA synthase that is stimulated by
the presence of uncharged transfer RNAs (tRNAs) in the ribo-
some A site, presumably reflective of amino acid starvation.
(p)ppGpp synthesis results in the down-regulation of metabolic
processes including transcription, replication, GTP synthesis, and
ribosome assembly. These effects are mediated by direct inter-
actions of (p)ppGpp with RNA polymerase in Gram-negative
bacteria (10, 11), DNA primase (12), the GTP biosynthetic en-
zymes HprT and Gmk (13), and several ribosome assembly
factors (14), respectively. (p)ppGpp inhibits both transcription of
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ribosomal RNAs and proteins (15-18) and ribosome assembly,
any of which would reduce ribosome number and, thereby,
overall protein synthesis. However, other than several early, in-
triguing observations (19, 20), much less attention has been paid
to the large number of fully formed active ribosomes and if a
direct (p)ppGpp-dependent mechanism inhibits their activity.
Furthermore, although myriad translational- and ribosome-
associated GTPases have been shown in vitro to be inhibited
by (p)ppGpp, the identification of a verified in vivo target and its
role during quiescence related attenuation requires further
study.

Consistent with an inhibitory effect on translation, overexpression
of a truncated RelA protein that synthesizes (p)ppGpp in the
absence of amino acid limitation results in a rapid decrease in
[**S]methionine incorporation (21). However, further in-
vestigation of a direct effect on translation in vivo has been
complicated by several factors. First, (p)ppGpp affects synthesis
of ribosomal proteins and RNAs in Escherichia coli at least in
part by inhibiting RNA polymerase (22). Second, studies exam-
ining the effect of (p)ppGpp produced by RelA typically use
compounds that greatly increase the cellular pools of uncharged
tRNAs in order to stimulate RelA (20, 23-26). However, as
these compounds themselves directly arrest translation, they are
not appropriate for investigating (p)ppGpp effects.

The ability of (p)ppGpp to inhibit translation in vitro similarly
to nonhydrolysable GTP analogs (27) suggests that (p)ppGpp
targets a translational GTPase. Consistently, (p)ppGpp inhibits
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the GTPase activity of IF2 and EF-Tu (7) as well as several
GTPases involved in ribosome assembly (14, 28), by acting as a
competitive inhibitor. Furthermore, (p)ppGpp is capable of
binding translational GTPases including EF-Tu, EF-G (29), IF2
(30, 31), and the ribosome assembly GTPase ObgE (32) at af-
finities commensurate with the reported in vivo concentration.
Of note, the affinity of IF2 for (p)ppGpp as compared to EF-G
(31) and the observation that (p)ppGpp interferes with IF2
function (30) suggests that IF2 may be a principal target in vivo.
However, this is not known.

Here, we show that during the transition into a non-
proliferative state, B. subtilis exhibits a large reduction in protein
synthesis that is dependent on (p)ppGpp. We further show that
(p)ppGpp inhibits protein synthesis in vivo and in vitro by tar-
geting translation directly. Next, we identify mutations in IF2
that allow us to demonstrate in vitro that it is a direct target of
(p)ppGpp during translation. We then show that binding of
ppGpp fails to allosterically stabilize a conformation of IF2 that
is typically triggered by binding of GTP and that enables IF2 to
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stably bind the ribosomal small, or 30S, subunit initiation com-
plex (IC) and catalyze rapid joining of the ribosomal large, or
508, subunit to the 30S IC. Finally, we demonstrate in vivo that
binding of (p)ppGpp to IF2 mediates the observed (p)ppGpp-
dependent inhibition of protein synthesis as B. subtilis
exits growth.

Results

Protein Synthesis Is Inhibited in a (p)ppGpp-Dependent Manner
during Stationary Phase. B. subtilis grows exponentially in Lysog-
eny broth (LB) until a stereotypic cell density when growth slows
in the transition phase, ultimately culminating in the non-
proliferative state of stationary phase (Fig. 14). We assayed
protein synthesis during these different growth phases by mea-
suring incorporation of the puromycin analog O-propargyl-pu-
romycin (OPP) that can be visualized and quantified in single
cells following addition of a fluorophore using click chemistry
(33). Incorporation of OPP results in the accumulation of fluo-
rescently tagged nascent polypeptide chains that directly reflects
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Fig. 1. (p)ppGpp mediates inhibition of protein synthesis upon departure from growth. B. subtilis (JDB 1772) cells were labeled with OPP at different time
points following exponential phase. (A) B. subtilis WT and isogenic (p)ppGpp°® (JDB 4294) strains grow equivalently to each other during exponential and
transition phases, but (p)ppGpp° strain lyses upon entry into stationary phase (means + SDs). (B) Representative pictures of WT (Upper) and (p)ppGpp° (Lower)
strains labeled with OPP at different time points. (C) Distributions of mean-cell fluorescence of WT (gray) and (p)ppGpp° (blue) cells. Time points in B and C

are indicated by black dashed lines in A.
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the rate of translation (33). Although puromycin causes pre-
mature termination of protein synthesis resulting from its in-
corporation into the nascent polypeptide chain, global protein
synthesis continues following the addition of OPP under our
conditions (S Appendix, Fig. S1). Consistently, the concentration
of OPP used (13 pM) is ~3x lower than the ICsy of puromycin
(34), and OPP is ~3x less potent than puromycin in inhibiting
protein synthesis (33). Other methods for measuring protein
synthesis exist, but they rely on growth in the absence of amino
acids (specifically methionine). This poses a particular problem
for strains which exhibit auxotrophies to these amino acids, such
as those lacking (p)ppGpp (35).

We labeled B. subtilis cultures at a series of time points during
growth in LB (Fig. 14; dashed black lines). As expected, cells
exhibited a decrease in OPP incorporation soon after departure
from exponential growth (early transition) that continued during
late transition (Fig. 1 B, Upper). This trend is apparent in the
average cellular fluorescence at these time points as well as in
stationary phase (SI Appendix, Fig. S24, gray bars). However, at
the late transition time point, a substantial fraction of cells in the
population appeared to lose all fluorescent signal (Fig. 1 B,
Upper). This loss of signal indicates an absence of protein syn-
thesis, resulting in a population whose single-cell distribution of
protein synthetic activity is roughly bimodal (Fig. 1C; gray). This
heterogeneity is consistent with the inhibition of protein syn-
thesis being a direct effect in a subpopulation of cells rather than
a consequence of amino acid limitation in the growth medium
that would be expected to cause a homogenous effect across the
entire population. That is, a subpopulation of cells in the late
transition phase culture exhibited a near total inhibition of
protein synthesis, whereas a separate subpopulation exhibited
relatively greater protein synthesis activity (Fig. 1C, gray).

We speculated that a mechanism known to control growth rate
might be important for the shutdown of protein synthesis in
postexponential growth. An attractive candidate is (p)ppGpp, a
molecule involved in regulating diverse processes that affect cells
growing under suboptimal conditions (36). Furthermore, many
bacteria synthesize (p)ppGpp when they depart from exponential
phase (37, 38). To investigate the possible role of (p)ppGpp, we
utilized a strain that lacks (p)ppGpp via genetic deletion of the
three known B. subtilis (p)ppGpp synthetases, reld, sasA, and
sasB (39, 40) Under our growth conditions, this strain
((p)ppGpp”) grows equivalently to the parent WT strain during
exponential phase as well as early and late transition phase. In-
corporation of OPP in this strain in exponential phase is in-
distinguishable from the parent (Fig. 1 B and C), indicating
similar protein synthesis activity. In contrast, early in transition
phase, some WT cells incorporated substantlally less OPP than
(p)ppGpp° cells. This trend continues late in transmon phase
where a significant number of cells in the (p)ppGpp° strain
(blue) have higher rates of protein synthesis compared to the
WT parent (gray). This effect is evident although cells lacking
(p)ppGpp do not display a different growth rate up to this point
(Fig. 1 B and C and SI Appendix, Fig. S2 A and B). We further
confirmed the difference between the WT and (p)ppGpp strains
using a fluorescently tagged methionine analog (HPG). Al-
though incorporation of this analo 6(; is not very efficient in media
containing methionine ((p)ppGpp strain requires methionine to
grow; ref. 35), the (p)ppGpp° strain incorporated comparatively
more HPG during late transition phase, consistent with a higher
rate of protein synthesis (SI Appendix, Fig. S2C). Thus, taken
together, these data demonstrate that (p)ppGpp is necessary
for the observed inhibition of protein synthesis during late
transition phase.

(p)ppGpp Is Sufficient to Inhibit Protein Synthesis. We investigated

whether production of (p)ppGpp is sufficient to inhibit protein
synthesis by introducing an inducible (p)ppGpp synthetase into
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the chromosome of B. subtilis. As previously observed (41), in-
duction of sas4 and the subsequent elevated cellular (p)ppGpp
concentration decreases growth rate, culminating in the cessa-
tion of growth (SI Appendix, Fig. S34). To determine how
(p)ppGpp affects protein synthesis, cells were labeled with OPP
at 30-min time intervals following inducer (xylose) addition. At
the time of addition (T), there is not a significant difference in
protein synthesis between the induced and uninduced cultures
(SI Appendix, Fig. S3 B and C). In contrast, at 30 min following
inducer addition (T5p) and at a later time (Tg(), protein synthesis
is significantly reduced in the induced cultures as compared to
the uninduced cultures (Fig. 2 A and B and SI Appendix, Fig.
S3 B and C). This result indicates that (p)ppGpp negatively af-
fects protein synthesis, but it does not demonstrate that this ef-
fect is a consequence of a direct inhibition of translation.

(p)ppGpp Inhibits Translation Specifically. We reasoned that mea-
suring both the synthesis of a single protein and the transcription
of its gene would allow us to definitively demonstrate that in-
hibition of protein synthesis occurs by directly targeting trans-
lation. We chose the B. subtilis P, ., promoter, which is insensitive
to (p)ppGpp (42), and firefly luciferase as a reporter protein.
The half-life of luciferase in B. subtilis is only 6 min (43), so
measurements of its activity closely reflect the kinetics of its
synthesis. We grew strains that contained an inducible copy of
sasA (Py,-sasA) as well the P, .-luc reporter and compared lu-
ciferase activity in the presence and absence of inducer. While
luciferase activity is easily detected during exponential growth,
sasA induction is quickly followed by a drastic decrease in lu-
ciferase activity per cell as compared to cells in the absence of
induction (Fig. 2C). The rapidity of this inhibition is not
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Fig. 2. (p)ppGpp inhibits protein translation specifically. The effects of (p)
ppGpp on protein translation were tested in vivo using expression of an
inducible (p)ppGpp synthase and in vitro using a reconstituted transcription
translation coupled reaction. (A) Representative pictures of OPP-labeled in-
duced and uninduced cultures of P,,-sasA strain (JDB4295) 30 min after in-
duction (T3p). (B) Total fluorescence of OPP-labeled induced and uninduced
cultures of P,,rsasA strain (means + SDs). (C) The P, rsasA P,eg-luc strain
(JDB4296) was grown in duplicate, and 0.05% xylose was added after 60 min
of growth (Ty). Growth and luminescence were measured for 90 min post
induction of sasA (means + SDs). (D) Production of CotE-FLAG protein by a
PUREexpress reaction (NEB) in the absence or presence of ppGpp was
assayed via Western blot with a-FLAG (means + SDs). n.s., not significant;
**P < 0.01; ***P < 0.001.
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consistent with an effect on ribosome synthesis and/or assembly,
which are likely targets of (p)ppGpp (44). This decrease does not
occur at the level of transcription as the amount of luc mRNA on
a per cell level is similar before and after induction (SI Appendir,
Fig. S44). Furthermore, this decrease is not dependent on
changes in GTP levels, which on their own could inhibit trans-
lation, as levels of the GTP-sensitive nnB P1 promoter have not
yet significantly changed, indicating that GTP levels have not
dropped significantly at this time point (SI Appendix, Fig. S44).
Thus, (p)ppGpp is sufficient to rapidly reduce synthesis of a
particular protein without affecting transcription of its mRNA,
and these effects occur before GTP levels have greatly de-
creased, consistent with a direct effect on translation.

We extended these in vivo observations by using the PUREx-
press in vitro reconstituted, coupled transcription-translation system
(New England Biolabs, NEB) that utilizes a defined mix of purified
transcription and E. coli translation components to transcribe and
translate a specific mRNA (45). Addition of ppGpp to PUREx-
press reactions inhibited synthesis of a reporter protein (CotE) in a
dose-dependent fashion (Fig. 2D). Concentrations of ppGpp suf-
ficient to significantly inhibit CotE synthesis (~1 mM) are similar to
those of (p)ppGpp observed during stringent response induction in
E. coli (46). qRT-PCR analysis demonstrated that ppGpp had no
effect on cotE transcription at concentrations where CotE synthesis
was significantly impaired (S Appendix, Fig. S4B), consistent with
the known insensitivity of the T7 RNA polymerase used in the
PURE=press reaction to ppGpp (47). Thus, ppGpp directly inhibits
translation in vitro.

IF2 Is a Target of (p)ppGpp. Given these observations, we wished to
identify the component(s) of the translation machinery that is
(are) targeted by ppGpp in vivo. The translational GTPases EF-
Tu (29), EF-G (31), and IF2 (30, 48) as well as the ribosome-
associated GTPases including Obg (49, 50), RsgA (14, 51), RbgA
(14, 28), Era (14), and HfIX (14, 51) have all been reported to
bind ppGpp. However, since ppGpp inhibits protein synthesis by
the PURExpress system (Fig. 2D), which contains only IF2, EF-
Tu, and EF-G, inhibition of one or more of these three proteins
is likely sufficient to account for the in vivo inhibitory effect of
(p)rpGpp on translation.

We first investigated whether IF2 was a target under our
conditions because it has been proposed to serve as a “metabolic
sensor” of (p)ppGpp (30). We therefore attempted to identify
mutations in IF2 that would affect (p)ppGpp binding without
disrupting GTP binding sufficiently to impair normal function.
E. coli EF-G and IF2 have differential affinity for (p)ppGpp (31)
and similar, but not absolutely conserved, G domains. So, if we
could identify residue(s) that affect this difference, this in-
formation might allow us to construct a B. subtilis IF2 allele less
sensitive to (p)ppGpp. We focused on those IF2 residues which
display a shift in nuclear magnetic resonance (NMR) spectra
upon binding of ppGpp as compared to GDP (Fig. 3B, blue
residues) (30) since GDP interacts with multiple residues in the
G domain of IF2 (52). We aligned the region containing those
residues (i.e., the G1 motif) with the homologous region in EF-G,
which has lower affinity for (p)ppGpp than IF2 (Fig. 34). We noted
that one of the blue residues in IF2, Gly-226, is an alanine residue
(Ala-18) in EF-G (Fig. 3B, red). In addition, the histidine residue
(His-230) in IF2 that is adjacent to the two blue residues is an al-
anine (Ala-21) in EF-G (Fig. 3B, red). These differences suggested
that substituting the IF2 residues with the corresponding residues
found in EF-G would affect the ability of IF2 to bind (p)ppGpp.
We therefore compared the affinity of WT and mutant IF2 for
radiolabeled (p)ppGpp using the DRaCALA filter binding assay
and observed that the double mutant IF2 (G226A H230A) bound
(p)ppGpp significantly less well than the WT protein (Fig. 3C).

To test the functional consequence of mutating these resi-
dues in B. subtilis IF2, we used a PURExpress kit that lacks IF2
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Fig. 3. [IF2is a target of ppGpp. IF2 was validated in vitro as a direct target
of ppGpp using IF2 mutations that reduce ppGpp binding. (A) Affinity of B.
subtilis EF-G and IF2 for (p)ppGpp was compared using the differential radial
capillary action of a ligand assay (DRaCALA) (53). (means + SDs). (B) Align-
ment of G1 domains of B. subtilis IF2 and EF-G. Residues in blue denote those
most shifted upon binding of ppGpp versus GDP (30). Residues in red are
those that differ in EF-G and IF2 and were used to engineer a mutant IF2
with reduced affinity for ppGpp (G226A H230A). (C) DRaCALA-based com-
parison of (p)ppGpp affinity for WT and mutant IF2 (means + SDs). (D) In
vitro sensitivity of WT and mutant IF2 was assessed using the PURExpress
system (NEB). WT and mutant IF2 were added at equimolar amounts to
separate PURExpress reactions in the presence of 1 mM ppGpp, and protein
synthesis was monitored by Western blot (means + SDs). **P < 0.01.

(AIF2). We first confirmed that the AIF2 kit, which contains
purified E. coli translation factors, works equivalently whether
the added IF2 is derived from E. coli or B. subtilis (SI Appendix,
Fig. S5B). When supplied as the sole source of IF2 in this re-
action, the double mutant B. subtilis IF2 produced an equivalent
amount of protein as WT B. subtilis IF2 (SI Appendix, Fig. S5B),
demonstrating that the slight reduction in GTP binding (S Ap-
pendix, Fig. S54) did not substantially affect IF2 function in
translation. However, the double mutant B. subtilis IF2 was sig-
nificantly less sensitive to ppGpp inhibition than its WT coun-
terpart (Fig. 3D). Taken together, these results indicate that
ppGpp binding to IF2 accounts for a substantial portion of the
inhibition of translation by ppGpp.

ppGpp Fails to Allosterically Activate IF2 for Rapid Subunit Joining.
Previously, Milon et al. demonstrated that ppGpp inhibits IF2’s
ability to catalyze 30S IC assembly and subunit joining (30). To
elucidate the structural basis of this inhibition, we wished to
determine whether and how ppGpp influences the binding of
E. coli IF2 to the E. coli 30S IC and the conformational dynamics
of 30S IC-bound IF2. Briefly, IF2 promotes binding of initiator
tRNA (fMet-tRNA™<") to the 30S subunit and uses its domain
IV (dIV) to directly contact the N-formyl-methionine and ami-
noacyl acceptor stem of fMet-tRNA™! resulting in the for-
mation of an IF2-tRNA subcomplex on the intersubunit surface
of the 30S IC (54). The presence of GTP in the G domain and
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recognition of fMet-tRNA™¢<! by dIV “activate” 30S IC-bound
IF2 for rapid subunit joining (55). We previously used an IF2-
tRNA single-molecule fluorescence resonance energy transfer
(smFRET) s1gnal (56) to show that activation of IF2 for rapid
subunit joining involves a GTP- and fMet-tRNA™¢t. dependent
conformational change of IF2 that results in an increase in the
affinity of IF2 for the 30S IC and an increase in the rate of
subunit joining (57). To understand how ppGpp affected this
interaction, we began by comparing the affinities of GTP-bound
IF2 (IF2(GTP)) and ppGpp-bound IF2 (IF2(ppGpp)) for the
30S IC. As in our previous studies (56, 57), FRET efficiency
(EprgT) Versus time trajectories recorded for individual 30S ICs
fluctuate between a zero FRET state (IF2-free 30S IC) and a
nonzero FRET state (IF2-bound 30S IC) (Fig. 4, Lower Middle).
Initial inspection of these trajectories and the corresponding
surface contour plots of the postsynchronized time evolution of
population FRET reveals that, while IF2(GTP) exhibits rela-
tively long-lived and stable binding events on the 30S IC,
IF2(ppGpp) exhibits significantly shorter-lived and unstable
binding events (Fig. 4, Lower Middle and Bottom). To quantita-
tively compare the affinities of IF2(GTP) and IF2(ppGpp) for
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Fig. 4. ppGpp inhibits IF2 function in catalyzing rapid 50S subunit joining.
The binding of IF2 to the 30S IC and the conformation of 30S IC-bound IF2 in
the presence of GTP (A) and ppGpp (B) were directly observed by smFRET
using an IF2-tRNA smFRET signal. (Top) Cartoon representations of 30S ICs
assembled using Cy3 FRET donor fluorophore-labeled fMet-tRNA™<t and
Cy5 FRET acceptor fluorophore-labeled IF2(GTP) or IF2(ppGpp). (Upper
Middle) Plots of Cy3 (green) and Cy5 (red) fluorescence emission intensity
versus time trajectories. (Lower Middle) Plots of the Egrer versus time tra-
jectories corresponding to the plots of Cy3 and Cy5 fluorescence intensity
trajectories in Upper Middle. (Bottom) Surface contour plots of the post-
synchronized time evolution of population FRET. These plots are generated
by superimposing the Egrer versus time trajectories of individual IF2 binding
events such that the start of each event is computationally postsynchronized
to time = 1 s, thereby allowing visualization of the time evolution of pop-
ulation FRET for the entire population of IF2 binding events. “N” indicates
the total number of individual 30S ICs analyzed and “n” indicates the total
number of individual IF2 binding events analyzed. A.U., arbitrary units.
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the 30S IC, we extracted kinetic and thermodynamic parameters
from the smFRET data describing the binding of IF2 to the 30S
IC. We find that IF2(ppGpp) has a significantly lower affinity for
the 30S IC compared to IF2(GTP), with an equilibrium disso-
ciation constant (Ky) that is ~100-fold higher (SI Appendix,
Table S1).

We then compared the conformations of IF2(ppGpp) and
IF2(GTP) on the 30S IC by plotting histograms of the Egrgr
values observed under each condition (SI Appendix, Fig. S6).
Consistent with our previous studies, we observed a single non-
zero peak centered at an <Eggpr> of ~0.74 for 30S IC-bound
IF2(GTP), corresponding to a distance between our labeling
positions of ~46.2 A (assuming a Forster distance, R, of ~55 A;
ref. 58) (SI Appendix, Fig. S6A4). In contrast, we observed a single
nonzero peak centered at a significantly lower <Egggr> of ~0.53
(P < 0.005) for 30S IC-bound IF2(ppGpp), corresponding to a
distance between our labeling positions of ~53.9 A, an increase
of ~7.7 A relative to IF2(GTP) (SI Appendix, Fig. S6B). Notably,
the Epggr distribution of 30S IC-bound IF2(ppGpp) closely re-
sembles that of 30S IC-bound IF2(GDP) (57). Thus, the 30S IC-
bound IF2(ppGpp) exhibits a conformation that is similar to an
IF2 inactive for rapid subunit joining (i.e., IF2(GDP)).

(p)ppGpp Binding to IF2 Mediates Translational Inhibition during
Transition Phase. Our identification of an IF2 allele that is less
sensitive to (p)ppGpp in vitro enabled us to test our initial hy-
pothesis that (p)ppGpp accumulation reduces protein synthesis
in vivo because (p)ppGpp binds IF2 and inhibits its function in
translation. We generated a B. subtilis strain expressing, as the
sole source of IF2, a mutant protein containing the mutations
G226A and H230A that in vitro exhibits reduced ppGpp binding
without substantially affecting IF2 function (Fig. 3C and SI Ap-
pendix, Fig. S5B). This strain grows equivalently to the WT
parent throughout all phases of growth, validating that the mu-
tant IF2 is functional in vivo (SI Appendix, Fig. S74). We first
tested how these mutations affect protein synthesis during late
transition phase since in the WT background, protein synthesis is
strongly inhibited in a subpopulation of cells during this period
(Fig. 1C). Mutations in IF2 that affect its binding to (p)ppGpp
appear to significantly attenuate this phenotype (Fig. 54 and B
and SI Appendix, Fig. S7 B and C). This attenuation is similar to
that observed in the complete absence of (p)ppGpp (Fig. 54 and
B), consistent with it resulting from a direct interaction of
(p)ppGpp with IF2. Thus, during transition phase, (p)ppGpp
binding to IF2 is sufficient to substantially inhibit translation and,
thereby, reduce protein synthesis.

Discussion

Here, we demonstrate that protein synthesis is actively attenu-
ated in B. subtilis during exit from rapid growth in a sub-
population of cells. (p)ppGpp is both necessary and sufficient for
this phenomenon and acts, at least in part, by a direct inhibitory
effect on the translational GTPase IF2. Thus, the regulatory
mechanism of endogenous (p)ppGpp synthesis mediates the
active down-regulation of the most energy-consuming process in
cells as they enter quiescence.

The role of (p)ppGpp under basal conditions such as those
examined in this study has become increasingly appreciated (59).
In Synechococcus elongatus, loss of (p)ppGpp leads to increases
in the global translation rate per cell under basal conditions (60).
(p)ppGpp synthesis is also relevant to physiological situations
including survival of pathogenic (61) and commensal bacteria
(62). “Persisters” (rare bacterial cells with increased tolerance to
antibiotics) are also thought to have relatively higher levels of
(p)ppGpp (63). While the basis for this heterogeneous accu-
mulation of (p)ppGpp is not understood, an interesting question
raised by our observations is whether the (p)ppGpp-dependent
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Fig. 5. IF2 mediates inhibition of protein synthesis by (p)ppGpp during late transition phase. IF2 was validated as an in vivo target of (p)ppGpp by measuring
protein synthesis in a strain expressing an IF2 G226A H230A double mutant. (A) Representative pictures of WT (JDB 1772), (p)ppGpp° (JDB 4294), and G226A
H230A infB (JDB 4297) strains labeled with OPP during late transition phase. (B) Distributions of mean cell fluorescence of WT, (p)ppGppo, and G226A H230A

infB strains during late transition phase (same time as in Fig. 1).

inhibition of protein synthesis affects the increased antibiotic
tolerance of these cells.

We show that the sensitivity of IF2 to (p)ppGpp can be altered
by mutations that affect binding. (p)ppGpp also binds numerous
ribosome-associated GTPases (ObgE, refs. 32, 49, 50; BipA, ref.
64; RbgA, refs. 14, 28; HfIX, ref. 14; and Era, ref. 14) and affects
their function in vitro. The importance of (p)ppGpp binding to
these proteins in vivo remains a critical question. Our demon-
stration that point mutations in IF2 affect (p)ppGpp binding and
subsequent in vitro and in vivo function suggests that introducing
similar mutations into the highly conserved G1 motif of other
GTPases might be informative. Interestingly, the residues in the
IF2 G1 motif that altered (p)ppGpp binding and inhibition
(Fig. 3B) are conserved in EF-Tu. This conservation, along with
the similarities in binding affinities between E. coli EF-Tu and
IF2 (29, 31), suggest that EF-Tu may also be a target for regu-
lation during quiescence. A similar mutagenic strategy was
reported recently for the (p)ppGpp-binding protein E. coli PurF
glutamine amido-phosphoribosyltransferase (65).

Our studies also reveal the structural basis through which
ppGpp inhibits IF2. We find that ppGpp stabilizes a conforma-
tion of IF2 that is different from that which is stabilized by GTP,
resulting in a reduced affinity for the 30S IC. Consequently,
ppGpp may interfere with the formation and/or stabilization of
the IF2-tRNA subcomplex on the 30S IC, the formation of which
plays a key role in stabilizing the binding and/or positioning of
fMet-tRNA™®! on the 30S IC (54, 66). Previously, we demon-
strated that this interaction is crucial for the allosteric activation
of IF2(GTP), thereby enabling IF2 to catalyze rapid subunit
joining (57). Thus, combined with the decreased affinity of
IF2(ppGpp) for the 30S IC, our results suggest that the con-
formation of 30S IC-bound IF2(ppGpp) directly interferes with
the ability of IF2 to promote rapid subunit joining to the 30S IC.

Finally, what is the source of the observed heterogeneity of
protein synthesis activity in single cells? During exponential
growth, rare (~1%) cells have high levels of sas4 expression with
concomitant physiological effects including induction of
(p)ppGpp-dependent genes and enhanced antibiotic tolerance
(67). However, the roughly bimodal character (~50%) observed

15570 | www.pnas.org/cgi/doi/10.1073/pnas.1920013117

in our study suggests the presence of bistability (68) at the
population level, a phenomenon often attributed to the presence
of positive nonlinear autoregulation or two mutually repressive
repressors (69). Intriguingly, SasB, one of the two non-
ribosomally associated (p)ppGpp synthases in B. subtilis, is sub-
ject to positive allosteric regulation (70), which could generate a
sharp threshold-like response. Thus, the potential role of SasB in
the heterogeneity of protein synthesis under nonexponential
growth will be the subject of future investigation.

Methods

See SI Appendix, Methods for detailed descriptions of experimental condi-
tions. Strains, plasmids, and primers used in this study are listed in S/
Appendix, Tables S2-54.

Growth Curves. All growth curves were performed at 37 °C with continuous
shaking, and ODgop measurements were made every 5 min.

OPP/HPG Labeling. Click-iT Protein Synthesis Assay Kits (Invitrogen) were used
to label cells with OPP or HPG following manufacturer’s instructions.

Luminescence Growth Curves. Luminescence growth curves were performed
as above with the addition of 4.7 mM p-luciferin (Goldbio) and using 96-well
flat bottom white-sided plates (Greiner Bio-One).

RNA Quantification. RNA was isolated from cultures grown as above using the
Direct-Zol RNA miniprep kit (Zymo Research). cDNAs were generated with
the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) and
qPCRs were performed using SYBR green.

In Vitro Translation Assays. Translation assays used the PURExpress system
(NEB) following the manufacturer’s protocol and a plasmid encoding a CotE-
FLAG fusion protein as template DNA (6). WT and mutant IF2s were purified
as previously described (71). Band intensities were analyzed using ImagelJ.

DRaCALA Binding Assays. Radiolabeled (p)ppGpp was generated as described
(14). DRaCALA binding assays were carried out essentially as described
(14, 53).

smFRET Experiments. smFRET experiments were carried out essentially as
described (57).
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