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Two Small (p)ppGpp Synthases in Staphylococcus aureus Mediate
Tolerance against Cell Envelope Stress Conditions
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The stringent response is a conserved global regulatory mechanism that is related to the synthesis of (p)ppGpp nucleotides.
Gram-positive bacteria, such as Staphylococcus aureus, possess three (p)ppGpp synthases: the bifunctional RSH (RelA/SpoT ho-
molog) protein, which consists of a (p)ppGpp synthase and a (p)ppGpp hydrolase domain, and two truncated (p)ppGpp syn-
thases, designated RelP and RelQ. Here, we characterized these two small (p)ppGpp synthases. Biochemical analyses of purified
proteins and in vivo studies revealed a stronger synthetic activity for RelP than for RelQ. However, both enzymes prefer GDP
over GTP as the pyrophosphate recipient to synthesize ppGpp. Each of the enzymes was shown to be responsible for the essenti-
ality of the (p)ppGpp hydrolase domain of the RSH protein. The staphylococcal RSH-hydrolase is an efficient enzyme that pre-
vents the toxic accumulation of (p)ppGpp. Expression of (p)ppGpp synthases in a hydrolase-negative background leads not only
to growth arrest but also to cell death. Transcriptional analyses showed that relP and relQ are strongly induced upon vancomy-

cin and ampicillin treatments. Accordingly, mutants lacking relP and relQ showed a significantly reduced survival rate upon
treatments with cell wall-active antibiotics. Thus, RelP and RelQ are active (p)ppGpp synthases in S. aureus that are induced
under cell envelope stress to mediate tolerance against these conditions.

Bacteria can quickly adapt to various environmental condi-
tions, by the use of a wide range of sensory and regulatory
systems. The stringent response is a highly conserved regulatory
mechanism that is provoked by nutrient limitations. Subse-
quently, the bacteria synthesize (p)ppGpp, which is known as a
nutritional alarmone, by using ATP as a pyrophosphate donor to
phosphorylate GTP or GDP. In Escherichia coli and in related
Gram-negative bacteria, the production and degradation of
(p)ppGpp are governed by two homologous enzymes: the
(p)ppGpp synthase RelA and the bifunctional enzyme SpoT,
which possesses (p)ppGpp synthase and hydrolase activities.
Upon amino acid deprivation, RelA synthase activity provokes the
accumulation of (p)ppGpp in the bacterial cell and causes the
downregulation of genes involved in macromolecular biosynthe-
sis (i.e., translational machinery, nucleotide biosynthesis, and
transport) and upregulation of genes coding for enzymes of amino
acid biosynthesis and transport (1). The bifunctional SpoT pro-
tein is described as an enzyme that responds to other nutritional
stresses, such as limitations in fatty acids (2, 3), iron (4), and
carbon (5). In the past, it was postulated that in contrast to Gram-
negative enterics, most bacteria possess only one enzyme for the
synthesis of (p)ppGpp, designated RSH, for RelA/SpoT homolog.

In many Gram-positive bacteria, in particular firmicutes, RSH
is responsible for (p)ppGpp accumulation upon amino acid de-
privation as well as for (p)ppGpp degradation under nutrient-rich
conditions (6-9). Recently it was shown, that Bacillus subtilis
and Streptococcus mutans possess two additional enzymes with
(p)ppGpp synthase activity, designated small alarmone synthases
SAS1/SAS2 (10) and RelP/RelQ (11), respectively. These enzymes
lack the hydrolase domain and the C-terminal regulatory domain
of RSH proteins. For B. subtilis and S. mutans, these enzymes were
shown to be active (p)ppGpp synthases in vitro; however, their
activities and functions in vivo are still unclear, and strains lacking
these enzymes have hardly any phenotypes (12—14). Because RelP
and RelQ enzymes lack sensory domains, one can assume that
they are mostly regulated at the transcriptional level and that their
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function is restricted to certain, so far ill-defined, stress condi-
tions. For example, transcription of ywaC, which codes for one of
the two Bacillus synthases, was induced upon alkaline shock con-
ditions (10).

RelP/Q homologs have also been identified in the genome of
the major human pathogen Staphylococcus aureus (10, 11). The S.
aureus RelP (RelPg,,,) protein is 60% identical to the S. mutans
RelP (RelPg,, ) protein, and the RelQg,, protein is 78% identical
to the RelQg,,, protein. These proteins show several conserved
homologies of important domains for synthetic activity of the
well-characterized RSH protein of Streptococcus equisimilis (15).
In particular, homologies in a region surrounding the tyrosine
residue 308, which is responsible for GTP/GDP binding to the
enzyme, and the glutamate residue 323, which coordinates the
catalytic Mg>* and serves as the GTP/GDP 3’-OH proton accep-
tor, implicates them as potentially active (p)ppGpp synthases.

Here we aimed to decipher the function of these currently un-
characterized enzymes. We show that each enzyme contributes to
the essentiality of the hydrolase activity of RSH, which is very
efficient in S. aureus and prevents the toxic accumulation of
(p)ppGpp. We observed transcriptional induction of relP and relQ
after diverse cell wall stress stimuli, such as vancomycin and
ampicillin. Mutants lacking relP and relQ possess a significantly
reduced survival rate upon treatments with cell wall-active anti-
biotics.
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MATERIALS AND METHODS

Strains and plasmids. S. aureus strain HGO001 (see Table S1 in the supple-
mental material), an 8325 derivate with a repaired rsbU gene, was used as
the strain background to generate the mutants indicated under “Mu-
tagenesis strategies.” For complementation and overexpression studies,
full-length relP, relQ, and rsh, harboring a mutation in the hydrolase do-
main referred to as rshy;,,;, were cloned into an anhydrotetracyclin (ATc)-
inducible vector pCG 248 (see Table S1). For relP and relQ cloning, the
oligonucleotides are described in Table S2 in the supplemental material.
The hydrolase mutation in rshy,,, was constructed to substitute for histi-
dine and aspartate of the conserved HD domain with alanine and serine.
This mutation was introduced by overlapping PCR employing oligonu-
cleotides described in Table S2.

Growth conditions and media. Strains were grown in CYPG (10 g/li-
ter Casamino Acids, 10 g/liter yeast extract, 5 g/liter NaCl, 0.5% glucose,
0.06 M phosphoglycerate) (16), in Mueller-Hinton (MH) broth for anti-
biotic resistance experiments, or in a chemically defined medium (CDM)
(17). For strains carrying erythromycin, tetracycline, and chlorampheni-
col resistance genes, antibiotics were used only in precultures at a concen-
tration of 5 pwg/ml for erythromycin and tetracycline and 10 pg/ml for
chloramphenicol. Bacteria from an overnight culture were diluted to an
initial optical density at 600 nm (ODg,) of 0.05 in fresh medium and
grown with shaking (220 rpm) at 37°C to the desired growth phase. For
the induction of a stringent response, strains were treated with mupirocin,
an isoleucyl tRNA synthase inhibitor (0.5 pg/ml), for 1 h.

For glucose and iron starvation assays, bacteria were grown in CYPG
to the midexponential growth phase (ODg, of 0.5). Afterwards, the bac-
teria were filtered over a 0.22-pm-pore filter, applying vacuum, washed
twice with sterile phosphate-buffered saline (PBS), and resuspended in an
equal volume of CYPG medium with or without 55.6 mM methyl-a-p-
glucopyranoside (a-MGP) (Sigma-Aldrich) for glucose starvation and
600 wM 2,2’ -dipyridyl (Sigma-Aldrich) for iron starvation. Bacteria were
further incubated for 1, 2, and 3 h with shaking (222 rpm) at 37°C and
were harvested at the indicated time points for RNA isolation.

Mutagenesis strategies. The markerless relP single mutant, relQ single
mutant, relP relQ double mutant, and the relP relQ rsh triple mutant
[referred to as (p)ppGpp°] were obtained using the ATc-inducible suicide
mutagenesis vector pKORI (see Table SI in the supplemental material).
First, single mutants of relP, with deletion of nucleotides (nt) 450 to 536
(A450-536), and relQ (A343—429) were generated by deletions of regions
containing known conserved domains responsible for the synthetic activ-
ities. Afterwards, the relQ mutation was introduced into the relP single
mutant, resulting in the markerless relP relQ double mutant. Finally the
rsh mutation, with a deletion of the whole enzymatic N terminus, was
introduced into the double mutant. The construction of an rsh mutation
was only possible in a relP- or relQ-negative background (see Results). The
deletions in relP (SAOUHSC_02811), relQ (SAOUHSC_00942), and rsh
(SAOUHSC_1742) were introduced by overlapping PCRs employing the
oligonucleotides described in Table S2 in the supplemental material. The
amplicons were cloned into pKORI using the Gateway cloning system
(Invitrogen). The resulting plasmids pCG229 (A450-536 in relP),
pCG230 (A343-429 in relQ), and pCG263 (A249-951 in rsh) were veri-
fied by sequencing and transformed into restriction-deficient strain
RN4220 (18), from which they were transduced into the indicated S. au-
reus strains. Mutagenesis was performed as described previously (19).
Mutation of relP, relQ, and rsh in strain HG001 was verified by sequence
analysis of PCR amplicons.

The conditional 7sh mutant was generated using the pMUTIN4 vector
(20), as described previously (8). The mutation was transduced into S.
aureus strain HG001-229 (relP single mutant) or HG001-230 (relQ single
mutant) using P11 lysates of strain RN4220-55 (8). Transductants were
verified by PCR and pulsed-field gel electrophoresis (PFGE).

The HGO01 vraR mutant was generated by the transduction of
vraR:Tn bursa aurealis using P11 lysates of strain USA300 JE2 NE554
acquired from the Nebraska transposon mutant library.
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RNA isolation and Northern blot analysis. RNA isolation and North-
ern blot analysis were performed as described previously (21). Briefly,
bacteria were lysed in 1 ml of TRIzol reagent (Invitrogen Life Technolo-
gies, Karlsruhe, Germany) with 0.5 ml zirconia-silica beads (0.1-mm di-
ameter) in a high-speed homogenizer (Savant Instruments, Farmingdale,
NY). RNA was isolated as described in the instructions provided by the
manufacturer of TRIzol (Life Technologies). For the detection of specific
transcripts, digoxigenin (DIG)-labeled probes were generated using a
DIG-labeling PCR kit following the manufacturer’s instructions (Roche
Biochemicals). The sequences of the oligonucleotides used for probe gen-
eration were described previously (8) or are indicated in Table S2 in the
supplemental material.

Detection of (p)ppGpp accumulation in S. aureus cells. The cells
were grown in a modified low-phosphate CDM (0.4 mM phosphate, buff-
ered at pH 7.2 with 40 mM MOPS [morpholinepropanesulfonic acid]) to
an ODy, of 0.5, at which point [**P]H,PO, (50 wCi/ml) was added to the
cultures. After 3 h of growth, the cells were shifted into CDM containing
0.5 pg/ml mupirocin for an additional 30 min. For the extraction of nu-
cleotides, 200 pl ice-cold 2 M formic acid was added per ml of culture
followed by incubation for 30 min on ice. The bacteria were lysed with 0.5
ml zirconia-silica beads (0.1-mm diameter) in a high-speed homogenizer,
and the extracts were centrifuged at 12,000 X g for 5 min at 4°C. An equal
volume of phenol-chloroform-isoamyl alcohol (50:49:1 [vol/vol/vol])
saturated with deionized water was added to the resulting supernatant.
The mixture was agitated and centrifuged at 12,000 X g for 5 min at 4°C.
Ten microliters of the resulting supernatant was spotted onto a polyeth-
yleneimine-cellulose thin-layer sheet (Macherey-Nagel). For the one-di-
mensional (1D) thin-layer chromatography (TLC) analysis, 1.2 M
KH,PO, (pH 3.5) was used as the chromatographic solvent.

Purification of RelP and RelQ. For synthesis of N-terminal His tag
fusion proteins of RelP and RelQ, Xhol- and BamHI-digested PCR frag-
ments (for the oligonucleotides used, see Table S2 in the supplemental
material) were amplified from S. aureus strain HG001 and cloned into the
Xhol-BamHI sites of the protein expression vector pET15b (Novagen),
yielding pCG121-RelP and pCG122-RelQ, respectively. The verified plas-
mids were transformed in E. coli strain BL21 (Promega) for further pro-
tein expression experiments. His tagged RelP and RelQ fusion proteins
were purified on a Ni-nitrilotriacetic acid (NTA) affinity column (GE
Healthcare Bio-Sciences Corp.) using imidazole for elution. For removal
of the imidazole and for concentration, the proteins were ultrafiltrated
with ultracentrifugal filter devices (Millipore, Amicon). Thereafter, the
proteins were diluted in storage buffer containing reaction buffer-glycerol
(1:1 [vol/vol]) and stored at —20°C.

In vitro assay of (p)ppGpp synthase activity. The assay for (p)ppGpp
synthase activity was performed as described previously (10). Briefly, a
reaction mixture with a final volume of 25 pl contained 10 nCi/ml [y-
32P]ATP ((3,000 Ci mmol~'; PerkinElmer), 2 mM ATP, 2 mM GTP or
GDP, 0.5 pg purified protein, and reaction buffer (50 mM Tris-acetate
[pH 7.8], 3.3 mM magnesium acetate, 60 mM potassium acetate, 30 mM
ammonium acetate, 1 mM dithiothreitol). The reaction was performed
for 1 hat30°C and was stopped by the addition of 1 .l of 88% formic acid.
After addition of 12.5 pl of phenol-chloroform-isoamyl alcohol (25:24:1
[vol/vol/vol]) to the mixture, it was mixed briefly and then centrifuged at
10,000 X gfor 5 min at 4°C. The aqueous phase was transferred to another
tube for storage at —20°C. For TLC, 5 pl was spotted onto a polyethyl-
eneimine-cellulose sheet (Macherey-Nagel), and 1.5 M KH,PO, (pH 3.5)
was used as the chromatographic solvent.

RESULTS

RelP and RelQ are responsible for the essentiality of the RSH
hydrolase domain of S. aureus. Previous studies showed that the
RSH protein is essential for growth in S. aureus (8, 22). The essen-
tiality of RSH could be constrained to an essential hydrolase do-
main of the protein, since a mutant defective only in the synthase
domain was viable (8). Thus, we hypothesized that rsh mutants
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FIG 1 The essentiality of the RSH-hydrolase to prevent toxic accumulation of (p)ppGpp. (A) Growth of wild-type strain HG001, the rsh,,,, mutant, the
conditional rsh,,,; mutant, the rsh_,,,; relP double mutant, and the rsh_,,,; relQ double mutant in CYPG medium without the inducer IPTG. Growth curves
represent the means of four independent experiments. (B) Detection of (p)ppGpp accumulation in the conditional rsh,,,; mutant due to RelP and/or RelQ by
TLC. Strains were grown with IPTG to the early exponential phase and shifted to different conditions: Extended incubation for 2 h without mupirocin and
without IPTG resulted in accumulation of ppGpp and pppGpp in the conditional rsh.,,,; strain but not in the triple mutant (rsh,,,,; relP relQ) strain or strains with
active hydrolase (wild type or rshg,,, mutant). As a control, the stringent response was induced for 20 min with mupirocin (0.5 j.g/ml) in the conditional rsh,,,,
mutant grown with and without IPTG. (C) Overexpression of (p)ppGpp synthases from an ATc-inducible promoter in a (p)ppGpp® strain showed decreased
abilities to form colonies on TSA plates. Wild-type, (p)ppGpp’, (p)ppGpp° plus pRelP, (p)ppGpp’ plus pRelQ, and (p)ppGpp” plus pRSH 4 strains were grown
to the exponential growth phase (ODy, of 0.5, time 0), followed by a further incubation with 0.2 ug/ml ATc. At indicated time points, percent survival was
calculated by counting the number of cells able to form colonies, normalized to CFU before ATc treatment (time 0). CFU counts represent the means of three

independent experiments.

accumulate (p)ppGpp due to the activity of the two additional
synthases RelP and RelQ. To verify this hypothesis, we con-
structed relP and relQ mutants, which were not impaired in
growth. A conditional rsh mutation (rsh,,,;) was introduced into
the relP and relQ single mutants by using pMUTIN4, which is a
plasmid that integrates into the chromosomal rsh gene, thus cre-
ating a P, -rsh fusion in which rsh transcription can be con-
trolled by the addition of IPTG (isopropyl-B-p-thiogalactopyra-
noside). The growth curves showed that the conditional rsh,,,,
mutant was not able to grow without the inducer IPTG, whereas
the relP rsh,,,,; and relQ rsh,,, ; double mutants were able to grow
comparably to the wild-type and rshg,, mutant strains (Fig. 1A).
Thus, deletion of either relP or relQ restores the viability of an rsh
mutant. We conclude that in a relP- or relQ-negative background,
the hydrolytic activity of RSH is no longer essential, since the
activity of one (p)ppGpp synthase is not sufficient to accumulate
toxic amounts of (p)ppGpp molecules in the bacterial cell. This
could be confirmed by thin-layer chromatography showing resid-
ual (p)ppGpp accumulation in the conditional rsh,,,; mutant
during growth without IPTG (Fig. 1B). The detected accumula-
tion could be eliminated by the additional deletion of relP and
relQ. Accordingly, in contrast to wild-type bacteria, an rsh knock-
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out strain could be readily obtained in a relP- and relQ-negative
background (see “Mutagenesis strategies” in Materials and Meth-
ods). This triple mutant strain is devoid of any pppGpp synthase
and hydrolase activity and is designated (p)ppGpp°.

To deepen the understanding of toxic accumulation of
(p)ppGpp in the staphylococcal cell, we overexpressed each of the
three (p)ppGpp synthases RelP, RelQ, and RSHy,4 (with a non-
functional hydrolase domain) in the (p)ppGpp® strain (see Fig. S1
in the supplemental material). Therefore, we used a multicopy
plasmid with an anhydrotetracycline (ATc)-inducible promoter.
A strong induction of rshyy,,; and relP resulted in a fast and severe
drop in CFU within 1 h (Fig. 1C), whereas relQ only showed
growth inhibition. These experiments clearly indicate that the hy-
drolase domain of the RSH protein is essential to prevent an oth-
erwise toxic accumulation of (p)ppGpp molecules in the staphy-
lococcal cell, caused by the synthetic activities of the three
(p)ppGpp synthases.

The RSH-hydrolase of S. aureus is highly efficient in prevent-
ing the toxic accumulation of (p)ppGpp in the cell. To investi-
gate the efficiency of staphylococcal (p)ppGpp RSH-hydrolase
activity, we overexpressed the three synthases in the hydrolase-
negative (p)ppGpp° strain and in the hydrolase-positive wild-type
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FIG 2 The staphylococcal RSH-hydrolase is very efficient to degrade (p)ppGpp molecules. Shown are growth of the WT, WT plus pRelP, WT plus pRelQ, and
WT plus pRSHy,4 strains (A) and growth of the (p)ppGpp®, (p)ppGpp° plus pRelP, (p)ppGpp° plus pRelQ, and (p)ppGpp® plus pRSH,;,4 strains (B) to the
exponential growth phase, followed by further incubation with (filled symbols) or without (open symbols) 0.2 pg/ml ATc. Growth curves represent the means

of four independent experiments.

strain. The growth analyses indicated that, in the hydrolase-nega-
tive background, overexpression of either relP, relQ, or rsh Fyd T€-
sulted in growth inhibition (Fig. 2), and again, relQ showed the
weakest effect on growth. However, when the synthases were ex-
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pressed in the wild-type strain, no inhibition was observed. There-
fore, a single copy of rsh in the bacterial chromosome is sufficient
to prevent toxic accumulation of (p)ppGpp, even when RelP,
RelQ, or RSH is overexpressed on an inducible multicopy plas-
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mid, which indicates high efficiency for the S. aureus RSH-hydro-
lase.

Direct evidence for (p)ppGpp synthase activity of RelP and
RelQ. In a previous study we could demonstrate by using mupi-
rocin to mimic isoleucine starvation that wild-type S. aureus was
proficient in synthesizing and accumulating pppGpp and ppGpp
(8). A mutant defective in the (p)ppGpp synthase domain of RSH
(rshs,,,) showed no synthesis or accumulation of these molecules
under this condition. The results indicated that only the RSH pro-
tein of S. aureus responds to amino acid limitation, with no de-
tectable contribution of RelP or RelQ. However, a slight residual
signal for ppGpp was still detectable in the rshg,, mutant, which
was independent of amino acid limitation (8) and was not detect-
able in the (p)ppGpp® triple mutant (Fig. 3A). This finding con-
firms that the ppGpp that was detected in the rshg,, mutant was
synthesized by RelP and/or RelQ. Notably, compared to the other
analyzed strains, a strong accumulation of GTP could be detected
in the ppGpp® mutant.

For further analysis, RelP and RelQ were purified, and their
enzymatic activities were assayed using [y->*P]ATP in the pres-
ence of GTP or GDP, respectively. Separation of the (p)ppGpp
molecules by thin-layer chromatography (TLC) revealed that
both enzymes synthesized (p)ppGpp and that RelP had a slightly
higher activity (Fig. 3B). The in vitro synthase activity assay also
indicated that RelP and RelQ proteins synthesize ppGpp from
GDP more efficiently than pppGpp from GTP. Thus, S. aureus
possesses two additional functional (p)ppGpp synthases, whereby
RelP seems to be more active than RelQ in vitro and in vivo.

Overexpression of either relP, relQ, or rsh leads to a similar
characteristic stringent response. We overexpressed each of the
synthases (RelP, RelQ, and RSH without hydrolase) on an ATc-
inducible plasmid in the (p)ppGpp° mutant (see Fig. SI in the
supplemental material) and analyzed the expression of selected
hallmark genes after induction. The expression of each of the syn-
thases led to transcriptional repression of genes involved in the
synthesis of cellular macromolecules: i.e., genes coding for ribo-
somal proteins (rpsB and rpsL) and a translational elongation fac-
tor (tsf) (Fig. 4). These genes represent some of the hallmark genes
that are typically influenced by the RSH-mediated stringent re-
sponse and are repressed upon amino acid deprivation (8, 23).
brnQ1I, which codes for a branched-chain amino acid transporter,
showed transcriptional induction once a (p)ppGpp synthase was
present. This gene is tightly and negatively controlled by another
regulator, the CodY repressor. CodY senses the branched-chain
amino acid pool and the intracellular GTP concentration and is
activated by the binding of these cofactors (24-26). Previously, we
showed that the stringent response imposed by amino acid limi-
tation deactivates the CodY repressor in S. aureus (8, 23). Here,
this interaction can be observed just by the expression of any of the
(p)ppGpp synthases without changes in the availability of
branched-chain amino acids.

relP and relQ are strongly induced upon cell wall stress stim-
uli. Since RelP and RelQ appeared to be short (p)ppGpp synthases
with no regulatory C terminus compared to the RSH protein, we
assumed they were regulated at the transcriptional level. There-
fore, we examined several conditions as potential signals for relP
or relQ activation. In E. coli, glucose and iron deprivation led to a
SpoT-mediated (p)ppGpp accumulation (4, 5). We performed
Northern blot analyses of logarithmic-phase cultures that had
been treated with methyl-a-D-glucopyranoside to induce glucose
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FIG 3 In vivo and in vitro evidence for (p)ppGpp synthetic activities of RelP
and RelQ. (A) Detection of (p)ppGpp synthesis after amino acid deprivation in
vivo. **P-labeled nucleotides of formic acid extracts of S. aureus were detected
by thin-layer chromatography. Strain HG001 (WT), the rsh,,,, mutant, and the

rshy,,, relP relQ [(p)ppGpp°] triple mutant were grown to the exponential

phase, followed by the addition of mupirocin (0.5 pg/ml) for 20 min. (B)
Characterization of the (p)ppGpp synthase activities of RelP and RelQ in vitro.
Purified RelP or RelQ proteins (0.5 pg) were assayed for (p)ppGpp synthase
activity in the presence of [y-**P]ATP, 2 mM ATP, and either 2 mM GTP or 2
mM GDP. Reaction mixtures were analyzed by 1D thin-layer chromatogra-
phy. The positions of the origin and signals corresponding to pppGpp, ppGpp,
and ATP are indicated.

starvation and with 2,2’-dipyridyl for iron starvation. However,
these experiments revealed no inducible effects on relP or relQ
transcription (data not shown). Next, we screened published mi-
croarray studies of S. aureus for putative signals. RelP was found to
be induced upon cell wall stress, mediated by cell wall-active an-
tibiotics and as a core member of the VraS/R system (27, 28). This
regulatory system is strongly influenced by cell wall-active antibi-
otics and causes increased resistance to B-lactam antibiotics and
vancomycin. We confirmed that relP and vraR transcription is
strongly enhanced upon vancomycin and ampicillin treatments in
the wild type, whereas these inductions could not been detected in
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FIG 4 Induction of a stringent response by overexpression of relP and relQ.
Shown is (p)ppGpp synthase-dependent repression or induction of target
genes. Wild-type (WT) strain HGO001, the (p)ppGpp” mutant, and the
(p)ppGpp° mutant complemented with pRelP, pRelQ, or pRSHy,,4 synthases
were grown in CYPG to the exponential growth phase followed by further
incubation with (+) or without (—) ATc (0.2 pg/ml) for 1 h. RNA was hy-
bridized with digoxigenin-labeled PCR fragments. The 16S rRNA detected in

the ethidium bromide-stained gels is indicated as loading control in the bot-
tom lane.

a vraR-negative background. (Fig. 5A). Furthermore, relQ was
also strongly induced by cell wall-active antibiotics. This induc-
tion was still seen in the vraR mutant, although to a lesser extent.
This indicates that RelQ is also involved in the VraS/R-mediated
cell wall stress stimulon. However, the rsh gene showed no induc-
tion upon both treatments, indicating a minor role of the RSH
protein in the response to cell wall stress.

RelP and RelQ are involved in the adaptation to cell envelope
stress. (p)ppGpp molecules, as effectors of the stringent response,
are molecules that contribute to the survival of bacteria under
nonfavorable growth conditions. Previous studies revealed a con-
tribution of (p)ppGpp to increased B-lactam resistance in E. coli
and S. aureus (29, 30). To further show this contribution, we an-
alyzed the growth and survival of strains lacking rshs,,, relP,
and/or relQ under cell envelope stress conditions employed by
vancomycin and ampicillin. Addition of 5X MIC of vancomycin
(3.12 pg/ml) resulted in growth inhibition with a slight decrease
in the OD. After 12 h, the wild type and rsh,,, mutant were able to
recover. In contrast the relP relQ double mutant showed no re-
growth (Fig. 5B). Treatment with ampicillin (6X MIC [9.4 g/
ml]) showed a stronger decrease in the OD of the mutant lacking
relP and relQ compared to the wild type or the rshg,, mutant
strain.

Furthermore, time-kill kinetic studies revealed that strains lacking
relP and relQ were more efficiently killed by vancomycin and ampi-
cillin than strains harboring the two additional (p)ppGpp synthases
(Fig. 5C). Interestingly, complementation of the relP relQ mutants
indicated that one of the two synthases was sufficient to partially re-
cover survival. Accordingly, relP and relQ single mutants showed
slight but not significant differences in survival compared to the wild-
type strain (data not shown).
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To verify that the relP- and relQ-dependent tolerance against
cell wall-active antibiotics was specific and not mediated by gen-
eral growth inhibition, we also performed a control experiment
using ciprofloxacin, which is a bactericidal antibiotic that inter-
feres with replication by inhibiting the bacterial gyrase. relP and
relQ mediated no increased tolerance against this gyrase inhibitor.
Therefore, we conclude that both additional (p)ppGpp synthases
RelP and RelQ possess an essential role for survival under cell
envelope stress conditions.

DISCUSSION

Two small (p)ppGpp synthases, RelP and RelQ, mediate toler-
ance to cell wall stress conditions. The stringent response and its
effector molecules were discovered decades ago (31). Besides sig-
nificant progress in understanding how these small molecules me-
diate such a wide range of effects, many basic questions are still
open. Specifically, the roles of the recently discovered small, trun-
cated versions of (p)ppGpp synthases in B. subtilis and Streptococ-
cus mutans are largely unclear (10, 11). Here we characterized
these additional versions of putative (p)ppGpp synthases in S.
aureus and elucidated their functional roles in the adaptation to
cell envelope stress conditions. Mutants lacking both small syn-
thases were less able to survive high doses of cell wall-active anti-
biotics than strains harboring these synthases. This result was in
accordance with those obtained for Enterococcus faecalis, where
the basal levels of RelQ-mediated (p)ppGpp accumulation could
be shown to contribute to an increased tolerance against vanco-
mycin (12).

How does (p)ppGpp accumulation in the cell lead to pro-
nounced antibiotic tolerance? A leading hypothesis implicates the
inactivity of antibiotic targets in growth-arrested cells as the
mechanism for mediating this tolerance (32, 33). In E. coli, for
instance, antibiotic tolerance was linked to slow growth and re-
duced autolysis phenotypes, which were dependent on a func-
tional RelA (29, 34). In a recent study that investigated the heter-
ogeneous expression of methicillin resistance in S. aureus, it was
shown that a highly resistant derivative of such a culture harbored
a stop mutation in the rsh gene. This subclone had a growth defect
that was presumably due to (p)ppGpp overexpression. When
screened for repressor mutations that recovered normal growth
and antibiotic-sensitive phenotypes, a single point mutation in
relQ was revealed (30). These results demonstrate that (p)ppGpp
molecules play an important role in the high-level resistance to-
ward methicillin in MRSA strains that is most likely linked to the
slow-growth phenotype imposed by (p)ppGpp.

However, our results cannot be explained by a growth arrest
phenotype mediated by (p)ppGpp accumulation, since the ana-
lyzed relP and relQ mutants showed no growth differences com-
pared to the more tolerant rshg,,, or wild-type strains. We assume
that (p)ppGpp possesses a more active role in S. aureus in medi-
ating tolerance against cell wall stress, such as targeting compo-
nents of cell wall biosynthesis or the cell wall turnover process.
Survival upon ciprofloxacin treatment, which targets cell replica-
tion, was not significantly affected by RelP and RelQ, and this
result is in accordance with results that have become more appar-
ent in recent years showing that antibiotic tolerance depends
rather on adaptive responses than on growth arrest and target
inactivity per se. For Escherichia coli and Pseudomonas aeruginosa,
the passive influence of (p)ppGpp molecules on their increased
tolerance toward antibiotics by a slowing of growth could be ex-
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FIG 5 RelP and RelQ synthases mediate tolerance to cell wall-active antibiotics. (A) Upregulation of genes upon vancomycin and ampicillin treatments.
Wild-type strain HG001 and its isogenic vraR mutant were grown in CYPG medium to the exponential growth phase (ODy,, of 0.5), followed by the addition of
vancomycin (3.12 pg/ml, corresponding to 5X the MIC) and ampicillin (9.4 wg/ml, corresponding to 6X the MIC) for 30 min. RNA was hybridized with
digoxigenin-labeled PCR fragments. The 16S rRNA detected in the ethidium bromide-stained gels as a loading control is indicated at the bottom. (B) Growth
behavior of strains upon treatments with vancomycin and ampicillin. Strains were grown to the exponential phase in Mueller-Hinton (MH) broth and
subsequently treated with 3.12 pg/ml vancomycin or 9.4 pg/ml ampicillin for 24 h. (C) Time-kill curves of strains in the presence of vancomycin, ampicillin, and
ciprofloxacin. Strains grown to the exponential growth phase (ODy, of 0.5, time 0) were treated with 3.12 pg/ml (5X the MIC) vancomycin, 9.4 pg/ml (6 X the
MIC) ampicillin, and 2.5 pg/ml (10X the MIC) ciprofloxacin for 24 h. Viable counts were determined by plating known dilutions of the samples on tryptic soy
agar (TSA) plates before antibiotic treatments (time 0) and after 24 h. Time-kill curves represent the means of four independent experiments. The levels of
significance after 24 h were determined by the two-tailed Student’s ¢ test. After vancomycin treatment, the significance level was P < 0.005 for the comparisons
of the WT versus the relP relQ mutant and the WT versus the (p)ppGpp” mutant. After ampicillin treatment, the significance level was P < 0.05 for the
comparisons of the WT versus the relP relQ mutant and the WT versus the (p)ppGpp° mutant. There were no significant differences upon ciprofloxacin
treatment.

cluded (35). This work nicely shows that the stringent response
directly curtails the production of pro-oxidant molecules in bac-
terial cells and on the other hand induces antioxidant defenses. A
recent study implicated superoxide dismutases of S. aureus and E.
faecalis in tolerance to vancomycin (36). In the future, it would be
interesting to examine whether these enzymes are under the reg-
ulatory control of a RelP/RelQ-mediated stringent response.

The transcriptional induction of relP and relQ upon treat-
ment with cell wall-active antibiotics. Upon treatment with van-
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comycin and ampicillin, relP and relQ transcription was strongly
induced. relP, which was annotated as SACOL2518 at that time,
was described as one of the few members of the “core” cell wall
stress stimulon (CWSS) of S. aureus (27), which is controlled by
the activity of the two-component system VraS/R. This two-com-
ponent system, which was initially discovered and described by
Kuroda et al. (28, 37), responds to the damage in the cell wall
structure or inhibition of cell wall biosynthesis and is responsible
for increased resistance toward cell wall-active antibiotics. In our
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study, we confirmed that relP and vraS/R transcription is strongly
induced upon cell wall stress and also showed the induction of
relQ, encoding the second small (p)ppGpp synthase. The tran-
scriptional induction of relP is strongly VraS/R dependent, and
this regulator is also necessary for full relQ induction. The obser-
vation that relQ is still responsive in a vraR mutant may explain
why relQ is not a core member of the cell wall stress stimulon.
Further microarray analyses indicated a slight induction of relP
transcription in response to low-pH conditions (38) and a char-
acteristic stringent response transcription pattern under alkaline
shock conditions (39). We confirmed that expression of relP is pH
dependent (data not shown). Since vraS/R transcription was also
enhanced, we assumed that increased relP expression was due to
cell wall stress, induced by low or high pH, rather than occurred
through direct activation.

The LiaR/S two-component system displays the corresponding
homolog to the staphyloccocal VraS/R system in other Gram-
positive bacteria; however, no indication as to whether it also con-
trols relQ or relP in these organisms is evident. Nevertheless, the
relP homolog (ywaC) is also strongly activated by cell envelope
stress in B. subtilis (40). Here the transcriptional induction of
ywaC is under the regulation of o™, which is a well-described
alternative sigma factor in B. subtilis that contributes to cell enve-
lope stress responses. In S. aureus, the extracytoplasmic function
(ECF) sigma factor o° is described as the homologous sigma factor
that also responds to cell wall-active antibiotics or detergents (41,
42). Data for the o® regulon are lacking, and o® binding motifs are
not defined. However, promoter sequences of relP and relQ rather
predict the regulation of both genes by the essential housekeeping
factor o than by alternative sigma factors.

The essentiality of the RSH-hydrolase in preventing the toxic
accumulation of (p)ppGpp in S. aureus. Here we report direct
evidence suggesting that the staphylococcal RSH-hydrolase is es-
sential due to the toxic accumulation of (p)ppGpp in the presence
of constitutive, low-level RelP and RelQ synthase activities. The
essentiality of the RSH-hydrolase is unique for S. aureus and could
be based on two assumptions. Either the staphylococcal RelP and
RelQ enzymes possess stronger synthetic activities than their ho-
mologs in other bacteria, or S. aureus is more sensitive regarding
the accumulation of (p)ppGpp molecules in the cell. Nevertheless,
the need for detoxification was emphasized by the indicated
strong RSH-hydrolase activity that was shown in the overexpres-
sion assays (Fig. 1B and Fig. 2).

Surprisingly, overexpression of (p)ppGpp synthases can lead
to death of the bacteria, which was indicated by a severe drop of
the CFU within 1 h. Only the two stronger synthases RelP and
RSH showed such a phenotype, whereas RelQ, with its lower syn-
thetic activity, only inhibited growth. This finding led to the as-
sumption that the intracellular concentration of (p)ppGpp deter-
mines the lytic or bacteriostatic outcome of the cell. However, why
the predicted (p)ppGpp accumulation in S. aureus leads to cell
lysis is still unknown. A first hint stems from a study in E. coli that
showed that controlled induction of the relA gene inhibited phos-
pholipid and peptidoglycan synthesis, which in turn could lead to
enhanced cell lysis (43).

Do RelP and RelQ elicit a characteristic stringent response?
Analysis of purified proteins revealed that both enzymes are able
to catalyze (p)ppGpp synthesis with a higher activity of RelP,
which is in accordance with results described for S. mutans (11).
Furthermore, we demonstrated that both enzymes preferred the
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synthesis of ppGpp over that of pppGpp in vitro as well as in vivo.
Whether there is a difference in the stringent responses elicited by
ppGpp versus pppGpp in firmicutes remains unclear. Recently, it
could be shown for E. coli (46) that ppGpp is more potent than
pppGpp in vitro as well as in vivo. Our preliminary experiments
indicate that transcriptional induction of RSH versus RelP/Q in a
(p)ppGpp® strain may impose a similar response with regard to
some selected hallmark genes (Fig. 4). However, one can assume
that under more physiological conditions, the impact of the en-
zymes may differ substantially. This is supported by the observa-
tion that the cell wall stress stimulon (27, 28) has little overlap with
the stringent response imposed by amino acid limitation or mupi-
rocin (23, 44, 45). Thus, whether there is a quantitative or quali-
tative difference between the outcomes of RSH versus RelP/Q ac-
tivity in S. aureus needs further evaluation.

In summary, three (p)ppGpp synthases are active in S. aureus.
Whereas RSH seems to be necessary to address amino acid starva-
tion imposed, e.g., after phagocytosis (23), RelP and RelQ are
involved in mediating cell envelope stress tolerance.
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