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Abstract

When a cell runs out of nutrients, its growth rate substantially decreases. Here, we report that
microorganisms speed up the return to a state of rapid growth by preventing the degradation of
functional proteins while in the slow-growth state. The bacterium Salmonella enterica serovar
Typhimurium reduced the proteolysis of functional proteins by adenosine triphosphate (ATP)-
dependent proteases during stationary phase. This reduction resulted from a decrease in the
intracellular concentration of ATP that, critically, was sufficient to allow the continued degradation
of non-functional proteins by those very same proteases. Protein preservation was observed under
limiting magnesium, carbon, or nitrogen conditions, indicating that it was not specific to limitation
for a particular nutrient. Emergence from a slow-growth state was delayed by treatments that
increased the amounts of intracellular ATP. Moreover, it required the transcriptional regulator
PhoP and the alternative sigma factor RpoS when the slow growth state was caused by magnesium
limitation. Reductions in intracellular ATP and ATP-dependent proteolysis also enabled the yeast
Saccharomyces cerevisiae to recover faster from stationary phase. Our findings suggest that
protein preservation during a slow-growth state is a conserved microbial strategy that facilitates
the return to a growth state once nutrients become available.
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Introduction

Proteins are the macromolecules that conduct the vast majority of cellular work. Protein
homeostasis reflects the balance between protein synthesis and degradation as well as the
activities of chaperones that aid protein folding. When an organism experiences slow-growth
conditions, adenosine triphosphate (ATP) amounts decrease, which reduces the rate of
protein synthesis (1, 2), chaperone activity (3) and growth (2, 4-6). Such a decrease in

the rate of protein synthesis has been observed in a wide range of organisms from bacteria to
humans (2, 7). We now report that protein preservation during slow growth is necessary for a
swift return to a growth state.

Organisms from all domains of life harbor proteases of the ATPases associated with cellular
activities (AAA+) family (8-10). These proteases are critical for the degradation of both
non-functional (and potentially toxic) proteins and functional proteins that control a variety
of biological processes (11-13). AAA+ proteases have two functional domains or subunits:
an ATPase domain that unfolds and translocates substrates into a peptidase domain where
proteolysis actually takes place (14). ATP is required not only for protein unfolding (14,
15), but also for the assembly of protease domains (16) and for substrate recognition by
ubiquitylation in eukaryotes (17, 18).

Degradation of some substrates requires adaptor proteins that recognize the substrate and
deliver it to the protease but are not themselves degraded by the protease (19, 20). For
example, RssB is an adaptor that recognizes the alternative sigma factor RpoS and delivers
it to the protease ClpXP in Escherichia coli (21). Degradation of substrates recognized by
a given adaptor can be hindered by anti-adaptor proteins that bind to adaptors (19). For
example, the anti-adaptors IraM and IraP bind to RssB, stabilizing RpoS when E. coliis
starved for MgZ* (22) and phosphate (23), respectively.

Rpos is also stabilized when E. coli experiences carbon starvation even though an anti-
adaptor produced under this condition has not been described (24). RpoS stabilization
under carbon starvation has been ascribed to a decrease in the ATP concentration, which is
proposed to reduce degradation of RpoS, but not of SsrA-tagged green fluorescent protein
(GFP), which is also a ClpXP substrate (15). When an mRNA is truncated within the coding
region of a gene, the ribosome translating such a gene stalls at the end of the mRNA until
rescued by ssrA, which specifies an RNA with both tRNA and mRNA properties (25, 26).
ssrA encodes a short protein sequence followed by a stop codon that is translated and tags
the protein specified by the truncated mRNA. This rescues the stalled ribosome and results
in the recognition and degradation of the tagged protein by the proteases ClpXP and CIpAP.
In this way, the ssrA gene helps maintain the quality of the proteome (27).

Here, we report that a decrease in ATP amounts taking place under nutrient-limiting
conditions stabilized not only RpoS but also multiple substrates of several AAA+ proteases.
The remaining ATP allowed proteolysis of non-functional proteins targeted for degradation.
Stabilization of functional proteins during stationary phase helped microorganisms return to
a growth state once nutrients became available. This behavior was displayed by both bacteria
and yeast, suggesting that protein preservation is a conserved mechanism that governs
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escape from stationary phase into growth phase. Protein longevity likely plays a role in the
germination of bacterial spores and in antibiotic persistence.

A reduction in ATP abundance decreases proteolysis by ATP-dependent proteases

A reduction
proteases

When the bacterium Sa/monella enterica serovar Typhimurium (S. Typhimurium)
experiences insufficient amounts of essential nutrients, it decreases the production of
macromolecules and metabolites (2, 28, 29). This reduces ATP amounts, which lowers

the rate of protein synthesis; thus, bacteria that are growing exponentially enter stationary
phase (2). Because the activity of AAA+ proteases is dependent on the ATP concentration
(14, 15, 30, 31), we wondered whether proteolysis by AAA+ proteases other than ClpXP
also decreased during nutrient limitation. Thus, we examined both ATP amounts and protein
stability in S. Typhimurium subjected to different starvation conditions.

Initially, we analysed the effects of starvation for Mg2*, the most abundant divalent cation in
all living cells (32). We examined bacteria prior to and after a drop in the cytoplasmic Mg2*
concentration that triggers the production of proteins that reduce ATP amounts (2). When
placed in media containing low (10 pM) Mg?*, S. Typhimurium grew exponentially for ~4 h
(Fig. 1A). At this time, the Mg2* concentration became limiting (2), the ATP concentration
decreased (Fig. 1B and fig. S1A) and growth slowed down substantially (Fig. 1A). We
collected samples at 2.5 and 5.5 h, times at which the ATP concentration was high and low,
respectively (Fig. 1B), and examined substrates of the AAA+ proteases ClpXP, Lon, and
FtsH.

The stability of the ClpXP substrates CysA (33) and RpoS (34, 35), the Lon and FtsH
substrate RpoH (36, 37), and the FtsH substrate LpxC (38) was higher at 5.5 than at 2.5

h (Fig. 1C). Tetracycline, which was used to stop protein synthesis and thus, determine
substrate stability, increased ATP concentrations slightly at the two time points (fig. S2A),
but did not impact the fold ATP difference between the two time points. Therefore, the
decrease in ATP concentration taking place during stationary phase correlated with reduced
proteolysis of functional proteins by different AAA+ proteases.

Protein stability also increased upon starvation for nutrients other than Mg2*. That is, when
bacteria reached stationary phase during growth in MOPS minimal medium with abundant
Mg?2* (Fig. 1D), a condition that also lowers ATP amounts (Fig. 1E and fig. S1B), the four
substrates (CysA, RpoS, RpoH, and LpxC) were similarly stabilized (Fig. 1F). Likewise,
starvation for carbon or nitrogen reduced bacterial growth (fig. S3A), ATP amounts (fig.
S3B), and the rate of proteolysis of CysA (fig. S3C). We conclude that stabilization of
substrates of AAA+ proteases is a response to nutrient starvation regardless of the specific
nutrient that becomes limiting.

in ATP amounts is necessary to stabilize substrates of ATP-dependent

The PhoP protein is a transcriptional activator of the mgtA, mgtB, and mgtC genes (39),
which encode the Mg?* transporters MgtA (40) and MgtB (41) and the ATPase inhibitor
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MgtC (42), respectively. These proteins reduce ATP amounts when S, Typhimurium
experiences Mg?* starvation (2), a condition that activates the PhoP protein (43, 44) and
stimulates expression of the mgtA, mgtB, and mgtC genes (39, 45). Therefore, the ATP
concentration is higher in the phoP mutant than in wild-type S. Typhimurium following
growth in low Mg2* (2). If a reduction in ATP amounts was required to stabilize the
substrates of AAA+ proteases, then a phoP mutant should have lower substrate amounts than
the wild-type strain.

We determined that the steady-state amounts of the CysA, RpoS, RpoH, and LpxC proteins
were lower in the phoP mutant than in wild-type S. Typhimurium following 5.5 h growth
in low MgZ* media (Fig. 2A). The ATP abundance at this time point was 40 times higher
in the phoP mutant than in the wild-type strain (Fig. 2B). Therefore, there was an inverse
correlation between substrate amounts and ATP abundance. By contrast, wild-type and
phoP strains had similar amounts of both substrates (Fig. 2A) and ATP (Fig. 2B) following
2.5 h growth in the same media (Fig. 2A). These results reflect that expression of the
ATP-reducing genes takes place at 5.5 h but not at 2.5 h in low Mg2* media (2). These
findings suggest that a PhoP-dependent reduction in ATP amounts stabilizes substrates of
AAA+ proteases during Mg?* starvation. As detailed below, this notion was supported by
multiple lines of evidence.

First, a plasmid that encodes the soluble subunit of the F1F, ATPase (pATPase) and thereby
promotes ATP hydrolysis (2), corrected both ATP amounts and the abundance of CysA,
LpxC, and RpoH (Fig. 2, C and D) in the phoP mutant. By contrast, the vector control

had no effect (Fig. 2, C and D). Second, arsenate, a phosphate analogue that poisons ATP
synthesis (46), reduced ATP amounts (fig. S4, A and B) and increased the abundance of
RpoH, CysA, and LpxC (fig. S4, C and D) in both wild-type and phoP strains. And third,
the three substrates displayed a shorter half-life in the phoP mutant than in the wild-type
strain (Fig. 2, E and F), indicating that the absence of PhoP promoted substrate stability.
Spectinomycin, which was used to stop protein synthesis and, thus, determine substrate
stability, increased the ATP concentration 1.5-fold in the pfoP mutant. By contrast, there
was an 8-fold difference in the ATP concentration between wild-type and phoP Salmonella
(fig. S2B).

Control experiments demonstrated that wild-type and phoP Salmonella exhibited similar
abundances of the mMRNAS encoding the substrates (fig. S5A), ruling out the possibility of
differences in substrate abundance resulting from transcriptional effects of the regulatory
protein PhoP on the corresponding genes. As expected, the mRNA abundance of the control
PhoP-activated gene pagCwas higher in the wild-type strain than in the p/0P mutant (fig.
S5A). In addition, the amounts of the protease FtsH and of the protease subunits ClpX and
ClpP were similar in wild-type and phoP Salmonellaat both 2.5 and 5.5 h in low Mg2*
media (fig. S5B), arguing against the observed differences in substrate abundance resulting
from disparities in protease amounts. Furthermore, abundance of the Lon substrate RpoH
was lower in the phoP mutant than in the wild-type strain (Fig. 2A) even though Lon
amounts were ~50% lower in the p/oP mutant than in the wild-type strain (fig. S5B).
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A reduction in ATP amounts increases but does not fully restore wild-type RpoS
abundance in the phoP mutant

Neither pATPase (Fig. 2D) nor arsenate (fig. S4C) fully restored RpoS abundance to the
phoP mutant under MgZ*-starvation conditions. We ascribe these results to PhoP protecting
RpoS both by decreasing ATP abundance and by promoting expression of the anti-adaptor
protein IraP (35, 47). In agreement with this notion and previous results (35, 47), iraP
mutant S. Typhimurium had low RpoS amounts (fig. S6B), albeit not as low as the phoP
mutant (fig. S6B), but retained wild-type amounts of ATP (fig. S6A). As expected, the iraP
phoP double mutant behaved like the phoPsingle mutant (fig. S6, A and B).

That PhoP stabilizes RpoS through two mechanisms is reminiscent of the MgtC protein
protecting the PhoP protein from degradation by the AAA+ protease CIpAP through two
mechanisms. MgtC reduces ATP amounts (42) and hinders CIpS access to PhoP (48). This
is why plasmid pATPase does not fully restore PhoP abundance in a mgtC mutant (48) or
RpoS abundance in a phoP mutant (Fig. 2D) despite normalizing ATP amounts (48) (Fig.
2C).

Degradation of non-functional proteins continues unabated during nutritional starvation

Because they arise from truncated mRNAs, SsrA-tagged proteins are generally not
functional and thus targeted for degradation by the ATP-dependent proteases ClpXP and
CIpAP (27). We investigated the amounts of GFP-LAA, a GFP variant with the complete
ssrA-encoded degradation motif at its C terminus, as a model substrate for a non-functional
protein. However, GFP-LAA amounts were similar at 2.5 and 5.5 h (Fig. 3A). By contrast,
the abundance of the ClpXP substrate RpoS was higher at 5.5 than at 2.5 h (Fig. 3A). In
agreement with the results presented above (Fig. 1B and 2B), ATP amounts were much
higher in wild-type cells expressing GFP-LAA at 2.5 than at 5.5 h after a switch to low
Mg?* media (Fig. 3B).

A similar situation is observed with pre-OmpF (49), a Lon substrate in sec\M mutant bacteria
(50). That is, translocation-competent Sec proteins are required for maturation and export

of outer membrane proteins (51); therefore, regulation of the SecA protein is compromised
in a secM mutant (52), resulting in the aggregation of SecB substrates, such as pre-OmpF
(49). Despite the higher ATP concentration present at 2.5 than at 5.5 h (fig. S7A), pre-OmpF
amounts were similar at the two times (fig. S7B). By contrast, RpoH abundance was

higher at 5.5 than at 2.5 h (fig. S7B). Control experiments demonstrated that the secM
mutant exhibited wild-type ATP amounts, unlike the pAoP mutant (fig. S7A). These results
demonstrate that a reduction in ATP concentration reduces the degradation of functional
proteins but not non-functional proteins, even though both classes of proteins are substrates
of the same ATP-dependent proteases.

That the ATP amounts remaining in bacteria experiencing Mg2* starvation are sufficient to
proteolyze proteins targeted for degradation was supported by the behavior of wild-type and
phoP Salmonella experiencing Mg2* starvation. Both strains displayed similar amounts of
GFP-LAA (Fig. 3B) and pre-OmpF (fig. S7B) even though wild-type Sa/monellahad much
lower ATP amounts than the pfioP mutant (Fig. 3A and fig. S7A). By contrast, RpoS and
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RpoH abundances were higher in the wild-type strain than in the pfoP mutant, and both
strains had similar abundances of the loading control protein AtpB (Fig. 3B and fig. S7B).

GFP-LAA stability was similar at 2.5 and 5.5 h (Fig. 3C), and the same was true for pre-
OmpkF (fig. S7C), again in contrast to lower stability of RpoS and RpoH at 2.5 than at 5.5

h (Fig. 3C and fig. S7C). The behaviors of GFP-LAA and RpoS reflected ClpXP-dependent
proteolysis because the c/jp.X mutant had much higher amounts of both proteins than the
wild-type strain at both time points (Fig. 3B). Likewise, the behaviors of pre-OmpF and
RpoH reflected Lon-dependent proteolysis because the /on secM double mutant had higher
amounts of both proteins compared to the secM single mutant at both time points (fig. S7B).
Although the ATP amounts in wild-type S. Typhimurium were higher at 2.5 than at 5.5 h
after a switch to low Mg2* media (Fig. 3D), a similar abundance was exhibited by untagged
GFP (Fig. 3E), AtpB (Fig. 3E), and mature OmpF (fig. S7B) at the two time points. Taken
together, these results indicate that bacteria continue to safeguard proteome quality even
when experiencing low ATP amounts resulting from Mg?2* starvation.

The ATP remaining in bacteria in stationary phase was sufficient to degrade proteins
targeted for proteolysis even when the limiting nutrient was not Mg?*. That is, ATP amounts
were higher at 3 h than at 6 h of growth in MOPS media (Fig. 3F and fig. S7D), but the
abundances of GFP-LAA (Fig. 3G) and pre-OmpF (fig. S7E) were the same at the two
times. By contrast, RpoS and RpoH accumulated at 6 h but not at 3 h (Fig. 3G and fig. STE).
Controls showed the same abundance of untagged GFP and AtpB (Fig. 3H) and mature
OmpF protein (fig. STE) at the two times.

Preserving proteins during slow growth state favors return to growth state when nutrients
become available

If proteins present during a slow- or no-growth state help organisms leave that state when
nutrients become available (53), stimulating proteolysis during the slow- or no-growth state
should hinder the return to the growth state. To test this hypothesis, we exposed bacteria to
agents that arrest growth (fig. S8 A to E) and either increase or do not alter ATP abundance
(fig. S9 A to F) (54), and then determined bacterial growth following a switch to fresh media
(Fig. 4A) (55).

When the protein synthesis inhibitor chloramphenicol was added to wild-type S.
Typhimurium experiencing Mg?* starvation, the ATP concentration increased dramatically
(Fig. 4B and fig. S9A), reflecting that protein synthesis was the activity that demanded most
cellular energy (56, 57). The ATP increase was accompanied by a decrease in the abundance
of protease substrates (Fig. 4C) and a growth delay upon a switch to Mg2*-rich media
relative to organisms not exposed to chloramphenicol (Fig. 4D).

Plasmid pATPase (but not the vector control) reduced ATP amounts in chloramphenicol-
treated bacteria experiencing Mg?* starvation (fig. S10A), which restored both wild-type
abundance of protease substrates (fig. S10B) and fast entry into the growth state upon
addition of Mg2* (fig. S10C). These results suggest that the decreased proteolysis resulting
from a reduction in ATP concentration favored a speedy transition from the slow- or no-
growth state to the growth state.
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Protein synthesis inhibitors can exhibit a post-antibiotic effect whereby bacterial regrowth

is initially inhibited upon a return to media lacking the drug. Therefore, we investigated

the effects of trimethoprim, a bacteriostatic agent that inhibits the production of a DNA
synthesis precursor (58), and sulfamethoxazole, a bacteriostatic agent that targets the

same pathway as trimethoprim (59), because neither agent displays a post-antibiotic

effect in Gram-negative bacteria (60). Like chloramphenicol treatment (fig. S9, A and B),
trimethoprim addition increased ATP amounts (fig. S9C) and inhibited bacterial growth

(fig. S9D). The increased ATP amounts (Fig. 4B) were accompanied by decreased substrate
abundance (Fig. 4C), and prolonged the lag phase when Mg?*-starving bacteria were placed
in Mg2*-rich media (Fig. 4D). The effects of chloramphenicol and trimethoprim are not due
to bacterial stasis per se because ATP amounts (Fig. 4B), substrate abundance (Fig. 4C), and
emergence from the slow/no-growth state (Fig. 4D) remained unaltered upon treatment with
sulfamethoxazole, which inhibited bacterial growth without altering ATP amounts (fig. S9, E
and F).

The association between protein preservation during a slow- or no-growth state and a
speedy return to the growth state was not limited to insufficiency of a specific nutrient.
Chloramphenicol and trimethoprim increased ATP amounts (Fig. 4E), decreased protease
substrate abundance (Fig. 4F), and prolonged the lag phase upon the restoration of fresh
media (Fig. 4G) in bacteria experiencing carbon limitation. By contrast, untreated and
sulfamethoxazole-treated bacteria had similar ATP amounts (Fig. 4E), substrate abundance
(Fig. 4F), and a speedy return to the growth state when carbon became plentiful (Fig.

4G). Moreover, chloramphenicol-treated and trimethoprim-treated bacteria media had high
ATP amounts (fig. S11A), low substrate abundance (fig. S11B), and delayed entry into the
growth state (fig. S11C) in MOPS media. Sulfamethoxazole-treated bacteria had similar
ATP amounts (fig. S11A), substrate abundance (fig. S11B), and fast entry into the growth
state as untreated bacteria (fig. S11C). We conclude that the reduction in ATP amounts
that bacteria exhibit when nutrient limitation slows down or stops growth extends protein
longevity and favors escape from a slow- or no-growth state regardless of the specific
nutrient that was limited.

Preserving specific protease substrates during slow growth state helps return to growth
state

Because the PhoP protein is the master regulator of the Mg2* starvation response (32),
PhoP abundance may determine the length of the lag phase displayed by Mg?*-starved S.
Typhimurium once Mg?* becomes available. To test this notion, we examined the behavior
of four isogenic strains. One of these strains expresses the PhoP (L4P) variant instead

of wild-type PhoP. The PhoP (L4P) variant exhibits decreased ClpS binding and reduced
proteolysis by CIpAP (61). Another strain lacks PhoP because it is a p/#oP null mutant; a
third strain fails to degrade PhoP because it lacks ¢/pS; and the fourth strain is the wild-type
parent.

The PhoP (L4P)-expressing strain returned to the growth state faster than the wild-type
PhoP-expressing strain upon chloramphenicol treatment (Fig. 5A). Although the two strains
had similar ATP amounts before chloramphenicol treatment (Fig. 5B) and reached similar
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ATP amounts following chloramphenicol treatment (Fig. 5B), wild-type PhoP amounts
decreased upon chloramphenicol treatment but PhoP (L4P) amounts did not (Fig. 5C). The
clpS mutant behaved liked the PhoP (L4P)-expressing strain, retaining high PhoP amounts
and returning to the growth phase faster than the wild-type strain (Fig. 5A). By contrast, the
phoP mutant displayed the longest lag phase of the four strains (Fig. 5A). The abundance of
the chaperone GroEL, which was used as a loading control, was the same before and during
starvation conditions (Fig. 5C). In sum, these data suggest that preserving the PhoP protein
during Mg?2" starvation speeds the return to the growth state upon restoration of Mg2*.

PhoP stabilization helps S. Typhimurium emerge from Mg?2* starvation but not from carbon
starvation, because the PhoP (L4P)-expressing strain and the pAoP null mutant exhibited

a wild-type lag phase following carbon restoration to carbon-starved bacteria (fig. S12A).
The four strains had similar ATP amounts (fig. S12B), but differed in PhoP abundance (fig.
S12C): PhoP (L4P) was the highest, reflecting resistance to degradation by CIpSAP (61),
closely followed by the ¢/pS mutant and then, by the wild-type strain (fig. S12C). The ¢c/pS
mutant exhibited a longer lag phase than the other three strains (fig. S12A) even though its
PhoP amounts were in between those of the PhoP (L4P)-expressing strain and the wild-type
strain (fig. C12C). Thus, the longer lag displayed by the ¢/pS mutant must have been due to
a ClpS-regulated protein other than PhoP. The abundance of GroEL was the same before and
after carbon starvation conditions (fig. S12C).

In addition to PhoP, S. Typhimurium requires RpoS to resume growth following Mg2*
starvation, because a 7poS null mutant took longer than the wild-type strain to grow when
Mg?2* was restored (Fig. 5D). Chloramphenicol treatment increased ATP abundance (Fig.
5E) and decreased RpoS amounts >9 fold (Fig. 5F), in agreement with RpoS being a ClpXP
substrate (21). Cumulatively, the data in this section argue that preserving specific protease
substrates eases the return to the growth state once the limiting nutrient becomes available.

Protein longevity favors return to growth state in yeast

The ubiquitin-dependent 26S proteasome typically controls the abundance of proteins that
require high amounts of ATP to be degraded in the yeast Saccharomyces cerevisiae (16).
Despite obvious differences in the identity of the proteases and substrates involved, a
decrease in ATP amounts during nutritional starvation should preserve proteins and favor
exit from a slow- or no-growth state in yeast as in bacteria. To test this hypothesis, we
exposed S. cerevisiae to the lowest concentration of the translation inhibitor cycloheximide
(250 pg/ml) that increased ATP amounts (fig. S13A) and inhibited growth (fig. S13B).

The slowdown in the growth of wild-type S. cerevisiae as the cells reached stationary
phase at about 8 h of culture in rich medium (Fig. 6A and fig. S1C) resulted in decreased
ATP abundance (Fig. 6B) and stabilization of the 26S proteasome substrates H2B (62),
Napl (63), and Rapl (64) (Fig. 6C). The stability of p-actin, which was used as loading
control, was the same before and during starvation conditions (Fig. 6C). Treatment

with cycloheximide increased ATP amounts (Fig. 6D), decreased the abundance of 26S
proteasome substrates (Fig. 6E), and substantially delayed entry into the growth state when
nutrients were restored (Fig. 6F). The effect of cycloheximide on S. cerevisiae mimicked
that of chloramphenicol on S. Typhimurium (Fig. 4, B to G). Therefore, yeast and bacteria
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respond to nutrient limitation by decreasing proteolysis by ATP-dependent proteases, which
speeds the return to the growth state.

Discussion

Nutrient limitation results in a slow- or no-growth state state that can be long-lasting in the
case of bacterial spores. We have determined that, when nutrients became available to a
slow- or no-growing cell, a speedy return to the growth state required proteins present during
the slow- or no-growth state. We established that nutritional starvation decreased the ATP
concentration from ~1-2 mM to ~200 uM in bacteria (fig. S1, A and B), and from ~3-4

mM to ~600 uM in yeast (fig. S1C), which reduced the degradation of functional proteins
by ATP-dependent proteases (Fig. 7). The remaining ATP concentration was sufficient for
proteolysis of proteins specifically targeted for degradation, such as SsrA-tagged GFP (Fig.
3, B and C) and pre-OmpF in a secM mutant (fig. S7, B and C). Therefore, bacteria, and
possibly yeast, use the remaining ATP to maintain quality control over their proteomes in
agreement with previous findings (15, 65). In other words, slow- or no-growing bacteria
maintain both a healthy proteome and the longevity of functional proteins, which helps them
emerge from arrested growth (66).

A decrease in ATP concentration impacts all aspects of protein homeostasis including
synthesis, solubility, folding, and degradation. For example, protein synthesis is readily
compromised by a reduction in the ATP concentration (1, 2) from the millimolar to

the micromolar range (56, 57). This is also the case for protein solubility because ATP
functions as a hydrotrope only when present in millimolar concentrations (67). When the
ATP concentration decreases below 670 uM, pre-existing proteins begin to aggregate (3). A
further decrease in ATP concentration to the 200 4M range (fig. S1) hinders the degradation
of multiple substrates of different AAA+ proteases (Figs. 1 to 5). In addition to nutritional
starvation (1, 2, 5), a variety of conditions trigger a decrease in ATP concentration including
acidic pH (68) and low oxygen (69), both of which pathogens often encounter during
infection.

How do microbes return to the growth state once nutrients become available? On the one
hand, they preserve proteins during the slow- or no-growth state by reducing the activity of
ATP-dependent proteases (Fig. 7). On the other hand, the complex of the DnaK and ClpB
chaperones disaggregates proteins (3). These two processes are physiologically connected
because DnaK, the rate-limiting factor for disaggregation by DnaK-ClpB, is proteolyzed
during prolonged starvation (70). That is, ClpB cannot disaggregate proteins in the absence
of DnaK (71-73). and ATP amounts do not impact ClpB function in the absence of DnaK
under physiological conditions (74).

Ribosome abundance can affect the kinetics with which bacteria emerge from a slow- or
no-growth condition once a limiting nutrient becomes available. When bacteria transition
from exponential to stationary growth phase, the composition of the ribosome changes with
certain core ribosomal proteins being replaced by others (75). In addition, ribosomes are
reversibly inactivated by hibernation factors (76) and degraded (77), with the extent of the
decrease in ribosome content depending on the specific nutrient that becomes limiting (78).
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Moreover, bacteria that increase ribosome content during growth exit stationary phase more
rapidly once nutrients become available (79).

We identified the ClpXP substrate RpoS and the CIpSAP substrate PhoP as being necessary
for a normal emergence of wild-type S. Typhimurium from Mg?2* starvation (Fig. 5).
Proteins helping bacteria leave a particular starvation condition may not help under a
different starvation condition. For instance, PhoP protein amounts are not correlated with
emergence from a slow growth state triggered by carbon starvation (fig. S12). Therefore,
the return to a growth state requires both proteins that operate when bacteria experience
limitation for particular nutrients, such as PhoP, and ribosomes that carry out protein
synthesis regardless of the nutrient limitation that stops or slows growth.

Antibiotic persisters are metabolically-dormant bacteria that resist killing by bactericidal
antibiotics (80, 81). Persisters arise from different stresses, including exposure to antibiotics
(80) and nutritional starvation (66, 82). Persister pathogens can “wake up” spontaneously
when the antibiotic concentration drops and return to their infection cycle (83), resulting

in recurrent infections. The decrease in ATP concentration taking place during dormancy
may impact the number of persisters for several reasons. First, SsrA tagging is required

for awakening antibiotic tolerant bacteria from arrested growth (84), and proteolysis of
SsrA-tagged substrates continues unabated during nutritional limitation (Fig. 3, B and C).
Secondly, continuous degradation of misfolded proteins by the protease Lon is important to
escape from dormancy because the formation of polypeptide aggregates during dormancy
hinders the regrowth of antibiotic persisters (3). In addition, as discussed above for bacterial
emergence from slow- or no-growth conditions, there is a positive correlation between
ribosome content and the speed of persister resuscitation (85).

Our findings suggest that persisters may be eliminated by targeting the molecules
responsible for protein preservation. In support of this notion, compounds that stimulate
ATP production (86) or promote proteolysis by the ClpP protease (87) kill slow-growing
bacteria exhibiting antibiotic tolerance (88).

Because it takes proteins to make proteins, the ability to preserve proteins under extreme
nutrient-limiting conditions may be responsible for the initiation of bacterial spore
germination, a process that does not require protein synthesis (89, 90). In addition,
preserving proteins may be critical after spore germination because specific proteins such
as ribosomal proteins and translation factors must be present in the spores for protein
synthesis to take place (90). Given that tumor cells reduce protein synthesis to survive in
nutrient-limited environments (7), it may be possible to sensitize dormant tumor cells using
strategies analogous to those discussed above for bacteria.

Materials and Methods

Microbial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are presented in Table S1. All S. enterica
serovar Typhimurium strains are derived from strain wild-type strain 14028s (91) and
following construction, the mutations were moved by phage P22-mediated transductions
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(92). DNA oligonucleotides used in this study are presented in Table S2. Bacteria were
grown at 37°C in Luria-Bertani broth (LB), MOPS media (93) with 0.1% casamino acids
and 0.4% glucose, and N-minimal media (pH 7.7) (41) supplemented with 0.1% casamino
acids, 38 mM glycerol and the indicated concentrations of MgCl,. S. cerevisiae DY 1457
(94) was grown in YPD medium supplemented with 0.4% glucose at 30°C. Ampicillin
was used at 50 pg/ml, chloramphenicol at 25 pg/ml and tetracycline at 12.5 pg/ml for
bacterial growth. For the protein stability assays, tetracycline was used at 50 pug/ml and
spectinomycin at 1 mg/ml. To reduce ATP amounts, sodium arsenate was used at 1mM. For
the bacterial growth assay with bacteriostatic antibiotics, chloramphenicol was used at 0, 5,
10, 20, 50 pg/ml, trimethoprim at 0, 50, 100, 200, 500 ug/ml, and sulfamethoxazole at 0,
0.1, 0.5, 1, 2 pg/ml. To induce expression from plasmid-borne genes, isopropyl thio-p-D-1
galactopyranoside (IPTG) was used at 1 mM.

Construction of bacterial mutants

Bacterial chromosomal mutants were constructed using the one-step disruption method
(95) with minor modifications. To construct strains specifying a C-terminally FLAG-tagged
CysA protein (JY766), a cat cassette was introduced at the 3" end of the cysA gene: a

cat gene fragment was amplified from plasmid pKD3 using primers 16490/16491 for cysA-
FLAG, then introduced into wild-type S. Typhimurium (14028s) harboring plasmid pKD46
selecting for Cm resistance. The resulting strain (JY767) was kept at 30°C and transformed
with pCP20 to remove the cat cassette. To construct the secM mutant (JYDNL), a kan
cassette was introduced into the secM gene as follows: a kat gene fragment was amplified
from pKD4 using primers 2E5/2EB6, then introduced into wild-type S. Typhimurium
(14028s) harbouring plasmid pKD46 selecting from Kan resistance.

Strains JY901 and JY747 were made by transducing the cysA-FLAG..cat insertion into
strain MS7953s (96) using a P22 lysate generated in strain JY766. Strains EG16740 was
made by transducing the mgtA..catinsertion into strain EL4 (42) using a P22 lysate
generated in strain EG16734 (97). Strain EG17284 was made by transducing the phoP:Tn10
insertion into strain EG17133 (35) using a P22 lysate generated in strain MS7953s (96).
Strain JY 1043 was made by transducing the cysA-FLAG: cat insertion into strain JY649

(48) using a P22 lysate generated in strain JY766. Strains JYDN2 and JYDN3 were made

by transducing the secM..kan insertion into strains EG16039 (98) and MS7953s (96),
respectively, using a P22 lysate generated in strain JYDN1. Strain EG10822 was made

by transforming with pCP20 to remove the cat cassette from rpoS..cat (35).

Western blot assay

Bacteria cells were grown in MOPS or N-minimal medium. Yeast cells were grown in
YPD medium. Crude extracts were prepared in B-PER reagent (Pierce) with 100 pg/mL
lysozyme and EDTA-free protease inhibitor (Roche). Samples were loaded on 4-12%
NUPAGE gels (Life Technologies) and 4-15% TGX gels (Bio-rad), then transferred to
nitrocellulose membrane using the iBot machine (Life Technologies) or the Trans-Blot
Turbo machine (Bio-rad). Membranes were blocked with 3% skim milk solution at room
temperature for 2 h. Then, samples were analysed using antibodies against the FLAG
peptide or the RpoS, RpoH, LpxC, AtpB, GFP, OmpF, FtsH, ClpX, ClpP, Lon, H2B,
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Napl, Rapl or p-actin proteins. Mouse anti-RpoS (Neoclone, W0009) and anti-RpoH
(Biolegend, 663402) antibodies were used at 1:2,000 dilution. Mouse anti-Rap1 (Santa

Cruz Biotech, sc-166556) and anti-Nap1 (Santa Cruz Biotech, sc-25342) antibodies were
used at 1:2,000 dilution. Rabbit anti-FtsH (Thermo Scientific, PA5-43806), anti-ClpX (a
generous gift from Urs Jenal), anti-ClpP (LifeSpan BioSciences, LS-C675226), anti-Lon
(LifeSpan BioSciences, LS-C488160), anti-H2B (Abcam, ab188291), anti-FLAG (Sigma-
Aldrich, F7425), anti-GFP (Sigma-Aldrich, SAB4301138), anti-OmpF (Abcam, ab203223)
and anti-LpxC (LifeSpan BioSciences, LS-C318823-50) antibodies were used at 1:2,000
dilution. Mouse anti-AtpB (Abcam, ab110280) and anti-p-actin (Abcam, ab8224) were used
at 1:5,000 dilution. Secondary horseradish peroxidase-conjugated anti-rabbit or anti-mouse
antisera (GE healthcare) were used at 1:5,000 dilution. Blots were developed with the
Amersham ECL Western Blotting Detection Reagents (GE Healthcare) or SuperSignal West
Femto Chemiluminescent system (Pierce).

Measurement of ATP amounts

ATP amounts were measured using a microplate reader (Tecan, Infinite M1000 PRO) as
described (99) with a few modifications. Bacteria were grown overnight in MOPS media.
One ml of the overnight culture was washed one time in MOPS media and resuspended

in 1 ml of the same media. Diluted (1/50) bacteria were inoculated into 1 ml of media.
Bacteria were grown overnight in N-minimal media containing 10 mM Mg?2*. One ml of
the overnight culture was washed three times in the N-minimal medium without Mg2* and
resuspended in 1 ml of the same media. Diluted (1/50) bacteria were inoculated into 1 ml of
N-minimal media containing 10 pM Mg?2*. Yeast cells were grown overnight in YPD media.
One ml of the overnight culture was washed one time in the YPD media and resuspended

in 1 ml of the same media. Diluted (1/50) yeast cells were inoculated into 1 ml of media.
Cells were normalized by ODggg and heated at 70°C for 10 min. Intracellular ATP was
measured using the BacTiter-Glo Microbial Cell Viability Assay Kit (Promega) according to
the manufacturer’s instructions.

In vivo protein degradation assay

To measure protein stability, bacteria were treated with tetracycline (50 pg/ml) or
spectinomycin (1mg/ml), and 1.5 mL samples were removed at the indicated times and
harvested at 4°C. Yeast cells were treated with cycloheximide (1 mg/ml), and 1.5 mL
samples were removed at the indicated times and harvested at 4°C. Pelleted cells were kept
on dry ice for 30 min. Samples were then resuspended in B-PER reagent (Pierce) with

100 pg/mL lysozyme and EDTA-free protease inhibitor (Roche). After addition of the same
volume of SDS sample buffer, samples were separated on 4-12% SDS-polyacrylamide gel
and analysed by Western blotting.

Return to growth state assay

Cells were grown in MOPS medium, N-minimal medium or YPD medium for 2 or 3

h, followed by 3 h for N-minimal medium, 3 or 21 h for MOPS medium, and 5 h

for YPD medium treatment with chloramphenicol (10 pg/ml), trimethoprim (100 pg/ml),

sulfamethoxazole (1 mg/ml) or cycloheximide (250 pug/ml). Treated samples were washed
two times in fresh medium, then inoculated into fresh nutrient rich medium to investigate
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escape from the slow growth state into the growth state. Microbial growth was measured
using the Victor3 (Bio-rad) or Infinite M1000 PRO (Tecan) at 37°C or 30°C for 16 h.

Quantitative RT-PCR

To measure mMRNA abundance, cells were grown in N-minimal medium containing 10 pM
MgCl, and 38 mM glycerol at 37°C for 6 h. Total RNA was purified using RNeasy Kit
(Qiagen) with on-column DNase treatment, and cDNA was synthesized by using VILO
Super Mix (Life Technologies). Quantification of transcripts was carried out by quantitative
RT-PCR using SYBR Green PCR Master Mix (Applied Biosystems) in a QuantStudio™ 6
Flex Real-Time PCR System (Applied Biosystems). mMRNA abundance was determined by
using a standard curve obtained from PCR products generated with serially diluted genomic
DNA, and results were normalized to the levels of the 0mpA gene. Data shown are an
average from at least three independent experiments. Primers used in quantitative RT-PCR
assay are presented in Table S2.

Data analysis and statistics

To quantify protein amounts, each blot was analysed by the ImageJ (NIH, ver. 1.49u)
program by selecting a rectangular area around the target band for quantitative analysis.
Calculated intensity of target bands was normalized to the levels of the loading protein
control. Numbers are the average corresponding to protein abundance relative to the leftmost
lane from independent experiments. For measurement of protein stability, protein half-lives
(t1/2) were calculated by regression analysis of the exponential decay of proteins. ATP
amounts were calculated with normalization by ODggg. The mean and SD from independent
experiments are shown. Unpaired Student’s #tests were performed between samples, and P
< 0.05 was defined as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Nutritional starvation reduces ATP amounts, stabilizing substrates of ATP-dependent
proteases.

(A) Growth curve for wild-type S. Typhimurium expressing cysA-FLAG (strain JY767)
under low-Mg?* conditions. (B) Quantification of ATP amount and (C) immunoblotting and
degradation curves for the indicated protease substrates in strain JY767 grown under low-
Mg?2* conditions for 2.5 or 5.5 h and treated with tetracycline to inhibit protein synthesis.
Numbers below blots correspond to the half-life (ty/») of the indicated substrates. AtpB is a
loading control. (D) Growth curve of strain JY767 in Mg2*-replete MOPS minimal medium
and in the presence of tetracycline to inhibit protein synthesis. (E) Quantification of ATP
amount and (F) immunoblotting, calculated half-lives (t1/,), and degradation curves of the
indicated protease substrates in strain JY767 grown in Mg?*-replete MOPS medium for

2.5 or 5.5 h. Growth curves (A and D) show the average of 4 independent experiments,

and error bars represent SDs. ATP amounts (B and E) were calculated with normalization
luminescence by ODggg and represent the mean and SD from 4 independent experiments.
Western blotting (C and F) was performed with antibodies directed to the FLAG peptide or
to the AtpB, RpoS, RpoH, or LpxC proteins, and degradation curves show the mean and SD
for protein amounts normalized to AtpB from 3 independent experiments. Half-lives of the
protease substrates were calculated by regression analysis of the exponential decay of the
proteins. Unpaired Student’s ftests were performed between 2.5 h with 5.5 h; ***£ < 0.001,
**P<0.01.

Sci Signal. Author manuscript; available in PMC 2021 August 20.

0 20 40 60 80 100120
Time (min)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yeom and Groisman

Page 20

5.5 Time in low Mg2* (h) B
21
3 6
5 O§ 1:2%10 25h 5.5h
E - *kok
o S 1.0x10°
4= CysAFLAG 8 £e
@
| ] &) 5
N S D
© £
N R L
L 6Q® \(\OQ ,Q\QQ' ‘(\OQ
»[== = ] wo S & Ee
»>[= == =] Tme (h) 25 55 25 55 125 55 25 55
in low Mg?*
phoP
C 2 $ 2 D 6
gsq Q\Q‘;o o /\Qrgo =4 D§ 1.2x10 —
NS Q?‘ g g e 9.0x10° 1 *x
2 R
& o
© (a1 5
Eel = g
B 5 0.04
~EEEE e st e R
Q S Q \0 ra Q 9 Q S8 NP L
Q
SEmm e
phoP phoP phoP phoP
wild-type hoP <120
- . - ) < 400 CysA-FLAG
0 15 30 60 120 0 15 30 60 _120_Time after Sm addition (min) £
2 80 wild-type
| - -—— - W e - <4 CysA-FLAG E &0
<120 min <30 min__ tip g 4
] ‘© 20
»| - - | < Lexc £ %
. = 1T 1T 1T 11
<60 min <15 min tip 0 20 40 60 80 100120 0 20 40 60 80 100120
Time (min) Time (min)
- e e -— ..*h— AtpB
F wild-type phoP 9
01 2 5 10 0 1 2 5 10 Time after Sm addition (min) -%
°
g B < RpoH =
<10 min <1 min tip Zé
e e ApB 5

Fig. 2. PhoP-mediated ATP reduction stabilizes protease substrates under Mg2+

Time (min)

starvation.

(A) Immunoblotting and quantification of the indicated protease substrates and (B)
quantification of ATP amount in wild-type S. Typhimurium expressing cysA-FLAG (JY 767,
wild-type) and pfoP S. Typhimurium expressing cysA-FLAG (JY901, phoP) grown under
low-Mg?2* conditions for 2.5 or 5.5 h. AtpB is a loading control. (C) Immunoblotting and
quantification of the indicated protease substrates and (D) quantification of ATP amount

in strain JY767 (wild-type) and in strain JY901 with no plasmid, the plasmid vector

alone (45), or expressing the soluble subunit of the F1F, ATPase (pATPase) (54), grown
under low-Mg?* conditions for 5.5 h. (E and F) Immunoblotting and degradation curves
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of the indicated protease substrates in strains JY767 (wild-type) and JY901 (phoP) grown
under low-Mg?* conditions for 5.5 h with the protein synthesis inhibitor spectinomycin.
Numbers below blots correspond to the half-lives (t1/,) of the indicated substrates, which
were calculated by regression analysis of the exponential decay of the proteins. Western
blotting (A, C, E, F) was performed with antibodies directed to the FLAG peptide or to the
AtpB, RpoS, RpoH, or LpxC proteins, and degradation curves show the mean and SD for
protein amounts normalized to AtpB from 3 independent experiments. ATP amounts (B and
D) were calculated with normalization to luminescence by ODgqg and represent the mean
and SD from 3 independent experiments. Unpaired Student’s ¢tests were performed between
wild-type and the mutant strains; ***P< 0.001, **P< 0.01.
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Fig. 3. Degradation of SsrA-tagged proteins continues unimpeded despite the reduction in ATP
amounts during Mg2* starvation.

(A) immunoblotting and quantification of the indicated protease substrates; (B)
quantification of ATP amount; and (C) stability of the protease substrates in cysA-FLAG
(JY767, wild-type), cysA-FLAG clpX (JY1043, clpX) and cysA-FLAG phoP (JY901, phoP)
S. Typhimurium expressing GFP-LAA. grown under low-Mg?2* conditions for 2.5 or 5.5

h. AtpB is a loading control. (D) Quantification of ATP and (E) immunoblotting and
quantification of the indicated protease substrates in strains JY767 (wild-type), JY1043
(clpX), and JY901 (phoP) expressing GFP (100) and were grown under low-Mg2*
conditions for 2.5 h or 5.5 h. (F) Quantification of ATP and (G and H) the indicated
protease substrates in strains JY767 (wild-type) and JY 1043 (c/pX) expressing GFP-LAA
(G) or GFP (H) grown in Mg2*-replete MOPS medium for 3 or 6 h.

ATP amounts (A, D, F) were calculated with normalization to luminescence by ODggg and
represent the mean and SD from 3 independent experiments. Unpaired Student’s £tests were
performed between wild-type and the mutant strains; ***£ < 0.001, **P< 0.01.
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Densitometry graphs (B, E, G, H) show the average and SD of protein amounts from 3
independent experiments. Graphs correspond to the amounts in different strains relative

to that of the wild-type, which was normalized to 1.0. Unpaired Student’s ¢tests were
performed between wild-type samples at 2.5 h with the other combinations; **~ < 0.01.
Degradation curve and half-lives (t1/;) of protease substrates (C) were determined by band
intensity from Western blots with protein amounts normalized to AtpB. The mean and SD
from three 3 independent experiments are shown.
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Fig. 4. Slow growth—-induced protein longevity speeds bacterial entry into the growth state.
(A) Schematic of the strategy used to test the role that protein longevity plays in the entry

into the growth state following starvation. Bacteria were grown for 2 h or 3 h, followed

by 3 h or 21 h treatment with a bacteriostatic antibiotic to slow growth. Treated samples
were washed with fresh medium and then inoculated into fresh medium to investigate escape
from the slow growth state into the growth state. (B) Quantification of ATP amount and

(C) immunoblotting and quantification of the indicated protease substrates in strain JY767
(wild-type) grown under low-Mg?2* conditions for 3 h, followed by 3 h treatment with
chloramphenicol (Cm), trimethoprim (Tm) or sulfamethoxazole (Se). AtpB is a loading
control. (D) Growth curves of strain JY767 under Mg2*-replete conditions after washing
antibiotics from samples in (B) and (C). (E) Quantification of ATP amount and (F)
immunoblotting and quantification of the indicated protease substrates in strain JY767
grown in MgZ*-replete MOPS medium for 2 h, followed by 3 h without glucose treatment in
the presence of Cm, Tm, or Se. (G) Growth curves of strain JY767 in Mg2*-replete MOPS
medium containing glucose after washing antibiotics from 5 h samples in (E) and (F). ATP
amounts (B and E) were calculated with normalization by ODgqg, and are the average of

3 independent experiments. Samples were analysed by Western blotting (C and F) with
antibodies directed to the FLAG peptide, or the RpoS, RpoH, LpxC or AtpB proteins. Data
are representative of 3 independent experiments. Densitometry graphs show the average and
SD of protein amounts relative to wild-type from 3 independent experiments. Growth curves
(D and G) show the average of 4 independent experiments, and error bars represent SDs.
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Unpaired Student’s ¢tests were performed between untreated samples at 6 or 5 h with the
other combinations; *P< 0.05 and **P< 0.01.
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Fig. 5. Preserving specific protease substrates during low Mgz—triggered slow growth state
speeds the return to the growth state.

(A) Growth curves of wild-type (EG13918) ¢/pS (JY881), and phoP (MS7953s) S.
Typhimurium expressing PhoP-HA and wild-type S. Typhimurium expressing PhoP(L4P)-
HA (JY992) under low-Mg?* conditions after 3 h growth followed by 3 h treatment with
chloramphenicol (Cm) to induce growth arrest or with no Cm treatment. (B) Quantification
of ATP amount and (C) immunoblotting and quantification of protease substrate PhoP-
HA in the indicated strains grown low-Mg?2* conditions for 3 h, followed by 3 h of
treatment with or without Cm. GroEL is a loading control. (D) Growth curves of wild-
type (14028s) and 7p0S (EG18022) S. Typhimurium under Mg?*-replete conditions after
washing antibiotics from 6 h samples in (A) and (B). (E) Quantification of ATP and (F)
immunoblotting and quantification of the protease substrate RpoS in strains 14028s and
EG18022 grown under low-Mg?2* conditions for 3 h, followed by 3 h treatment with or
without Cm. OmpA is a loading control. Growth curves (A and D) show the average of

4 independent experiments, and error bars represent SDs. ATP amounts (B and E) were
calculated with normalization to luminescence by ODgqg, and are the average of independent
experiments. Western blotting (C and F) was performed with antibodies directed to the

HA peptide, GroEL, or OmpA, and densitometry graphs show the average and SD for
protein amounts in different strains relative to those in the untreated bacteria at 3 h from

3 independent experiments. Unpaired Student’s ¢tests were performed between untreated
samples at 6 h with the other combinations; **£< 0.01 and ***£< 0.001.
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Fig. 6. Slow growth—-induced protein longevity is critical for yeast entry into the growth state.
(A) Growth curve of wild-type S. cerevisiae (MP1361) in YPD medium. Data represents

the average and SD from 4 independent experiments. (B) Quantification of ATP amount and
(C) immunoblotting and quantification of the indicated protease substrates in wild-type S.
cerevisiae (MP1361) grown in YPD medium for 3 or 8 h. Protein synthesis was inhibited
by cycloheximide (CHX), and samples were removed at the indicated times for Western
blotting and quantification. The half-lives (ty/2) of the substrates, indicated below the blots,
were calculated by regression analysis of the exponential decay of proteins. Degradation
curves and half-lives (ty/2) of protease substrates (C) were determined by band intensity
from Western blots with protein amounts normalized to B-actin. The mean and SD from
three 3 independent experiments are shown. (D) Quantification of ATP amount and (E)
immunoblotting and quantification of the indicated protease substrates in wild-type S.
cerevisiae (MP1361) grown in YPD medium for 3 h, followed by 5 h or 21 h treatment
with CHX. Densitometry graphs show the average and SD for protein amounts relative to
that in the untreated bacteria at 3 h from 3 independent experiments. (F) Growth curves

of wild-type S. cerevisiae (MP1361) in fresh medium after washing cycloheximide from 8
h samples in (D) and (E). ATP amounts (B and D) were calculated with normalization to
luminescence by ODggg, and the mean and SD from 4 independent experiments are shown.
Unpaired Student’s ¢tests were performed between 3 h with 8 h samples (B) or between
untreated samples at 8 or 24 h (C) with the other combinations; **P< 0.01 and ***P<
0.001. Western blotting (C and E) was performed with antibodies specific for H2B, Nap1,
Rap1, or p-actin.
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Fig. 7. A reduction in proteolysis during starvation preserves proteins and speeds the return to
the growth state.

When bacteria or yeast experience nutrient starvation, they reduce intracellular ATP
amounts, which decreases proteolysis by ATP-dependent proteases, thereby preserving the
protein pool. Protein preservation speeds the return to the growth state when nutrients
become available. By contrast, if the organisms fail to preserve proteins during starvation,
they experience a delay in returning to the growth state.
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