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Integrated control of bacterial growth
and stress response by (p)ppGpp
in Escherichia coli: A seesaw fashion

Manlu Zhu,"* Haoyan Mu," and Xiongfeng Dai'%*

SUMMARY

To thrive in nature, bacteria have to reproduce efficiently under favorable conditions and persist during
stress. The global strategy that integrates the growth control and stress response remains to be explored.
Here, we find that a moderate induction of (p)ppGpp reduces growth rate but significantly enhances the
stress tolerance of E. coli, resulting from a global resource re-allocation from ribosome synthesis to the
synthesis of stress-responsive proteins. Strikingly, the activation of stress response by (p)ppGpp is still
largely retained in the absence of RpoS. In addition, (p)ppGpp induction could activate the catabolism
of alanine and arginine, facilitating the adaption of bacteria to nutrient downshift. Our work demonstrates
that the activation of stress response by (p)ppGpp could occur in an RpoS-independent manner and (p)
ppGpp enables bacteria to integrate the control of growth and stress response in a seesaw fashion,
thus acting as an important global regulator of the bacterial fitness landscape.

INTRODUCTION

To thrive in nature, bacterial cells must be able to reproduce rapidly under favorable conditions and persist during adverse conditions. Unlike
nutrient broth where abundant nutrient sources are provided, the nutrients are limited and highly fluctuating in the natural living environments
of bacteria (e.g., intestinal tract, the natural nich of E. coli)."™” Even worse, bacterial cells are frequently exposed to various types of abiotic
stresses such as hyperosmotic stress, low pH, oxidative stress, cold/heat shock, and antibiotic treatment.®"° Since growth control and stress
response are the two most fundamental processes of bacteria, it is conceivable that bacteria have evolved sophisticated molecular strategies
to balance population growth and stress response in order to maximize fitness in highly fluctuating environments. However, growth con-
trol'"'® and stress response of bacteria”'® have largely been studied separately in historical views; it remains poorly understood regarding
the molecular strategy of bacteria to integrate the control of these two global processes.

Two global signaling pathways lie at the core of bacterial response to adverse conditions: the stringent response mediated by guanosine tet-
raphosphate and pentaphosphate, [(p)ppGpp]'~° and the general stress response mediated by the ¢° (RpoS) subunit of RNA polymer-
ase.” 13?1723 Both stringent response and general stress response can be trigged by nutrient starvation (stationary phase) and a variety of abiotic
stresses (e.g., osmotic stress, oxidative stress, and low pH), reshaping the global gene expression pattern of bacterial cells by affecting the expres-
sions of hundreds of genes,”'”'%?%?1 further enhancing the bacterial tolerance to various environmental stressors and antibiotic treatment.”*~*’
The drastic accumulation of (p)ppGpp during stringent response causes complete shutdown of various central dogma processes (replication,
rRNA transcription, ribosome maturation, and translation).””® (p)ppGpp is also involved in the metabolic control of bacterial cells via e.g., acti-
vating amino acid biosynthesis,'®*? allowing bacterial cells to more quickly adapt to sudden nutrient downshift.>*° In comparison, the effect of
RpoS is more specific to stress response and management; its target gene products are directly involved in protecting bacterial cells against
various types of abiotic and biotic stresses.””'*" Interestingly, there exists a tight link between stringent response and general stress response
since (p)ppGpp could positively regulate the expression of RpoS via direct transcription activation and inhibition of its proteolysis through
increasing the level of anti-adaptor protein IraP.”"""*? Therefore, an intriguing scenario is that during stringent response, (p)ppGpp stimulates
the expression of RpoS, further activating the general stress response to facilitate the survival of bacteria. In support of this, it has been found that
the expression of Rpo§ is severely impaired and delayed in the ppGpp® (A relA A spoT) background after entry into stationary phase.”’*

It has been proposed that the regulation of stress response and amino acid biosynthesis might require different threshold levels of (p)
ppGpp.***° The effect of (p)ppGpp on stress response (via RpoS) might require a very high threshold level of (p)ppGpp, occurring during
stringent response when (p)ppGpp could be dramatically stimulated by dozens of folds.>* Instead, basal levels of (p)ppGpp during expo-
nential growth are enough to control amino acid biosynthesis (e.g., via Lrp protein).* It has been proposed that the physiological function
of basal levels of (p)ppGpp during exponential growth could be different from high levels of (p)ppGpp during stringent response.'’*” For
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Figure 1. The proteome allocations of wild-type E. coli strain in rich medium and minimal medium

Data of rich medium are from AE155 project in Zhu & Dai® while data of glucose minimal medium are from RE198 project in this work.

(A) The proteome allocation of E. coli analyzed by proteomaps website.

(B) The mass fractions of various proteome sectors.

(C) The mass fractions of four proteome sectors including amino acid (AA) biosynthesis, AA and peptide transporters, nucleotide biosynthesis, and protein
synthesis. The sector of protein synthesis includes both ribosomal proteins and ribosome-affiliated proteins such as EF-Tu, EF-G.

(D) The mass fractions of TCA cycle versus glycolysis.

(E) The resource allocation strategy of E. coli during growth in rich medium and minimal medium. The rich medium refers to glucose medium supplemented with
casamino acids (cAA) while the minimal medium refers to glucose minimal medium.

example, recent studies have demonstrated that basal levels of (p)ppGpp are involved in regulating bacterial exponential growth via modu-
lating proteome allocation under different nutrient conditions.*** From rich conditions to poor conditions, the cellular pools of (p)ppGpp
increase only moderately by several folds, inhibiting the ribosomes synthesis but increasing the expression of metabolic proteins (e.g., amino
acid biosynthesis) to help bacteria adapt to poor nutrient conditions.®’-***” Nevertheless, the aforementioned notion remains to be validated
due to a lack of genome-wide picture of the regulation of stress response by (p)ppGpp. Specially, it remains unclear whether the activation of
bacterial stress response by (p)ppGpp is just via RpoS or could also occur in an RpoS-independent manner. Insight into these questions is
crucial in understanding the architecture of stress response system and principles of resource allocation inside bacterial cells.

Using high-coverage quantitative proteomics, here we present a genome-wide study of the regulation of cellular resource allocation by (p)
ppGpp in both wild-type and rpoS-null E. coli growing in minimal medium. We show that a moderate increase in the basal level of (p)ppGpp is
enough to cause slowdown of growth but significantly activate the stress response of E. coli, further strongly enhancing the bacterial tolerance
against a variety of abiotic stresses. Moreover, the activation of stress response by (p)ppGpp is still largely retained in the absence of RpoS. Our
work thus demonstrates that (p)ppGpp signaling enables bacteria to integrate the control of growth and stress response in a seesaw fashion.

RESULTS
Proteome allocations of E. coli growing in rich medium and minimal medium

In the natural niches of bacteria, the nutrient conditions are often fluctuating and limited. Therefore, we first explored the differences in the
proteome allocation modes of E. coli cells during growth in amino acid-supplemented rich medium and glucose minimal medium. The

2 iScience 27, 108818, February 16, 2024



iScience ¢? CellPress
OPEN ACCESS

high-coverage 4D label-free mass spectrometry approach captured over 2,500 proteins of E. coli proteome (Table S1) with high reproduc-
ibility (Figures S1 and S2). Analysis with proteomap website (https://proteomaps.net) provided a direct visualization of the proteome allo-
cation of E. coli (Figure 1A). From rich medium (glucose plus casamino acids medium) to glucose minimal medium, we found a strong
decrease in the levels of ribosomal proteins and translation-affiliated proteins but a strong increase in the levels of amino acid biosynthetic
proteins and transporters (Figure 1A). Going beyond visualization, we next quantified the proteome fractions of various functional sectors
(Figure 1B). Being consistent with the proteomap analysis, the major changes of proteome allocation of E. coli from rich medium to min-
imal medium include a strong downregulation of protein synthesis machinery and nucleotide biosynthesis (coordinates with the lower de-
mand of rRNA synthesis)’® but a strong upregulation of amino acid biosynthesis and transporter systems (Figure 1C), being consistent with
previous reports.”** Such a proteome allocation strategy allows E. coli to meet the high demand of de novo amino acid biosynthesis in
minimal medium at the expense of ribosome synthesis (Figure 1E). In addition, both proteomap analysis (Figure 1A) and absolute quan-
tification (Figure 1D) show a higher TCA cycle over glycolysis ratio from rich medium to minimal medium, suggesting the requirement for a
higher efficiency of energy generation and carbon utilization.**’

Proteome allocation of E. coli during (p)ppGpp overproduction in minimal medium

We next explored the effect of (p)ppGpp overproduction on the growth physiology of E. coli in glucose minimal medium. (p)ppGpp over-
production was achieved by overexpressing the constitutively active (p)ppGpp synthetase, RelA* protein (Figure 2A).>?”“° At a low concen-
tration of IPTG inducer (30 uM), (p)ppGpp level exhibited a moderate (4- to 5-fold) increase (Figure 2A, left); meanwhile, the exponential
growth was still sustained but decreased by over 50% compared with wild-type strain (Figure 2A, right). Addition of T mM IPTG led to an
extremely high level of (p)ppGpp (Figure 2A, left), which was comparable to the level during stringent response.®*

We then compared the proteome allocation of E. coli wild-type strain (4 : 0.95 /h) and RelA* overexpression (OE) strain (with 30 uM IPTG,
A : 0.45/h) during growth in glucose minimal medium (Table S1). Heatmap analysis shows that the (p)ppGpp overproduction substantially re-
shapes the global gene expression pattern of E. coli (Figure 2B). Proteomap analysis shows that (p)ppGpp overproduction lowers the level of
ribosome (Figure 2C), which could naturally explain the slowdown of exponential growth and was similar to the effect of (p)ppGpp overpro-
duction on cells growing in rich medium as shown recently.® In addition, we also noted a slight upregulation of porin proteins but a strong
downregulation of ribosome and ribosome (Rb)-affiliated proteins, nucleotide biosynthetic proteins, and motility proteins during increased
(P)ppGpp level (Figures 2D and 2E; Table S3). However, in contrast to the case of (p)ppGpp induction in rich medium, there is no marked
increase in amino acid (AA) biosynthesis sector during (p)ppGpp induction in minimal medium (Figures 2F; Table S3). Moreover, the level
of Lrp protein (leucine-responsive protein), a global regulator of amino acid biosynthesis in E. coli,”>>" exhibits a similar trend to the level
of AA biosynthesis and transporter sectors (Figure 2G).

We next wondered what kinds of proteins were upregulated by (p)ppGpp induction in minimal medium and thus did a Gene Ontology
(GO) analysis of those individual upregulated proteins. We found that individual proteins belonging to “response to stress” group
(GO:000695) and “cellular response to stimulus” group (GO:0051716) were significantly enriched (Figure 2H), demonstrating that (p)ppGpp
overproduction substantially stimulates the stress response of E. coli (Table S4). The expressions of many proteins involved in response to
oxidative/acid/osmotic stress, the universal stress proteins,” as well as glycogen biosynthesis (related to carbon and energy storage during
2455 and small pep-

tide transport™ are also upregulated (Figures 2J and 2K). Importantly, we noted that the level of RpoS increased nearly 5-fold and the RpoS
48,49

nutrient limitation)>® were significantly upregulated (Figures 21-2M). In addition, proteins related to putrescine catabolism
regulon was strongly upregulated (Figures 2N and 20; Table S5), providing an intuitively reasonable explanation of the activation of stress
response by (p)ppGpp. Taken together, these results show that (p)ppGpp overproduction triggers a proteome resource re-allocation from
ribosome biosynthesis to stress response.

(p)ppGpp overproduction enhances stress tolerance of E. coli

A global upregulation of the stress response pathways should in principle protect bacteria against various abiotic stresses. To verify this
notion, we next had E. coli been subjected to various kinds of environmental stressors including hyperosmotic stress (extra 2 M NaCl),
acid stress (pH 2.5), oxidative stress (20 mM hydrogen peroxide), and antibiotic treatment (20 ng/mL ciprofloxacin or 100 pg/mL streptomycin)
and then measured the time-course viability (the relative CFU/OD) of E. coli cells. Strikingly, a moderate induction of (p)ppGpp (the RelA* OE
strain with 30 uM IPTG) is enough to substantially increase the survival of E. coli cells in all cases of stress tested here (Figure 3). Take hyper-
osmotic shock as the example, the wild-type strain exhibited a rapid loss of viability during the initial 4.5 h after shock (over 95% loss in 4.5 h)
while the viability of RelA* OE strain was largely maintained during the same period (Figure 3A). Moreover, large amounts of agglomerated
debris appeared in the overnight liquid culture of wild-type strain while the overnight liquid culture of RelA* OE strain was still normal (the
small photo of Figure 3A). We also noted a substantial increase in the antibiotic tolerance of E. coli during (p)ppGpp overproduction, which is
consistent with the notion that (p)ppGpp is a positive regulator of bacterial antibiotic tolerance (Figures 3D and 3E).""***°¢ Nevertheless, the
increased antibiotic tolerance here is observed during exponential growth stage instead of nutrient starvation or stationary phase as previ-
ously studied,'"”’ suggesting that nutrient depletion is not a prerequisite for higher drug tolerance. Collectively, these results show that
although (p)ppGpp overproduction lowers the growth rate of E. coli on one side, it strongly promotes the survival of bacteria during stressful
conditions on the other side.

iScience 27, 108818, February 16, 2024 3
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Figure 2. Global effect of (p)ppGpp overproduction on proteome resource allocation of E. coli
(A) The effect of RelA* overexpression (OE) on the growth rates and cellular ppGpp pools of E. coliin glucose minimal medium. Data are represented as mean +
SD. RelA* protein consists of the N-termini 455 amino acid residues of native RelA protein with constitutive (p)ppGpp synthetase activity.
) Heatmap analysis of the proteome abundances of wild type strain and RelA* OE strain (IPTG: 30 uM).
C) The proteome resource allocation of E. coli wild type strain and RelA* OE strain analyzed by proteomaps website.
D) The mass fractions of various proteome sectors.

F) The mass fractions of amino acid (AA) biosynthesis sector and AA & peptide transporter sector.
G) The relative abundance of leucine-responsive protein, Lrp, a key regulator of AA biosynthesis.

) The mass fractions of two GO-ontology enriched groups: “response to stress” (GO term: 0006950) and “cellular response to stimulus” (GO term: 0051716), see
the gene list in Table S4.

(I-K) The relative abundances of individual stress-responsive proteins.

(L-M) The proteome fractions of various stress-responsive proteins. (N) The relative abundance of RpoS protein.

(O) The proteome fractions of rpoS-regulon genes. Gene list 1 and Gene list 2 of rpoS-regulon were based on Patten et al. and Weber et al., respectively.*"” See
Table S4. The rich medium refers to glucose medium supplemented with casamino acids (cAA). The minimal medium refers to glucose minimal medium. Data of

rich medium shown in 2E, 2F, and 2G are taken from the AE155 project data provided in Zhu & Dai® while data of glucose minimal medium are from RE198 project
in this work.

(B

(

(

(E) The mass fractions of five proteome sectors including ribosome synthesis, ribosome-affiliated proteins, nucleotide (NT) biosynthesis, motility, and porin.
(F)

(

(H

Activation of stress response by (p)ppGpp overproduction is retained in rpoS-null background

Mechanistically, the activation of stress response by (p)ppGpp overproduction could be simply attributed to its activation of RpoS (Figure 2N). If so,
the activation of stress response should largely disappear in the absence of RpoS. To investigate this issue, we again investigated the proteomes of
E. coli rpoS-null strain during (p)ppGpp overproduction in minimal medium (Table S6). The rpoS-null strain and wild-type strain had similar growth
rates in glucose minimal medium (red bar, left panel of Figure 4A). Moreover, RelA* OE at IPTG 30 uM also moderately increased the cellular (p)
ppGpp level but reduced the growth rate of rpoS-null strain, being comparable to its effect on wild-type strain (Figure 4A). Proteomic studies
demonstrated that (p)ppGpp overproduction also re-shaped the global gene expression pattern of rpoS-null strain (Figure 4B) as observed
for wild-type strain (Figure 2B). Proteomap visualization (Figure 4C) and absolute quantification (Figures 4D and 4E; Tables S7 and S8) with
iBAQ intensity again show that the levels of ribosome, ribosome (Rb)-affiliated proteins, nucleotide biosynthesis, and motility proteins strongly
drop with increased (p)ppGpp level (Table S8). In contrast, there were no marked differences between wild-type strain and rpoS-null strain in

4 iScience 27, 108818, February 16, 2024



iScience ¢? CellPress
OPEN ACCESS

A B c o
Hyperosmotic stress (extra 2 M NaCl) Acid shock (pH: 2.5) Oxidative stress (20 mM H,0,)
ight 0_ -
17 6. overnig 109 8 © WT -A- relA*OE 1 = W/)Tq* oF
O -0 1014\ N *
oo A > \ N > 014
g ~ Z102q |\ sl =
5 0.1 “e, 8 \ TSA~_ 5
g \\§ g 103 \\ &\N‘A\ E 0.01
~o \ ~ w
2 2 104+ \ 3 2 0.001-
5 0017 S 1054 \ <
& o WT o 10 b - © 0.0001-
-©- relA* OF Te-e--B L
0.001 - ——————— ol ? =0] 0.00001-
Q\\ o,‘\ N ,1}\ ,,,\\ 00 05 10 15 20 25 3.0 Oh 0.5h
°T’_ ftor shock (h) Time after shock (h) Time after shock (h)
Ime arter shoci
D 20 ng/mL ciprofloxacin E 100 ug/mL Streptomycin
10°Qas o 101
:8\ T 1008 --- B
Z 10" \ g SN £ 10 "\ BN
= \ = \\\
| 102 \ | 102 ] B---p
S Y > -3. \\
2 s g g 10 \
g § 10 .
N -5. ~~o
£ 104 0 wT 6‘*-3\\6 & 10-5 ©- WT SN
-0- relA* OE 10°1.3. relA*OE -©
105 T T T T T 1 107 T T T T T 1
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
Time after shock (h) Time after shock (h)

Figure 3. Effect of (p)ppGpp overproduction on the tolerance of E. coli against various abiotic stresses

(A) Hyperosmotic shock triggered by extra 2 M NaCl. The small photo shows the overnight culture after hyperosmotic shock. Large amounts of agglomerated
debris appeared in the overnight liquid culture of wild-type strain while the overnight liquid culture of RelA* OE strain was still normal.
(B) Acid stress trigged by transition to EG medium (pH: 2.5).

(C) Oxidative stress trigged by addition of a lethal dose (20 mM) of hydrogen peroxide.
(D) Treatment by a lethal dose (20 ng/mL) of ciprofloxacin.
(

E) Treatment by a lethal dose (100 pg/mL) of streptomycin. For the cases above, the viability at O h is set as 1. Data are represented as mean + SD.

the abundances of various metabolic sectors (Figure S3), being consistent with their similar exponential growth rates in glucose minimal medium
(Figure 4A). Moreover, being similar to the case of wild-type strain, (p)ppGpp overproduction does not upregulate the levels of amino acid biosyn-
thetic proteins in rpoS-null background as well (Figure 4F). We then turned to those stress-responsive proteins which are upregulated by (p)ppGpp
overproduction in wild-type background (Figures 2H-2M). Strikingly, the levels of “response to stress” sector (GO:000695) and “cellular response
to stimulus” sector (GO:0051716) (the same gene list as Figure 2H) are still strongly upregulated by (p)ppGpp overproduction for rpoS-null strain,
with the absolute abundance being comparable to that of wild-type background (Figures 4G; Table S9). Similar results were found for various spe-
cific stress-responsive sectors including oxidative, acid, osmotic shock response, the universal stress proteins, glycogen biosynthesis, putrescine
catabolism, and peptide transport (Figures 4H and 4l; Table S9). For those genes belonging to rooS-regulon,*®*?, (p)ppGpp overproduction could
still activate the expressions of them in rpoS-null strain, albeit with a lower effect than that in wild-type strain (Figures 4J and 4K; Table S10). We
further measured the relative mRNA levels of a dozen of typical stress-responsive genes belonging to osmotic stress response (kdpB, otsA, osmC,
osmY), oxidative stress response (dps, katE), acid stress response (gadB, msyB), putrescine catabolic process (puuA, puuB), and universal stress
protein (uspD). Being consistent with the proteomic results, the mRNA levels of all these genes were strongly upregulated in wild-type background
during (p)ppGpp induction (blue bar versus red bar in Figure 4L). Meanwhile, for some typical genes of rpoS-regulon (dps, fbaB, katE, msyB, osmY,
otsA, wrbA, osmC, gadB; see Ecocyc database™), the stimulations of their expressions by (p)ppGpp induction were more or less compromised in
rpoS-null strain (green bar versus orange bar, Figure 4L), but were still retained. For other genes such as puuA, puuB, uspD, and kdpB, the stim-
ulations of their expressions by (p)ppGpp induction were not negatively affected in the absence of RpoS. Therefore, itis likely that (p)ppGpp mainly
activates stress response at the transcription level, depending only partially on RpoS. We further found that the increased (p)ppGpp levels also
strongly enhanced the tolerance of rpoS-null strain to a variety of abiotic stresses including hyperosmotic stress, acid stress, oxidative stress, and
drug treatment (Figure 5). Collectively, these results strongly support that the (p)ppGpp-mediated activation of stress response for E. coli could
occur in an RpoS-independent manner.

Besides all the stresses mentioned previously, a very common challenge that bacteria undergo in nature is adapting to changing nutrient
environments (e.g., famine-feast cycle in the mammalian intestine).” In addition to the commonly used glucose (the preferred carbon source)
and NH4CI (the preferred nitrogen source), some amino acids could serve as alternative carbon or nitrogen sources for gut bacteria like
E. coli.’® For example, E. coli has alanine and arginine catabolism pathways (Figure 6A), being able to utilize alanine as the sole carbon or
nitrogen source and utilize arginine as the sole nitrogen source.*® As nitrogen sources, alanine and arginine supported lower growth rates
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Figure 4. Global effect of (p)ppGpp overproduction on proteome resource allocation of E. coli rpoS-null strain

(A) The effect of RelA* overexpression (OE) on the growth rates and cellular ppGpp pools of E. coli wild type strain and rpoS-null strain in glucose minimal medium.
Data are represented as mean + SD.

) Heatmap analysis of the proteome abundances of rpoS-null strain and its RelA* OE strain (IPTG: 30 uM).
C) The proteome allocations of rpoS-null strain and its RelA* OE strain analyzed by proteomaps website.
D) The mass fractions of various proteome sectors. Data are represented as mean + SD.

F) The mass fractions of amino acid (AA) biosynthesis sector and AA & peptide transporter sector.
G-I) The mass fractions of various groups of stress-responsive proteins, see the gene list in Table S9. Data are represented as mean + SD.

) The proteome fractions of genes belonging to rpoS-regulon. Gene list 1 and Gene list 2 of rpoS-regulon were based on Patten et al. and Weber et al.***” See
Tables S5 and S10. Data are represented as mean + SD.

(B

(

(

(E) The mass fractions of five functional sectors including ribosome synthesis, ribosome-affiliated proteins, nucleotide (NT) biosynthesis, motility, and porin.
(F)

(

«

(K) The relative activation folds of expressions of typical rpoS-regulon genes during (p)ppGpp overproduction in both wild-type and rpoS-null background.

(L) The relative mRNA levels of some typical stress-responsive genes during (p)ppGpp overproduction in both wild-type and rpoS-null backgrounds. Data are
represented as mean + SD.

of E. coli than NH,Cl (glucose as the carbon source, Figure 6B). Meanwhile, as a carbon source, alanine supported a lower growth rate than
glucose (NH4Cl as the nitrogen source, Figure 6B). Strikingly, proteomic studies showed that (p)ppGpp induction strongly upregulated the
alanine and arginine catabolism pathways of E. coliwhen growing in glucose+NH4Cl medium (Figures 6C and 6D), raising the possibility that
(P)pPGpp can accelerate the bacterial adaption to amino acid-contained environments. To verify this scenario, we performed three types of
nutrient downshift experiments (Figure 6E and STAR Methods): two nitrogen (N) downshift experiments (NH4Cl shifted to alanine; NH,Cl
shifted to arginine) with glucose as carbon source and one carbon (C) downshift experiment (glucose shifted to alanine) with NH4Cl as the
nitrogen source. Indeed, in all the three types of nutrient downshift, (p)ppGpp induction substantially reduced the growth lag by a factor
of 2-3in both wild-type background (blue versus red symbols in Figures 6F, 6H, and 6J) and rpoS-null background (green versus orange sym-
bols in Figures 6G, 6l, and 6K), as summarized in Figure 6L. Taken together, these results show that (p)ppGpp induction reduces the
growth rate of bacteria while promotes the bacterial adaption to nutrient downshift, further transforming the bacteria from a faster-grower &
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Figure 5.

Effect of (p)ppGpp overproduction on the tolerance of E. coli rpoS-null strain against various abiotic stresses
(A) Hyperosmotic shock triggered by extra 2 M NaCl. Same as Figure 3A, the small photo shows the overnight culture after hyperosmotic shock. Large amounts of

agglomerated debris also emerged in the overnight liquid culture of native rpoS-null strain while the overnight liquid culture of rpoS-null RelA* OE strain was still
normal.

(B) Acid stress trigged by transition to EG medium (pH: 2.5).

(C) Oxidative stress trigged by addition of a lethal dose (20 mM) of hydrogen peroxide.
(D) Treatment by a lethal dose (20 ng/mL) of ciprofloxacin.
(

E) Treatment by a lethal dose (100 pg/mL) of streptomycin. For all the cases above, the viability at 0 h is set as 1. Data are represented as mean + SD.

slow-switcher to a slow-grower & faster switcher and thus leading to a trade-off between growth rate and adaption to nutrient downshift
(Figure 6M).

DISCUSSION

Rapid growth under favorable conditions and defense against stress under harsh environments are two most fundamental properties of bacteria
to thrive in nature. However, the molecular strategy that balances cell growth and stress response remains less well defined for bacteria. In rich
medium, it has been found that (p)ppGpp overproduction inhibits cell growth but accelerates the growth adaption of E. colito amino acid down-
shift via triggering resource re-allocation from ribosome synthesis to amino acid biosynthesis (Figure 7A).%*” Here we find that, in minimal me-
dium, (p)ppGpp overproduction causes slowdown of cell growth but enhances the tolerance of bacteria to multiple abiotic stresses via triggering
resource re-allocation from ribosome synthesis to stress response (Figure 7A). Therefore, (p)ppGpp signaling enables bacteria integrate the con-
trol of cell growth and stress response in a seesaw fashion, namely, enhancing one trait at the expense of sacrificing another trait (Figure 7B).
Perturbing the cellular (p)ppGpp pools could reset the balance between stress resistance and growth of bacterial cells.

Our study has also demonstrated that (p)ppGpp is involved in the regulation of not only amino acid biosynthesis but also amino acid catab-
olism (degradation). The activation of amino acid biosynthesis by (p)ppGpp induction is observed in rich medium but not in minimal medium
here where the expression of amino acid biosynthesis pathway has already been fully activated (Figure 2F). In contrast, (p)ppGpp induction
could stimulate the expressions of alanine and arginine catabolism pathways in minimal media, thus facilitating the utilization of amino acids
as alternative nitrogen or carbon sources. Therefore, our result further broadens the physiological functions of (p)ppGpp in regulating bac-
terial metabolism. Such a type of regulatory strategy could be of important ecological meaning as it could enable E. colito achieve a higher
efficiency of assimilating alternative carbon/nitrogen sources existing in their natural niches. In addition, recent studies have shown that
growth rate and adaption to nutrient transitions are both important traits that could affect the fitness of bacteria in their ecological
niches."*"“” These two traits often have a trade-off relation in bacterial cells. Faster-grower & slow-switcher and slow-grower & faster switcher
could often stably co-exist in ecological environments.®"*? Our study shows that (p)ppGpp induction reduces the growth rate of bacteria but
promotes the bacterial adaption to nutrient downshift, further transforming the bacteria from fast-grower & slow-switcher to slow-grower &

fast switcher. Therefore, perturbing (p)ppGpp signaling could be a plausible molecular strategy adopted by bacteria to achieve different traits
in order to adapt to different types of natural environments.
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Figure 6. (p)ppGpp induction promotes the adaption of E. coli to nutrient downshift via activating alanine and arginine catabolism

The relA* OE condition denotes wild type RelA* OE and rpoS-null RelA* OE strains growing in glucose+NH,Cl medium supplemented with 30 uM IPTG as
detailed in Figures 2 and 4, respectively.

(A) Alanine and arginine catabolism in E. coli.

(B) The growth rates of wild-type strain and rpoS-null strain in various minimal media supplemented with alanine or arginine as the nitrogen or carbon source.
Data are represented as mean + SD.

(C) The relative abundances of the key proteins involved in alanine catabolism. Data are represented as mean + SD.

(D) The relative abundances of the key proteins involved in arginine catabolism. Data are represented as mean + SD.

(E) Schematics of the nutrient downshift procedure.

(F) Growth and lag of wild-type strain and its relA* OE strain during nitrogen (N) downshift from NH,Cl to alanine.

(G) Growth and lag of rpoS-null strain and its relA* OE strain during N-downshift from NH,Cl to alanine.

(H) Growth and lag of wild-type strain and its relA* OE strain during N-downshift from NH,Cl to arginine.

(I) Growth and lag of rpoS-null strain and its relA* OE strain during N-downshift from NH,Cl to arginine.

(J) Growth and lag of wild-type strain and its relA* OE strain during carbon (C) downshift from glucose to alanine.

(K) Growth and lag of rpoS-null strain and its relA* OE strain during C-downshift from glucose to alanine.

(L) The lag times of wild-type strain, rooS-null strain and their relA* OE strains in all the three nutrient downshift experiments. Data are represented as mean + SD.
(M) Schematics: (p)ppGpp induction reduces the steady-state growth rate of bacteria but promotes the bacterial adaption to nutrient downshift, thus
transforming the bacteria from fast-grower & slow-switcher to slow-grower & fast switcher.

It has been found that during nutrient starvation, Lrp-regulated amino acid biosynthetic enzymes could be induced earlier by (p)ppGpp
than RpoS-dependent stress-responsive genes, which could be attributed to that stress-responsive genes require a much higher threshold
level of (p)ppGpp (>400 pmol/mL/OD in stringent response which leads to complete growth arrest) than metabolic proteins.*~*> Here, we
find that actually a moderate increase in the basal level of (p)ppGpp (no higher than 150 pmol/mL/OD), which still permits a moderate expo-
nential growth rate, is enough to strongly stimulate the stress response of E. coli and further enhance its stress tolerance. Counterintuitively,
the activation of stress response by (p)ppGpp could largely occur in an RpoS-independent manner, suggesting the existence of a more gen-
eral regulatory mechanism by (p)ppGpp via modulating cellular resource allocation. A possible underlying picture could be that: in rich me-
dium, the activation of amino acid promoter by (p)ppGpp could be via either direct effect on RNA polymerase (RNAP) in combination with
DksA or indirect effect resulting from releasing RNAP from rRNA promoters.'® In the case of minimal medium, the amino acid promoters have
already been saturated by RNA polymerase due to the release of local transcription repression so that (p)ppGpp induction could not further
activate them, and instead, a relatively larger fraction of free RNA polymerases (from the release of rRNA promoters as well) could be available
for transcribing those basal-level stress-responsive genes. In this picture, (p)ppGpp could activate the bacterial stress response in two ways:
direct activation via RpoS and indirect activation via modulating resource re-allocation from inhibiting ribosome synthesis (Figure 7A). Itis also
possible that there exist various other indirect or direct mechanisms considering the various in vivo targets of (p)ppGpp.'#%/**

The integrated control of cell growth and stress response by (p)ppGpp could be of both theoretical and practical values. Perturbing
cellular (p)ppGpp levels allows artificial manipulation of the fitness landscape of bacteria between rapid growth and stress defense. In the
highly fluctuating living habitat of bacterial cells, combating stress instead of rapid growth could more likely be the primary “concern” for
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Figure 7. (p)ppGpp manages proteome resource allocation in a seesaw fashion
(A) In rich medium, (p)ppGpp overproduction triggers a proteome resource re-allocation from ribosome synthesis to amino acid biosynthesis. In minimal

medium, (p)ppGpp overproduction triggers a proteome resource re-allocation from ribosome synthesis to stress response. Such proteome resource re-

allocation could occur in an RpoS-independent manner.
(B) (P)ppGpp simultaneously controls cell growth and stress defense in a seesaw fashion. A moderate induction in the cellular (p)ppGpp level is enough to

significantly enhance bacterial stress defense at the expense of sacrificing exponential growth.

those natural bacterial isolates.** For example, pathogens need to defend themselves against various biotic (attack by immune systems) and
abiotic stresses (low pH, oxidative stress, and drug treatment) during infecting their hosts.'” In such case, (p)ppGpp signaling pathway could
be employed by pathogens to become more stress-resistant in order to survive better inside the host. From this view, targeting the (p)ppGpp
pathway may act as an effective auxiliary approach to enhance the efficacy of antimicrobial therapy. In addition, the governing principles of
growth control and stress response could guide the synthetic-biology design of intelligent engineered cells for special applications.

Limitation of the study
We point out here that the detailed RpoS-independent mechanism of (p)ppGpp in activating various stress-responsive genes remains to be

explored in future studies.
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Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS
o METHOD DETAILS

O Strains

O Medium

O Cell growth

O Bacterial viability under abiotic stress

iScience 27, 108818, February 16, 2024 9



¢? CellPress

OPEN ACCESS

O mRNA level determination by gRT-PCR

O Nutrient downshift experiments

O Determination of the cellular ppGpp pools

O Proteomics

o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.108818.

ACKNOWLEDGMENTS
We thank members of Terry Hwa lab (UCSD) for useful discussions during various stages of the work. This work was supported by the National
Natural Science Foundation of China (32270034, 32370044, 32022001, and 31970027), the National Key Research and Development Program
of China (2022YFF1000400), Changjiang Young Scholar Program of Chinese Ministry of Education, Natural Science Funds for Distinguished
Young Scholar of Hubei Province (2022CFAQ044), and the Fundamental Research Funds for the Central Universities.

AUTHOR CONTRIBUTIONS

Conceptualization, M.Z. and X.D.; methodology, M.Z. and X.D.; investigation, M.Z., X.D., and H.M.; writing — original draft, M.Z. and X.D.;
writing — review and editing, M.Z. and X.D.; funding acquisition, M.Z. and X.D.; resources, M.Z. and X.D.; supervision, X.D.

DECLARATION OF INTERESTS

The authors declare no conflict of interests.

Received: July 13, 2023

Revised: December 2, 2023
Accepted: January 2, 2024
Published: January 9, 2024

REFERENCES

1.

Jorgensen, B.B., and Boetius, A. (2007). Feast
and famine-microbial life in the deep-sea
bed. Nat. Rev. Microbiol. 5, 770-781.

. Arnoldini, M., Cremer, J., and Hwa, T. (2018).

Bacterial growth, flow, and mixing shape
human gut microbiota density and
composition. Gut Microb. 9, 559-566.

. Cremer, J., Honda, T., Tang, Y., Wong-Ng, J.,

Vergassola, M., and Hwa, T. (2019).
Chemotaxis as a navigation strategy to boost
range expansion. Nature 575, 658-663.

. Basan, M., Honda, T., Christodoulou, D., Horl,

M., Chang, Y.F., Leoncini, E., Mukherjee, A.,
Okano, H., Taylor, B.R., Silverman, J.M., et al.
(2020). A universal trade-off between growth
and lag in fluctuating environments. Nature
584, 470-474.

. Holscher, H.D. (2021). The gut microbiome in

feast and famine. Nat. Rev. Gastroenterol.
Hepatol. 18, 749-750.

. Zhu, M., and Dai, X. (2023). Stringent

response ensures the timely adaptation of
bacterial growth to nutrient downshift. Nat.
Commun. 14, 467.

. Wu, C., Mori, M., Abele, M., Banaei-Esfahani,

A., Zhang, Z., Okano, H., Aebersold, R.,
Ludwig, C., and Hwa, T. (2023). Enzyme
expression kinetics by Escherichia coli during
transition from rich to minimal media
depends on proteome reserves. Nat.
Microbiol. 8, 347-359.

. Jozefczuk, S., Klie, S., Catchpole, G.,

Szymanski, J., Cuadros-Inostroza, A.,
Steinhauser, D., Selbig, J., and Willmitzer, L.
(2010). Metabolomic and transcriptomic
stress response of Escherichia coli. Mol. Syst.
Biol. 6, 364.

iScience 27, 108818, February 16, 2024

. Battesti, A., Majdalani, N., and Gottesman, S.

(2011). The RpoS-mediated general stress
response in Escherichia coli. Annu. Rev.
Microbiol. 65, 189-213.

. Fang, F.C., Frawley, E.R., Tapscott, T., and

Vazquez-Torres, A. (2016). Bacterial Stress
Responses during Host Infection. Cell Host
Microbe 20, 133-143.

. Harms, A., Maisonneuve, E., and Gerdes, K.

(2016). Mechanisms of bacterial persistence
during stress and antibiotic exposure.
Science 354, aaf4268.

. Bremer, E., and Kramer, R. (2019). Responses

of Microorganisms to Osmotic Stress. Annu.
Rev. Microbiol. 73, 313-334.

. Gottesman, S. (2019). Trouble is coming:

Signaling pathways that regulate general
stress responses in bacteria. J. Biol. Chem.
294, 11685-11700.

. Bremer, H., and Dennis, P.P. (2008).

Modulation of Chemical Composition and
Other Parameters of the Cell at Different
Exponential Growth Rates. EcoSal Plus 3.

. Dai, X., and Zhu, M. (2020). Coupling of

Ribosome Synthesis and Translational
Capacity with Cell Growth. Trends Biochem.
Sci. 45, 681-692.

. Scott, M., and Hwa, T. (2023). Shaping

bacterial gene expression by physiological
and proteome allocation constraints. Nat.
Rev. Microbiol. 21, 327-342.

. Potrykus, K., and Cashel, M. (2008). (p)

ppGpp: still magical? Annu. Rev. Microbiol.
62, 35-51.

. Gourse, R.L., Chen, AY., Gopalkrishnan, S.,

Sanchez-Vazquez, P., Myers, A., and Ross, W.

19.

20.

21.

22.

23.

24.

25.

26.

iScience
Article

(2018). Transcriptional responses to ppGpp
and DksA. Annu. Rev. Microbiol. 72, 163-184.
Irving, S.E., Choudhury, N.R., and Corrigan,
R.M. (2021). The stringent response and
physiological roles of (pp)pGpp in bacteria.
Nat. Rev. Microbiol. 19, 256-271.

Hauryliuk, V., Atkinson, G.C., Murakami, K.S.,
Tenson, T., and Gerdes, K. (2015). Recent
functional insights into the role of (p)ppGpp
in bacterial physiology. Nat. Rev. Microbiol.
13, 298-309.

Hengge, R. (2011). Stationary-Phase Gene
Regulation in Escherichia coli. EcoSal Plus 4.
Schink, S.J., Biselli, E., Ammar, C., and
Gerland, U. (2019). Death Rate of E. coli
during Starvation Is Set by Maintenance Cost
and Biomass Recycling. Cell Syst. 9, 64—
73.e63.

Biselli, E., Schink, S.J., and Gerland, U. (2020).
Slower growth of Escherichia coli leads to
longer survival in carbon starvation due to a
decrease in the maintenance rate. Mol. Syst.
Biol. 16, €9478.

Hobbs, J.K., and Boraston, A.B. (2019). (p)
ppGpp and the Stringent Response: An
Emerging Threat to Antibiotic Therapy. ACS
Infect. Dis. 5, 1505-1517.

Spira, B., and Ospino, K. (2020). Diversity in E.
coli (p)ppGpp Levels and Its Consequences.
Front. Microbiol. 11, 1759.

Pacios, O., Blasco, L., Bleriot, |., Fernandez-
Garcia, L., Ambroa, A., Lopez, M., Bou, G,
Canton, R., Garcia-Contreras, R., Wood, T.K,,
et al. (2020). (p)ppGpp and Its Role in
Bacterial Persistence: New Challenges.
Antimicrob. Agents Chemother. 64.


https://doi.org/10.1016/j.isci.2024.108818
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref1
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref1
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref1
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref2
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref2
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref2
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref2
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref3
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref3
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref3
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref3
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref4
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref5
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref5
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref5
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref6
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref6
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref6
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref6
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref7
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref8
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref9
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref9
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref9
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref9
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref10
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref10
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref10
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref10
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref11
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref11
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref11
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref11
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref12
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref12
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref12
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref13
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref13
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref13
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref13
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref14
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref14
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref14
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref14
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref15
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref15
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref15
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref15
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref16
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref16
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref16
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref16
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref17
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref17
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref17
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref18
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref18
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref18
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref18
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref19
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref19
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref19
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref19
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref20
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref20
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref20
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref20
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref20
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref21
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref21
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref22
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref22
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref22
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref22
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref22
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref23
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref23
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref23
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref23
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref23
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref24
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref24
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref24
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref24
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref25
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref25
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref25
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref26

iScience
Article

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Dalebroux, Z.D., and Swanson, M.S. (2012).
ppGpp: magic beyond RNA polymerase.
Nat. Rev. Microbiol. 10, 203-212.

Srivatsan, A., and Wang, J.D. (2008). Control
of bacterial transcription, translation and
replication by (p)ppGpp. Curr. Opin.
Microbiol. 71, 100-105.

Sanchez-Vazquez, P., Dewey, C.N., Kitten, N.,
Ross, W., and Gourse, R.L. (2019). Genome-
wide effects on Escherichia coli transcription
from ppGpp binding to its two sites on RNA
polymerase. Proc. Natl. Acad. Sci. USA 116,
8310-8319.

Lee, J.W., Park, Y.H., and Seok, Y.J. (2018).
Rsd balances (p)ppGpp level by stimulating
the hydrolase activity of SpoT during carbon
source downshift in Escherichia coli. Proc.
Natl. Acad. Sci. USA 115. E6845-e6854.
Landini, P., Egli, T., Wolf, J., and Lacour, S.
(2014). sigma$, a major player in the response
to environmental stresses in Escherichia coli:
role, regulation and mechanisms of promoter
recognition. Environ. Microbiol. Rep. 6, 1-13.
Bougdour, A., and Gottesman, S. (2007).
ppGpp regulation of RpoS degradation via
anti-adaptor protein IraP. Proc. Natl. Acad.
Sci. USA 104, 12896-12901.

Hirsch, M., and Elliott, T. (2002). Role of
ppGpp in rpoS stationary-phase regulation in
Escherichia coli. J. Bacteriol. 184, 5077-5087.
Balsalobre, C. (2011). Concentration
matters!! ppGpp, from a whispering to a
strident alarmone. Mol. Microbiol. 79,
827-829.

Traxler, M.F., Zacharia, V.M., Marquardt, S.,
Summers, S.M., Nguyen, H.T., Stark, S.E., and
Conway, T. (2011). Discretely calibrated
regulatory loops controlled by ppGpp
partition gene induction across the ‘feast to
famine’ gradient in Escherichia coli. Mol.
Microbiol. 79, 830-845.

Vogel, U, Sorensen, M., Pedersen, S., Jensen,
K.F., and Kilstrup, M. (1992). Decreasing
transcription elongation rate in Escherichia
coli exposed to amino acid starvation. Mol.
Microbiol. 6, 2191-2200.

Fernandez-Coll, L., and Cashel, M. (2020).
Possible Roles for Basal Levels of (p)ppGpp:
Growth Efficiency Vs. Surviving Stress. Front.
Microbiol. 11, 592718.

Wau, C., Balakrishnan, R., Braniff, N., Mori, M.,
Manzanarez, G., Zhang, Z., and Hwa, T.
(2022). Cellular perception of growth rate and
the mechanistic origin of bacterial growth
law. Proc. Natl. Acad. Sci. USA 119,
e2201585119.

Scott, M., Klumpp, S., Mateescu, E.M., and
Hwa, T. (2014). Emergence of robust growth
laws from optimal regulation of ribosome
synthesis. Mol. Syst. Biol. 10, 747.

Zhu, M., and Dai, X. (2019). Growth
suppression by altered (p)popGpp levels
results from non-optimal resource allocation
in Escherichia coli. Nucleic Acids Res. 47,
4684-4693.

Scott, M., Gunderson, C.W., Mateescu, E.M.,
Zhang, Z., and Hwa, T. (2010).
Interdependence of cell growth and gene

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

expression: origins and consequences.
Science 330, 1099-1102.

Mori, M., Zhang, Z., Banaei-Esfahani, A.,
Lalanne, J.B., Okano, H., Collins, B.C.,
Schmidt, A., Schubert, O.T,, Lee, D.S., Li,
G.W., et al. (2021). From coarse to fine: the
absolute Escherichia coli proteome under
diverse growth conditions. Mol. Syst. Biol. 17,
€9536.

Potrykus, K., Murphy, H., Philippe, N., and
Cashel, M. (2011). ppGpp is the major source
of growth rate control in E. coli. Environ.
Microbiol. 13, 563-575.

. Liebermeister, W., Noor, E., Flamholz, A,,

Davidi, D., Bernhardt, J., and Milo, R. (2014).
Visual account of protein investment in
cellular functions. Proc. Natl. Acad. Sci. USA
111, 8488-8493.

Wang, B., Grant, R.A., and Laub, M.T. (2020).
ppGpp Coordinates Nucleotide and Amino-
Acid Synthesis in E. coli During Starvation.
Mol Cell 80, 29-42.e10.

Li, G.W., Burkhardt, D., Gross, C., and
Weissman, J.S. (2014). Quantifying absolute
protein synthesis rates reveals principles
underlying allocation of cellular resources.
Cell 157, 624-635.

Basan, M., Hui, S., Okano, H., Zhang, Z., Shen,
Y., Williamson, J.R., and Hwa, T. (2015).
Overflow metabolism in Escherichia coli
results from efficient proteome allocation.
Nature 528, 99-104.

Patten, C.L., Kirchhof, M.G., Schertzberg,
M.R., Morton, R.A., and Schellhorn, H.E.
(2004). Microarray analysis of RpoS-mediated
gene expression in Escherichia coli K-12. Mol
Genet Genomics 272, 580-591.

Weber, H., Polen, T., Heuveling, J., Wendisch,
V.F., and Hengge, R. (2005). Genome-wide
analysis of the general stress response
network in Escherichia coli: sigmaS-
dependent genes, promoters, and sigma
factor selectivity. J. Bacteriol. 187, 1591-1603.
Tani, T.H., Khodursky, A., Blumenthal, R.M.,
Brown, P.O., and Matthews, R.G. (2002).
Adaptation to famine: a family of stationary-
phase genes revealed by microarray analysis.
Proc. Natl. Acad. Sci. USA 99, 13471-13476.
Brinkman, A.B., Ettema, T.J., de Vos, W.M,,
and van der Oost, J. (2003). The Lrp family of
transcriptional regulators. Mol. Microbiol. 48,
287-294.

Kvint, K., Nachin, L., Diez, A., and Nystrom, T.
(2003). The bacterial universal stress protein:
function and regulation. Curr. Opin.
Microbiol. 6, 140-145.

Preiss, J. (2014). Glycogen: Biosynthesis and
Regulation. EcoSal Plus 6.

Kurihara, S., Oda, S., Kato, K., Kim, H.G.,
Koyanagi, T., Kumagai, H., and Suzuki, H.
(2005). A novel putrescine utilization pathway
involves gamma-glutamylated intermediates
of Escherichia coli K-12. J. Biol. Chem. 280,
4602-4608.

Schneider, B.L., Hernandez, V.J., and Reitzer,
L. (2013). Putrescine catabolism is a metabolic
response to several stresses in Escherichia
coli. Mol. Microbiol. 88, 537-550.

56.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

¢? CellPress

OPEN ACCESS

Garai, P., Chandra, K., and Chakravortty, D.
(2017). Bacterial peptide transporters:
Messengers of nutrition to virulence.
Virulence 8, 297-309.

. Nguyen, D., Joshi-Datar, A., Lepine, F.,

Bauerle, E., Olakanmi, O., Beer, K., McKay,
G., Siehnel, R., Schafhauser, J., Wang, Y.,

et al. (2011). Active starvation responses
mediate antibiotic tolerance in biofilms and
nutrient-limited bacteria. Science 334,
982-986.

Pontes, M.H., and Groisman, E.A. (2020). A
Physiological Basis for Nonheritable
Antibiotic Resistance. mBio 77.

Karp, P.D., Paley, S., Caspi, R., Kothari, A.,
Krummenacker, M., Midford, P.E., Moore,
L.R., Subhraveti, P., Gama-Castro, S.,
Tierrafria, V.H., et al. (2023). The EcoCyc
database. EcoSal Plus 2023. eesp00022023.
Reitzer, L. (2005). Catabolism of Amino Acids
and Related Compounds. EcoSal Plus 1.
Bloxham, B., Lee, H., and Gore, J. (2022).
Diauxic lags explain unexpected coexistence
in multi-resource environments. Mol. Syst.
Biol. 18, €10630.

Mukherjee, A., Ealy, J., Huang, Y., Benites,
N.C., Polk, M., and Basan, M. (2023).
Coexisting ecotypes in long-term evolution
emerged from interacting trade-offs. Nat.
Commun. 14, 3805.

Travis, B.A., and Schumacher, M.A. (2022).
Diverse molecular mechanisms of
transcription regulation by the bacterial
alarmone ppGpp. Mol. Microbiol. 117,
252-260.

La Rosa, R., Rossi, E., Feist, A.M., Johansen,
H.K., and Molin, S. (2021). Compensatory
evolution of Pseudomonas aeruginosa’s slow
growth phenotype suggests mechanisms of
adaptation in cystic fibrosis. Nat. Commun.
12, 3186.

Sun, Y., Fukamachi, T., Saito, H., and
Kobayashi, H. (2012). Adenosine deamination
increases the survival under acidic conditions
in Escherichia coli. J. Appl. Microbiol. 112,
775-781.

Ryals, J., Little, R., and Bremer, H. (1982).
Temperature dependence of RNA synthesis
parameters in Escherichia coli. J. Bacteriol.
151, 879-887.

Meier, F., Brunner, A.D., Koch, S., Koch, H.,
Lubeck, M., Krause, M., Goedecke, N.,
Decker, J., Kosinski, T., and Park, M.A. (2018).
Online parallel accumulation—serial
fragmentation (PASEF) with a novel trapped
ion mobility mass spectrometer. Mol. Cell.
Proteomics 17.

Tyanova, S., Temu, T., and Cox, J. (2016). The
MaxQuant computational platform for mass
spectrometry-based shotgun proteomics.
Nat. Protoc. 11, 2301-2319.

Zavrel, T., Faizi, M., Loureiro, C., Poschmann,
G., Stiihler, K., Sinetova, M., Zorina, A,
Steuer, R., and Cerveny, J. (2019).
Quantitative insights into the cyanobacterial
cell economy. Elife 8, e42508.

iScience 27, 108818, February 16, 2024 11


http://refhub.elsevier.com/S2589-0042(24)00039-7/sref27
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref27
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref27
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref28
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref28
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref28
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref28
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref29
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref30
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref30
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref30
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref30
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref30
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref31
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref31
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref31
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref31
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref31
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref32
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref32
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref32
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref32
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref33
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref33
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref33
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref34
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref34
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref34
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref34
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref35
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref36
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref36
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref36
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref36
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref36
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref37
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref37
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref37
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref37
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref38
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref39
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref39
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref39
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref39
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref40
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref40
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref40
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref40
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref40
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref41
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref41
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref41
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref41
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref41
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref42
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref43
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref43
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref43
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref43
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref44
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref44
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref44
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref44
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref44
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref45
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref45
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref45
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref45
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref46
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref46
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref46
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref46
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref46
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref47
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref47
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref47
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref47
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref47
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref55
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref55
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref55
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref55
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref55
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref56
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref48
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref48
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref48
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref48
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref48
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref49
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref49
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref49
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref49
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref50
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref50
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref50
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref50
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref51
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref51
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref52
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref53
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref53
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref53
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref53
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref54
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref54
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref54
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref54
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref57
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref58
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref58
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref58
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref59
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref59
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref59
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref59
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref59
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref60
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref60
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref61
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref61
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref61
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref61
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref62
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref62
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref62
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref62
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref62
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref63
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref63
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref63
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref63
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref63
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref64
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref65
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref65
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref65
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref65
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref65
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref66
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref66
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref66
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref66
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref67
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref68
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref68
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref68
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref68
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69
http://refhub.elsevier.com/S2589-0042(24)00039-7/sref69

¢? CelPress iScience
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli NCM3722 K-12 strain Lab stock N/A

E. coli NCM3722 rpoS-null strain Terry Hwa lab (UCSD) N/A

E. coli NCM3722 RelA* OE strain This study N/A

E. coli rpoS-null RelA* OE strain This study N/A

Chemicals, peptides, and recombinant proteins

NH,CI Sigma G5767

glucose Sigma 213330

alanine Aladdin (Shanghai) CAS: 56-41-7

arginine Aladdin (Shanghai) CAS: 74-79-3

LB broth Coolaber (Beijing) PMO0010

ampicillin Coolaber (Beijing) CA2031

IPTG (Isopropy! B-D-thiogalactoside) GLPBIO GC30002

6-azauracil Aladdin (Shanghai) A124269

ppGpp (guanosine-3',5'-bisdiphosphate) TriLink N-6001

ciprofloxacin Sigma CAS: 85721-33-1

streptomycin Coolaber (Beijing) CS10481

MgSQO4-7H,0
KoHPO,
NaNH;HPO,
citrate

KH,PO4
phosphoric acid
acetonitrile

tetrabutylammonium phosphate

Aladdin (Shanghai)
Aladdin (Shanghai)
Aladdin (Shanghai)
Aladdin (Shanghai)
Aladdin (Shanghai)
Merck

Aladdin (Shanghai)
TCI

CAS: 10034-99-8
CAS: 7758-11-4
CAS: 7783-13-3
CAS: 5959-29-1
CAS: 7778-77-0
49685

A104440
CAS:5574-97-0

Critical commercial assays

Total RNA extraction kit TianGen DP430
First-strand cDNA synthesis reverse TianGen KR118
transcriptase kit

Plasmid extraction kit TianGen DP103
Bacterial genome extraction kit TianGen DP302
Hieff® qPCR SYBR Green Master Mix Yeasen Biotech 11202ES03
(Low Rox Plus)

Recombinant DNA

pLAS13 Richard Gourse lab N/A
Deposited data

The proteomic datasets generated in this study This paper PXD042250

have been deposited to the ProteomeXchange
Consortium (http://www.proteomexchange.

org/) via the PRIDE repository.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for materials should be directed to and will be fulfilled by the lead contact, Xiongfeng Dai (daixiongfeng@
ccnu.edu.cn).

Materials availability

This study did not generate unique reagents.

Data and code availability
All data reported in this paper will be available from the lead contact upon reasonable request. The raw data of proteomics are publicly
available as of the data of the publication in the PRIDE repository. The identifier is listed in the key resources table.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable
request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Wild type E. coli NCM3722 K-12 strain and its derivatives were used in this study. For all related experiments, we always prepared fresh LB
plates of E. coli cells (from the glycerol stock of —80°C freezer) as the starting material.

METHOD DETAILS

Strains

Strains used in this study were derivatives of E. coli K-12 NCM3722 strain including wild type strain, its rpoS-null strain (NQ1191, kindly pro-
vided by Terry Hwa lab, UCSD)? and the RelA* overexpression strain of both wild type background and rpoS-null background. The RelA*
overexpression system is based on the pLAS13 plasmid (a gift from Richard Gourse),**” in which the relA*, encoding the constitutively active
RelA (p)ppGpp synthetase gene of E. coli, is driven by the IPTG-inducible Ptac promoter.

Medium

The growth media used in this study were either LB broth (Coolaber, Beijing) and M9 glucose minimal medium. The LB broth contains 10 g/L
tryptone, 5 g/L yeast extract and 10 g/L NaCl. Recipe of M9 glucose minimal medium (cold spring harbor protocol) contained 0.2% glucose as
the carbon source and 1 g/L NH4Cl as the nitrogen source. In the nutrient downshift experiments, 0.2% alanine was either used as the carbon
source (replace glucose) or the nitrogen source (replace NH4Cl); in addition, 10 mM arginine was used as the nitrogen source to replace
NH,4Cl. The rich medium referred in this work denotes glucose medium plus 0.2% casamino acids.

Cell growth

Cell growth was performed in an air bath shaker (200 rom) under 37°C. A three-step culturing procedure was followed: seed culture, pre-cul-
ture and final experimental culture. Seed culture step: E. coli cells from a fresh colony in LB agar plate (Coolaber, Beijing) were inoculated into
LB broth (Coolaber, Beijing) and further cultured for several hours. Pre-culture: the seed culture was washed with M9 minimal medium and
transferred into M9 minimal medium for growing overnight. Final experimental culture: overnight pre-culture was inoculated into the same
minimal medium at an initial ODggo = 0.01 to 0.02 as the final experimental culture. 5-10 ODggg data points during exponential phase (gener-
ally within the ODgqg range of 0.05-0.5) were measured by a Thermo Sci Genesys 50 spectrophotometer to calculate the exponential growth
rate. For E. coli relA* OE strain (pLAS13-Ptac-relA*), the IPTG (purchased from GLPBIO) inducer was supplemented only at the final culture
stage (at ODgoo = 0.04) to induce the (p)ppGpp overproduction process. In addition, 80 pg/mL ampicillin (Coolaber, Beijing) was added to
the medium of relA* OE strain throughout the whole process.

Bacterial viability under abiotic stress

E. coli cells were subject to the shock of various abiotic stresses including hyperosmotic shock, acid shock, oxidative shock and treatment by
ciprofloxacin or streptomycin. The exponential cultures (wild type strain, rpoS-null strain or their RelA* OE strains with 30 uM IPTG) were first
growing to ODggp = 0.3 before subjecting to various abiotic stresses. For the hyperosmotic shock experiment, the shock medium was M9
glucose minimal medium contained an additional 2 M sodium chloride (NaCl). The exponential culture was quickly collected by a 0.22 um
filter membrane using a vacuum filtration system. The cells in the membrane were then transferred into the shock medium to initiate a
time-course hyperosmotic shock experiment. At different time points after shock, serially diluted cultures were plated on solid LB agar for
cell counting. For the acid shock experiment, the shock medium was EG medium (0.2% glucose, 57 mM KyHPOy, 17 mM NaNH4HPO,,
10 mM citrate, 0.8 mM MgSOj, adjusted to pH 2.5 by HCI).%® The procedure was similar as described for hyperosmotic shock. For oxidative
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shock, 20 MM hydrogen peroxide (H,O,) was directly supplied into the medium. Similarly, 20 ng/mL ciprofloxacin (Sigma) or 100 ung/mL strep-
tomycin (Coolaber, Beijing) was directly supplemented into the medium for antibiotic treatment.

mRNA level determination by gRT-PCR

Measurement of mRNA levels was based on gRT-PCR method as described in Zhu & Dai. 0.9 mL cell culture was transferred to a 1 mL pre-
chilled fixed solution (60% ethanol, 2% phenol and 10 mM EDTA) and then subject to RNA extraction. Total cellular RNA of E. coli was then
extracted using a bacterial RNA extraction kit (TianGen Biotech, Beijing). The cDNA synthesis was further performed with the first-strand
cDNA synthesis reverse transcriptase kit (TianGen). The gRT-PCR reaction was performed by an ABI QuantStudio 3 real-time Thermocycler
using the Hieff gPCR SYBR Green Master Mix (Yeasen Biotech) according to the manual.

Nutrient downshift experiments

The procedures of nutrient downshift experiments were similar as described in Zhu & Dai.® 20 mL E. coli culture was first grown exponentially in
glucose+NH,Cl medium as the preshift condition to ODggo = 0.3 to 0.4. The cell cultures were then quickly collected by a 0.22 pm filter mem-
brane using a vacuum filtration system (TW-606N, Toone Bio, Zhou Wen, China), further washed twice by 5 mL pre-warmed post-shift minimal
medium. The filter membrane was then placed in a sterilized Petri dish containing 5 mL pre-warmed post-shift minimal medium. The cells were
washed down by pipetting and quickly transferred into the post-shift medium as the transition time point at an initial ODggp = 0.1. The entire
transfer process generally took less than 3 min. The growth curve of postshift culture was then automatically monitored by a Synergy H1 micro-
plater reader (Biotek). To quantify the lag time of nutrient downshift, the exponential range of the growth curve for the culture in postshift me-
dium was analyzed by exponential fitting to get the exponential growth function (ODeqg versus time), Fpostshify- The initial ODggg of postshift
culture during transition point was designed as OD;y; (immediately measured after transition). Then with Fgosshify and ODj,;, we could obtain
the time point at which the cells had just completely resumed the exponential growth, Tiesume. The lag time, Tiag = Tresume~Ttransitions Where
Tiransition 1S the transition point of postshift (the time when cells were just transferred into the postshift medium).

For this study, there were three types of nutrient downshift experiments in total. Two nitrogen (N) downshift experiments included
glucose+NH,Cl medium shifted to glucose + alanine medium (NH,Cl to alanine), glucose+NH4C| medium shifted to glucose + arginine me-
dium (NH4Cl to arginine). One carbon (C) downshift was the shift from glucose+NH4Cl medium to alanine+NH4Cl medium.

Determination of the cellular ppGpp pools

The determination of the cellular ppGpp pools was based on HPLC methods as described in Zhu & Dai, Ryals et al.>*® with modifications.
E. coli cells were first exponentially growing to ODggo = 0.4. 45 mL cultures were then fixed by 5 mL pre-chilled 1.8% formaldehyde on ice
for 20-30 min. Cell pellets were then collected by centrifuge and hydrolyzed by 0.5 mL 0.6 M KOH for 30 min on ice. KOH was then neutralized
by 15 pL of 85% phosphoric acid. The hydrolyzed samples were further centrifuged and the supernatants were filtered through a 0.45 pm
Corning HPLC membrane filter (Cat No: 8161 or 8162). ppGpp samples (20-40 pl) were analyzed by Agilent 1260 HPLC machine with a
C18 column (Polaris, C18-A, 180 A, 5 um, 4.6 x 250 mm) at a flow rate of 1 mL/min and monitored at 254 nm under 25°C. The gradient pro-
cedure was as below: 0 to 28 min: the fraction of acetonitrile (Buffer B) increased linearly from 18% to 30%. Mobile phase: buffer A: 0.03 M
KH,PO,, 15 mM tetrabutylammonium phosphate, pH 6.5. Buffer B: 100% acetonitrile. The absolute quantification of ppGpp level was ob-
tained with reference to the ppGpp standard samples (Tri-link).

Proteomics

Proteomics study followed exactly the same protocol as described in Zhu & Dai® and described below again. 30 mL exponential culture of
E. coli (ODgpp = 0.3) was transferred into a pre-cooled 50 mL centrifuge tube (Nest Biotech), and collected by centrifuge (4°C, 8500 rpm
for 5 min). The cell pellets were washed twice by PBS, dried by a speed vacuum concentrator (CV400, Beijing JM Technology Co., Ltd.),
and stored at —80°C freezer prior to proteomic analysis. The proteomics was based on 4D label-free mass spectrometry approach,®” which
was performed by Jingjie PTM Biolabs (Hang Zhou). The experimental procedure of 4D label-free method was described as below: the cell
pellets were subject to ultra-sonication in lysis buffer (8 M Urea 8 M urea, 1% Triton X-100, 10 MM DTT, 1% protease inhibitor cocktail and 2 mM
EDTA). The cell debris was then removed by centrifuge (4°C, 12000 g) for 10 min. The supernatant was transferred into a new centrifuge tube
for protein concentration measurement using BCA kit. Protein samples were next subject to trypsin digestion. For digestion, protein samples
were first pelleted by 20% TCA at 4°C for 2 h and then collected with centrifuge (4500 g) for 5 min. The precipitates were washed for twice
using pre-cooled acetone and further added with 200 mM TEAB. Trypsin was then added at 1:50 trypsin-to-protein mass ratio for digestion
overnight. The solution was reduced with 5 mM DTT for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room temper-
ature in darkness. Finally, the peptides were desalted by C18 SPE column. Solvent A (0.1% formic acid, 2% acetonitrile) and Solvent B (0.1%
formic acid, 100% acetonitrile) were used for following peptides separation and UPLC procedures. The peptides were dissolved in solvent A
and separated by the NanoElute UPLC system. The flow setting of UPLC was as follows: 043 min, 6%-22%B; 43-55 min, 22%-30%B; 55—
58 min, 30%-80%B; 58-61 min, 80%B; flow rate: 450 nL/min. After the separation by UPLC, the peptide was set into Capillary ionization source
for ionization and further analyzed by timsTOF Pro mass spectrometry system. The electrospray voltage applied was set at 1.6 to 1.8 kV. Both
the original peptide ion and its secondary fragments were detected and analyzed by high-resolution TOF. The m/z scan range was 100-1700
for full scan. Precursors with charge states O to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans were acquired per cycle. The
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dynamic exclusion was set to 30 s. The mass spectra data were searched against the SwissProt E. coli K-12 databases and analyzed by Max-
quant software,*® which gave the information of both LFQ intensity and iBAQ intensity. The information of the relative abundance of each
protein across different conditions was given by LFQ intensity. The mass proteome fraction (absolute abundance) of individual proteins
was obtained using the iBAQ intensity of each protein to multiply the molecular weight (MW) (we referred to as “iBAQ mass” in supplementary
table) and further normalized by the sum of the whole proteome (as iBAQ intensity is a proxy of the copy number of each protein, therefore,
iBAQ time MW could reflect the mass of each protein).*”*” The iBAQ mass of individual proteins, together with the gene locus-tag were sub-
mitted to proteomaps website to obtain the KEGG resource allocation map of E. coli cells.**

QUANTIFICATION AND STATISTICAL ANALYSIS

The raw data of mass spectra was analyzed and quantified using the by Maxquant v1.6.15.0 software to give both LFQ intensity and iBAQ
intensity. Statistical analysis was carried out using GraphPad Prism software version 9.0.0.

iScience 27, 108818, February 16, 2024 15




	ISCI108818_proof_v27i2.pdf
	Integrated control of bacterial growth and stress response by (p)ppGpp in Escherichia coli: A seesaw fashion
	Introduction
	Results
	Proteome allocations of E. coli growing in rich medium and minimal medium
	Proteome allocation of E. coli during (p)ppGpp overproduction in minimal medium
	(p)ppGpp overproduction enhances stress tolerance of E. coli
	Activation of stress response by (p)ppGpp overproduction is retained in rpoS-null background

	Discussion
	Limitation of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject participant details
	Method details
	Strains
	Medium
	Cell growth
	Bacterial viability under abiotic stress
	mRNA level determination by qRT-PCR
	Nutrient downshift experiments
	Determination of the cellular ppGpp pools
	Proteomics

	Quantification and statistical analysis




