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Editorial on the Research Topic
(p)ppGpp and Its Homologs: Enzymatic and Mechanistic Diversity Among the Microbes

DR. MICHAEL CASHEL - THE ROLE OF LUCK IN THE
DISCOVERY OF (p)ppGpp

The background leading to the discovery of (p)ppGpp in E. coli began long ago when one of the
goals in microbiology was to understand the biosynthetic pathways for DNA, RNA, and protein
accumulation. Amino acid (AA) auxotrophs starved for one or more amino acid stopped growth
and accumulation of all macromolecules, and this was referred to as the stringent response. A puzzle
arose because mutants at a single locus (relA) in many strains continued to accumulate rRNA
and tRNA for some time after growth had stopped due to AA starvation. The name for “RelA”
is because the otherwise strong stringent RNA control in response to starvation was greatly relaxed
in the mutant (Stent and Brenner, 1961). In addition, comparing valS® relA vs. valS" relA* double
mutants at restrictive temperatures suggested that limited charging of a single tRNA (valyl tRNA)
can trigger the stringent response, despite the presence of an otherwise full array of charged tRNA
(Neidhardt, 1966). Another puzzle was that adding chloramphenicol to non-growing AA starved
cells could restore (relax) the rates of RNA accumulation (Kurland and Maaloe, 1962).

At about that time, Dr. Jon Gallant found that plasmolysis of cells in hypertonic 2M sucrose
permeabilized them to actinomycin, which blocked incorporation of labeled NTP substrates by
RNA polymerase (RNAP). Dr. Cashel’s task for graduate training in the Gallant lab in Seattle was
to ask if RNAP activity in plasmolyzed cells reflected the stringent/relaxed RNA control observed
in vivo. The assay was to compare the RNA control response when labeling RNA with *H-UTP
vs. *H-UMP and remaining cold ATP, GTP, and CTP rNTP substrates. The results suggested
that all phosphotransfer might play an indirect role in the operation of the stringent response by
inhibiting RNA polymerase through limiting the formation of UTP from UMP (Gallant and Cashel,
1967). Since uracil permeability was later shown to be severely inhibited by ppGpp, RNA synthesis
estimates needed correction for uptake inhibition as well (Winslow and Lazzarini, 1969).

To verify the blocked phosphotransfer hypothesis, researchers asked whether phosphorylation
of all ribonucleotides was similarly affected. This was probed in uniformly 2P labeled cells
analyzed by two-dimensional PEI-cellulose thin layer chromatography (TLC) to visualize most
nucleotides. This first step was development with Na-formate (pH 3.4), followed by a methanol
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wash, then developed in LiCl. Standard cell extraction was
with strong acids. However, since formate was the first step,
a shortcut for extraction was devised using Na-formate (pH
3.4) which allowed cell-free extracts to be spotted directly on
chromatograms (Cashel and Gallant, 1969). This turned out to be
an extremely lucky choice because (p)ppGpp was later found to
be labile in strong acids, much more so than riboNTPs (Cashel
and Kalbacher, 1971). The resulting TLC autoradiograms of
32pi labeled, AA starved relA+ but not relA- strains revealed
different labeling patterns. One spot seemed to appear almost
by magic, it increased in starved relA™ cells but disappeared
for the starved relA mutant (Cashel and Gallant, 1969). Thus, it
was called the “magic spot.” Later at NIH, Dr. Cashel devised a
TLC method that in one dimension resolved this spot into two
(MS I and MS II) and separated them from the GTP and GDP
pool (Cashel et al., 1969). The two spots were later identified as
ppGpp (MS I) and pppGpp (MS II). The initial work at NIH on
(p)ppGpp benefited from advice from Drs. Bob Lazzarini and
Maxine Singer.

This devised method was used for many years to study the
kinetics of induction, reversal, and AA starvation specificity of
the stringent response (Cashel and Gallant, 1969, Cashel and
Kalbacher, 1971, Cashel et al.,, 1969). However, 50 years later
this method was found to be inadequate because pppApp co-
migrates with ppGpp, and ppApp comigrates with GDP (Sobala
et al., 2019). The amounts of (p)ppApp in (p)ppGpp samples
estimated by the old method now needed close scrutiny. One
example described in this Research Topic comes from Dr. Jue
D Wang’s lab showing, by mass spectrometry, that products of
the B. subtilis small alarmone synthetase SasA (synonyms: RelP,
SAS2, YwaC) include pGpp, ppApp, and AppppA (Fung et al.).

Studies of (p)ppGpp by many researchers over the past half
century in the microbial and plant kingdoms have revealed an
astonishing regulatory diversity that was viewed in the beginning
with healthy skepticism that dominated the early claims of global
effects. This Research Topic hosted in Frontiers in Microbiology
provides a glimpse of the enormous diversity of alarmones’
actions emerging for (p)ppGpp, and possibly for (p)ppApp, and
unquestionably for monocyclic, homocyclic, and heterocyclic
nucleotides, barely mentioned here.

ENZYMATIC AND MECHANISTIC
DIVERSITY AMONG THE
MICROBES-MANUSCRIPTS ACCEPTED
FOR THIS RESEARCH TOPIC

Over the years, protein structures supported by biochemical
studies have led to identifying specific contact points between a
variety of cellular proteins and/or ribosomes needed for synthesis
and or degradation of an increasingly diverse array of (p)ppGpp
and other potential regulatory nucleotides. While introduction
of specific mutations/deletions has been exploited to discover a
trove of biochemical effects, the conflicts among different studies
are of special interest. In this Research Topic Takada et al. define
specific mutants and deletions of the Escherichia coli RelA and
B. subtilis Rel RRM domains. The authors conclude that deletion

of the RRM domain, which yields uncontrollable (p)ppGpp
production is not related to the loss of the enzyme’s auto-
inhibition, but instead is caused by misregulation of RelA/Rel
by the ribosome. On the other hand, the Kaspy and Glaser
manuscript is a follow up of their earlier work (Gropp et al.,
2001) that seems to validate their conclusion that oxidation of
the zinc-finger domain (localized next to RRM) induces inactive
oligomers that are argued to regulate cellular RelA activity (Kaspy
and Glaser). Each work has strong evidence that supports each
authors’ interpretations.

Since the initial discovery of RelA as a key enzyme of
(p)ppGpp synthesis, a striking diversity of enzymes capable of
synthesizing and degrading the alarmones has been unraveled.
This is best illustrated by the class of small alarmone synthetases
(SAS), which consist of only the (p)ppGpp synthetase domain.
SAS enzymes are found in many bacteria including many relevant
pathogens, such as Staphylococcus aureus (Steinchen and Bange,
2016).

In this Research Topic, Wolz et al. describe their latest findings
on the functional roles of the SAS enzymes, RelP and RelQ,
on the biofilm formation and maintenance under conditions of
cell wall stress in S. aureus (Salzer et al.). Besides the canonical
SAS enzymes, in some bacterial species such as Mycobacterium
smegmatis, the dual domain SAS enzyme RelZ is found. In
this “third” small alarmone synthetase, the (p)ppGpp synthetase
domain is N-terminally extended by an RNAseHII domain. In
their review, Krishnan and Chatterji discuss the functional roles
of this class of SAS enzymes and conclude ways to translate
the learned knowledge into ways combating persistent infections
(Krishnan and Chatterji).

On the other hand, Wang et al. provide compelling evidence
that the SAS enzyme RelP (also known as SasA or SAS1) is also
able to produce the ppApp nucleotides, in addition to its original
role as (p)ppGpp producer. Thus, it will be amazing to learn
to which extent these enzymes are involved in the regulation of
alarmones outside of (p)ppGpp, such as (p)ppApp and AppppA,
which also appears to be affected by RelP (Fung et al.).

An example of diversity among enzymes hydrolyzing
3’-pyrophosphorylated nucleotides is presented by Potrykus
et al. The authors have developed a rapid real-time
enzymatic assay which allows determining a given enzyme’s
ability to hydrolyze (p)ppGpp and (p)ppApp. Enzymes
capable of hydrolyzing only (p)ppGpp (Streptococcus
equisimilis  RelSeq), only (p)ppApp (Methylobacterium
extorquens SAH), and both (Drosophila melanogaster
MESH1) were investigated. Although very intriguing,
the functional consequences of such diversity are as of
yet unknown.

Another study in this Research Topic on (p)ppGpp hydrolases
is reported by Sanyal et al, who investigate (p)ppGpp
degradation in vivo in the absence of SpoT and two Nudix
enzymes—NudG and MutT—were found to participate in this
process. Such an approach was possible through the use of
relA hypomorphic mutants, as normally, deletion of spoT in
the presence of intact relA is lethal. The conclusions are rather
intricate and future in vitro studies with purified enzymes seem
highly warranted to further support them.

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 658282


https://doi.org/10.3389/fmicb.2020.02083
https://doi.org/10.3389/fmicb.2020.00277
https://doi.org/10.3389/fmicb.2020.572419
https://doi.org/10.3389/fmicb.2020.575882
https://doi.org/10.3389/fmicb.2020.594024
https://doi.org/10.3389/fmicb.2020.02083
https://doi.org/10.3389/fmicb.2020.581271
https://doi.org/10.3389/fmicb.2020.562804
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Potrykus et al.

Editorial: (p)ppGpp and Its Homologs

Besides the diversity of enzymes involved in synthesis and
degradation of (p)ppGpp, our knowledge on the molecular
targets affected by the alarmones is steadily increasing. Thus
far, over 30 different protein targets have been reported to
be binding partners of (p)ppGpp. Thus, Kushwaha et al. set
out to further detail how these chemically simple molecules
achieve this binding diversity (Kushwaha et al.). Using molecular
dynamics simulation studies, they show that phosphate chains
provide molecular plasticity to (p)ppGpp nucleotides, enabling
its binding diversity, while its guanosine-moiety might provide
further specificity for certain target families, such as GTPases.

In addition, Steinchen et al. summarize all reported
(p)ppGpp-binding targets (Steinchen et al.). When sorting
and ranking them according to their known binding strengths,
ppGpp and/or pppGpp show not only the enormous diversity of
cellular processes affected, but much more suggests a “priority
scheme” of targets modulated by the alarmones. Thus, (p)ppGpp
appears to continuously modulate most of the microbial
biochemistry rather than being part of an all-or-nothing switch
between the “relaxed” and “stringent” states, as initially assumed
in the beginning of their discovery.

A similar view is reflected in three articles addressing the
importance of (p)ppGpp basal levels in cell physiology and
adaptation. Spira and Ospino point out that there is great
variability in (p)ppGpp basal levels in various E. coli laboratory
strains and discuss the consequences this basal level might
bring for the cell, such as its effect on bacterial pathogenicity,
antimicrobial resistance, overall growth rate, and nutritional
competence. Based on the evaluated data, the authors make
an interesting conclusion that the relA and spoT genes are
continuously undergoing a microevolutionary pressure so that
the cells are producing (p)ppGpp basal levels that are optimal for
a given population.

On the other hand, Imholz et al,, noticed the problem of
using different laboratory strains and techniques to evaluate the
relationship between basal (p)ppGpp levels, growth rate control,
and RNA synthesis in E. coli. In their perspective article, the
authors re-evaluate some of the literature data and compare
it with the results obtained by them with an LC-MS method.
Although there was some variation, the inverse correlation
between (p)ppGpp concentration and growth rate was preserved
when growth was varied by nutritional conditions. The authors
also performed experiments with strains where RNA polymerase
(RNAP) (p)ppGpp binding sites were disrupted and found that
disrupting one or the other site does not abolish this correlation.
This may not be surprising since Myers et al. show by using
Differential Radial Capillary Action of Ligand Assay (DRaCALA)
assays that ppGpp has similar affinity to both of its binding
sites on RNAP. Interestingly, upon binding of the first ppGpp
molecule, binding of the second ppGpp molecule seems to be
greatly enhanced, regardless of which site was occupied first. It is
therefore intriguing whether the same would be true for pppGpp,
as it was shown that in many instances ppGpp is a stronger
effector than pppGpp (Mechold et al., 2013). Still, experiments
with a double site mutant should be performed to provide a
definitive answer to the interesting notion raised by Imholz et al.
that the (p)ppGpp—RNA level inverse relationship might be

controlled by some other factors than the binding of (p)ppGpp
to RNAP.

The review by Fernandez-Coll and Cashel also deals with
the importance of (p)ppGpp basal levels in the cell. The
authors make a very important point of differentiating between
(p)ppGpp acting as a second messenger (i.e., under “normal”
growth, meaning a change in basal levels of (p)ppGpp), and
as an alarmone (i.e., under stress conditions, when (p)ppGpp
levels abruptly increase). Many researchers do not make this
distinction and use those terms interchangeably while, in
fact, they involve different cellular strategies for adaptation or
survival. In addition, the authors point out that when considering
(p)ppGpp metabolism as a potential antibiotic target, the focus
should not be solely on its synthesis; perhaps its hydrolysis should
be considered instead.

In light of the studies striving to develop novel antibiotics
based on the notion that (p)ppGpp is known to be responsible for
bacterial pathogenicity, it must be noted that recently Nowicki
et al. (2019) have demonstrated that several isothiocyanates
(ITC) cause E. coli growth inhibition by induction of the
stringent response. This discovery is especially important for
STEC strains (encoding Shiga toxins), since unlike antibiotics,
ITCs do not induce Shiga toxin production. Here, the authors
offer a follow-up on their previous findings and demonstrate
that similar effects are observed when employing aliphatic ITCs,
and what is even more important, some of these compounds
act in a synergistic fashion (Nowicki et al.). Whether this means
that their mechanism of action is different or not remains to
be investigated.

In addition, this Research Topic offers three review articles
focused on the role of (p)ppGpp in pathogenicity and adaptation
to changing environmental conditions by bacteria other than
E. coli. The article by Zhang et al.,, provides a comprehensive
evaluation of (p)ppGpp’s role in streptococci. In particular,
(p)ppGpp synthesis, effects on physiology (including persistence
and pathogenicity), transcriptional regulation, and a link between
(p)ppGpp and CodY are discussed. On the other hand, the
review by Das and Bharda, centers on description of (p)ppGpp
metabolism in several different bacteria, with analysis of
(p)ppGpp’s role in production of antibiotics and in antibiotic
resistance (several different mechanisms are described). Finally,
Kundra et al. provide a very comprehensive and detailed review
of (p)ppGpp’s role in virulence of several Gram(+) and Gram(-)
bacteria, as well as in Mycobacteria and Borrelia burgdorferi.
The authors also provide a timely and thorough evaluation of
targeting (p)ppGpp signaling by potential therapeutic agents
(examples of compounds affecting its synthesis and hydrolysis
are provided), as well as highlight the necessity of exploring the
nature of crosstalk between (p)ppGpp and c-di-AMP.

Finally, the manuscript by Bartoli et al, is an example
illustrating diversity among closely related enteric bacteria in
regulation by the same transcriptional factors, in this case—
SlyA. This factor was initially reported to be regulated by
(p)ppGpp in Salmonella enterica, and thus the authors set out
to use SlyA-regulated genes as reporters of ppGpp levels in
E. coli. Although that attempt has failed and the authors disprove
direct regulation of SlyA by (p)ppGpp, they make an important
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point that although SlyA may act through the same molecular
mechanism in both bacteria, its physiological role in those
bacteria is quite different.
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The (p)ppGpp-mediated stringent response is a bacterial stress response implicated
in virulence and antibiotic tolerance. Both synthesis and degradation of the (p)ppGpp
alarmone nucleotide are mediated by RelA-SpoT Homolog (RSH) enzymes which can be
broadly divided in two classes: single-domain ‘short’ and multi-domain ‘long’ RSH. The
regulatory ACT (Aspartokinase, Chorismate mutase and TyrA)/RRM (RNA Recognition
Motif) domain is a near-universal C-terminal domain of long RSHs. Deletion of RRM
in both monofunctional (synthesis-only) RelA as well as bifunctional (i.e., capable of
both degrading and synthesizing the alarmone) Rel renders the long RSH cytotoxic
due to overproduction of (p)ppGpp. To probe the molecular mechanism underlying this
effect we characterized Escherichia coli RelA and Bacillus subtilis Rel RSHs lacking
RRM. We demonstrate that, first, the cytotoxicity caused by the removal of RRM is
counteracted by secondary mutations that disrupt the interaction of the RSH with the
starved ribosomal complex — the ultimate inducer of (p)ppGpp production by RelA
and Rel — and, second, that the hydrolytic activity of Rel is not abrogated in the
truncated mutant. Therefore, we conclude that the overproduction of (p)ppGpp by RSHs
lacking the RRM domain is not explained by a lack of auto-inhibition in the absence of
RRM or/and a defect in (p)ppGpp hydrolysis. Instead, we argue that it is driven by
misregulation of the RSH activation by the ribosome.

Keywords: ppGpp, Rel, ACT, RRM, stringent response, ribosome

INTRODUCTION

Bacteria employ diverse mechanisms to sense and respond to stress. One such mechanism is
the stringent response — a near-universal stress response orchestrated by hyper-phosphorylated
derivatives of housekeeping nucleotides GDP and GTP: guanosine tetraphosphate (ppGpp) and
guanosine pentaphosphate (pppGpp), collectively referred to as (p)ppGpp (Hauryliuk et al., 2015;
Liu et al., 2015; Steinchen and Bange, 2016). Since the stringent response and (p)ppGpp-mediated
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signaling are implicated in virulence, antibiotic resistance and
tolerance (Dalebroux et al., 2010; Dalebroux and Swanson,
2012; Hauryliuk et al., 2015), this stress signaling system has
been recently targeted for development of new anti-infective
compounds (Kushwaha et al., 2019).

Both synthesis and degradation of (p)ppGpp is mediated
by RelA/SpoT Homolog (RSH) enzymes. RSHs can be broadly
divided into two classes: ‘long’ multi-domain and ‘short’
single-domain factors (Atkinson et al, 2011; Jimmy et al,
2019). In the majority of bacteria, including model Gram-
positive bacterial species Bacillus subtilis, the long multi-
domain RSHs are represented by one bifunctional enzyme,
Rel (Mittenhuber, 2001; Atkinson et al, 2011). Beta- and
Gammaproteobacteria, such as Escherichia coli, encode two
long RSH factors — RelA and SpoT - which are the products
of gene duplication and diversification of the ancestral rel
stringent factor (Mittenhuber, 2001; Atkinson et al, 2011;
Hauryliuk et al., 2015). E. coli RelA is the most well-studied
long RSH. RelA is a dedicated sensor of amino acid starvation
with strong (p)ppGpp synthesis activity that is induced by
ribosomal complexes harboring cognate deacylated tRNA in the
A-site, so-called ‘starved’ ribosomal complexes (Haseltine and
Block, 1973). Unlike RelA, which lacks (p)ppGpp hydrolysis
activity (Shyp et al., 2012), Rel and SpoT can both synthesize
and degrade (p)ppGpp (Xiao et al, 1991; Avarbock et al,
2000). Similarly to RelA - and to the exclusion of SpoT -
(p)ppGpp synthesis by Rel is strongly activated by starved
ribosomes (Avarbock et al., 2000). In addition to long RSHs,
bacteria often encode single domain RSH enzymes: Small
Alarmone Synthetases (SAS) and Small Alarmone Hydrolases
(SAH) (Atkinson et al, 2011; Jimmy et al, 2019), such
as RelQ and RelP in the Firmicute bacterium B. subtilis
(Nanamiya et al., 2008).

Long RSHs are universally comprised of two functional
regions: the catalytic N-terminal domains (NTD) and the
regulatory C-terminal domains (CTD) (Figure 1A) (Atkinson
etal, 2011). The NTD region comprises the (p)ppGpp hydrolase
domain (HD; enzymatically inactive in RelA) and the (p)ppGpp
synthetase domain (SYNTH) linked by an a-helical region
that regulates the allosteric crosstalk between both domains
(Tamman et al., 2019). The CTD encompasses four domains:
the Thr-tRNA synthetase, GTPase and SpoT domain (TGS), the
Helical domain, the Zing Finger Domain (ZFD) [equivalent to
Ribosome-InterSubunit domain, RIS, as per (Loveland et al,
2016), or Conserved Cysteine, CC, as per (Atkinson et al,
2011)], and, finally, the RNA Recognition Motif domain (RRM)
[equivalent to Aspartokinase, Chorismate mutase and TyrA,
ACT, as per (Atkinson et al., 2011)]. When Rel/RelA is bound
to a starved ribosomal complex, the TGS domain inspects the
deacylated tRNA in the A-site and the TGS domain interacts
directly with the 3’ CCA end of the A-site tRNA (Arenz et al,
2016; Brown et al., 2016; Loveland et al., 2016). The conserved
histidine 432 residue of E. coli RelA mediating this interaction is
crucial for activation of RelA’s enzymatic activity by the 3’ CCA
(Winther et al., 2018). Both ZFD and RRM interact with the
A-site finger (ASF) of the 23S ribosomal RNA (Arenz et al., 2016;
Brown et al., 2016; Loveland et al., 2016), and in E. coli RelA this

contact is crucial for efficient recruitment to and activation by
starved ribosomal complexes (Kudrin et al., 2018).

While the NTD is responsible for the enzymatic function
of RSHs, the CTD senses the starved ribosomal complex
and transmits the signal to activate NTD-mediated (p)ppGpp
synthesis by Rel/RelA (Agirrezabala et al., 2013; Arenz et al,
2016; Brown et al., 2016; Loveland et al., 2016). Since removal
of the CTD increases the rate of (p)ppGpp production by
Rel/RelA in the absence of ribosomes or starved complexes, the
CTD was proposed to mediate the auto-inhibition of the NTD
synthetase activity, thus precluding uncontrolled production of
cytotoxic (p)ppGpp (Schreiber et al., 1991; Gropp et al., 2001;
Mechold et al., 2002; Avarbock et al., 2005; Jiang et al., 2007;
Yang et al., 2019).

The specific focus of this study is the C-terminal RRM/ACT
domain of ribosome-associated RSH RelA and Rel. The
RRM is absent in RelA enzymes from Methylotenera
mobilis, Elusimicrobium minutum, Francisella philomiraga,
and Francisella tularensis (Atkinson et al, 2011). The only
experimentally characterized representative amongst these is
F. tularensis RelA (Wilkinson et al., 2015). In a reconstituted
biochemical system, the factor behaves similarly to E. coli
RelA, ie., it has very low synthesis activity by itself and is
potently activated by the ribosome. Conversely, deletion of
the RRM domain in factors that naturally possess it leads to
inhibition of growth (Gratani et al., 2018; Ronneau et al., 2019;
Turnbull et al.,, 2019) that is mediated by over-production of
(p)ppGpp in the cell, as shown for Caulobacter crescentus Rel
(Ronneau et al., 2019) and E. coli RelA (Turnbull et al., 2019).
The exact molecular mechanism of misregulation remains
unclear. Deletion of RRM in bifunctional C. crescentus Rel
leads to compromised hydrolase activity (Ronneau et al., 2019),
while overproduction of (p)ppGpp by monofunctional E. coli
RelAARRM a5 suggested to be due to upregulated constitutive
synthesis activity, conceivably due to defective auto-inhibition of
the NTD synthetase domain by the CTD (Turnbull et al., 2019).

In this report, we inspected the possible role of the ribosome in
overproduction of (p)ppGpp by ARRM variants of long RSHs in
the cell. By characterizing truncated versions of E. coli RelA and
B. subtilis, we demonstrate that the cytotoxicity of mutant RSH
variants is strictly dependent on the interaction with the ribosome
and deacylated tRNA, and, therefore, cannot be explained by
defects in intra-molecular regulation alone.

MATERIALS AND METHODS

Multiple Sequence Alignment

Sequences were aligned with MAFFT v7.164b with the L-INS-i
strategy (Katoh and Standley, 2013), and alignments were
visualized with Jalview (Waterhouse et al., 2009).

Construction of Bacterial Strains and

Plasmids

The strains and plasmids used in this study are listed
in Supplementary Tables S1-S3. Oligonucleotides used
in this study are provided in Supplementary Table S4.
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FIGURE 1 | Domain structure of ‘long’ ribosome-associated RSHs Rel and RelA. (A) The NTD region contains (p)ppGpp hydrolysis (HD) and (p)ppGpp synthesis

the RRM domain used in the current study. The 3D structures are as per from Loveland and colleagues (Loveland et al., 2016), RDB accession number 5KPX.

Domain) and RRM (RNA Recognition Motif) domains comprise the regulatory CTD
dy are indicated above and below the domain schematics, respectively.
in the current study. (C) Conservation and structural environment of mutations in

A detailed description of strain construction is provided in the
Supplementary Material.

Growth Assays

Escherichia coli BW25113 cells were transformed with expression
constructs either based on a high-copy IPTG inducible vector
pUC derivative pMG25 (pMG25:relA, Turnbull et al, 2019,
PMG25:1elAARRM | 5MG25:5poR or pMG25:spoTARRM) or on a
low-copy IPTG inducible vector, mini R1 plasmid pNDM220
which is present in one to two copies per chromosome
(Molin et al, 1979) (pNDM220:relA, pNDM220:relAARRM,
PNDM220:re] AARRM—HA432E - s NDM220:re]AA RRM—RO29E 51
pNDM220:re] AARRM=CO124/CO134) " Eor solid medium growth
assays, ten-fold serial dilutions of overnight LB cultures were
spotted onto LB agar supplemented with 30 pg/mL ampicillin
and 1 mM IPTG. For liquid medium growth assays, 1000-
fold dilutions of the overnight LB cultures were made in
liquid LB supplemented with 30 pg/mL ampicillin and 1 mM
IPTG, seeded on a 100-well honeycomb plate (Oy Growth
Curves AB Ltd, Helsinki, Finland), and plates incubated in
a Bioscreen C (Labsystems, Helsinki, Finland) at 37°C with
continuous medium shaking.

Bacillus  subtilis strains were pre-grown on LB plates
lacking the IPTG inducer overnight (10 h) at 30°C. Fresh
individual colonies were used to inoculate filtered LB
medium in the presence of indicated concentrations of
IPTG and ODggo adjusted to 0.01. The cultures were seeded
on a 100-well honeycomb plate (Oy Growth Curves AB
Ltd, Helsinki, Finland), and plates were incubated in a

Bioscreen C (Labsystems, Helsinki, Finland) at 37°C with
continuous medium shaking.

Growth rates (p;) were calculated as slopes of linear
regression lines through log,-transformed ODggg data points.

Preparation of Polyclonal Anti-Rel

Antiserum

The entire coding region of the B. subtilis rel gene was amplified
by PCR using the synthetic oligonucleotide pQErelA_F and
pQErelA_R containing a BamHI site and B. subtilis genomic
DNA as a template. The resulting PCR fragment was cut with
BamHI and then inserted into the BamHI sites of pQE60
(Qiagen), yielding plasmid pQErelA. pOErelA was transformed
into E. coli M15 (pREP4) (Qiagen), fresh transformants were
inoculated into LB liquid culture (1000 mL) with 100 pg/mL
ampicillin and grown at 37°C with vigorous shaking. At ODggg
of 0.8 expression of Rel induced with 1 mM IPTG (final
concentration). After 3 h of expression the cells were harvested
by centrifugation, resuspended in buffer A (500 mM NaCl,
50 mM Tris-HCI pH 8.0) supplemented with 2 mM PMSF and
lysed by sonication. Rel-Hisg inclusion bodies were collected by
centrifugation, resuspended in buffer A supplemented with 8 M
guanidine hydrochloride (= buffer B) and loaded onto an Ni-
NTA agarose column (QIAGEN) pre-equilibrated in the same
buffer. The column was washed with buffer B supplemented with
10 mM imidazole, and the protein was eluted with a 100-400 mM
imidazole gradient in buffer B. The fractions containing Rel-
Hisg was dialyzed against buffer A at 4°C overnight. Aggregated
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Rel-Hisg protein was collected by centrifugation, resuspended
in buffer A supplemented with 6 M urea and used for rabbit
immunization. Rabbit serum was used as a polyclonal anti-
Rel antibody.

Sucrose Gradient Fractionation and
Western Blotting

Bacillus subtilis strains were pre-grown on LB plates overnight at
30°C. Fresh individual colonies were used to inoculate 200 mL
LB cultures that were grown at 37°C. At ODggp of 0.2 amino acid
starvation was induced by addition of isoleucyl tRNA synthetase
inhibitor mupirocin (dissolved in DMSO, AppliChem) to final
concentration of 700 nM for 20 min. As a mock control, a
separate culture was treated with the same amount of DMSO.
After 20 min the cells were collected by centrifugation (8,000 rpm,
5 min, JLA-16.25 Beckman Coulter rotor), dissolved in 0.5 mL
of HEPES:Polymix buffer [5 mM Mg(OAc),;] supplemented
with 2 mM PMSE lysed using FastPrep homogenizer (MP
Biomedicals) by four 20 s pulses at speed 6.0 mp/s with
chilling on ice for 1 min between the cycles), and clarified
by ultracentrifugation (14,800 rpm for 20 min, Microfuge 22R
centrifuge Beckman Coulter, F241.5P rotor). Clarified cell lysates
were loaded onto 10-35% sucrose gradients in HEPES:Polymix
buffer pH 7.5 (5 mM Mg?™ final concentration), subjected to
centrifugation (36,000 rpm for 3 h at 4°C, SW-41Ti Beckman
Coulter rotor) and analyzed using Biocomp Gradient Station
(BioComp Instruments) with Ayg as a readout.

For Western blotting 0.5 mL fractions were supplemented
with 1.5 mL of 99.5% ethanol, precipitated overnight at -20°C.
After centrifugation at 14,800 rpm for 30 min at 4°C the
supernatants were discarded and the samples were dried. The
pellets were resuspended in 40 L of 2xSDS loading buffer
[100 mM Tris-HCI pH 6.8, 4% SDS (w/v) 0.02% Bromophenol
blue, 20% glycerol (w/v) 4% B-mercaptoethanol], resolved on
the 8% SDS PAGE and transferred to nitrocellulose membrane
(Trans-Blot Turbo Midi Nitrocellulose Transfer Pack, Bio-Rad,
0.2 pwm pore size) with the use of a Trans-Blot Turbo Transfer
Starter System (Bio-Rad) (10 min, 2.5 A, 25 V). Membrane
blocking was done for 1 h in PBS-T (1xPBS 0.05% Tween-
20) with 5% w/v non-fat dry milk at room temperature.
Rel was detected using anti-Rel primary combined with goat
anti-rabbit IgG-HRP secondary antibodies. All antibodies were
used at 1:10,000 dilution. ECL detection was performed
using WesternBright™ Quantum (K-12042-D10, Advansta)
Western blotting substrate and an ImageQuant LAS 4000 (GE
Healthcare) imaging system.

Expression and Purification of E. coli

RelA and B. subtilis Rel
Wild type and H432E mutant variants of E. coli RelA were
expressed and purified as described earlier (Turnbull et al., 2019).
Wild type and mutant variants of B. subtilis Rel were
overexpressed in freshly transformed E. coli BL21 DE3 Rosetta
(Novagen). Fresh transformants were inoculated to final ODggg of
0.05 in the LB medium (800 mL) supplemented with 100 pg/mL
kanamycin. The cultures were grown at 37°C until an ODggg

of 0.5, induced with 1 mM IPTG (final concentration) and
grown for additional 1.5 h at 30°C. The cells were harvested
by centrifugation and resuspended in buffer A (750 mM KCI,
5 mM MgCl, 40 pM MnCl,, 40 pM Zn(OAc);, 1 mM mellitic
acid (Tokyo Kasei Kogyo Co., Ltd.), 20 mM imidazole, 10%
glycerol, 4 mM B-mercaptoethanol, 25 mM HEPES:KOH pH
8) supplemented with 0.1 mM PMSF and 1 U/mL of DNase
I. Cells were lysed by one passage through a high-pressure
cell disrupter (Stansted Fluid Power, 150 MPa), cell debris
was removed by centrifugation (25,000 rpm for 40 min, JA-
25.50 Beckman Coulter rotor) and clarified lysate was taken for
protein purification.

To prevent possible substitution of Zn?* ions in Rel’s Zn-
finger domain for Ni?T during purification on an Ni-NTA metal
affinity chromatography column (Block et al., 2009), a 5 mL
HisTrap HP column was stripped from Ni’>* in accordance
with manufacturer’s recommendations, washed with 5 column
volumes (CV) of 100 mM Zn(OAc), pH 5.0 followed by 5
CV of deionized water. Clarified cell lysate was filtered through
a 0.2 um syringe filter and loaded onto the Zn?*-charged
HisTrap 5 mL HP column pre-equilibrated in buffer A. The
column was washed with 5 CV of buffer A, and the protein
was eluted with a linear gradient (6 CV, 0-100% buffer B)
of buffer B (750 mM KCI, 5 mM MgCl,, 40 pM MnCl,,
40 pM Zn(OAc);, 1 mM mellitic acid, 500 mM imidazole,
10% glycerol, 4 mM B-mercaptoethanol, 25 mM HEPES:KOH
pH 8). Mellitic acid forms highly ordered molecular networks
when dissolved in water (Inabe, 2005) and it was shown
to promote the stability of Thermus thermophilus Rel (Van
Nerom et al., 2019). Fractions most enriched in Rel (&25-
50% buffer B) were pooled, totaling approximately 5 mL. The
sample was loaded on a HiLoad 16/600 Superdex 200 pg
column pre-equilibrated with a high salt buffer (buffer C; 2 M
NaCl, 5 mM MgCl,, 10% glycerol, 4 mM B-mercaptoethanol,
25 mM HEPES:KOH pH 8). The fractions containing Rel
were pooled and applied on HiPrep 10/26 desalting column
(GE Healthcare) pre-equilibrated with storage buffer (buffer
D; 720 mM KCl, 5 mM MgCl,, 50 mM arginine, 50 mM
glutamic acid, 10% glycerol, 4 mM B-mercaptoethanol, 25 mM
HEPES:KOH pH 8). Arginine and glutamic acid were added to
improve protein solubility and long-term stability (Golovanov
et al, 2004). The fractions containing Rel were collected
and concentrated in an Amicon Ultra (Millipore) centrifugal
filter device (cut-off 50 kDa). To cleave off the His;o-SUMO
tag, 35 pg of Hiss-Ulpl per 1 mg of Rel were added and
the reaction mixture was incubated at room temperature for
15 min. After the His;o-SUMO tag was cleaved off, the
protein was passed though 5 mL Zn?*-charged HisTrap HP
pre-equilibrated with buffer D. Fractions containing Rel in
the flow-through were collected and concentrated on Amicon
Ultra (Millipore) centrifugal filter device with 50 kDa cut-
off. The purity of protein preparations was assessed by SDS-
PAGE and spectrophotometrically [OD,69/OD2gp ratio below
0.8 corresponding to less than 5% RNA contamination (Layne,
1957)]. Protein preparations were aliquoted, frozen in liquid
nitrogen and stored at —80°C. Individual single-use aliquots were
discarded after the experiment.
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Negative Staining Electron Microscopy

3.5 pL of 2 wM Rel protein was loaded onto a glow-discharged
Cusgo grid (TAAB Laboratories Equipment Ltd.) with manually
layered 2.9 nm carbon. The sample was incubated on the grid for
1-3 min, blotted with Watman filter paper, than twice washed
with water and blotted, stained with 1.5% uranyl acetate pH
4.2 for 30 s before the final blotting. Grids were dried on the
bench and imaged by Talos L 120C (FEI) microscope with
92,000X magnification.

Preparation of 10X Polymix Buffer Base

The 10X Polymix base was prepared as per (Antoun et al., 2004),
with minor modifications. For preparation of the putrescine
solution, 100 g of putrescine (1,4-diaminobutane) was dissolved
in 600 mL of ddH, O at 90°C, and the pH adjusted with acetic acid
to 8.0 (approximately 100 mL of 100% acetic acid). After cooling
to room temperature, the pH was adjusted further to 7.6 and the
volume was adjusted to the final of 2 L by addition of 1.134 L of
ddH,0. One 100 mL cup of activated charcoal was added and
the slurry was stirred under the hood for 30 min. The slurry
was filtered through, first, Whatman paper and then through a
0.45 wm BA85 membrane. The final solution was stored at 4°C in
a bottle wrapped in foil since putrescine is photosensitive. The
preparation of 2 L of 10X Polymix buffer base used 141.66 g
KCl, 5.35 g NH4Cl, 21.44 g Mg(OAc),-4H,0, 1.47 g CaCl,-2H, 0,
5.092 g spermidine, and 160 ml of putrescine solution (described
above). The salts were dissolved in ddH,O (~1,500 mL), then
the putrescine solution was added and mixed well. Spermidine
was dissolved in a small volume of ddH,O and added to the
mixture. The pH was adjusted to 7.5 with concentrated acetic
acid or 5 M KOH, and after that the volume was adjusted by
adding ddH,O0 to 2 L. The buffer was filtered through 0.2 pm
nitrocellulose filter (2-3 filters are needed). The resulting 10X
Polymix buffer base was aliquoted and stored at —20°C. The
final working HEPES:Polymix buffer was made using the 10X
Polymix buffer base, IM DDT and 1 M HEPES:KOH pH 7.5
and contains 20 mM HEPES:KOH pH 7.5, 2 mM DTT, 5 mM
MgOAc;, 95 mM KCI, 5 mM NH4Cl, 0.5 mM CaCl,, 8 mM
putrescine, 1 mM spermidine.

Purification of B. subtilis 70S Ribosomes

Bacillus subtilis strain RIK2508 (trpC2 Ahpf) strain (Akanuma
et al.,, 2016; Brodiazhenko et al., 2018) was pre-grown on LB
plates overnight at 30°C. Fresh individual colonies were used to
inoculate LB liquid cultures (25 x 400 mL) to ODggo of 0.05
and grown at 37°C with vigorous shaking. At ODgg 1.2 the cells
were pelleted at 4°C (TLA10.500 (Beckman), 15 min at 5,000-
8,000 rcf), resuspended with ice-cold PBS bufter, pelleted again
in 50 mL Falcon tubes, frozen with liquid nitrogen and stored
at -80°C. Approximately 20 g of frozen B. subtilis cells were
resuspended in 50 mL of cell opening buffer (100 mM NH4CI,
15 mM Mg(OAc),, 0.5 mM EDTA, 3 mM B-mercaptoethanol,
20 mM Tris:HCl pH 7.5) supplemented with 1 mU Turbo
DNase (Thermo Fisher Scientific), 0.1 mM PMSF and 35 pg/mL
lysozyme, incubated on ice for 1 h, and opened by three passages
on a high-pressure cell disrupter (Stansted Fluid Power) at

220 MPa. Lysed cells were clarified by centrifugation for 40 min
at 40,000 rpm (Ti 45 rotor, Beckman), NH4Cl concentration
was adjusted to 400 mM, and the mixture was filtered through
0.45 pm syringe filters. The filtrated lysate was loaded onto a pre-
equilibrated 80 mL CIMmultus QA-80 column (BIA Separations,
quaternary amine advanced composite column) at a flow rate of
20 mL/min, and the column washed with 5 CV (CV = 80 mL)
of low salt buffer [400 mM NH4Cl, 15 mM Mg(OAc),, 3 mM
B-mercaptoethanol, 20 mM Tris:HCI pH 7.5]. Ribosomes were
then eluted in 45 mL fractions by a step gradient to 77%
high salt buffer [900 mM NH4CI, 15 mM Mg(OAc),, 3 mM
B-mercaptoethanol, 20 mM Tris:HCI pH 7.5] for 5 CV, followed
by 100% high salt buffer for 1 CV. The fractions containing
ribosomes were pooled, the concentration of NH4Cl was adjusted
to 100 mM, and the ribosomes were treated with puromycin
added to a final concentration of 10 wM. The resultant crude
70S preparation was resolved on a 10-40% sucrose gradient in
overlay buffer [60 mM NH4Cl, 15 mM Mg(OAc),, 0.25 mM
EDTA, 3 mM B-mercaptoethanol, 20 mM Tris:HCl pH 7.5] in
a zonal rotor (Ti 15, Beckman, 17 h at 21,000 rpm). The peak
containing pure 70S ribosomes was pelleted by centrifugation
(20 h at 35,000 rpm), and the final ribosomal preparation was
dissolved in HEPES:Polymix buffer [20 mM HEPES:KOH pH 7.5,
2mM DTT, 5 mM Mg(OAc),, 95 mM KCI, 5 mM NH4Cl, 0.5 mM
CaCly, 8 mM putrescine, 1 mM spermidine (Antoun et al.,
2004)]. 70S concentration was measured spectrophotometrically
(1 OD3gp corresponds to 23 nM of 70S) and ribosomes were
aliquoted (50-100 L per aliquot), snap-frozen in liquid nitrogen
and stored at -80°C.

Preparation of 70S Initiation Complexes
(70S IC)

Initiation complexes were prepared by as per (Murina et al.,
2018a,b), with minor modifications. The reaction mix
containing B. subtilis 70S ribosomes (final concentration of
6 WM) with E. coli IF1 (4 pM), IF2 (5 uM), IF3 (4 uM),
SH-fMet-tRNA; Mt (8 wM), mRNA MVFStop (8 pM, 5'-
GGCAAGGAGGAGAUAAGAAUGGUUUUCUAAUA-3';
Shine-Dalgarno sequence is highlighted in bold, ORF is
underlined), 1 mM GTP and 2 mM DTT in 1 x HEPES:Polymix
buffer [20 mM HEPES:KOH pH 7.5, 95 mM KCl, 5 mM NH4Cl,
5 mM Mg(OAc),;, 0.5 mM CaCl,, 8 mM putrescine, 1 mM
spermidine, ] mM DTT (Antoun et al., 2004)] was incubated at
37°C for 30 min. Then the ribosomes were pelleted through a
sucrose cushion (1.1 M sucrose in HEPES:Polymix buffer with
15 mM Mg2+) at 50,000 rpm for 2 h (TLS-55, Beckman), the
pellet was dissolved in HEPES:Polymix buffer [5 mM Mg(OAc);],
aliquoted, frozen in liquid nitrogen and stored at —80°C.

Preparation of 3H-Labeled pppGpp

3 WM E. faecalis RelQ (Beljantseva et al., 2017) was incubated
in reaction buffer (18 mM MgCl,, 20 mM DTT, 20 mM Tris-
HCI pH 8.0) together with 8 mM ATP and 5 mM 3H-GTP (SA:
100 cpm/pmol) for 2 h at 37°C to produce *H-pppGpp. The
resultant mixture was loaded on strong anion-exchange column
(MonoQ 5/50 GL; GE Healthcare), and nucleotides were resolved
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by a 0.5-1,000 mM LiCl gradient. Peak fractions containing >H-
pppGpp were pooled and precipitated by addition of lithium
chloride to a final concentration of 1 M followed by addition
of four volumes of ethanol. The suspension was incubated at
-80°C overnight and centrifuged (14,800 rpm, 30 min, 4°C).
The resulting pellets were washed with absolute ethanol, dried,
dissolved in 20 mM HEPES-KOH buffer (pH 7.5) and stored
at -80°C.

SH-pppGpp Hydrolysis Assay

The reaction mixtures contained 140-250 nM Rel, 300 wM 3H-
pppGpp, 1 mM MnCly, an essential cofactor for Rel’s hydrolysis
activity (Avarbock et al., 2000; Mechold et al., 2002;Tamman
et al, 2019), all in HEPES:Polymix buffer (5 mM Mg?" final
concentration). After preincubation at 37°C for 3 min, the
reaction was started by the addition of prewarmed Rel and 5 pL
aliquots were taken throughout the time course of the reaction
and quenched with 4 pL 70% formic acid supplemented with a
cold nucleotide standard (4 mM GTP) for UV-shadowing.

SH-pppGpp Synthesis Assay

Assays with E. coli RelA were performed as described earlier
(Kudrin et al., 2018). In the case of B. subtilis Rel, the reaction
mixtures typically contained 500 nM B. subtilis 70S IC(MVE),
140 nM Rel, guanosine nucleoside substrate (300 pM *H-
GTP, PerkinElmer), 100 uM pppGpp, 2 uM E. coli tRNAV2
(ChemBlock), all in HEPES:Polymix buffer (5 mM Mg2Jr final
concentration). After preincubation at 37°C for 3 min, the
reaction was started by the addition of prewarmed ATP to the
final concentration of 1 mM, and 5 pL aliquots were taken
throughout the time course of the reaction and quenched with
4 pL 70% formic acid supplemented with a cold nucleotide
standard (4 mM GTP) for UV-shadowing. Individual quenched
timepoints were spotted PEI-TLC plates (Macherey-Nagel) and
nucleotides were resolved in 1.5 M KH,PO4 pH 3.5 buffer.
The TLC plates were dried, cut into sections as guided
by UV-shadowing, and 3H radioactivity was quantified by
scintillation counting in EcoLite Liquid Scintillation Cocktail
(MP Biomedicals).

RESULTS

Toxicity of E. coli ARRM RelA Is
Countered by Mutations Compromising

the Interaction With Starved Ribosomes

As we have shown earlier, low-level ectopic expression of
RelAARM from a low copy number pNDM220 plasmid under
the control of a Po1/04/03 promoter has a more pronounced
inhibitory effect on E. coli growth in comparison with expression
of the full-length protein (Turnbull et al, 2019). We tested
whether Pa1/04/03-driven high-level expression of RelAARRM
from a high-copy pUC derivative pMG25 would cause a more
pronounced growth defect (Figure 2A). For comparison, we
tested the effects of expression of the second E. coli RSH enzyme —
SpoT - using both the full-length and the ARRM variants.

Even in the absence of the IPTG inducer, leaky expression of
RelAARRM hag a dramatic effect on E. coli growth, while the
full-length protein does not have an effect. In the presence of
50 M IPTG, both full-length and Rel A ®RM inhibit the growth,
although the latter has a stronger effect; induction with 500 uM
IPTG completely abrogates the growth in both cases. While
expression of SpoT has a detectable inhibitory effect at 500 uM
IPTG, the effect is the same for full-length and SpoTARRM,
Since even leaky expression of RelA*RRM inhibits growth, we
concluded that this high-level expression system is ill-suited
for follow-up microbiological investigations. Therefore, to test
whether the toxicity of RelAARRM in E. coli is dependent on the
interaction with starved complexes, we used the pPNDM220-based
low-level expression system used previously (Turnbull et al,
2019). Guided by the recent cryo-EM reconstructions of RelA
(Arenz et al., 2016; Brown et al., 2016; Loveland et al., 2016), we
designed a set of mutations that will specifically disrupt RelA’s
interaction with starved ribosomal complexes.

To disrupt the interaction between RelA and the tRNA, we
adopted the H432E mutation in the TGS domain that was
earlier shown to specifically abrogate the recognition of the
3’ CCA end of the A/R tRNA (Winther et al, 2018). This
conserved histidine residue stacks between the two cytosine bases
and hydrogen-bonds the phosphodiester backbone (Figure 1B).
Replacing it with glutamic acid introduces a charge repulsion
effect as well as a steric clash. To disrupt the interaction
with the ribosome we used mutations in the ZFD: R629E as
well as a double substitution C602A C603A; both mutants are
expected to compromise the recognition of the 23S rRNA ASF
element that is crucial for RelA recruitment (Kudrin et al,
2018). The conserved double motif docks the ZFD a-helix
into the major groove of the ASF; replacement by alanine is
expected to abrogate this interaction (Figure 1C). The conserved
arginine 629 residue is in close proximity to A886-A887 and
A885-A886 phosphodiester bonds (3.5 and 5 A, respectively),
and, therefore, the R629E substitution is expected to cause
electrostatic repulsion.

Low-level expression of full-length RelA has a minor, but
detectable growth inhibitory effect both when tested on solid
LB agar media (Figure 2B) and in liquid LB cultures [growth
rate, |Ly, decreases from 0.69 (vector) to 0.47 h=!) (Figure 2C].
Importantly, the spotting control on solid LB media lacking
IPTG shows that the size of the inoculum is not affected by
potential leaky expression in the overnight culture (Figure 2B).
Deletion of the RRM renders RelA significantly more toxic
(growth rate decreases to 0.29 h~!), in good agreement
with the accumulation of (p)ppGpp upon expression of the
construct (Turnbull et al,, 2019). The effect is countered by
TGS H432E, ZFD R629E and even more so by the C612A
C613A substitutions (Figures 2B,C). RelA*RRM expression is
equally toxic in the ArelA background and the effect is similarly
countered by H432E, R629E and C612A C613A substitutions
(Supplementary Figure S1), demonstrating that the growth
inhibition is independent of the functionality of the endogenous
RelA stringent factor. Finally, we directly confirmed the lack of
activation by deacylated tRNA in the case of H432E E. coli RelA
using biochemical assays (Figure 2D).
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FIGURE 2 | The toxicity of ARRM E. coli RelA is mitigated by mutations compromising interactions with tRNA and the ribosome. (A) Wild-type E. coli BW25113 cells
were transformed with either the empty high-copy IPTG-inducible pMG25 plasmid vector or pMG25-based constructs expressing wild-type and ARRM versions of
E. coli RelA and SpoT. Up-pointing arrows indicate induction of expression. Ten-fold serial dilutions of overnight LB cultures were made and spotted onto LB agar
supplemented with 100 wg/mL ampicillin and either 0, 50, or 500 WM IPTG. The plates were incubated at 37°C and scored after 18 h. (B) E. coli BW25113 cells
were transformed either with the empty low-copy IPTG-inducible pNDM220 vector or pPNDM220-based constructs expressing wild-type and mutant versions of

E. coli RelA as indicated on the figure. Ten-fold serial dilutions of overnight LB cultures were made and spotted onto LB agar supplemented with 30 wg/mL ampicillin
and 1 mM IPTG. As a plating control the same dilutions of the overnight cultures were spotted on LB agar supplemented with 30 wg/mL ampicillin but no IPTG. The
plates were incubated at 37°C and scored after 18 h. (C) Thousand-fold dilutions of the same overnights were made in LB supplemented with 30 pg/mL ampicillin
and 1 mM IPTG, and growth at 37°C was monitored using the Bioscreen C growth curve analysis system. The growth rates (j12) were calculated from three
independent measurements and the error bars represent standard errors. (D) H432E TGS E. coli RelA is not activated by deacylated tRNA on the ribosome. The
synthetase activity of 30 nM wild type and H432E E. coli RelA was assayed in the presence of 1 mM ATP, 300 pM 3H GDP and 100 wM ppGpp in HEPES:Polymix
buffer, pH 7.5, 37°C, 5 mM Mg?*. As indicated on the figure, the reaction mixture was supplemented either with 2 WM vacant 70S ribosomes or with an in situ
assembled starved ribosomal complex (2 wM vacant 70S combined with 2 uM mRNAMYV), 2 wM E. coli tRNAMet and 2 uM E. coli tRNAY2Y. The error bars
represent standard deviations of the turnover estimates by linear regression using four data points.

Taken together, our results suggest that RelA*R®M toxicity in
E. coli is dependent on the functionality of the interaction with
starved ribosomes. To test the generality of this hypothesis, we
next characterized B. subtilis Rel lacking the RRM domain.

Toxicity of B. subtilis ARRM Rel
Expressed in the ppGpp° Background Is
Mediated by (p)ppGpp Synthesis and Is
Countered by Mutations Compromising

the Interaction With Starved Ribosomes

We expressesd ARRM Rel under the control of an IPTG-
inducible Pp,_gyqq promotor (Britton et al., 2002) in ppGpp°
(Arel ArelP ArelQ) (Nanamiya et al., 2008) or Arel B. subtilis

strains (Figure 3A). In the ppGpp® background, inhibition
of B. subtilis growth on LB plates is a marker of toxic
(p)ppGpp overproduction. In the Arel background, (p)ppGpp is
overproduced by a SAS in the absence of Rel’s hydrolytic activity,
causing a growth defect in B. subtilis (Nanamiya et al., 2008) and
S. aureus (Geiger et al., 2014). Therefore, this experiment tests
the complementation of hydrolase function of Rel that manifests
in improved growth.

Unlike the full-length Rel, the Rel®®*M truncation is toxic
in the ppGpp® and Arel backgrounds, both when the growth
is followed on plates (Figure 3A) and in liquid culture
(Figures 3B,C and Supplementary Figures S2A,B). To probe
the role of the interactions with starved ribosomes in RelRRM
toxicity, we used a set of substitutions in B. subtilis Rel
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FIGURE 3 | Deletion of the regulatory RRM domain leads to B. subtilis Rel toxicity due to ribosome-dependent (p)ppGpp overproduction. (A) Full-length (VHB155
and VHB183) as well as C-terminally truncated Rel variants [synthesis-competent ARRM (VHB159 and VHB184), ARRMAZFD (VHB160 and VHB185) and RelNTP
(VHB161 and VHB186), and the corresponding synthesis-inactive D264G mutants VHB162-164; VHB187-190] were expressed in either ppGpp® (upper row; test
for toxicity mediated by (p)ppGpp accumulation) or Arel (lower row; test for HD functionality) B. subtilis growing on solid LB medium. Up-pointing arrows (1) indicate
ectopic expression. (B,C) Expression of Rel*FRM causes a growth defect in liquid culture. Either wild-type rel (VHB183) (B) or re/ARM mutant (VHB184) (C) were
expressed in ppGppP background grown in liquid LB medium at 37°C. Protein expression was induced by IPTG added to final concentration of 1 mM to
exponentially growing bacterial cultures at ODggp 0.2. Protein expression was monitored by Western blotting using anti-Rel antibodies (see also Supplementary
Figure S2H). (D) The toxicity of mutant versions of Rel®RRM tested in ppGpp° B. subtilis growing on solid LB medium: wild type Rel2RRM (VHB184), H420E
(VHB231) defective in recognition of the tRNA 3’ CCA end, and ZFD mutants C602A C603A (VHB233) and R619E (VHB281) defective in 70S binding. LB plates
were scored after 18 h incubation at 37°C. (E) C-terminally truncated Rel variants (either synthesis-competent (VHB155, VHB159-161) or synthesis-inactive D264G
mutant versions (VHB156, VHB162-164) were expressed in ppGpp° B. subtilis growing on either solid minimal medium or solid minimal medium supplemented with
0.025% casamino acids. Plates were scored after 36 h incubation at 37°C. Importantly, prior to experiment all strains were pre-cultured on solid minimal medium
supplemented with 0.025% casamino acids. This was done in order to avoid the effects caused by the decreased fitness of the inoculum. (F) Synthesis activity of
Rel mutants probed by amino acid auxotrophy assays. B. subtilis strains were constructed using either relP* relQ* wild-type 168 (upper row) or ArelP ArelP (lower
row) background. The strains either expressed the indicated rel mutants [H420E (VHB68) and C602A CE603A (VHB148), upper row, and H420E (VHBE0), C602A
CB603A (VHBB2), lower row] or contained an additional Arp/K gene disruption (VHBA47, relPt relQt and VHB49, ArelP ArelP). The ppGpp® mutant strain (ArelP
ArelP Arel, VHB63) was used as a control (highlighted with gray box). The strains were grown on either solid Spizizen minimal medium (right panel) or solid minimal

corresponding to those used to study E. coli RelA (Figures 1, 2).
The toxicity of the Rel *RRM mutant is efficiently countered by the
H420E substitution in the TGS as well as the R619E and C602A
C603A substitutions in the ZFD (Figure 3D and Supplementary
Figures S2D-FH). This strongly suggests that the intact
interaction with tRNA and starved ribosomes is essential for the
toxicity of Rel*®®M_ For comparison, we tested, full-length Rel,
Rel A RRMAZDF C_terminal truncation, as well as the NTD domain
region alone. The Rel*RRMAZDE mytant is only slightly toxic in
the ppGpp® background and its expression promotes growth in
the Arel background (Figure 3A). NTD-alone construct displays
no toxicity in the ppGpp° background and does not promote the

growth in the Arel background, suggesting weak — or absent —
synthetase activity.

To separate the effects of (p)ppGpp production from the
effects of (p)ppGpp degradation, we tested synthesis-deficient
SYNTH D264G mutants (Nanamiya et al., 2008) of C-terminally
truncated Rel variants (Figure 3A and Supplementary Figure
$2C). The toxicity of the ARRM variant is abolished by the
D264G mutation demonstrating that it is, indeed, mediated by
(p)ppGpp production and not, for example, through inhibition
of protein synthesis via competitive binding to ribosomal A-site
[the latter non-enzymatic mechanism of toxicity was shown for
E. coli RelAC™ (Turnbull et al,, 2019)]. Both ARRM D264G
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and AZFDARRM D264G variants promote growth in the Arel
strain suggesting that neither deletion of ARRM alone - or
both AZFD and ARRM - abrogates the hydrolysis activity of
B. subtilis Rel (Figure 3A, bottom panel). At the same time
expression of the synthesis-inactive D264G RelNTP has no effect,
suggesting that the NTD does not efficiently hydrolyze (p)ppGpp.
To test if further truncations of the NTD-only Rel (Rel! =373)
would induce hydrolytic activity, we tested several additional
constructs of B. subtilis Rel - Rel' 7336, Rel! =16 and Rel' 71> -
but neither of them could rescue the growth effect of Arel
B. subtilis (Supplementary Figure S3). Finally, the synthesis
deficiency of D264G Rel and the lack of H420E Rel activation
by deacylated tRNA was confirmed using biochemical assays
(Supplementary Figure S4).

Taken together, our results demonstrate that (i) Re]ARRM
is toxic in ppGpp® B. subtilis, (ii) this toxicity requires intact
(p)ppGpp synthesis activity of the enzyme (iii) it is abrogated
by mutations disrupting the interaction with tRNA and starved
ribosomes and (iv) deletion of the RRM domain does not
abrogate the hydrolysis activity of B. subtilis Rel.

The Synthetase Activity of RelARRM,
RelARRMAZFD ‘and ReINTP but Not the
RelH420E TGS Mutant Can Suppress
Amino Acid Auxotrophy of ppGpp°

B. subtilis

To test the low-level, non-toxic, synthesis activity of Rel mutants
and to validate the effects of point mutations disrupting the
interaction of Rel with starved ribosomal complexes, we took
advantage of the amino acid auxotrophy phenotype of the
ppGpp° B. subtilis (Arel ArelP ArelQ) (Nanamiya et al., 2008).
When ppGpp® B. subtilis is grown on Spizizen minimum
medium (Spizizen, 1958) in the absence of casamino acids,
neither of the D264G Rel mutants - either full-length or
C-terminal truncations — promote growth, both whether or not
expression is induced by 1 mM IPTG (Figure 3E, right panels).
Full induction of NTD expression with 1 mM IPTG near-
completely suppressed the auxotrophy phenotype (Figure 3E,
top right panel), while the leaky expression in the absence of
IPTG results in weak, but detectable suppression (Figure 3E,
bottom right panel). This demonstrates that B. subtilis NTD
has a weak net-synthesis activity. The Rel*RRM is, as expected,
highly toxic when expression is induced by IPTG; conversely,
low-level leakage expression efficiently suppresses the amino acid
auxotrophy phenotype. Removal of both RRM and ZFD domains
renders the protein non-toxic. It is not trivial to reconcile
this effect with the idea that removal of the RRM renders the
protein toxic due to lack of auto-inhibition: one would expect
that the additional removal of the ZFD domain would further
compromise the CTD-mediated negative control in Rel* RRM,
We next used the auxotrophy assay to test the effects of the
H420E TGS and C602A C603A ZFD substitutions on the activity
of Rel expressed from the native genomic locus under the control
of the native promotor (Figure 3F). As a positive control we
used a strain lacking the genomic copy of rpIK (relC) encoding
ribosomal protein L11. This ribosomal element is essential for

E. coli RelA activation by starved ribosomal complexes (Parker
et al., 1976; Wendrich et al., 2002; Shyp et al., 2012) as well
as for cellular functionality of C. crescentus Rel (Boutte and
Crosson, 2011). The ppGpp® strain expressing H420E Rel fails
to grow on the minimum media, reinforcing the crucial role
of that this residue, while the C602A C603A can sustain the
growth, suggesting that this substitution does not completely
abrogate the activity.

RRM Deletion and ZFD Mutations
Destabilize B. subtilis Rel Binding to

Starved Ribosomal Complexes

Next, we probed the ribosomal association of ARRM and
full-length Rel expressed in the ppGpp? background using a
centrifugation sucrose gradient followed by Western blotting
using antiserum against native, untagged B. subtilis Rel
(Figure 4A). Since deacylated tRNA promotes ribosomal
recruitment of E. coli RelA (Agirrezabala et al., 2013; Kudrin
et al., 2017), we probed the association of wild type and mutant
Rel variants with the ribosome both under exponential growth
and upon acute isoleucine starvation induced by the isoleucyl
tRNA synthetase inhibitor antibiotic mupirocin (pseudomonic
acid) (Thomas et al,, 2010). In good agreement with the cryo-
EM structures detailing multiple contacts between the RRM and
the starved complex and therefore suggesting an importance of
this element in ribosomal recruitment (Arenz et al., 2016; Brown
et al., 2016; Loveland et al., 2016), we do not detect a stable
association of ARRM Rel with the ribosome upon a mupirocin
challenge. This suggests that the interaction with the ribosome is
significantly destabilized in Rel*®®M and the protein dissociates
during centrifugation. It is noteworthy that, despite an unstable
association of Rel» R®M yyith starved ribosomes, the expression of
this protein strongly induces the accumulation of 100S ribosomal
dimers, which is indicative of (p)ppGpp overproduction (Tagami
et al., 2012). Note that the 100S formation is abrogated when the
culture is treated with mupirocin (Figure 4A and Supplementary
Figure S5B), most likely due to complete inhibition of translation
by the antibiotic hindering expression of the 100S-promoting
Hibernation Promoting Factor (HPF) which, in turn, is induced
by accumulation of (p)ppGpp (Tagami et al., 2012).

Our microbiological experiments demonstrate that both the
C602A and C603A double substitution and the R619E point
substitution render Rel*RRM non-toxic (Figure 3D), which
we attribute to further destabilization of Rel’s interaction with
starved ribosomal complexes. To directly probe the effects of
these mutations, we used centrifugation experiments with full-
length Rel carrying the substitutions. As expected, both the
C602A C603A double mutant and R619E full-length variants are
compromised in recruitment to the ribosome upon a mupirocin
challenge (Figure 4A).

Taken together, these results demonstrate that Re is
significantly more toxic than the full-length protein and this
toxicity is dependent on the interaction with starved ribosomes,
which is, in turn, destabilized in this truncation. As a next step,
we set out to test the effects of RRM deletion - either alone
or in combination with mutations further compromising the

lA RRM
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FIGURE 4 | Deletion of the regulatory RRM domain destabilizes Rel binding to starved ribosomal complexes and does not abrogate the hydrolysis activity.

(A) Polysome profile and immunoblot analyses of Rel variants expressed either ectopically (1) under the control of IPTG-inducible Ppy,_spnax promotor [ARRM Rel in
ppGpp° B. subtilis (VHB184), R619E Rel in Arel B. subtilis (VHB282)] or from the native chromosomal locus [C602A C603A mutant (VHB144)]. Expression of
Rel2RAM was induced by 1 mM IPTG for 10 min followed by a 10 min challenge with 700 nM mupirocin. To drive the expression of R619E Rel, the strain was grown
in LB supplemented with 1 mM IPTG. In the case of R619E and C602A C603A Rel the culture was treated with mupirocin for 20 min. Polysome profiles of all tested
Rel variants are presented in Supplementary Figure S5, and an uncut version of a representative anti-Rel immunoblot is shown in Supplementary Figure S2G.
(B,C) The effect of the RRM deletion on synthetic (B) and hydrolytic activity (C). The effects of the RRM deletion and the R619E mutation on Rel synthetic activity
were assayed either alone or in the presence of either initiation and starved ribosomal complexes. The error bars represent standard deviations of the turnover
estimates by linear regression using four data points. (D) The effects of titratable expression of synthesis-inactive D264G mutants (full-length VHB156, ARRM
VHB162, ARRMAZFD VHB163 and RelNT® VHB164) on Arel B. subtilis growing on liquid LB medium at 37°C. The growth rates (j12) were calculated from three
independent biological replicates and the error bars represent standard deviations.

interactions with starved ribosomes - on Rel’s enzymatic activity — and T. thermophilus Rel (Van Nerom et al., 2019) (Figure 5).
in a reconstituted B. subtilis biochemical system. Importantly, during all of the chromatography steps we followed
both absorbance at 260 and 280 nm complemented with SDS

. . PAGE analysis of fractions. This is essential in order to identify
Purification of RNA-Free Untagged and specifically pool the fractions containing Rel free from

B. subtilis Rel Requires Size-Exclusion RNA contamination. After the initial capture using immobilized

Chromatography metal affinity chromatography (IMAC) in high ionic strength
To purify untagged B. subtilis Rel we combined our protocols conditions (750 mM KCl) using HisTrap HP column charged
used for purification of E. coli RelA (Turnbull et al, 2019) with Zn?" in order to avoid possible replacement of the Zn?*
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FIGURE 5 | Purification of RNA-free untagged B. subtilis Rel. N-terminally His1o-SUMO tagged RelA was overexpressed and purified as described in detail in
Materials and Methods. (A) Cells were lysed and subjected to immobilized metal affinity chromatography (IMAC) using a Zn*-charged HisTrap 5 mL HP column.
The fraction corresponding to Rel with the lowest contamination of nucleic acids (highlighted in yellow) was carried forward. Size-exclusion chromatography on
HiLoad 16/600 Superdex 200 pg was used to further separate the RNA-free Rel fractions (B: full-length wild type Rel; C: ARRM Rel). Following the buffer exchange
on HiPrep 10/26 desalting column (D), the boxed-out fractions were pooled and the His1o-SUMO tag was cleaved off by the Hisg-Ulp1 protease. (E) Native
untagged Rel was separated from Hisg-Ulp1 and the His1o-SUMO tag by the second round of IMAC. Highlighted fractions were pooled, concentrated, aliquoted,
flash-frozen in liquid nitrogen and stored at —-80°C. (F) SDS-PAGE analysis of the purified native untagged B. subtilis Rel.

in the ZFD domain by Ni2* jons (Block et al., 2009), His;o-
SUMO-Rel was applied on size-exclusion chromatography (SEC)
on HiLoad 16/600 Superdex 200 pg column (Figure 5D). Both
in the case of the full length (Figure 5B) and ARRM Rel
(Figure 5C), the RNA-free fractions constitute the minority of
the protein that elute considerably later than the bulk of the RNA-
contaminated Rel. While the SEC step is essential for generating
RNA-free Rel preparations, the majority of the protein prep is
lost at this stage. After the SEC step, the buffer was exchanged to
storage buffer containing arginine and glutamic acid that improve
protein solubility and long-term stability (Golovanov et al., 2004)
(Figure 5D), His;o-SUMO tag was cleaved off and removed by
passing the protein via second IMAC (Figure 5E). The quality

of the final preparations was assessed by SDS-PAGE (Figure 5F
and Supplementary Figure S6) as well as spectrophotometrically:
OD360/OD>g ratio below 0.8 corresponding to less than 5% RNA
contamination (Layne, 1957).

We have tested the effects of omission of the SEC step
on the purification and activity of B. subtilis Rel preparations.
Without the SEC step, the OD260/ODg¢ ratio was dramatically
higher (1.9), suggesting that, counterintuitively, the ‘no SEC’ Rel
preparation predominantly contains not protein but RNA. We
have resolved the sample on 15% SDS-PAGE (Figure 6A) and
denaturating 1.2% agarose (2% formaldehyde) (Figure 6B) gels,
as well as subjected the samples to negative staining electron
microscopy (Figure 6C). While the SDS-PAGE gel revealed
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FIGURE 6 | Omission of the size-exclusion chromatography step results in sub-stoichiometric contamination of B. subtilis Rel preparations with E. coli ribosomal
particles. (A) SDS-PAGE analysis of wild-type full-length Rel protein purified either as described in Figure 5 or with the SEC step omitted (no SEC). Denaturing
agarose gel (B) and negative staining electron microscopy (C) analyses of full-length Rel protein purified with and without the SEC step. Individual ribosomal particles
are indicated with white arrows on (C). Effects of the SEC omission on synthetase (D) and hydrolase (E) activity of B. subtilis Rel. The synthetase activity was
assayed with either Rel alone or in the presence of 0.5 WM 70S, 70S supplemented with 2 uM deacylated tRNAY@ and no mRNA or starved ribosomal complexes
(0.5 M 70S IC(MVF) supplemented with 2 uM deacylated tRNAY2)). The error bars represent standard deviations of the turnover estimates by linear regression using
four data points.

multiple protein bands with Mw between 40 and 10 kDa, the
agarose gel revealed that the RNA contaminant is dominated by
three distinct populations of approximately 3000, 1500, and 100
nucleotides in length. Large (approximately 20 nm in diameter)
particles are clearly visible on the to negative staining EM
images. Collectively, this suggests that the RNA contamination is
dominated by ribosomal particles, although it is unclear whether
these are intact or partially degraded. Taking into account that 1
Ajep corresponds to 23 pmol 70S particles, we estimate that our
‘no SEC’ preparations contain 45 nM 70S ribosomes per 1 puM
Rel, which corresponds to sub-stoichiometric contamination of
5% of Rel being in complex, and 95% free. We next tested the
effects of SEC omission on the enzymatic activity of Rel. The
effects are exceedingly mild. The synthetase activity is virtually
unaffected; importantly, activation by deacylated tRNA remains
strictly mRNA-dependent, with tRNAY?! inducing the enzymatic
activity of ‘no SEC’ Rel only in the presence of 70S initiation
complexes (70S IC) but not vacant 70S ribosomes (Figure 6D).
Importantly, since ribosomes or starved complexes are added in
our synthetase assays in excess over Rel (500 nM vs. 140 nM
Rel), in the final reaction mixture purified ribosomes are in

approximately 100x excess over the contaminant. Finally, the
hydrolase activity of ‘no SEC’ Rel is approximately twofold
lower (Figure 6E), which, however, could reflect variability
in preparations.

Taken together, these results suggest that in the absence of a
dedicated SEC step, Rel preparations are sub-stoichiometrically
contaminated with ribosomes. While the effects of this
contamination on the enzymatic activities of Rel are minor, it
might interfere with other assays (see section Discussion).

The R619E ZFD Substitution
Compromises Activation of B. subtilis
Rel2RRM Ly Starved Ribosomal

Complexes

We tested the H-pppGpp synthesis by full-length Rel as well as
Rel*RRM  either alone or activated by the ribosomes or starved
complexes in a reconstituted system (Figure 4B). When the
protein is tested by itself, the Rel*®®M mutant is less active than
the full-length, suggesting that deletion of the RRM domain does
not lead to the loss of auto-inhibition. While Rel*®*M remains
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less active than the full-length when activated by initiation
complexes (about twofold), in the presence of starved ribosomal
complexes the two proteins are equally active. This could be
explained by tRNA stabilizing Rel on the ribosome and overriding
the defect caused by the removal of the RRM domain.

The R619E mutation compromises activation of the full-
length Rel by the initiation complexes (more than four-fold),
and the effect is less pronounced in the presence of deacylated
tRNA V2! (less than twofold decrease in activity). Just as in the case
of the RRM deletion, a possible explanation is that the deacylated
tRNA strongly stimulates the binding of Rel to the ribosome
and offsets the effect of the mutation R619E. When the R619E
substitution is introduced into ARRM Rel, the combination of
the two mutations destabilizing Rel binding to the ribosome
results in compromised activation both by the initiation (five-
fold) and starved (seven-fold) ribosomal complex. Despite several
attempts we failed to generate sufficiently pure and soluble
C602A C603A Rel*RRM | which precluded direct biochemical
characterization of this mutant.

Taken together, our biochemical results demonstrate that
while RRM is important in Rel recruitment to the ribosome,
this domain is not absolutely essential for the activation of its
(p)ppGpp synthesis activity by starved ribosomal complexes,
which is consistent with the ribosome-dependent nature of the
Rel* RRM toxicity in live cells.

The RRM Deletion Moderately Decreases

the Hydrolysis Activity of B. subtilis Rel

It was recently proposed that the RRM domain has a stimulatory
effect on the hydrolysis activity of C. crescentus Rel, and the
loss of this regulatory mechanism explains the toxicity of the
ARRM mutant (Ronneau et al, 2019). This hypothesis does
not explain the toxicity of the ARRM variant of the synthesis-
only RSH RelA (Figure 2 and Turnbull et al, 2019) and
our microbiological experiments showing that the synthesis-
defective ARRM D264G variant of B. subtilis Rel remains
active as a (p)ppGpp hydrolase (Figure 3A). Importantly, the
variant characterized by Ronneau et al. (2019) (C. crescentus
Rel2%08-719) does not completely lack the RRM, and it
is possible that the remaining beta-strand alpha-helix turn
structural element was interfering with the hydrolysis activity
of the construct.

Our enzymatic assays following *H-pppGpp degradation by
full-length and Rel*R®RM show that the latter is approximately
twice less active (Figure 4C). While the defect is detectable, it is
quite minor. To test if the hydrolysis defect is more pronounced
in the living cell, we re-tested the hydrolysis activity of synthesis-
deficient SYNTH D264G full-length Rel as well as C-terminally
truncated Rel variants in the Arel background using the growth
rate (jL2) as a proxy (Figure 4D). We modulated the expression
levels by titrating the inducer, IPTG, from 10 to 1000 pwM.
In good agreement with the biochemical results demonstrating
a minor defect in hydrolysis caused by deletion of the RRM
domain, ARRM D264G Rel mutant promotes the growth of
Arel B. subtilis only moderately less efficiently than the full-
length D264G.

The Hydrolysis Activity of B. subtilis Rel
Is Not Activated by Branched-Chain
Amino Acids Binding to the RRM Domain

It was also recently reported that binding of branched-chain
amino acids (BCAAs) to the ACT/RRM domain induces
the hydrolysis activity of Rhodobacter capsulatus Rel (Fang
and Bauer, 2018). The N651A substitution abrogates amino
acid binding to R. capsulatus Rel°™ and leads to (p)ppGpp
accumulation in the cell, presumably due to lower hydrolysis
activity of the mutant enzyme. It is, therefore, conceivable
that B. subtilis Rel*R’M is less hydrolytically active in the cell
than the full-length protein due to the loss of BCAA-mediated
activation. While the B. subtilis Rel°™P fragment was shown to
preferentially bind leucine with a Kp of 225 WM, no enzymatic
assays were performed with this protein (Fang and Bauer, 2018).
Notably, while the CTD region of E. coli RelA binds valine
with high affinity (Kp of 2.85 wM) (Fang and Bauer, 2018),
this interaction could not be regulating the hydrolysis activity
of this synthesis-only RSH. It is, therefore, unclear whether
B. subtilis Rel is, indeed, regulated by branched-chain amino acids
similarly to R. capsulatus enzyme. Therefore, we tested the effect
of 1 mM leucine on *H-pppGpp degradation by B. subtilis Rel.
We detect no stimulatory effect (Figure 7A). Furthermore, when
we introduced the N685A substitution (equivalent to N651A in R.
capsulatus) in the chromosomal rel gene, we detected no growth
defect in comparison to wild-type 168 B. subtilis, either on solid
or liquid LB media (Figures 7B-D). Taken together, these results
suggest that amino acid binding to RRM should not automatically
be equated with regulation of the hydrolysis activity.

DISCUSSION

Taken together, our results demonstrate that (i) deletion of
the RRM domain renders B. subtilis Rel and E. coli RelA
toxic due to (p)ppGpp overproduction in a ribosome and
tRNA-dependent manner, (i) RRM deletion does not abrogate
the (p)ppGpp hydrolysis activity of B. subtilis Rel, (iii) RRM
deletion destabilizes the interaction of B. subtilis Rel with starved
ribosomal complexes, and (iv) this destabilization renders the
mutant enzyme more sensitive than the full length Rel to
deactivation by additional substitutions further compromising
its association with starved ribosomes. Our biochemical results
do not explain why exactly ARRM Rel/RelA is toxic: B. subtilis
Rel*RRM behaves as a weaker binder of starved ribosomal
complexes (Figure 4A) and is less enzymatically active in
(p)ppGpp synthesis assays (Figures 4B,C) as compared to the
full-length Rel. A dedicated follow-up study is necessary to clarify
this question. E. coli RelAAR®RM displays a similar - although
more pronounced — defect in activation by starved ribosomal
complexes (Takada et al., 2020).

Our report expands the mutation toolbox for dissecting the
molecular mechanisms of long RSH enzymes. We confirm that,
as was shown for H432E E. coli RelA mutant (Winther et al.,
2018), the corresponding H420E mutation in B. subtilis Rel is a
useful tool for specifically abrogating activation of Rel by starved
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ribosomal complexes. Additionally, we demonstrate the utility
of two novel mutations in the ZFD domain: R619E (R629E in
E. coli RelA) as well as a double C602A C603A substitution
(C612A C613A in E. coli RelA). While these mutations do not
completely abrogate the activation, acting in epistasis they can be
employed to reveal weaker phenotypes or effects, as was shown
in the current work when the mutations were combined with
RRM/ACT deletion.

Finally, we would like to draw the attention of the research
community working on long RSH enzymes to technical aspects
of protein purification. It is common to purify Rel/RelA for
biochemical experiments using a single-step purification [for
example (Wood et al., 2019)]. However, both RelA (Turnbull
et al, 2019) and Rel have a strong tendency for RNA
contamination and multiple additional steps are necessary to
remove this contaminant. Therefore, reporting the 260/280
absorbance ratio of the final preparations is essential. RNA-
free protein preparations typically have a 260/280 absorbance
ratio of 0.57, but this parameter can vary depending on
the amino acid composition, specifically the abundance of
tryptophan and phenylalanine (Layne, 1957). Without extra
steps to remove RNA contamination, single-step preparations
are likely to be heavily contaminated with ribosomal particles
(Figure 6), which is likely to interfere with the estimation of
the oligomerization state of Rel, since the RNA-bound protein
elutes much earlier than the RNA-free fraction (Figures 5B,C).
This contamination may explain the surprising observation that
the addition of Ni-NTA purified S. aureus Rel inhibits the 50S
assembly factor DEAD-box RNA helicase CshA (Wood et al,,
2019). The unlabeled contaminating ribosomal particles could
potentially be recognized by CshA, thus acting as a competitor
in the helicase assay that uses a synthetic Cy3-labeled RNA
duplex as a substrate. It is also plausible that formation of
stable complexes of Rel with ribosomes in live E. coli could
generate false-positive signals in bacterial two-hybrid assays,
accounting for the observed protein-protein interaction between

S. aureus Rel and the ribosome assembly factors Era and CshA
(Wood et al., 2019).
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The SIyA transcriptional regulator controls the expression of genes involved in virulence
and production of surface components in S. Typhimurium and E. coli. Its mode of action
is mainly explained by its antagonism with the H-NS repressor for the same DNA binding
regions. Interestingly, it has been reported that the alarmone ppGpp promotes SlyA
dimerization and DNA binding at the promoter of pagC, enhancing the expression of
this gene in Salmonella. A recurring problem in the field of stringent response has been
to find a way of following ppGpp levels in vivo in real time. We thought that SlyA, as a
ppGpp responsive ligand, was a perfect candidate for the development of a specific
ppGpp biosensor. Therefore, we decided to characterize in depth this SlyA control
by ppGpp. However, using various genes whose expression is activated by SlyA, as
reporters, we showed that ppGpp does not affect SIyA regulation in vivo. In addition,
modulating ppGpp levels did not affect SlyA dimerization in vivo, and did not impact its
binding to DNA in vitro. We finally showed that ppGpp is required for the expression
of hlyE in E. coli, a gene also activated by SlyA, and propose that both regulators are
independently required for hlyE expression. The initial report of ppGpp action on SlyA
might be explained by a similar action of SlyA and ppGpp on pagC expression, and the
complexity of promoters controlled by several global regulators, such as the promoters
of pagC in Salmonella or hlyE in E. coli.

Keywords: SlyA, ppGpp, Escherichia coli, stress response, hlyE

INTRODUCTION

SIyA is a transcriptional regulator that belongs to the MarR superfamily of regulators (Will and
Fang, 2020). Since its discovery as an inducer of hemolytic activity (Libby et al., 1994), several genes
have been shown to be regulated by SlyA in Salmonella enterica and in Escherichia coli, however
their regulons are different in these two bacteria. In Salmonella, SlyA controls the expression of
genes required for virulence (Navarre et al.,, 2005; Ellison and Miller, 2006). A slyA mutant is
impaired for growth within macrophages and is hyper susceptible to oxidative stress (Ellison and
Miller, 2006). In E. coli, SlyA activates the expression of the cryptic hemolysin hlyE (clyA) (Wyborn
et al., 2004; Lithgow et al., 2007), of Typel fimbriae (McVicker et al., 2011), of pagP involved in
lipid A palmitoylation in biofilm (Chalabaev et al., 2014), and of K5 capsule gene cluster (Corbett
etal., 2007). In addition to these reports on specific genes, a global study has recently expanded the
proposed repertoire of the SlyA regulon in E. coli, with cryptic genes coding for potential fimbrial-
like adhesins that contribute to biofilm formation (Curran et al., 2017). Furthermore, this latter
study permitted the refinement of a SlyA binding motif in E. coli.

Abbreviations: E. coli, Escherichia coli; GFP, green fluorescent protein; ppGpp, guanosine tetraphosphate.
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SlyA binds DNA as a dimer. It functions mainly as counter-
silencer by antagonizing and displacing the H-NS repressor
(Stoebel et al., 2008; Will et al., 2015). Interestingly, in E. coli, slyA
expression is positively autoregulated, independently of H-NS
(Corbett et al, 2007). However, the majority of SlyA targets
reported so far are known or predicted to be repressed by H-NS
(Curran et al., 2017). The condition of induction of slyA itself or
the potential ligand molecule of SlyA have not been elucidated.
SlyA has been crystalized with a bound salicylate molecule and
it was shown in vitro that this binding inhibited SlyA binding to
DNA (Dolan et al., 2011; Will et al., 2019).

It has been reported that ppGpp nucleotide promotes SlyA
dimerization and binding to its target promoters in Salmonella,
and that ppGpp is required for SlyA activity in vivo (Zhao et al.,
2008). ppGpp is an important nucleotide acting as a secondary
messenger of the stringent response (Potrykus and Cashel, 2008).
This global stress response plays a central role in the physiology of
bacteria, and its main role is to slow down ribosome biosynthesis
and activity while promoting survival programs. This response
has been the subject of a strong and renewed interest in the
last years when its importance in pathogenicity and resistance to
antibiotics has been (re)discovered (Dalebroux et al., 2010; Hobbs
and Boraston, 2019). There are two main modes of action of
ppGpp, whose relative importances depend on bacteria:in E. coli
and closely related bacteria, ppGpp binds RNAP in conjunction
with DksA, influencing globally the transcriptome landscape of
the cell (Gourse et al., 2018). In addition, ppGpp inhibits enzymes
of the guanosine synthesis pathway and ribosomal GTPases
(Bennison et al., 2019). The possible allosteric regulation of SlyA
by ppGpp triggered high interest at the time, as shown by its
highlight in an important review discussing the role of ppGpp
in virulence (Dalebroux et al., 2010). If validated, this behavior
might have provided a good base for the design of direct ppGpp
biosensors that are still missing in the field for live detection
and/or imaging of ppGpp in bacteria. However, there has been
no further mention of this result or follow-up in the literature. It
was only mentioned in a discussion that ppGpp was not required
for fimB activation by SlyA in E. coli (McVicker et al., 2011).

Therefore, we decided to study and characterize clearly this
proposed role of ppGpp in controlling SlyA mechanism. The
results presented here, based on a combination of genetics,
molecular, and biochemical approaches, show that ppGpp is
not directly involved in the molecular mechanism of SlyA
dimerization and DNA binding. However, for some SlyA
regulated genes (like hlyE in E. coli or pagCD in Salmonella),
complex regulation network involving H-NS and other global
regulators might explain indirect ppGpp effects.

MATERIALS AND METHODS

Plasmid Constructions

Plasmid constructions are described succinctly in Table 1. The
slyA ORFs from E. coli or Salmonella enterica s. Typhimurium
12023 were amplified by PCR on genomic DNA template
using the indicated oligonucleotides and cloned in the pBAD24
(pEB227) and pET-6His-Tev vectors (pEB1188).

Transcriptional fusions with GFP were constructed in the
pUA66 (pEB898) or pUA139 (pEB987) vector backbone (Zaslaver
et al, 2006). When available, transcriptional fusions were
retrieved from the Zaslaver collection (Zaslaver et al., 2006),
or else the promoter regions were PCR amplified using the
oligonucleotides listed in Table 2 and cloned between Xhol and
BamHI restriction sites. The Ecocyc website (Karp et al., 2018)
was used for sequence retrieval.

Strain Constructions

The construction of the various strains is described succinctly in
Table 3. Insertion of the 3Flag sequence in fusion with the slyA
ORF on the chromosome was done by direct recombination of
a PCR fragment amplified with oligonucleotides ebm1855/1856
and pJL148 plasmid (Zeghouf et al., 2004) as template, following
the Datsenko and Wanner procedure (Datsenko and Wanner,
2000). Deletion mutant alleles obtained from the Keio collection
(Baba et al., 2006) or tagged alleles obtained by recombination
were transduced from one genetic background to another
by generalized transduction with phage P1. The kanamycin
resistance cassette was removed by transformation with the
pCP20 plasmid (Cherepanov and Wackernagel, 1995).

Measure of Expression Using
Transcriptional Fusions With GFP

Escherichia coli strains were transformed by the plasmids carrying
the GFP transcriptional fusions, with or without pBAD plasmids
producing SlyA proteins, and the selection plates were incubated
at 37°C for 16 h. 600 1 of LB medium supplemented with the
required antibiotics, and 0.05% arabinose for pBAD induction,
were inoculated (three to six replicates for each assay) and grown
for 16 h at 30°C in 96-well polypropylene plates of 2.2-ml wells
under aeration and agitation. Fluorescent intensity measurement
was performed in a Tecan infinite M200 plate reader. 150 pl
of each well was transferred into a black Greiner 96-well plate
for reading optical density at 600 nm (OD600) and fluorescence
(excitation, 485 nm; emission, 530 nm). The expression levels
were calculated by dividing the intensity of fluorescence by the
OD600. After mean values were calculated, values from the
control vector were subtracted. The results are given in arbitrary
units, because the intensity of fluorescence is acquired with an
optimal and variable gain; hence, the absolute values cannot be
compared between different panels. The error bars on the figures
show the standard error of the mean (SEM).

Purification of SlyA Proteins

BL21(DE3)pLysS strain was transformed with plasmids
pET6HisTev-slyA_stm (pEB1885) or pET6HisTev-slyA_ecoli
(pEB2004). The strains were grown in 500 ml LB at 30°C.
At ODgoonm = 0.9, 1 mM IPTG was added and the cultures
incubated during 6 h at 23°C. The proteins were then purified
following the procedure described previously (Wahl et al., 2011).

Electrophoretic Mobility Shift Assay

DNA fragments containing the pagC stm, hlyE, or slyA
promoters were obtained by PCR using the corresponding
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TABLE 1 | Plasmids.

Lab code Name Description References
pEB227 pBAD24 amp®, colE1 ori, PBAD promoter Guzman et al., 1995
pEB1610 pBAD-SIyA_stm PCR with primers ebm1026/1027 (EcoRl/Xhol) cloned in pBAD24 (EcoRl/Sall) This work
pPEB1609 pPBAD-SIyA_eco PCR with primers ebm1026/1189 (EcoRl/Xhol) cloned in pBAD24 (EcoRI/Sall) This work
pEB0898 pUABG kanaR, pSC101 ori, GFPmut2 Zaslaver et al., 2006
pEB0987 pUA139 kana®, pSC101 ori, GFPmut2 Zaslaver et al., 2006
pEB1994 pUA-paaA PCR with primers ebm1830/1831 cloned in pEB898 (Xhol/BamHI) This work
pEB2005 pUA-pagC_Stm PCR with primers ebm1847/1848 cloned in pEB898 (Xhol/BamHI) This work
pEB2006 pUA-pagD_Stm PCR with primers ebm1847/1848 cloned in pEB987 (BamHI/Xhol) This work
pEB1937 pUA-fimB PCR with primers ebm1755/1756 cloned in pEB898 (Xhol/BamHI) This work
pEB1993 pUA-elfA PCR with primers ebm1832/1833 cloned in pEB898 (Xhol/BamHI) This work

pUA-slyA Transcriptional fusions available in the plasmid library described in the indicated reference. Zaslaver et al., 2006

pUA-hlyE

pUA-pagP

pUA-agaS

pUA-ybeT

pUA-ssuE

pUA-yehD

pUA-ybeU

pUA-ygeG

pUA-agaS

pUA-yciM

pUA-yadN
pEB1188 pPET-6His-Tev Wahl et al., 2011
pEB1885 pPET-6His SIyA_stm  PCR with primers ebm1026/1027 cloned in pEB1188 (EcoRI/Xhol) This work
pEB2004 pPET-6His SIlyA_eco  PCR with primers ebm1026/1189 cloned in pEB1188 (EcoRI/Xhol) This work
pEB0267 pKD46 repA101(ts) Pbad-gam-bet-exo Ampi” Datsenko and Wanner, 2000
pEBO794 pJdL148 -SPA-FRT-kanaR-FRT AmpiR Zeghouf et al., 2004
pPEB0266 pCP20 pSC101(ts), encoding FLP gene, Ampi”, Camf Cherepanov and Wackernagel, 1995
pEB0697 pPALS10 Ptac-relA, Ampif Svitil et al., 1993
pEB0698 PALS13 Ptac-relA(1-455), Ampi™ Svitil et al., 1993
pPEB0699 pALS14 Ptac-relA(1-331), Ampi? Svitil et al., 1993

transcriptional fusion plasmids as matrices, and the ebm623 and
ebm629 primers that hybridize at the limit of the cloning sites.
The PCR fragments were then purified using Macherey Nagel
PCR purification kit. 20 nM PCR fragments were incubated
with purified SlyA and ppGpp (TriLink Biotechnologies) (see
legends of Figure 4 and Supplementary Figure S3 for the
concentrations), in a 20 .l final reaction buffer containing
25 mM Tris-HCl (pH 7.2), 10 mM MgCl,, 1 mM CaCly,
0.5 mM EDTA, 50 mM KCl, and 5% glycerol. The mix was
incubated for 30 min at 20°C. The reactions were then analyzed
by native PAGE (Acrylamide 10% 29:1). DNA was stained with
GelRed (Fluo-Probes).

In vivo Crosslinking With Formaldehyde

Cells were pelleted and washed once with 10 mM potassium
phosphate buffer, pH 6.8, and resuspended in the same volume,
with (+F) or without (-F) formaldehyde 1%. Samples were
incubated for 15 min at room temperature. The cells were
then pelleted and washed again before solubilization in Laemmli
loading buffer (volume normalized according to the ODggy of
the initial cultures). Before loading on SDS-PAGE, the samples

were either heated 10 min at 37°C to maintain the cross-
links, or heated 20 min at 96°C to destroy them. SDS-PAGE,
electrotransfer onto nitrocellulose membranes, and Western blot
analyses were performed as previously described (Bouveret et al.,
1995). The monoclonal anti-M2 Flag antibody used for 3Flag tag
detection was purchased from Sigma.

RESULTS

We wanted to study the effect of ppGpp in the activation of gene
expression by SlyA in E. coli. In addition to the known SlyA
targets hlyE, fimB, and slyA itself, it was reported that SlyA might
influence the expression of many genes when overexpressed
(Curran et al,, 2017). Based on this study, we tested a set of
transcriptional fusions to select the ones that will allow us to
follow the activity of SlyA. We used transcriptional fusions with
GFP already available in a published E. coli promoter library
(Zaslaver et al., 2006):pagP, slyA, hlyE, agaS, ybeT, ssuE, yehD,
ybeU, ygeG, agaS, ycjM, and yadN. We completed this set by
constructing transcriptional fusions missing in the library with
the promoters of elfA, fimB, and paaA of E. coli, and also with
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TABLE 2 | Oligonucleotides.

Lab Code 5 ->3 sequence Gene
Ebm623 GCCCTTTCGTCTTCACCTCG FW promoters
Ebm629 ATCTCCTTCTTAAATCTAGAGGATC RV promoters
Ebm1830 CCGCTCGAGTCGCTACTCTCCAGATGTTTCAC PpaaA FW
Ebm1831 ACGGGATCCTCAAAGCGTTCTTCTTGGGTCAC PpaaA RV
Ebm1847 CATCTCGAGATGATGTTTCATAGCACCTCCTG PpagC FW
Ebm1848 ACGGGATCCTAGCACGCTTTATTCCCGCTCC PpagC RV
Ebm1755 CCGCTCGAGTGCGTTCCCCCATATCTCTAGG PfimB FW
Ebm1756 ACGGGATCCCCATGCTCTTGCATGCTATGTACC  PfimB RV
Ebm1832 CCGCTCGAGATTCCAGCAAGGAGCTGGAGC PelfA FW
Ebm1833 ACGGGATCCACGCTGGACGTTGCACATACC PelfA RV
Ebm1026 ACCGAATTCTTGGAATCGCCACTAGGTTCTG slyA FW
Ebm1189 ACGCTCGAGTCACCCTTTGGCCTGTAACTC slyA_coli RV
Ebm1027 TTGCTCGAGTCAATCGTGAGAGTGCAATTCC slyA_salmo RV
Ebm1855 ATCGCAAAACTTGAGCATAATATCATTGAGTTA slyA-3Flag FW
CAGGCCAAAGGGATTCCAACTACTGCTAGC
Ebm1856 TAAGTTTGCGTGTGGTCAGGTTACTGACCACA slyA-3Flag RV

CGCCCCCTTCATTCATATGAATATCCTCCTTAG

promoters of Salmonella pagC and pagD, which are regulated
by the SlyA/H-NS antagonism and reported to be affected by
ppGpp (Zhao et al.,, 2008). We then measured the expression
of all these transcriptional fusions in wild type and AslyA
strains (Figure 1A and Supplementary Figure S1A), as well as

in the AslyA strain overproducing or not SlyA from a pBAD
inducible plasmid (Figure 1B and Supplementary Figure S1B).
From this, we selected 4 reporters that responded robustly to
SlyA: slyA itself, paaA, hlyE, and pagC_Stm (Figure 1 and
Supplementary Figure S1).

The slyA transcriptional fusion was the only one to show a
strong expression level in the wild type strain (Figure 1A). We
therefore compared its expression in strains devoid of ppGpp
(strains deleted of the relA and spoT genes). The absence of
ppGpp did not modify the expression of slyA (Figure 2A).
We then compared the expression of the four transcriptional
fusions selected above in AslyA strains overproducing SlyA, in
the presence or in the absence of ppGpp (Figure 2B). For the
slyA, paaA, and pagC_Stm fusions, the absence of ppGpp did
not prevent the induction by SlyA. These results indicate that
in vivo, ppGpp is not required for the mechanism of transcription
activation by SlyA.

However, the induction of the hlyE fusion by SlyA was strongly
decreased in the absence of ppGpp (Figure 2B). To characterize
better the specific effect of ppGpp on hiyE, we tested its induction
by SlyA in different mutants for global regulatory factors. First,
we tested the action of SlyA in the AdksA mutant. DksA is
a cofactor of the RNA polymerase, required for the regulation
of RNAP by ppGpp (Gourse et al,, 2018). While ppGpp is
still present in this mutant, dksA deletion mimics the global
effects of a ppGpp° mutant on gene transcription due to the
action of ppGpp on RNA polymerase. While SlyA still activated

TABLE 3 | Strains.

Lab code Name Description References

EBO72 BL21(DE3)pLys Coli B ©(DE3) pLysS(cmR) Studier and Moffatt, 1986

EB240 BW25113AslyA AslyA::kanaR Baba et al., 2006

EB126 BW25113ArelA ArelA::kanaR Baba et al., 2006

EB559 MG1655AdksA Wahl et al., 2011

EB761 BW25113AcyaA AcyaA::kanaR Baba et al., 2006

EB128 BW25113Afis Afis::kanaR Baba et al., 2006

EBO47 BW25113Ahns Ahns::kana Baba et al., 2006

EB944 MG1655 Wild type reference. F- »- rph-1 Lab stock

EB425 MG1655 ppGpp° ArelAAspoT::cat Wahl et al., 2011

EB1073 MGASsIyA P1 transduction AslyA::kana® from This work
EB240 to EB944. Kanamycin resistance removed with pCP20

EB1076 MGASslyAArelA P1 transduction ArelA::kana® from EB126 to EB1073. Kanamycin This work
resistance removed with pCP20

EB1077 ppGpp°_AslyA P1 transduction AspoT::cat from EB425 to EB1076 This work

EB1100 AdksA AslyA P1 transduction AslyA::kana® from EB240 to EB559. Kanamycin This work
resistance removed with pCP20

EB781 MG AcyaA P1 transduction AcyaA::kanaP from EB761 to EB944. Kanamycin This work
resistance removed with pCP20

EB743 MG Afis P1 transduction Afis::kana® from EB128 to EB944. Kanamycin This work
resistance removed with pCP20

EB951 MGAhns P1 transduction Ahns::kana® from EB047 to EB944. Kanamycin This work
resistance removed with pCP20

EB1106 MG _slyA-3Flag PCR ebm1855/1856 on pJL148, *Red recombination in EB944 This work
followed by P1 transduction in EB944

EB468 MG_ppGpp° P1 transduction slyA-3Flag-kana® from EB1106 to EB425 This work

SlyA-3Flag
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FIGURE 1 | slyA, paaA, hlyE, and pagC_stm promoters are induced by SlyA. (A) Comparison of transcriptional fusion activity in wild type MG1655 and in the sfyA
mutant EB1073 strains grown overnight at 30°C in LB. (B) Transcriptional fusion activity when SlyA protein is overproduced. MG1655 strains transformed by the
indicated transcriptional fusions and the pBAD24 (pEB227), pBAD-slyA_ecoli (pEB1609), or pBAD_slyA_stm (pEB1610) plasmids were incubated overnight at 30°C
in LB supplemented with 0.05% arabinose. The activities correspond to the ratio between GFP fluorescence and ODggonm Of 6 replicates, given in arbitrary units
(A.U.). The error bars show the SEM.

the expression of the slyA transcriptional fusion in the AdksA
mutant, as in the ppGpp® mutant (Supplementary Figure S2),
SlyA induction of hlyE was strongly decreased in the AdksA
mutant, similarly to what was observed in the ppGpp° mutant
(Figure 3A). This result suggests that the effect of ppGpp on hlyE
expression is due to its role in controlling expression through
RNAP regulation (at hlyE promoter or others), and not to a direct

control of SlyA activity. For full activation of its expression, hlyE
would therefore need both SlyA overproduction (or activation by
unknown conditions), and the presence of ppGpp.

In addition to SlyA, hlyE expression is controlled by
a network of global regulators, such as H-NS (Wyborn
et al, 2004; Lithgow et al, 2007), CRP-cAMP and FNR
(Westermark et al., 2000), and it was also reported that it is
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FIGURE 3 | hlyE activation by SlyA in global regulatory mutants. Induction of
the hlyE transcriptional fusion by pBAD-slyA_ecoli was tested in the same
conditions as in Figure 1B, in the indicated mutant strains: wt (MG1655),
AslyA (EB1073), AslyA_ppGpp (EB1077), AslyAAdksA (EB1100), AcyaA
(EB781), Afis (EB743), and Ahns (EB951). The activities correspond to the
ratio between GFP fluorescence and ODggonm Of 4 (A,C) or 3 (B) replicates,
given in arbitrary units (A.U.). The error bars show the SEM.

negatively regulated by Fis (Bradley et al, 2007). ppGpp is
also a member of this complex network controlling bacterial
physiology (Travers and Muskhelishvili, 2005). Therefore the
ppGpp/DksA effect observed on the expression of hlyE might
be indirect through one or several of these global regulators.
We tested hlyE induction by SlyA in hns, fis, and cyaA
mutants. SlyA was still able to induce hlyE expression in fis
and cyaA mutants (Figure 3B). As expected, the expression

(7} + ++

SIyA
0 __—— 1 _——"1 ppGpp

PpagC

FIGURE 4 | Effect of ppGpp on SlyA binding to DNA. Electrophoretic mobility
shift assays were performed using purified SlyA from E. coli [at 50 (+) or 100
(++) nM] or purified SlyA from Salmonella for the pagC experiment [at 200 (+)
or 400 (++) nM]. For each SlyA concentration, 0, 50, or 100 pM ppGpp were
added.

of hlyE was de-repressed in the Ahns mutant, and not
further induced by the presence of SlyA (Figure 3C). This
confirmed that SlyA activation of hlyE expression is due to
the displacement of H-NS. This set of experiments suggests
that ppGpp role in hlyE expression is not due to an indirect
effect through CRP-cAMP or Fis regulators, but probably
through the regulation of RNAP at the hlyE promoter in
synergy with DksA.

Our results obtained in vivo suggested that ppGpp had no
role in SlyA function, contrary to what was reported before
(Zhao et al., 2008). Therefore, it was necessary to also test
the effect of ppGpp on SlyA DNA binding in vitro. Using
gel shift assays, we were able to detect a robust binding of
SlyA on the promoter regions tested:hlyE, slyA, and pagC_Stm
(Supplementary Figure S3A). We then choose for each binding
assay, SIyA/DNA ratios that were just sufficient to detect
a shift in order to test the effect of adding ppGpp. With
addition of 50 pM or 100 uM ppGpp [the same concentrations
used by Zhao et al. (2008)], the shifts were not affected
(Figure 4). Because we used purified SlyA proteins with a
6his tag fused at the N-terminal, we also performed the
same experiments after removing the tag by TEV cleavage.
Also, ppGpp might have been trapped with SlyA during
the purification, therefore we performed the purifications in
a ppGpp null strain and obtained the same negative result
(Supplementary Figure S3B).

The last reported effect of ppGpp on SlyA, was that it
enhanced its dimerization, as shown by in vivo cross-linking
experiments (Zhao et al, 2008). In order to detect SlyA by
Western blot, we constructed wild type and ppGpp° strains
producing a SlyA-3Flag tagged protein expressed from its
endogenous locus. SlyA-3Flag was readily detected in the two
genetic backgrounds, at the expected size of approximately
20 kDa (Figure 5A). To test the dimerization, we used
whole cell cross-linking with formaldehyde. This cross-linker
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FIGURE 5 | Effect of ppGpp on SlyA dimerization in vivo. (A) MG1655_SlyA-3Flag (EB1106) and ppGpp°_SlyA-3Flag (EB1110) strains were grown to OD600 = 1.3.
(B) Strain MG1655_SlyA-3Flag (EB1106) was transformed by plasmids pALS10, pALS13, and pALS14 (pEB0697, pEB0698, and pEB0699, respectively) (Svitil

et al., 1993). These transformed strains were grown to ODB00 = 1.5 and then relA expression was induced with 1 mM IPTG for 30 min. Then, for both panels, the
cells were cross-linked with formaldehyde as described in section “Materials and Methods.” +F, with formaldehyde; —F, without formaldehyde; +/H, with
formaldehyde and then heated at 96°C. After SDS-PAGE and Western blot, the SlyA-3Flag tag was detected with monoclonal anti-Flag M2.

produces covalent bonds that can be destroyed by heating at
96°C. In the wild type background, dimerization of SlyA was
clearly detected by cross-linking with formaldehyde (Figure 5A).
The dimerization was identical in the ppGpp° background
(Figure 5A). In reverse, we decided to test if an excess of
ppGpp might affect SlyA dimerization, by overproducing the
RelA ppGpp synthase. Plasmids pALS10, pALS13, and pALS14
code, respectively, for a full RelA protein, a constitutively active
truncated RelA protein, and an inactive RelA protein (Svitil et al.,
1993). We performed the cross-linking experiment in MG1655
strain transformed by these three plasmids and with induction
of RelA variants expression. In the samples with induced ppGpp
production (pALS10 and pALS13), SlyA dimerization was not
affected, or even slightly diminished (Figure 5B). In conclusion,

we were not able to see any positive effect of ppGpp on
SlyA dimerization.

DISCUSSION

In this study, we showed that ppGpp is not required for SlyA
function in E. coli. The expression of several reporter genes was
still induced by SlyA overproduction in the absence of ppGpp
in vivo, SlyA binding to DNA was not improved by adding ppGpp
in vitro, and finally SlyA dimerization was not affected by ppGpp
absence or increased levels in vivo. Even if the initial report of
ppGpp effect on SlyA is now more than 10 years old (Zhao et al.,
2008), we think this information is important and of public good
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for the community of researchers working on ppGpp. Indeed, we
are aware of several groups that were interested in developing
ppGpp sensors based on this observation, including ourselves.
To our knowledge, no confirmation or disproof of ppGpp effect
on SlyA was reported since then, apart from a brief mention
that ppGpp had no effect on SlyA control of the fimB promoter
in E. coli (McVicker et al., 2011). Furthermore, SlyA was not
spotted in two independent global studies aiming at identifying
ppGpp binding proteins (Zhang et al., 2018; Wang et al., 2019).
It is therefore still unclear what molecule can regulate SlyA
activity. However, recent work provided strong evidence of SlyA
control by Salicylate, which fits with SlyA belonging to the MarR
family containing proteins known to respond to small aromatic
carboxylate compounds (Dolan et al., 2011; Will et al., 2019).

The obvious difference that could explain the discrepancy
between our work and the one reported in Zhao et al., 2008
is that we have studied the activity of SlyA in E. coli, while
the previous study was done in Salmonella (Zhao et al., 2008),
and that we have studied different reporter genes controlled by
SlyA. In particular, the expression of slyA itself was a very useful
reporter of SlyA action, since it is not dependent on H-NS, and
permitted to observe that it was not affected in the absence of
ppGpp (Figure 2A). Furthermore, we do not contradict the fact
that pagCD promoters are shut down in a ppGpp® strain in
Salmonella as shown in Zhao et al., 2008. We propose that it
is in fact very similar to what we observed for the expression
of hlyE in E. coli, for which SlyA overproduction can partially
counteract the negative effect of ppGpp absence (Figure 2B),
as it was observed for pagCD in Salmonella (Zhao et al., 2008).
Production of SlyA_eco or SlyA_stm had identical effects when
produced in E. coli (Figure 1B). Inversely, it was shown that
production of SlyA_eco in Salmonella is able to counter silence
the expression of pagC, similarly, to SlyA_stm (Will et al., 2019).
Therefore, we think the molecular mechanism of SlyA is identical
in the two bacteria. However, it is clear that the regulons and the
physiological role of SlyA are very different in the two bacteria.
This difference does not come from the SlyA protein itself,
but from the variations in intergenic and regulatory regions of
the target genes. A striking difference is for example that SlyA
represses its own expression in Salmonella (Stapleton et al., 2002;
Will et al., 2019), whereas it auto-activates its expression in E. coli
as we showed here (Figure 1) and as it was demonstrated before
(Corbett et al., 2007). The expression level of slyA might also
play a role, as it has been suggested that slyA expression is much
lower in E. coli than in Salmonella (Will et al., 2019). However,
in our experiments, the PslyA transcriptional fusion was one
of the few to display a robust basal expression level, and we
were able to detect the SlyA-3Flag tagged protein expression in
E. coli (Figure 5). Still, only SlyA overproduction using pBAD-
SlyA plasmid permitted to detect expression of paaA, hlyE, and
pagC_Stm, suggesting a strong excess of SlyA is necessary to
overcome H-NS repression on these genes.

Concerning the effect of ppGpp on SlyA binding to DNA
in vitro, and the dimerization of SlyA in vivo, the discrepancy
between our results and the previous ones (Zhao et al., 2008)
is more difficult to understand. Indeed, the SlyA proteins of
E. coli and Salmonella are highly similar (91% identical and

95% similar over 142 amino acids), and we performed in vitro
binding experiments with SlyA proteins purified from both E. coli
and Salmonella, including a binding experiment on a similar
Salmonella pagCD intergenic region as the one used previously
(Figure 4). As described in the result section, we performed
several control experiments to rule out any effect of the tag
or the purification procedure of SlyA proteins (Supplementary
Figure S3B). For the in vivo dimerization detected by cross-
linking with formaldehyde, we performed the experiment in an
E. coli strain producing a SlyA-tagged protein expressed from
its endogenous locus. Zhao et al. performed this experiment in
Salmonella, with a SlyA-tagged protein expressed from a plasmid.
In this case, an indirect effect of ppGpp on slyA expression might
explain the different results.

The interpretation of the experiments performed in strains
mutated for global regulators (such as ppGpp) is complicated by
the mode of action of SlyA, which is not a direct and classical
activator, but acts mainly as a counter silencer of H-NS. It has
been shown that ppGpp physiological effects are intermixed
with global regulators such as Fis, CRP, or H-NS, and even
DNA supercoiling state (Johansson et al., 2000; Travers and
Muskhelishvili, 2005). Therefore, it is to be expected that any
tinkering of ppGpp concentrations in vivo will affect a complex
network of global regulations. Particular promoters such as pagC
in Salmonella or hlyE in E. coli are controlled by an especially
high numbers of specific and global factors, not only H-NS and
SlyA, but also PhoPQ and EmrR in the case of pagC in Salmonella
(Zhao et al., 2008; Yang et al., 2019) or CRP and FNR for hlyE in
E. coli (Westermark et al., 2000; Bradley et al., 2007). Obviously,
these complex regulatory networks might be affected by ppGpp
levels, together with a possible direct effect of ppGpp on the
RNAP depending on the nature of the promoter itself (Gourse
et al., 2018), as it might be the case for hlyE in our study or pagC
in Salmonella (Zhao et al., 2008). More generally, because ppGpp
impacts global regulatory networks central to the physiology of
bacteria, our study should be taken as a warning of caution in
the interpretation of in vivo effects triggered by the modification
of ppGpp levels.
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Diversity in E. coli (p)ppGpp Levels
and Its Consequences

Beny Spira* and Katia Ospino

Department of Microbiology, Institute of Biomedical Sciences, University of Sdo Paulo, Sdo Paulo, Brazil

(P)ppGpp is at the core of global bacterial regulation as it controls growth, the most
important aspect of life. It would therefore be expected that at least across a species the
intrinsic (basal) levels of (p)ppGpp would be reasonably constant. On the other hand,
the historical contingency driven by the selective pressures on bacterial populations
vary widely resulting in broad genetic polymorphism. Given that (p)ppGpp controls
the expression of many genes including those involved in the bacterial response to
environmental challenges, it is not surprising that the intrinsic levels of (p)ppGpp would
also vary considerably. In fact, null mutations or less severe genetic polymorphisms in
genes associated with (p)ppGpp synthesis and hydrolysis are common. Such variation
can be observed in laboratory strains, in natural isolates as well as in evolution
experiments. High (p)ppGpp levels result in low growth rate and high tolerance to
environmental stresses. Other aspects such as virulence and antimicrobial resistance
are also influenced by the intrinsic levels of (p)ppGpp. A case in point is the production
of Shiga toxin by certain E. coli strains which is inversely correlated to (p)ppGpp basal
level. Conversely, (p)ppGpp concentration is positively correlated to increased tolerance
to different antibiotics such as B-lactams, vancomycin, and others. Here we review the
variations in intrinsic (p)ppGpp levels and its consequences across the E. coli species.

Keywords: (p)ppGpp, polymorphism, growth rate, evolution, stress resistance, antibiotic resistance, virulence

DIVERSITY OF (p)ppGpp CONCENTRATIONS-IMPACT ON
GROWTH RATE AND BEYOND

“The study of bacterial growth is the essence of microbiology” (Jacques Monod).

The success of an organism in evolutionary terms resides in its ability to reproduce and
perpetuate its genes. It would thus be expected that bacterial resources would be devoted
most of the time to maximizing growth rate. This may be true under some circumstances,
especially, under optimal laboratory growth conditions. However, bacteria actually keep growth
rate under very tight control. At the core of growth regulation is a small nucleotide that
appears in two different forms—guanosine tetra- and penta-phosphate—ppGpp and pppGpp,
collectively known as (p)ppGpp. The grip of (p)ppGpp on growth rate is achieved mainly
through an effective inhibition of stable RNA (rRNA and tRNA) synthesis during amino
acid starvation and other nutritional stresses in a process that became known as the
stringent control (Cashel and Gallant, 1968; Potrykus and Cashel, 2008; Potrykus et al,
2011). Nevertheless, the impact of (p)ppGpp on cell physiology goes far beyond stable
RNA control. (p)ppGpp also inhibits DNA replication, lipid and protein synthesis and
ultimately cell division (Potrykus and Cashel, 2008; Traxler et al., 2008). Whenever the growth
conditions deteriorate, (p)ppGpp concentration increases, severely repressing the expression of
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growth-related genes. This repression is necessary in order to
promote the reallocation of resources, which are then shifted
from growth promotion to the maintenance of amino acid as
well as energy pools and to cell protection and survival. In
fact, (p)ppGpp concentration increases stepwise according to the
severity of nutrient depletion (Traxler et al., 2011).

In E. coli and related bacterial species, (p)ppGpp is synthesized
by two different proteins—RelA and SpoT. These proteins
evolved by duplication from a bifunctional ancestral RelA/SpoT
Homolog (RSH) possessing both (p)ppGpp synthetic and
hydrolytic capabilities, resulting in two proteins with overlapping
functionalities (Mittenhuber, 2001; Atkinson et al., 2011). The
RelA and SpoT proteins contain 744 and 702 amino acids,
respectively. Both proteins can be divided in two parts of
similar size (Figure 1). The NTD half of the protein harbors
the catalytic HD (hydrolytic) and Synth (Synthetic) domains. In
RelA, the HD domain is not active. The CTD portion of the
protein contains four regulatory domains: TGS (ThrRS, GTPase,
SpoT/RelA domain), AH (a-helical domain), RIS (Ribosome-
InterSubunit domain) and ACT (Aspartate kinase-Chorismate
mutase-TyrA domain) (Atkinson et al., 2011; Loveland et al.,
2016). RelA responds to intracellular amino acid imbalancies,
such as amino acid starvation, by synthesizing large amounts
of (p)ppGpp (Cashel, 1969). RelA carries an inactive (p)ppGpp-
hydrolytic domain and does not hydrolyze the alarmone under
any conditions. SpoT is a bifunctional enzyme that contains
functional (p)ppGpp-synthetic and hydrolytic domains, but
displays weak (p)ppGpp-synthetic activity and strong ppGpp
hydrolytic activity. The relA knockout accumulates ppGpp in
response to several environmental stresses, such as carbon and
nitrogen (Edlin and Donini, 1971), phosphate (Spira et al., 1995),
iron (Vinella et al., 2005), and fatty acid (Battesti and Bouveret,
2006) starvation.

Early in (p)ppGpp research different spontaneous alleles of
relA and spoT have been isolated. For instance, the spoT1 allele
(Laffler and Gallant, 1974), that confers a spotless phenotype
(absence of pppGpp under amino acid starvation), was isolated
from the old 58-161 strain and is now common in many K-12
derivatives (Alfoldi et al., 1962). Bacteria that carry the spoT1
allele overproduce (p)ppGpp both under nutrient starvation and
under normal growth conditions. The spoT1 allele contains two
different mutations - a H255Y substitution in the synthetase
domain (Synth) and a two-amino acid insertion between residues
82 and 83 (+QD) in the hydrolytic domain (HD), both at the
NTD portion of SpoT (Figure 1). The two amino acid insertions
in the HD domain are likely to negatively affect the ppGpp-
hydrolytic activity of SpoT resulting in high (p)ppGpp basal
levels, while the H255Y substitution hits a conserved residue
(Atkinson et al., 2011), but its effect on the (p)ppGpp-synthetic
activity of SpoT is hard to predict. Interestingly, spoT1 is usually
accompanied in many strains by the defective relAl allele,
consisting of an IS2 insertion in the HD domain that is likely to
disrupt RelA (p)ppGpp-synthetic activity (Metzger et al., 1989).
The relAl mutant displays lower ppGpp basal level than the
relA* strain (Lagosky and Chang, 1980) and does not accumulate
(p)ppGpp in response to amino acid starvation. Apparently, the
high ppGpp basal level caused by the spoT'1 allele is compensated

by the defect in (p)ppGpp synthesis caused by the presence of
relAl. It is therefore no wonder that both alleles often appear
together in the same genome.

Later on, other spoT alleles, such as spoT201, spoT202 an
spoT203 were isolated by selection on amino-triazole plates
(Sarubbi et al., 1988). Amino-triazole is a herbicide that inhibits
the synthesis of histidine. Bacteria that synthesize high levels
of (p)ppGpp overcome histidine starvation by inducing the
expression of the his operon (Rudd et al., 1985). A critical
difference between spoT201 and the other three alleles was that
the former confers an almost normal growth rate. The other
alleles (spoT202-203) considerably reduced growth rate and for
that reason could be transferred only to a relAl background,
but not to a bacterium that carries a wild-type relA allele. The
spoT alleles spoT202 and spoT203 consist, respectively, of T78I
and R140C substitutions, both in the HD domain (Potrykus
et al,, 2011). The molecular nature of the spoT201 mutation has
not been published. Given the high (p)ppGpp level in strains
bearing these alleles, the spoT201-203 mutations have probably
compromised the ppGppase activity of SpoT.

It became evident that an inverse linear correlation exists
between the intrinsic level of (p)ppGpp in a bacterium (basal
level under unrestricted growth conditions) and the bacterial
growth rate (Sarubbi et al, 1988). This negative correlation
was confirmed when spoT mutant alleles were transferred to
other genetic backgrounds (Spira et al., 2008). The recombinant
strains displayed all the hallmarks of the previously analyzed spoT
mutations, namely slower growth rate, high levels of the sigma
factor RpoS (coordinator of the general stress response) and high
resistance to environmental stresses (see below).

The above mentioned relA and spoT alleles and most data
on (p)ppGpp physiology and homeostasis were obtained by
studying laboratory strains derived from the ancestral K-12
strain. To date very few attempts have been made to analyze
(p)ppGpp homeostasis in natural isolates of E. coli. In two
of these studies, the basal level and starvation-induced levels
of (p)ppGpp were assessed in a set of strains derived from
the ECOR collection (Ferenci et al., 2011) and in a collection
of Shiga toxin-producing E. coli (STEC) strains (Stella et al.,
2017). The ECOR collection contains 72 strains from various
locations and environments and from five phylogenetic groups
(A, B1, B2, D, and E) that supposedly represents the variability
in the E. coli species (Ochman and Selander, 1984). Most ECOR
isolates are commensal, but some are pathogenic. The levels
of (p)ppGpp in non-limited minimal medium, in response to
amino acid starvation or carbon starvation were reported for
33 strains of the ECOR collection. ppGpp concentrations in
the ECOR strains treated with serine hydroxamate, an inhibitor
of seryl-tRNA synthetase that induces amino acid starvation,
were quite similar in all tested strains. However, (p)ppGpp
response to carbon starvation was less homogeneous, consistent
with the variation in SpoT observed in those strains. A T13N
amino acid substitution was common in strains that showed low
(p)ppGpp accumulation in response to carbon starvation and
was absent in strains presenting high levels of ppGpp (Ferenci
etal., 2011). These data suggested that spoT is being subjected to
microevolutionary pressures.
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FIGURE 1 | Schematic representation of the long RSH (RelA/SpoT) architecture, as per Atkinson et al. (2011) and Loveland et al. (2016). The RelA and SpoT proteins
contain 744 and 702 amino acids, respectively. The NTD half of RSH proteins harbors the catalytic HD (hydrolytic) and Synth (Synthetic) domains. In RelA, the HD
domain is not active. The CTD portion of the protein contains four regulatory domains: TGS (ThrRS, GTPase, SpoT/RelA domain), AH (a-helical domain), RIS
(Ribosome-InterSubunit domain) and ACT (Aspartate kinase-Chorismate mutase-TyrA domain). The mutations in RelA and SpoT mentioned in the main text are
shown above and below the protein diagram, respectively. relA1, spoT1, spoT202 and spoT203 are known mutations present in many E. coli K-12 derivatives. The
spoT1 allele consists of two mutations. All mutations, with the exception of those that are followed by E. coli B or ECOR (in parentheses) were found in K-12 strains.
The T13N substitution is common in strains of the ECOR collection (Ferenci et al., 2011). The SpoT mutations in E. coli B were selected in an evolution experiment in
glucose-limited minimal medium (Cooper et al., 2003). Mutations ending with “*” were selected during adaptation to high temperature (Kishimoto et al., 2010); “T’
labels indicate RelA mutations selected for n-butanol tolerance (Reyes et al., 2012); “#” labels point to mutations in RelA selected under high ethanol concentration

selected under growth with lactate (Conrad et al., 2009).

(Horinouchi et al., 2015); RelA mutations ending with “1” were selected for isopropanol tolerance (Horinouchi et al., 2017) and “§” labels indicate RelA mutations

It is well-established that the intrinsic concentration of
(p)ppGpp is inversely correlated with growth rate (Ryals et al.,
1982; Sarubbi et al., 1988; Potrykus et al., 2011; Jin et al., 2012).
In fact, gratuitous induction of (p)ppGpp synthesis mediated
by relA overexpression causes an almost instantaneous growth
arrest (Schreiber et al., 1991; Svitil et al., 1993; Cruvinel et al,,
2019). However, the vast majority of studies that analyzed this
correlation used isogenic E. coli laboratory strains harboring
different relA or spoT alleles. If growth rate is mainly regulated
by (p)ppGpp a good correlation between (p)ppGpp levels and
growth rate, even in a set of non-isogenic strains, would be
expected. Indeed, when the intrinsic ppGpp concentrations of
the ECOR isolates growing under non-limited growth conditions
are plotted against their respective growth rates, an inverse
correlation is observed (Figure 2A), with a Pearson’s correlation
coefficient= —0.58. Though not perfect, the inverse correlation
between ppGpp concentration and growth rate in these strains
validates the central role of (p)ppGpp in governing growth
rates across the E. coli species, even in strains that come from
very different genetic backgrounds as is the case of the ECOR
collection. It is worth mentioning that in this as well as in other
studies that analyzed (p)ppGpp in exponentially growing bacteria
or in response to stresses other than amino acid starvation,
pppGpp was below the detection level (Varik et al., 2017; Cruvinel
et al., 2019).

In another analysis of (p)ppGpp fluctuation in natural
isolates, ppGpp concentration was measured in 50 STEC strains
growing under two different culture conditions—non-limited
growth medium and phosphate starvation (Stella et al., 2017).

A significant variability in ppGpp levels was observed among
the STEC isolates (Figure 2B). On average, ppGpp values were
twice as high in bacteria submitted to Pi starvation than in
the same bacteria growing exponentially in minimal medium.
ppGpp values in this set of strains went from 0.08 to 0.30 units
for bacteria growing exponentially and from 0.17 to 0.42 units
for phosphate-starved bacteria (units correspond to the ratio of
ppGpp over GTP+ppGpp). Though this study did not evaluate
the variability of ppGpp with growth rate, it correlated the levels
of this alarmone with STEC cytotoxicity, as described below.

Altogether, the data presented here highlight the existence
of variability in intrinsic ppGpp concentrations across the
E. coli species and that this variability has a substantial
impact on growth rate. However, in addition to growth rate
control (p)ppGpp directly and indirectly affects many important
bacterial characteristics, such as stress responses, virulence,
antibiotic resistance and persistence, biofilm formation, genome
stability, and more (Potrykus and Cashel, 2008; Dalebroux et al.,
2010; Martin-Rodriguez and Romling, 2017; Rasouly et al., 2017;
Hobbs and Boraston, 2019). Variability in (p)ppGpp basal levels
is thus likely to affect these traits as well.

It is important to notice that in the studies mentioned above
that compared (p)ppGpp values in isogenic and non-isogenic
strains, (p)ppGpp was assessed using the classical method of
formic acid extraction of 3?P-labeled bacterial nucleotide pools.
These studies did not provide absolute values of (p)ppGpp
concentration, but instead presented the level of ppGpp relative
to that of GTP+ppGpp as detailed in Cashel (1994). The most
relevant limitations of this method is the lack of absolute
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FIGURE 2 | Variability in (p)ppGpp levels across E. coli natural isolates. (A) Correlation between (p)ppGpp basal levels and growth rate (h~") in 33 strains of the ECOR
collection growing exponentially in glucose minimal medium. ppGpp levels correspond to the ratio between ppGpp and GTP + ppGpp. Data was extracted from
Ferenci et al. (2011). (B) Distribution of ppGpp levels (ppGpp/GTP+ppGpp) in 50 STEC isolates growing exponentially in non-limited (glucose) minimal medium or
under phosphate starvation. x corresponds to the mean values, horizontal lines represent the median and the error bars correspond to 1 standard deviation; ©
represent outliers. Data was extracted from Stella et al. (2017).

numerical estimates of (p)ppGpp concentrations and that it
leaves out GDP, which constitutes 7.7-15% of the total pool
of guanosine nucleotides (Varik et al., 2017), as the resolution
of the 32P-labeled nucleotides on the TLC plate is not usually
good enough to identify GDP spots on the autoradiogram.
Because of these limitations, the ppGpp values obtained in
those studies cannot be easily compared to the ones found
in other reports. However, the relative values of (p)ppGpp
obtained by the classical method are reproducible and give a
reasonable estimate of (p)ppGpp status in a particular set of
strains. More recent techniques for evaluating (p)ppGpp, based
on Ion Chromatography-High-Resolution MS (Patacq et al.,
2018), HPLC (Varik et al., 2017), or UPLC (Thara et al., 2015)
largely overcome the disadvantages of the >*P-classical method.

ROLE OF (p)ppGpp IN STRESS
RESISTANCE AND NUTRITIONAL
COMPETENCE

(p)ppGpp supports survival by either directly or indirectly
stimulating the expression of genes involved in stress protection.
The cell response to environmental stresses such as extreme pH
and osmolarity, dehydration or oxidative stress is coordinated
by the sigma factor RpoS (Landini et al, 2014; Schellhorn,
2014), whose synthesis and stability is enhanced by (p)ppGpp
(Gentry et al.,, 1993; Battesti et al., 2011). The culture history
of a bacterial population determines its overall physiology, and
more specifically, the strength of its response to environmental

challenges (Ryall et al., 2012). The specific hurdles that a bacterial
lineage experiences throughout its existence would eventually
leave their imprints in its genome. For instance, alleles that
maintain high levels of RpoS and other stress-related genes
would be selected in a population that is being often exposed
to environmental stresses Conversely, bacteria growing in a
stress-free environment accumulates mutations in genes that
downregulate RpoS synthesis, promotes its proteolysis or even
acquire null mutations in the rpoS gene itself (King et al., 2004;
Spira and Ferenci, 2008; Wang et al., 2010). Likewise, genes
involved in (p)ppGpp metabolism are under selective pressures
driven by culture conditions (Spira et al., 2008; Ferenci et al.,
2011). ppGpp pleiotropy indicates that variations in intrinsic
(p)ppGpp levels might have broad consequences on bacterial
physiology and genotypic characteristics of bacterial populations.
Bacteria that display intrinsic high levels of (p)ppGpp are more
resistant to environmental stresses either because they express
high levels of RpoS or because (p)ppGpp directly stimulates
the transcription of other genes related to stress protection.
However, the correlation between (p)ppGpp and RpoS is not
as straightforward as would be expected from extrapolating
data on K-12 strains (Gentry et al., 1993; Spira et al., 2008;
Battesti et al., 2011). Analysis of E. coli natural isolates does
not give a simple relationship in which RpoS concentration is
proportional to (p)ppGpp concentration. While some strains
exhibit a proportionality between the two measured entities,
others display mediocre levels of RpoS but high (p)ppGpp levels
(Ferenci et al,, 2011). Surely, there are other inputs, other than
(p)ppGpp that modulate the levels of RpoS.
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Both (p)ppGpp and RpoS directly affect the transcription of
dozens of genes and indirectly the transcription of many others
(Peano et al.,, 2015; Wong et al., 2017). RpoS competes with
other sigma factors, particularly with 7% for binding to the core
RNA polymerase. The outcome of this competition is that under
nutrient limitation or in the stationary phase (circumstances
that cause the accumulation of RpoS), the transcription of
0’%-dependent genes, i.e., the majority of bacterial genes,
is considerably diminished. Hence, the stimulatory effect of
(p)ppGpp on RpoS adds another layer of growth control in
addition to the already discussed inhibition of stable RNA.
Bacterial strains that accumulate high levels of (p)ppGpp or RpoS
are less fit for growing on poor carbon sources or under nutrient
limitation (King et al., 2004). A trade-off is thus characterized
in which a certain bacterial strain cannot simultaneously be
nutritionally competent and highly stress resistant (Ferenci,
2016). Figure 3 shows how bacteria with high or low intrinsic
(p)ppGpp concentrations deal with environmental challenges.

INTRINSIC (p)ppGpp CONCENTRATION AS
A TARGET IN EVOLUTION EXPERIMENTS

Given that (p)ppGpp is the most important source of growth rate
control (Potrykus et al., 2011), polymorphism in relA and spoT
are likely to occur throughout the course of bacterial evolution
and adaptation to different environments, especially in those
limited in one or more nutrients, a situation that suppresses
normal growth. Several evolution experiments, which resulted
in the emergence of mutants related to (p)ppGpp both in batch
and in continuous cultures, have been conducted to date. The
mutations observed in these studies are summarized in Figure 1.

In one of them, 12 E. coli populations have been daily
diluted in glucose limited minimal medium and grown for 20,000
generations. Different non-synonymous mutations in spoT have
been observed in 8 out of 12 evolved populations (Cooper et al.,
2003). The first one, A189V is located at the very end of the HD
domain; R209H is at the ~45-residues region between the HD
and Synth domains; Y389C is at the regulatory TGS domain;
N4541 and A455D are located at the beginning of the a-helical
domain; the mutations R575L and R607L are in the RIS domain
and K662I is at the ACT domain. Although (p)ppGpp levels
were not measured in this study, the expression of aminoacyl-
tRNA synthetases and ribosomal proteins were shown to be
upregulated in one of these spoT mutants (K662I), suggesting
that the mutation caused a reduction in (p)ppGpp intrinsic
concentration that led to an increase in growth rate. The ACT
domain interacts with the ribosome A site in order to activate
the (p)ppGpp synthetic activity (Loveland et al., 2016), thus the
K662I substitution is likely to interfere with Synth activation
resulting in low (p)ppGpp. A non-sense mutation in the TGS
domain of spoT (E399*) was observed in another case of adaptive
evolution of E. coli growing at 43.2° (Kishimoto et al., 2010).
This mutant displayed high growth rate at the high temperature,
possibly due to a reduction in intrinsic (p)ppGpp levels. This
finding is puzzling, once it has been shown that the truncation
of the CTD leads to an upshift in (p)ppGpp synthesis (Mechold

etal.,, 2002; Battesti and Bouveret, 2006). However, this particular
evolved strain carried additional mutations in [rp and rho that
might have strengthened the observed phenotype.

In another experiment, E. coli subjected to adaptive evolution
under high ethanol concentrations acquired different mutations
in relA (L139S, L455N, and L519P) that contributed to an
increased tolerance in the presence of 5% ethanol (Horinouchi
et al., 2015). According to these authors, the relA mutations
enabled a relaxed response to ethanol, by diminishing (p)ppGpp
concentration, thereby increasing growth rate. The L139S
mutation occurred in the pseudo-hydrolytic domain of RelA
and is therefore unlikely to affect (p)ppGpp synthesis. The other
two mutations—L455N and L516P, were in the TGS and AH
domains, respectively. These mutations might have affected the
regulation of (p)ppGpp synthesis by RelA as both TGS and
AH subunits form the elbow of the boomerang-shaped RelA
that interacts with the 30S ribosome and with the deacyl-tRNA
(Loveland et al., 2016). A similar study with bacteria growing
with increasing concentrations of isopropanol (up to 450 mM)
for 210 generations showed that the evolved isolates acquired
mutations in relA (Horinouchi et al., 2017). Again, the suggested
mechanism was that the relA mutants expressed RelA proteins
that synthesized reduced levels of (p)ppGpp in response to
isopropanol, resulting in higher growth rates. The mutations—
R77W and S472N, were, as before, in the pseudo-HD and AH
domains, respectively.

In another experiment of guided evolution, bacteria grown
in a chemostat with increasing butanol concentrations (up to
1.3%) for 144 generations acquired mutations in several genes
(Reyes et al., 2012). One of the evolved isolates presented an
IS2 insertion at the end of the HD domain of RelA, which
has probably compromised the integrity of the entire protein,
resulting in a RelA-negative phenotype. Mutations in relA
also appeared in 2 out of 11 populations growing in lactate
minimal medium (Conrad et al., 2009). One mutation—K6%,
caused a frameshift at the very beginning of the gene, while
the other mutation, Y319S, occurred in the Synth domain
of RelA.

In addition to the direct effect of (p)ppGpp on growth,
low concentrations of this alarmone also results in reduced
levels of RpoS (Gentry et al., 1993; Battesti et al., 2011). Due
to the competition between o° and o7, the former negatively
affects the expression of growth-related genes, especially those
involved in the uptake and assimilation of alternative carbon
sources with a consequent reduction in growth rate (Gentry
et al, 1993; King et al, 2004; Magnusson et al., 2005; Spira
et al., 2008; Ferenci et al., 2011). Thus, mutations in relA would
also improve growth by diminishing RpoS concentration in the
cell. Figure 3 summarizes the outcomes of bacterial evolution
experiments in which mutations in (p)ppGpp-related genes have
been observed.

In conclusion, selection of different relA and spoT alleles in
evolution experiments is not uncommon. In fact, in most of
these experiments regulatory genes are the primary targets of
adaptive selection (Maharjan et al.,, 2006; Wang et al., 2010).
Given the central role that (p)ppGpp plays in the regulation
of gene transcription, protein synthesis and growth, it is not
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FIGURE 3 | Diversity in (p)ppGpp levels and its consequences. (p)ppGpp intrinsic concentrations are not constant across E. coli strains. E. coli isolates displaying high
(P)PPGpp are benefited under environmental challenges. For instance, these bacteria tolerate higher concentrations of antibiotics and display a higher survival rate
when challenged with environmental stresses. Most high-(p)ppGpp pathotypes also show increased ability to colonize host tissues (higher virulence). On the other
hand, these strains display lower growth rates and less nutritional competence (ability to utilize alternative carbon sources) than other strains with intrinsically lower
(P)PPGpp values. Strains displaying high (p)ppGpp usually carry mutations in the HD domain of SpoT. Mutations in the Synth domain of both RelA or SpoT or in the
regulatory domains often cause a reduction in (p)ppGpp levels. The resulting strains display an increased growth rate and higher nutritional competence, but are more
sensitive to environmental stresses and antibiotics. STEC is the only known E. coli pathotype whose virulence capability benefits from low (p)ppGpp levels.
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surprising that modulation of (p)ppGpp is a primary target
for evolution.

VARIABILITY IN (p)ppGpp LEVELS AND ITS
INFLUENCE ON ANTIBIOTIC
SUSCEPTIBILITY

The stringent response has been linked to bacterial tolerance to
B-lactam antibiotics in E. coli. Tolerance to antibiotics is defined
as the ability of microorganisms to survive transient exposure
to high concentrations of an antibiotic without a change in
the minimum inhibitory concentration (MIC) (Brauner et al.,
2016). When both the wild-type strain and relA null mutants
were exposed to penicillin under amino acid starvation, only the
former was able to avoid cell lysis triggered by the presence of
the antibiotic (Goodell and Tomasz, 1980; Kusser and Ishiguro,
1985). Moreover, the protective effect of the stringent response
against P-lactam antibiotics was reverted by the addition of
chloramphenicol (Kusser and Ishiguro, 1985), a well-known
inhibitor of the stringent response (Cortay and Cozzone,
1983). In the aforementioned studies (p)ppGpp levels were not
directly measured, however, it has been subsequently shown
that mecillinam-tolerant mutants accumulated more (p)ppGpp
than mecillinam-sensitive strains (Vinella et al., 1992). It became
thus evident that high concentrations of (p)ppGpp increase the
level of mecillinam tolerance (Joseleau-Petit et al., 1994). The
mechanism by which (p)ppGpp confers tolerance to p-lactams
was not entirely elucidated. One possibility is that (p)ppGpp
acts by inhibiting the biosynthesis of phospholipids. In fact,
treatment with cerulenin, an inhibitor of fatty acid biosynthesis,
induced PB-lactam resistance in the ArelA mutant (Rodionov
et al., 1995). In addition, the gratuitous induction of (p)ppGpp
accumulation by overexpression of relA resulted in the inhibition
of phospholipid and peptidoglycan synthesis and in penicillin

tolerance (Rodionov and Ishiguro, 1995) supporting the idea that
(p)ppGpp mediates penicillin tolerance through the inhibition of
phospholipid synthesis (Rodionov and Ishiguro, 1996). However,
a more recent study has demonstrated that antibiotic tolerance
to B-lactams occurs even in the absence of RelA (Kudrin et al.,
2017). E. coli cells treated with mupirocin, an isoleucyl-tRNA
syntethase inhibitor, displayed increased ampicillin tolerance in
the wild-type but not in the relaxed strain. In contrast, the
combination of trimethoprim with mupirocin, tetracycline or
chloramphenicol significantly increased tolerance to ampicillin
in both strains. These data indicate that growth arrest/protein
synthesis inhibition can, at least in some cases, increase bacterial
tolerance to antibiotics in a (p)ppGpp-independent fashion.

The positive relation between antibiotic tolerance and
intrinsic (p)ppGpp concentrations is not restricted to f-lactam
antibiotics. The wild-type strain of E. coli displayed higher
MIC values for trimethoprim, gentamicin and polymixin when
compared to the ArelA or ArelA AspoT mutants (Greenway
and England, 1999). The increase in MIC values characterizes
an augment in bacterial resistance to these antibiotics (Brauner
et al., 2016). Likewise, it has been shown that mutations in
the aminoacyl-tRNA synthetase genes leuS and aspS reduced
susceptibility to ciprofloxacin, chloramphenicol, rifampicin,
mecillinam, ampicillin, and trimethoprim. Deletion of the relA
gene in these mutants restored the original MIC values of
these antibiotics (Garoff et al, 2018). In another instance
bacteria expressing high levels of (p)ppGpp displayed resistance
to microcin J25, while strains unable to produce (p)ppGpp
were completely sensitive to this antibiotic. In addition,
overexpression of relA in a strain naturally susceptible to
microcin J25 resulted in high MIC values and higher survival
rates in killing curves (Pomares et al., 2008).

Several studies have shown a positive correlation between
the expression of hipA, that encodes a serine/threonine-protein
kinase that belongs to a type-II toxin/anti-toxin module,
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(p)ppGpp production and the formation of persisters (Korch
et al., 2003; Bokinsky et al., 2013; Germain et al., 2013; Kaspy
et al,, 2013). Persistence is the ability of a subpopulation of an
antibiotic-sensitive strain to survive for longer periods of time
in the presence of high concentrations of an antibiotic than
the majority of the population (Brauner et al, 2016). Some
strains are able to form a higher percentage of persisters than
others. For instance, strains carrying the hipA7 allele formed
100-fold more persistent cells than the wild-type strain when
exposed to ampicillin. In the absence of (p)ppGpp (ArelA
AspoT double mutant) the hipA7 allele did not confer any
advantage regarding antibiotic persistence, suggesting that the
high-persistence phenotype elicited by hipA7 is (p)ppGpp-
dependent. Accordingly, overexpression of relA in the hipA7
strain increased the frequency of persisters (Korch et al,
2003). On the other hand, overexpression of hipA granted
resistance to ampicillin, but only in relA* bacteria, as bacteria
overexpressing hipA but lacking relA were considerably more
sensitive to ampicillin. Interestingly, the level of (p)ppGpp in
the relA* strain overexpressing hipA was as high as under
amino acid starvation (Bokinsky et al, 2013). Two other
studies confirmed the findings of Bokinsky et al. and extended
their observations to fluoroquinolone antibiotics (Germain
et al., 2013; Kaspy et al., 2013). In addition, these studies
suggested a mechanism for hipA stimulation of persistence via
(p)ppGpp. In their model hipA inactivates the glutamyl-tRNA
synthetase GItX resulting in the accumulation of uncharged
tRNAs which ultimately leads to the activation of RelA and
(p)ppGpp synthesis.

Formation of persister cells in bacteria exposed to ofloxacin
and ampicillin was also observed upon carbon source transitions,
a situation that causes the accumulation of (p)ppGpp (Amato
et al, 2013; Amato and Brynildsen, 2015). Deletion of relA
abolished the formation of ampicillin, but not of ofloxacin
persistence, which required the deletion of both relA and
spoT. Furthermore, by controlling the level of (p)ppGpp
it has been shown that formation of ampicillin persisters
required higher concentrations of (p)ppGpp than formation
of ofloxacin persisters. It has also been shown that under
conditions of nitrogen starvation E. coli accumulates high levels
of (p)ppGpp and forms high percentages of persisters when
treated with ciprofloxacin, but only in a relA* strain (Brown,
2019).

Integrons are important elements in the dissemination of
antibiotic resistance genes. It has been shown that (p)ppGpp
plays a role in the regulation of intIl, which encodes
an integrase protein found in class 1 integrons (Strugeon
et al, 2016). Accumulation of (p)ppGpp causes the stalling
of RNA-polymerase and the formation of R-loops, which in
turn activates the SOS response. The autoproteolysis of the
intll repressor, LexA, ensues resulting in the transcription
of intIl. In trans expression of this gene in the ArelA
AspoT double mutant resulted in reduced intI1 promoter
activity when compared to the parental strains. Overall,
these data indicate that (p)ppGpp helps propagating antibiotic
resistance genes through activation of integrase in class
1 integrons.

VARIABILITY IN (p)ppGpp-EFFECT ON
BACTERIAL PATHOGENICITY

The expression of virulence-related genes in pathogenic E. coli
is very well-integrated with (p)ppGpp homeostasis Dalebroux
et al. (2010). For instance, (p)ppGpp influences the ability of
enterohemorrhagic E. coli (EHEC) to colonize the host intestine
(Nakanishi et al., 2006). This E. coli pathotype secretes a potent
cytotoxin—Shiga toxin, that causes serious diseases in humans—
bloody diarrhea and HUS (hemolytic uremic syndrome). In
addition, bacteria of this pathotype harbor a 35 Kb pathogenicity
island known as the Locus of Enterocyte Effacement (LEE),
which carries most genes implicated in EHEC intimate adherence
(Nguyen and Sperandio, 2012). The passage from the nutrient-
rich higher intestine to the nutrient-limited lower intestine
triggers the accumulation of (p)ppGpp, which in turn stimulates
the transcription of the LEE operons. The EHEC ArelA mutant
was unable to induce bacterial adherence or expression of the
LEE (Nakanishi et al,, 2006). Overexpression of relA greatly
stimulated the expression of EspB and Tir, two proteins encoded
by the LEE and increased the transcription of several LEE genes,
implying a positive correlation between (p)ppGpp concentration
and EHEC virulence. EPEC (Enteropathogenic E. coli) is another
diarrheogenic pathotype that carries the LEE, but unlike EHEC
it does not produce Shiga toxin. EPEC strains harbor a plasmid
(EAF) that encodes both the BFP fimbria associated with bacterial
adherence to the intestine cells and the perABC operon whose
products control the transcription of the chromosomal LEE
region (Pearson et al., 2016; Serapio-Palacios and Finlay, 2020).
Deletion of relA partially impaired EPEC adherence to epithelial
cells by diminishing the transcription of the perABC operon that
controls the expression of the adhesins BFP and intimin (Spira
et al., 2014). However, gratuitous overproduction of (p)ppGpp
slightly inhibited the expression of perABC. The antagonistic
effects of (p)ppGpp on perABC expression suggests that a fine-
tuned concentration of (p)ppGpp is required to maximize EPEC
adherence. Even though (p)ppGpp concentrations were not
assessed in different EHEC and EPEC isolates the data presented
in these studies suggest that the expression of virulence genes and
virulence traits are modulated by this alarmone.

Shiga toxin-producing E. coli (STEC) is another diarrheogenic
pathotype that secretes Shiga toxin, but unlike EHEC, does not
harbors a LEE and, consequently, does not display intimate
adherence to intestinal cells (Bryan et al., 2015; Joseph et al,
2020). The role of (p)ppGpp in STEC virulence and particularly
in toxin production and secretion has been examined in detail.
The stx genes that encode Shiga toxin were introduced in
the STEC genome by means of lambdoid bacteriophages, a
phenomenon known as phage lysogenic conversion (Harrison
and Brockhurst, 2017). The synthesis and release of Shiga
toxin is preceded by the induction of the bacteriophage, a
development that eventually results in cell lysis (Waldor and
Friedman, 2005; Nowicki et al., 2013). Therefore, the level of
Shiga-toxin production and release is directly related to the
number of STEC bacteria in a population undergoing phage
induction. On the other hand, (p)ppGpp has been shown
to inhibit stx phage replication, as the ArelA AspoT double
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mutant displayed a higher degree of phage DNA replication
and formed larger plaques on ArelA AspoT lawns (Nowicki
et al, 2013). A subsequent report has shown that intrinsic
(p)ppGpp concentration is indeed inversely correlated with Stx
toxin production, as STEC strains showing higher cytotoxicity
toward Vero cells (the golden standard method for measuring
toxin production and STEC virulence) usually contained lower
levels of (p)ppGpp (Stella et al., 2017).

The extraintestinal uropathogenic E. coli (UPEC) causes
recurrent infections in the urinary tract. A critical mechanism
of UPEC infection is the ability to invade the bladder cells
by means of Type-I fimbriae. The expression of fimbrial
genes is controlled by (p)ppGpp and DksA (Aberg et al,
2008). DksA is a transcription factor that binds to RNA
polymerase and greatly enhances the effect of (p)ppGpp
on transcription regulation (Gourse et al., 2018). (p)ppGpp
activates the promoter of fimB that encodes a recombinase
that specifically inverts the promoter of the fimAICDFGH
operon. This operon codes for the structural components
of the type-I fimbria. By inverting the promoter orientation
FimB allows the transcription of the fimAICDFGH operon
switching the promoter from “off” to “on” state (Eisenstein,
1981). Amino acid starvation or growth arrest caused by
bacteria entering the stationary phase increase (p)ppGpp which
activates the fimB and fimA promoters (Aberg et al., 2006).
Likewise, relA overexpression also induces the transcription
from these promoters resulting in the synthesis of Type-I
fimbria and the invasion and colonization of bladder cells.
Altogether, the data suggest that UPEC strains with high
(p)ppGpp intrinsic levels present higher levels of virulence
toward the host.

Lastly, (p)ppGpp is directly associated with the pathogenicity
of many bacterial species and is required for the full expression
of virulence genes (Dalebroux et al.,, 2010; Kalia et al., 2013).
Interestingly, STEC, the only E. coli pathotype in which a
populational study correlating (p)ppGpp and pathogenicity has
been performed stands out as an outlier. STEC toxin production
is coupled to phage induction, which is inhibited by (p)ppGpp.
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to detect a broad spectrum of metabolites and alarmones from bacterial cultures
with high efficiency. By characterizing the metabolomic signatures of SasA expressing
B. subtilis, we identified strong accumulation of the (p)ppGpp analog pGpp, as well as
accumulation of ppApp and AppppA. The induced accumulation of these alarmones
is abolished in the catalytically dead sasA mutant, suggesting that it is a consequence
of SasA synthetase activity. In addition, we also identified depletion of specific purine
nucleotides and their precursors including IMP precursors FGAR, SAICAR and AICAR
(ZMP), as well as GTP and GDP. Furthermore, we also revealed depletion of multiple
pyrimidine precursors such as orotate and orotidine 5’-phosphate. Taken together, our
work shows that induction of a single (p)ppGpp synthetase can cause concomitant
accumulation and potential regulatory interplay of multiple alarmones.

Keywords: SasA, RelP, YwaC, pGpp, ppGpp, ppApP, AppppA, alarmone

INTRODUCTION

Survival of bacteria as single-cell organisms relies on their ability to adjust growth and cellular
metabolism according to changes in the environment. A well-conserved mechanism to achieve
such coordination is through the synthesis and degradation of the nucleotide alarmones ppGpp
and pppGpp, collectively known as (p)ppGpp (Cashel and Gallant, 1969). (p)ppGpp regulates a
repertoire of essential cellular processes including transcription, translation, ribosome synthesis,
DNA replication, and nucleotide metabolism (Potrykus and Cashel, 2008; Liu et al., 2015a; Gourse
et al., 2018), which altogether promotes stress adaptation and survival. In addition to (p)ppGpp,
bacteria can produce a variety of other nucleotide alarmones such as pGpp, ppApp and AppppA
(Bochner and Ames, 1982). However, the synthetases of these other alarmones and their roles in
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SasA-Mediated Alarmone Accumulation

stress protection are less well understood. In addition,
characterizing alarmones in vivo has been limited by the
difficulty of profiling multiple alarmones in cell extracts.

In Firmicutes such as the pathogens Enterococcus faecalis and
Staphylococcus aureus, or the soil bacterium Bacillus subtilis,
(p)ppGpp can be produced by three different synthetases: the
bifunctional synthetase/hydrolase Rel (traditionally called RelA
in B. subtilis) (Wendrich and Marahiel, 1997), and two small
alarmone synthetases YjbM (also known as SasB, RelQ, or SAS1)
and YwaC (also known as SasA, RelP, or SAS2) (Nanamiya et al.,
2008; Srivatsan et al., 2008; Geiger et al., 2014; Gaca et al., 2015).
RelA is constitutively expressed and synthesizes (p)ppGpp by
sensing starved ribosomes. SasB is also constitutively expressed
but its (p)ppGpp synthesis activity is determined by allosteric
activation by pppGpp (Steinchen et al., 2015) or single stranded
RNA (Beljantseva et al., 2017).

In contrast to RelA and SasB, SasA expression is conditional
and is regulated by the envelope stress sigma factors o™ and o*V
(Cao et al., 2002). Unlike SasB, SasA from S. aureus does not
require pppGpp binding for activation (Steinchen et al., 2018)
but can be activated by low concentrations and inhibited by
high concentrations of metal ions such as Zn?T (Manav et al.,
2018). Importantly, SasA expression can be induced by cell wall
antibiotics to promote survival in response to drug treatment
in B. subtilis and S. aureus (Geiger et al., 2014; Fung et al,
2020). However, the effect of SasA expression, without cell wall
stress, on cellular alarmone and metabolome composition has not
been characterized.

With the aim to investigate the characteristics of alarmone
regulation by the cell wall stress induced (p)ppGpp synthetase
SasA, we developed a LC-MS-based method to detect and
measure an expanded set of metabolites and alarmones in
B. subtilis cells with high efficiency. We found that SasA
expression leads to strong accumulation of the (p)ppGpp
analog pGpp, as well as accumulation of ppApp and
AppppA to ~10% of the level of pGpp. Furthermore, we
also detected depletion of specific purine nucleotides and
their precursors including GTP and GDP, and IMP precursors

FGAR  (Phosphoribosyl-N-formylglycineamide), = SAICAR
(Phosphoribosyl-aminoimidazolesuccinocarboxamide), and
AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide).

Intriguingly, we revealed that SasA expression also leads to
strong depletion of pyrimidine pathway precursors such as
orotate and orotidine 5'-phosphate. Our work highlights
that expression of SasA can cause concomitant accumulation
of alarmones beyond (p)ppGpp, suggesting that regulation
mediated by SasA involves multiple alarmones.

MATERIALS AND METHODS

Bacterial Strains and Strain Construction

All bacterial strains, plasmids and oligonucleotides used in
this study are listed in Table 1. LB and LB-agar were used
for cloning and propagation of strains. For selection in
B. subtilis, media was supplemented with the following antibiotics
when necessary: spectinomycin (80 pg/mL), chloramphenicol

(5 pg/mL), kanamycin (10 pg/mL), and a combination of
lincomycin (12.5 pg/mL) and erythromycin (0.5 wg/mL) for
MLS resistance. Carbenicillin (100 pg/mL) was used for
selection in E. coli.

Construction of pJW731 and pJW733 was done by PCR
amplification of ywaC and ywaCP%C fragments with primers
0JW3495/3496 using pJW512 and pJW516 as templates, followed
by Sall/Sphl digestion and ligation into pDR110. The resulting
plasmid is transformed into E. coli DH5a for propagation and
verified by sequencing with oJW1519.

Construction of JDW3014 was done by sequential
transformations of integration plasmids containing an I-scel
endonuclease cut site and regions of homology upstream and
downstream of synthetase genes (pJW300 for AyjbM and
pIW306 for AywaC) followed by transformation of pSS4332 for
marker-less recombination (Janes and Stibitz, 2006). Successful
removal of the synthetase genes was verified by PCR and
sequencing (0JW358/359 for yjbM and 0JW904/905 for ywaC).

Construction of JDW4017 and JDW4019 was
done by integration of JDW3014 at amyE with
pJW731 and pJW733, followed by selection for

spectinomycin resistance. The resulting strain was then
transformed with ArelA:zmls PCR product synthesized
from genomic DNA using oligos 0JW902/0JW903,
followed by selection for MLS resistance (Kriel et al,
2012). Disruption of relA was verified by PCR and
sequencing (oJW418/419).

Construction of JDW4064 and JDW4066 was done by
integration of JDW3014 at amyE with pJW731 and pJW733,
followed by selection for spectinomycin resistance. The resulting
strain was transformed with AnahA:kan® PCR product
synthesized from genomic DNA of BKK34780 (BGSC) using
oligos 0JW3382/0JW3383, followed by selection for kanamycin
resistance. The resulting strain was further transformed with
ArelAzerm®R PCR product synthesized from genomic DNA
using oligos 0JW902/0JW903, followed by selection for MLS
resistance (Kriel et al., 2012). Disruption of nahA and relA was
verified by PCR and sequencing (0JW3382/0JW3383 for nahA
and 0JW418/419 for relA).

Growth Conditions

Bacillus subtilis strains were grown in S7 defined medium
(Harwood and Cutting, 1990); MOPS was used at 50 mM
rather than 100 mM, supplemented with 0.1% glutamate, 1%
glucose, and 20 amino acids (50 pg/mL alanine, 50 pg/mL
arginine, 50 |Lg/mL asparagine, 50 pg/mL glutamine, 50 pg/mL
histidine, 50 pg/mL lysine, 50 pg/mL proline, 50 pg/mL serine,
50 pg/mL threonine, 50 pwg/mL glycine, 50 pg/mL isoleucine,
50 pg/mL leucine, 50 pg/mL methionine, 50 pg/mL valine,
50 pg/mL phenylalanine, 500 pg/mL aspartic acid, 500 pwg/mL
glutamic acid, 20 wg/mL tryptophan, 20 pg/mL tyrosine, and
40 pg/mL cysteine). Cells were harvested from young, overnight
LB-agar plates (< 12 h), back-diluted into fresh S7 defined
media at ODgpp = 0.005, and grown at 37°C with vigorous
shaking to logarithmic phase (ODgpp ~ 0.1-0.3). Induction of
SasA expression was done by addition of 1 mM IPTG at final
concentration. Cell viability assay was done by serial dilution and
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TABLE 1 | Bacterial strains, plasmids, and oligonucleotides used in this study.

Bacterial strains used in this study

Strain Organism Genotype Source
JDW2901 B. subtilis 3610 AzpdN ASPB APBSX Acom! Daniel Kearns
BKK34780 B. subtilis 168 AnahA::kan” BGSC
JDW3014 B. subtilis JDW2901 AywaC AyjbM This work
JDW4009 E. coli DH50/pDR110-ywaC This work
JDW4011 E. coli DH50/pDR110-ywaCP8’G This work
JDW4017 B. subtilis JDW2901 AywaC AyjbM ArelA::mls amyE::Pspank-ywaC This work
JDW4019 B. subtilis JDW2901 AywaC AyjbM ArelA::mis amyE::Pspank-ywaCP87G This work
JDW4064 B. subtilis JDW2901 AywaC AyjbMArelA::mis amyE::Pspank-ywaC AnahA::kan? This work
JDW4066 B. subtilis JDW2901 AywaC AyjbM ArelA::mis amyE::Pspank-ywaCP87G AnahA::kanP This work
Plasmids used in this study

Plasmid Genotype Source
pDR110 amyE::Pgpank amp spc David Rudner
pJW300 pJW239/AyjbM |-Scel site amp cat Lab stock
pJW306 pJW299/AywaC I-Scel site amp cat Lab stock
pJW512 pDR154/amyE::Pyy,-ywaC Lab stock
pJW516 pDR154/amyE::Py,-ywaCP87¢ Lab stock
pJW731 PDR110/amyE::Pspank-ywaC This work
pJW733 PDR110/amyE::Pgpank-ywaCPe7@ This work
pSS4332 oriU Pamy-I-scel kan Scott Stibitz

Oligonucleotides used in this study

Oligo Sequence (5’ 3')

oJW358 ATGTATGGCCGGAACTGAAG

oJW359 CGGTCGCTGTATCTGTGAAA

0JW902 AAAGAGGCGCTTTTGACGTG

0JW903 TTGTTGACCCGGGACATGGA

oJW9o04 CGTCCTCATACGTTAACCGC

0JW905 GGGCTATCAAAAGGACTTTACCG

oJW1519 TCATCCATCATACATCCTCCTTCTGTCGACTTAATTAAACCACTTTG
oJwW3382 GCTCAAAGTATTCTTCAAGCGAGAG

0oJW3383 CATTCCACTTCATGACGTAAGAGG

oJW3495 ACATGCATGCAAAGGAGGTGTACATATGGATTTATCTGTAACACATATGGACG
0oJW3496 ACATGTCGACTTAATCCACTTCTTTCTTAATCCCCAGC

plating on LB plates, followed by colony counting after overnight
incubation at 37°C.

Sample Collection and LC-MS
Quantification of Nucleotides

LC-MS quantification of nucleotides was performed as described
(Liu et al., 2015b) with modifications (Yang et al., 2020). Cells
were grown in S7 defined medium to ODgpp ~0.3 followed by
addition of 1 mM IPTG. For sample collection, 10 mL cultures
were sampled by filtering through PTFE membrane (Sartorius)
before and after 30-min IPTG induction. Filtered membranes
with harvested cells were immediately submerged in 3 mL
extraction solvent mix [on ice 50:50 (v/v) chloroform/water] to
quench metabolism. This process also enables efficient cell lysis
and extraction of soluble metabolites. Mixture of cell extracts
were centrifuged at 5000 x g for 10 min to remove organic

phase, then centrifuged at 20,000 x g for 10 min to remove
cell debris. Samples were frozen at —80°C if not analyzed
immediately. Samples were analyzed using HPLC-MS system
consisting of a Vanquish UHPLC system linked to electrospray
ionization (ESI, negative mode) to a Q Exactive Orbitrap mass
spectrometer (Thermo Scientific) operated in full-scan mode to
detect targeted metabolites based on their accurate masses. LC
was performed on an Acquity UPLC BEH C18 column (1.7 pum,
2.1 x 100 mm; Waters). Total run time was 30 min with a flow
rate of 0.2 mL/min, using Solvent A [97:3 (v/v) water/methanol,
10 mM tributylamine and 10 mM acetic acid] and acetonitrile as
Solvent B. The gradient was as follows: 0 min, 5% B; 2.5 min, 5%
B; 19 min, 100% B; 23.5 min 100% B; 24 min, 5% B; 30 min, 5% B.

Data Analysis
Quantification of metabolites from raw LC-MS data were
performed by using the MAVEN software (Clasquin et al., 2012).
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Metabolite levels of different samples were normalized to
their respective ODggp to the same sample volumes (10 mL).
Prism 7 (GraphPad) was used for statistical analysis and
generation of figures.

Calculation of Metabolite Concentrations
We use the estimation that cell volume is 0.475 WL in 1 mL
culture at an ODggy of 1.0. We adopt a cell density of
2.0 x 108 CFU/mL/ODgy and the shape of cytoplasm as a
cylinder of 4 pm in height and 0.435 pm in radius in the
calculation. This estimation corresponds to an average cell
volume of 2.38 fL.

The detection efficiency of pGpp in LC-MS is around 2.4e8
ion counts/wM in 25 pL sample. Normalized ion count can be
converted into intracellular concentration of pGpp by Cpzg =

Nlpsg : .
, where NI, is the normalized
Erc—ms X Veuiture, N X ODe00nm, N X Feell P3G

ion count of pGpp, Erc—ms is the detection efficiency of pGpp
in LC-MS (2.4e8 ion counts/WM), Veyiure, N is the normalized
culture volume (5.0 mL), ODgponm, N is the normalized optical
density (1.0) and Fy is the fraction of cell volume in the culture
(0.000475 mL/1 mL culture/OD).

The detection efficiency of other nucleotides in LC-MS is
around 2.0e8 ion counts/uM in 25 pL sample. Normalized
ion count can be converted into intracellular concentration

: _ NIy
of nucleotide bY Cnt " Erc—msx Vcuiture, N X OD6oonm, N X Feeir” where

NI,;; is the normalized ion count of nucleotide, Erc_ps is
the detection efficiency of nucleotide in LC-MS (2.0e8 ion
counts/WM), Veyiyre, N is the normalized culture volume
(5.0 mL), ODgoonm, N is the normalized optical density (1.0)
and F.y is the fraction of cell volume in the culture
(0.000475 mL/1 mL culture/OD).

RESULTS

Development of an Improved LC-MS
Method for Alarmone Detection in
B. subtilis

Our previous metabolite extraction and LC-MS analysis method
allowed us to efficiently detect and quantitate high abundance
metabolites such as GTP in B. subtilis (Liu et al., 2015b), however,
we were unable to detect alarmones such as (p)ppGpp even
in starvation-induced B. subtilis. Upon revisiting our LC-MS
analysis protocol, we found that pure (p)ppGpp can be sensitively
detected by LC-MS at concentrations > 10 nM with 100%
acetonitrile as the buffer B, but not from B. subtilis cell extracts
using the same method (data not shown). This suggests that
the lack of (p)ppGpp signals from bacterial samples was due
to inefficient metabolite extraction procedures. To this end, we
optimized the method to increase the breadth of detectable
metabolites from cell extracts. We improved our metabolite
extraction procedures (Figure 1A) by replacing hydrophilic
nylon filtration filters with hydrophobic PTFE filters, as well
as using 1:1 (v/v) chloroform: water for lysis and extraction
instead of 40:20:20 (v/v/v) acetonitrile/methanol/water. These
modifications allowed improved recovery of alarmones by

preventing adsorption of (p)ppGpp by the nylon membrane
and increasing (p)ppGpp solubility in the extraction solvent.
Furthermore, we used acetonitrile instead of methanol for solvent
B in liquid chromatography which improved the resolution of
low abundance metabolites such as alarmones. We found that
our improved LC-MS protocol allowed us to sensitively detect
alarmones such as pGpp, ppGpp, pppGpp, PPAPP> PPPAPP; and
AppppA from cell extracts, while retaining detection capability
for other nucleotides such as ATP and GTP (Figure 1B). While
we detect significant amount of ppGpp in mid log phase B. subtilis
grown in minimal media, we found that (p)ppGpp in mid log
phase B. subtilis grown in rich media is below detection limit,
likely due to the extremely low concentration of (p)ppGpp
in this condition.

Expression of SasA Leads to

Accumulation of Multiple Alarmones

Next, we applied our improved LC-MS detection method to
investigate the metabolomic signatures upon SasA expression.
It is known that SasA is transcriptionally induced by cell
envelope perturbations due to alkaline stress (Nanamiya et al.,
2008) or antibiotics (Cao et al., 2002). To understand the
primary effects of SasA expression and to avoid alarmone
synthesis by other (p)ppGpp synthetases, we constructed a
strain that ectopically expresses an IPTG-inducible SasA or
SasADPS7G (synthetase-dead SasA) in the absence of the other
two (p)ppGpp synthetases RelA and SasB. Because B. subtilis
without (p)ppGpp production is auxotrophic for multiple amino
acids (Kriel et al., 2014), we grew the strains in rich media to
minimize growth defect and suppressors. Both strains grew at
similar rates prior to induction (Figure 2A), implying little basal
activity from potential leaky expression. Upon induction, the
SasA over-expression strain stopped growth in ~30 min while
the sasAP%’G mutant was unaffected (Figure 2A), confirming
accumulation of alarmones in the SasA over-expression strain.
The induction also had no effect on cell viability even after
prolonged induction (Supplementary Figure S1), excluding
confounding effects due to cell death.

Using metabolomics analysis, we found that SasA expression
alone can cause profound changes in cellular levels of alarmones,
nucleotides and their precursors (Figure 2B and Supplementary
Figure S2). We found that expression of SasA resulted in
strong increase in the levels of alarmones pGpp, ppApp and
AppppA (Figure 2C). These increases are abolished in SasAP87¢
cells (Figure 2C), indicating that they are dependent on the
(p)ppGpp synthetase activity of SasA. The most strongly induced
alarmone is pGpp, a (p)ppGpp analog, reaching up to ~2.5 x 108
normalized LC-MS counts (Figure 2D) which roughly converts
to ~0.3 mM in the cell. The high level of pGpp is also due to
failure of its hydrolysis by RelA due to RelA deletion.

Intriguingly, the level of pppGpp and ppGpp were both below
the detectable range. However, this is not unexpected, because
ppGpp synthesized by SasA can be rapidly converted to pGpp
by the newly discovered (p)ppGpp hydrolyzing enzyme NahA
(Yang et al., 2020). To test this hypothesis, we measured ppGpp,
pGpp and GTP levels in SasA and SasAP%7G-expressing cells in
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FIGURE 1 | Cellular metabolites extraction and analysis using HPLC-coupled mass spectrometry (HPLC-MS). (A) Flow chart of sample preparation, metabolite
extraction and analysis. (B) HPLC-MS profile of ppGpp standard (green), and sample HPLC-MS profiles of ppGpp, ppApp, pppApp, GTP, pGpp, ATP, and AppppA
detected in mid log phase (blue) and stationary phase (red) B. subtilis grown in minimal media. Data shown are raw ion counts.

the nahA mutant (Figure 3). We found that deletion of nahA led
to a significant decrease (~80%) in pGpp (Figure 3A) along with
a strong increase in ppGpp (Figure 3B). This demonstrates that
ppGpp is a major product of SasA but is efficiently converted to
pGpp by NahA. On the other hand, changes in other metabolites

such as GTP were unaffected (Figure 3C). In addition, we found
that there is a low level of pGpp detected even in the AnahA
mutant, suggesting that some pGpp can be directly produced by
SasA, or there is another hydrolase which can convert ppGpp to
pGpp in B. subtilis.
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FIGURE 2 | SasA expression leads to accumulation of pGpp, ppApp, and AppppA. (A) Growth of sasA (solid square) and sasAP®7G (open circle) expression strains
measured by ODggo. sasAP87CG encodes a synthetase-dead variant of SasA. Arrow indicates induction with 1 mM IPTG. (B) Schematic of metabolome profiling
experiment. Cultures were grown to ODgpp~0.3 followed by 30 min IPTG induction. Cells before and after 30 min IPTG induction were immediately harvested for
metabolite extraction and HPLC-MS analysis as described in Figure 1. (C) Heat map of metabolite changes in cells after sasA or 5asAP87G expression. Red box
highlights the increases in the level of alarmones and other detected signaling molecules. Numbers indicate mean fold-change in binary logarithm relative to
untreated cells. (D-F) Levels of (D) pGpp, (E) ppApp and (F) AppppA in cells before and after sasA expression. UT: untreated, Induced: after induction. Data shown
are LC-MS ion counts normalized to ODggg. Error bars indicate SD. n = 2. **p < 0.01, *p < 0.05, ns, not significant (Student’s t-test).

In addition to pGpp, we detected strong accumulation of
another nucleotide alarmone ppApp to a level ~10% of that of
pGpp (Figure 2E). Unlike pGpp, ppApp level was unaffected by
NahA (Figure 3D). Intriguingly, in vitro evidence suggest that
SasA from S. aureus can directly produce ppApp and pppApp
(Wieland Steinchen & Gert Bange, personal communication).

Therefore, it is likely that SasA can synthesize ppApp as an
alternative product in B. subtilis.

Furthermore, we detected a ~4-fold increase in AppppA
upon SasA induction (Figure 2F) to a level similar to
that of ppApp. AppppA is not known to be a product of
SasA, thus its accumulation can be due to indirect effects
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FIGURE 3 | Production of pGpp after induction of SasA is largely mediated by NahA. Bar plots of (A) pGpp, (B) ppGpp, (C) GTP, and (D) ppApp levels before and
after sasA expression in cells with or without nahA. UT: untreated, Induced: after induction. Data shown are LC-MS ion counts normalized to ODggg. Error bars
indicate SD. n = 2. **p < 0.01, *p < 0.05, ns, not significant (Student’s t-test).

resulting from increased availability of its precursors (see below
and “Discussion”). Taken together, these results suggest that
expression of SasA can lead to accumulation of multiple
alarmones in addition to its expected product.

Alarmone Synthesis by SasA Results in
Reduction of Guanine Nucleotides and
Accumulation of Adenine Nucleotides in
B. subtilis

In addition to accumulation of alarmones, we identified
changes in the levels of purine nucleotides upon SasA

expression (Figure 4A). We detected significant decreases
of GDP (~4-fold) and GTP (~4-fold), while the level
of GMP remain unchanged (Figure 4B). These changes
were attenuated or reversed in the SasAP87C_expressing cells
(Figure 4B). For adenine nucleotides, while AMP remained
largely unchanged, we detected significant increases in ADP
(~1.8-fold) and ATP (~3-fold) upon SasA expression. In
contrast, no significant changes in AMP, ADP or ATP were
observed in the sasAP%’G mutant (Figure 4C). The changes
in GTP and ATP pools correspond to an estimated decrease
in GTP from ~17 mM to ~04 mM and an estimated
increase in ATP from ~4.3 to ~12.5 mM. In summary, we
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FIGURE 4 | Expression of SasA leads to depletion of guanine nucleotides and accumulation of adenine nucleotides. (A) Heat map of metabolite changes in cells
after sasA or sasAP87G expression. Red box highlights the changes in the level of guanine and adenine nucleotides. GMP, Guanosine monophosphate; GDP,
Guanosine diphosphate; GTP, Guanosine triphosphate; AMP, Adenosine monophosphate; ADP, Adenosine diphosphate; ATP, Adenosine triphosphate. Numbers
indicate mean fold-change in binary logarithm relative to untreated cells. (B) Levels of GMP, GDP, and GTP in cells before and after sasA or sasAP87CG expression.
(C) Levels of AMP, ADP, and ATP in cells before and after sasA or sasAP87G expression. UT: untreated, Induced: after induction. Data shown are LC-MS ion counts
normalized to ODgqg. Error bars indicate SD. n = 2. *p < 0.01, *p < 0.05, ns, not significant (Student’s t-test). (D) Summary of nucleotide changes in cells
expressing sasA or sasAP87G . Color-shaded are metabolites with logs fold-change > 0.5 (yellow) or = —0.5 (blue) as shown in (A). Red blunt arrow indicates direct
inhibition by (p)ppGpp. Gmk: Guanylate kinase.

observed an overall reduction of guanine nucleotides and a common precursor (Figure 5B). We found that the
accumulation of adenine nucleotides during SasA-mediated level of IMP and its salvage pathway precursor HPX
alarmone accumulation (Figure 4D). were only mildly reduced by ~30-40% (Figure 5B and

AMP and GMP are synthesized from S-AMP Supplementary Figure S3) after induced wild type SasA
(adenylosuccinate) and XMP respectively using IMP as expression. However, we detected strong reductions of
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Bar plots shown are levels of SAICAR, AICAR, FAICAR, IMP, S-AMP, and XMP before and after sasA or sasAP87G expression. PurB, Adenylsuccinate lyase; PurH,
Phosphoribosylaminoimidazole carboxamide formyltransferaseand inosine-monophosphate cyclohydrolase; GuaC, GMP reductase; HprT, Hypoxanthine
phosphoribosyltransferase; PurA, Adenylosuccinate synthetase; GuaB, IMP dehydrogenase. UT: untreated, Induced: after induction. Data shown are LC-MS ion
counts normalized to ODgqg. Error bars indicate SD. n = 2. **p < 0.01, *p < 0.05, ns: not significant (Student’s t-test). Color-shaded are metabolites with logs
fold-change > 2 as shown in (A). Solid and dashed red arrows indicate known and speculated inhibition by (p)ppGpp respectively.

UT Induced UTInduced

both S-AMP (~5-fold) and XMP (~7-fold) (Figure 5B),
possibly due to direct enzymatic inhibition of PurA
(adenylosuccinate synthetase) and GuaB (IMP dehydrogenase)
by the alarmones.

De novo IMP Synthesis Pathway Intermediates Are
Depleted During SasA Expression

The most drastic changes in metabolites we observed upon
SasA expression are in the de novo IMP biosynthesis
pathway (Figure 5A). Although we found no detectable

difference  in  PRPP levels wupon SasA  expression
(Figure 5A), we found profound changes in IMP
precursors  phosphoribosyl-N-formylglycineamide = (FGAR),

phosphoribosyl-aminoimidazolesuccinocarboxamide (SAICAR),
5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) and
5-Formamidoimidazole-4-carboxamide  ribotide = (FAICAR)
which are produced at different steps in the PRPP-IMP pathway.
In the SasAP¥7G expression strain, we detected only mild changes
(< 2-fold) in these metabolites before and after induction
(Figure 5A). In contrast, expression of SasA resulted in strong
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FIGURE 6 | SasA expression leads to depletion of pyrimidine precursors and increase in CTP. (A) Heat map of metabolite changes in cells after sasA or sasAD87G
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depletion of FAICAR (> 100-fold), SAICAR (> 100-fold) and
FGAR (~30-fold), as well as ~3-fold reduction in AICAR
(Figures 5A,B). This suggests a strong inhibitory effect of
alarmones on the synthesis of multiple PRPP-IMP pathway
intermediates. However, enzymes in the PRPP-IMP pathway
have not been found to be direct targets of (p)ppGpp in B. subtilis,
suggesting the inhibition can be mediated by other alarmones or
through modulation of their expression. Taken together, our data
showed that SasA expression resulted in overall depletion of IMP
synthesis precursors (Figure 5B).

De novo Pyrimidine Nucleotide Synthesis
Pathway Intermediates Are Drastically
Changed During SasA Expression

In addition to changes in the levels of purine nucleotides
and its precursors, we also observed perturbations of the de
novo pyrimidine synthesis pathway during SasA expression
(Figure 6A). We found drastic changes in the levels of
pyrimidine nucleotide precursors (Figure 6A). Apart from
the undetectable carbamoyl-phosphate and glutamine which

is supplied in growth media, all other four intermediates
including N-carbamoyl-L-aspartate, dihydroorotate, orotate,
and orotidine-5'-phosphate were depleted by ~3.4-fold
(orotate) to ~135-fold (orotidine-5-phosphate) after the
induction of SasA expression (Figure 6B). In addition, we
identified higher CTP (~2.7 fold), dCTP (~3.6-fold), and
UMP (~1.8 fold) levels after SasA induction (Figure 6A).
UDP was slightly decreased by ~2.2-fold (Figure 6B).
These changes were abolished or reversed in the sasAP%7C
mutant (Figures 6A,B). These data showed that SasA
expression resulted in remodeled pyrimidine nucleotide
abundance and depletion of de novo pyrimidine synthesis
precursors (Figure 6C).

DISCUSSION

Understanding the breadth of alarmone regulation by (p)ppGpp
synthetases is important to understand their roles in cellular
physiology. However, precise detection and quantitation of
alarmones in bacteria has been challenging until recent advances
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in MS-based detection methods (Varik et al., 2017; Zbornikova
etal., 2019). Here we documented an improved LC-MS protocol
that allows efficient detection and quantitation of multiple
alarmones and metabolites in B. subtilis cells. Using this method,
we studied the metabolic signatures of stringent response
mediated by the small alarmone synthetase SasA which is
transcriptionally induced in response to cell wall stresses. Apart
from increased level of the (p)ppGpp derivative pGpp, we
detected unexpected accumulations of ppApp, AppppA and a
mild increase of other signaling molecules such as c-di-AMP, as
well as changes in de novo purine and pyrimidine biosynthesis
metabolites (Figure 7). Our findings suggest that expression of
(p)ppGpp synthetase can affect the levels of alarmones outside of
(p)ppGpp, implying complex multi-alarmone regulations during
the stringent response.

Accumulation of Multiple Alarmones
From SasA Expression

The increase in multiple alarmones and second messengers
upon SasA expression is likely due to both direct and
indirect mechanisms. First, SasA may produce ppApp
and pGpp in addition to (p)ppGpp. Although it was
showed that SasA from S. aureus can efficiently synthesize
ppGpp in vitro (Steinchen et al., 2018), it is possible that
the enzyme can produce other (p)ppGpp analogs such
as pGpp and ppApp depending on substrate availability.
For example, another small alarmone synthetase SasB
in Enterococcus faecalis can produce pGpp in vitro (Gaca
et al., 2015). On the other hand, Rel from Methylobacterium
extorquens can synthesize pppApp both in vitro and when
expressed in E. coli (Sobala et al., 2019), and the secreted

Nt
Lo

(P)PGpp f ppAppf AppppAT
| 1
! I
| 1
v v
Purine and pyrimindine*]

ATPand CTP 4 GTP
precursors

FIGURE 7 | Effects of SasA expression on alarmones and nucleotide
synthesis. Expression of SasA in the absence of other (p)ppGpp synthetases
leads to concomitant accumulations of (p)ppGpp analogs pGpp, ppApPP and
AppppA, as well as depletions in GTP and purine precursors. To the contrary,
ATP level is increased. Furthermore, pyrimidine precursors are also depleted
along with increases in CTP. Our recent findings on pGpp binding targets
(Yang et al., 2020) suggest that pGpp targets are largely similar to that of
(P)PPGpp. Thus, the depletion of GTP and inhibition of purine precursor
biosynthesis is likely a downstream effect of pGpp (solid arrows). The roles of
ppApp or AppppA on nucleotide biosynthesis regulation (dashed arrows)
remains to be determined.

toxin Tasl from Pseudomonas aeruginosa can produce
PPPAPP, ppApp, and pApp in target E. coli cells to mediate
contact dependent inhibition (Ahmad et al, 2019). These
findings suggest that stress responses mediated by (p)ppGpp
synthetases may not be strictly limited to the alarmones
pppGpp and ppGpp.

Second, pGpp can be produced efficiently from (p)ppGpp
through the NuDiX hydrolase NahA (Yang et al, 2020).
We found that under SasA expression the majority of
accumulated pGpp was due to NahA-mediated conversion
of ppGpp produced by SasA (Figures 3A,B). On the other
hand, we could also detect a low level of pGpp in the
nahA mutant, suggesting that SasA may directly produce
pGpp (Figures 3A,B). However, we cannot rule out the
presence of another hydrolase in B. subtilis which can
convert ppGpp to pGpp.

AppppA is known to be produced from ATP through
distinct mechanisms catalyzed by aminoacyl-tRNA synthetases
(Supplementary Figure S4; Bochner et al, 1984). Due
to the disparity between these enzymes and (p)ppGpp
synthetases, the possibility that SasA can directly synthesize
AppppA is low. Instead, one plausible explanation to its
accumulation is through indirect increases of ATP (Figure 4C)
which is the initiating substrate for its synthesis. Our
characterization thus supports the interconnected nature
of purine nucleotides, not just for guanine, but also for
adenine nucleotides.

Depletion of GTP and Purine Precursors

by Alarmone Accumulation

Apart from alarmone accumulation, we found that SasA
expression also resulted in depletion of GTP and accumulation
of ATP. This characteristic metabolic change resembles
the metabolic changes during amino acid starvation (Kriel
et al., 2012) which is primarily mediated by the (p)ppGpp
synthetase-hydrolase RelA. Although we detected pGpp and
ppApp instead of (p)ppGpp as the predominant alarmones
synthesized by SasA, the drop in GTP is at least contributed
by direct inhibition of the GMP kinase Gmk by pGpp,
similarly to that of (p)ppGpp (Liu et al, 2015b). This
is supported by recent finding that pGpp, ppGpp, and
pppGpp share similar binding properties to de novo purine
biosynthesis enzymes (Yang et al, 2020). Whether the other
(p)ppGpp analog ppApp can directly regulate GTP synthesis is
under investigation.

In addition, we also identified depletion of both S-AMP
(adenylosuccinate) and XMP which are products of IMP.
Synthesis of XMP from IMP is catalyzed by GuaB which has
been reported to interact with ppGpp in E. coli (Zhang et al.,
2018) but is only weakly inhibited by (p)ppGpp in B. subtilis
(Kriel et al., 2012). The strong inhibition of XMP synthesis
observed here suggests that the inhibition can potentially be
mediated by alternative mechanisms, such as through other
induced alarmones or by repression of guaB expression. On the
other hand, S-AMP synthesis from IMP is catalyzed by PurA
(Saxild and Nygaard, 1991) which is also a ppGpp-binding target
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in E. coli (Pao and Dyess, 1981). Consistently, we have recently
identified PurA as a target of (p)ppGpp and pGpp in B. anthracis
(Yang et al., 2020), suggesting that the inhibition of S-AMP
synthesis is at least partially attributed to pGpp.

Interestingly, we revealed that intermediates (e.g., FGAR,
SAICAR, and FAICAR) in the upstream PRPP-IMP pathway
are also depleted in response to SasA expression. Since PRPP
level was similar, the inhibition is likely specific to the catalytic
steps between PRPP and IMP which are catalyzed by the
gene products of the pur operon. While none of the enzymes
from this operon have been found to be a (p)ppGpp target
in B. subtilis, we have previously found that transcription of
the pur operon is strongly downregulated during starvation
in a (p)ppGpp-dependent manner (Kriel et al., 2014). This is
supported by our recent finding that the pur operon repressor
PurR can bind to pGpp and (p)ppGpp (Yang et al., 2020). Thus,
it is possible that regulation of purine synthesis by (p)ppGpp
in B. subtilis involves two distinct components: transcription
control for upstream intermediates and direct interaction for
downstream precursors. This is in contrast to regulation in
E. coli where a number of PRPP-IMP pathway enzymes such
as PurE PurB, and PurC have been recently identified as
targets of (p)ppGpp (Wang et al., 2019), which highlights the
disparity of purine synthesis control between evolutionarily
distant species.

Physiological Implications of

SasA-Mediated Growth Control

Unlike (p)ppGpp synthesis triggered by nutrient starvation
through the (p)ppGpp synthetase RelA, (p)ppGpp synthesis
by SasA is induced in response to cell wall stresses
(Nanamiya et al., 2008; Geiger et al., 2014). The physiological
benefit of SasA induction is likely multifold. First, damages
to the cell wall is highly detrimental during growth since it
can lead to cell lysis. Since (p)ppGpp accumulation and its
associated depletion of GTP allows rapid and coordinated control
of growth-determining processes such as ribosome synthesis
(Liu et al., 2015a), connecting cell wall status to the stringent
response likely increases survival in response to cell wall damages.
Secondly, SasA expression is under the regulation of o™/c"
regulon along with a repertoire of other genes responsible for
cell wall synthesis and division (Cao et al.,, 2002; Libby et al,
2019), thus allowing complementary response to cell wall stresses.
Thirdly, many naturally existing antibiotics target the bacterial
cell wall and can be produced by microbes occupying the same
physiological niche. An example is the soil bacterium B. subtilis
which co-exist with other cell wall antibiotic-producing Bacillus
species. The presence of SasA-mediated response likely enables
the bacteria to sense and survive emerging antibiotic assault to
increase their competitive fitness.
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expression. UT: untreated, Induced: after induction. Data shown are LC/MS ion
counts normalized to ODggg. Error bars indicate SD. n = 2. **p < 0.01, *p < 0.05,
ns: not significant (Student’s t-test).
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