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ABSTRACT The human pathogen Clostridioides difficile is increasingly tolerant of
multiple antibiotics and causes infections with a high rate of recurrence, creating an
urgent need for new preventative and therapeutic strategies. The stringent response,
a universal bacterial response to extracellular stress, governs antibiotic survival and
pathogenesis in diverse organisms but has not previously been characterized in C.
difficile. Here, we report that the C. difficile (p)ppGpp synthetase RSH is incapable
of utilizing GTP or GMP as a substrate but readily synthesizes ppGpp from GDP. The
enzyme also utilizes many structurally diverse metal cofactors for reaction catalysis
and remains functionally stable at a wide range of environmental pHs. Transcription
of rsh is stimulated by stationary-phase onset and by exposure to the antibiotics
clindamycin and metronidazole. Chemical inhibition of RSH by the ppGpp analog
relacin increases antibiotic susceptibility in epidemic C. difficile R20291, indicating
that RSH inhibitors may be a viable strategy for drug development against C. difficile
infection. Finally, transcriptional suppression of rsh also increases bacterial antibiotic
susceptibility, suggesting that RSH contributes to C. difficile antibiotic tolerance and
survival.

IMPORTANCE Clostridioides difficile infection (CDI) is an urgent public health threat
with a high recurrence rate, in part because the causative bacterium has a high rate
of antibiotic survival. The (p)ppGpp-mediated bacterial stringent response plays a
role in antibiotic tolerance in diverse pathogens and is a potential target for devel-
opment of new antimicrobials because the enzymes that metabolize (p)ppGpp have
no mammalian homologs. We report that stationary-phase onset and antibiotics in-
duce expression of the clostridial ppGpp synthetase RSH and that both chemical in-
hibition and translational suppression of RSH increase C. difficile antibiotic suscepti-
bility. This demonstrates that development of RSH inhibitors to serve as adjuvants to
antibiotic therapy is a potential approach for the development of new strategies to
combat CDI.

KEYWORDS alarmone, antibiotic tolerance, bacterial metabolism, Clostridioides
difficile, guanosine tetra- and pentaphosphate, (p)ppGpp, stress response, stringent
response

Clostridioides (formerly Clostridium) difficile is an obligate anaerobic Gram-positive
bacillus that persists in aerobic environments as metabolically dormant spores (1).

C. difficile spores are tolerant to oxygen, heat, and several alcohol-based disinfectants
as well as quaternary ammonium-based detergents, making their eradication from
contaminated environments extremely challenging (2, 3). Upon ingestion by suscepti-
ble hosts and exposure to amino acids and bile salts in the digestive tract, the spores
germinate into actively reproducing vegetative cells in the anaerobic mammalian gut
(4). The oxygen-intolerant vegetative cells secrete cytotoxins that are internalized by
host epithelial cells, leading to actin depolymerization and the collapse of the actin
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cytoskeleton (5, 6). The subsequent loss of cell-cell contacts compromises the epithelial
integrity and results in a massive host inflammatory response (7, 8). This contributes to
debilitating clinical presentations of the disease, which range from mild diarrhea to
life-threatening pseudomembranous colitis and toxic megacolon (3, 9).

In healthy individuals, the metabolic activity of the commensal gut microbiota
provide colonization resistance against C. difficile infection at least in part by limiting
the nutrients available to the invading pathogen (10–13). While cases of community-
acquired C. difficile infection (CDI) have increased in recent years, CDI predominantly
occurs in health care settings such as hospitals and residential elder care facilities,
where the gut microbiota of the residents have been disrupted by age or prior
antibiotic usage (3, 14–16). Once C. difficile colonizes the host colon, it can survive the
host immune system, the regrowth of commensal gut microbes, and antibiotic therapy
and cause infections with an extremely high (20 to 30%) rate of recurrence after initial
treatment (17, 18).

C. difficile infects over 450,000 patients annually in the United States alone, resulting
in an estimated 29,000 deaths and $4.8 billion in associated medical costs (17). The
public health impact of CDI has increased in the 21st century due to the emergence of
so-called “hypervirulent” epidemic strains with higher levels of sporulation and toxin
production, which cause infections with corresponding higher rates of transmission and
morbidity (19–23). C. difficile has very high survival rates when treated with multiple
classes of antibiotics, including penicillin, cephalosporins, clindamycin, and fluoro-
quinolones (18, 24, 25). Epidemic strains exhibit lower antibiotic susceptibility than
historical strains, contributing to increased CDI recurrence (26, 27). Metronidazole and
vancomycin have been the first-line treatments for moderate and severe CDI, respec-
tively, but recent guidelines issued by the Infectious Diseases Society of America (IDSA)
and Society for Healthcare Epidemiology (SHEA) do not recommend the use of met-
ronidazole, as the antibiotic is now losing clinical efficacy (28). Patients treated with
vancomycin experience a 10 to 35% rate of recurrence, with at least 40% of recurrent
infections manifesting multiple times (29). Patients often experience consecutive re-
lapse episodes, leading to a poor quality of life with limited therapeutic options (29).
Fidaxomicin is associated with a lower CDI recurrence rate via the inhibition of C.
difficile spore formation and toxin production (30, 31). But fidaxomicin is expensive,
preventing its widespread use, and resistance of epidemic strains to the antibiotic has
been reported in clinical trials (29–32). As C. difficile demonstrates high survival rates
when treated with multiple classes of antibiotics, fecal microbiota transplantation (FMT)
is currently the most effective therapy for recurrent CDI (24, 25, 33). The introduction
of suppressive bacterial species to C. difficile-colonized gastrointestinal tracts of in-
fected patients has demonstrated a success rate of approximately 90% (34). Unfortu-
nately, the technique carries an inherent risk of transmitting undetected pathogens
and/or bacterial agents to the recipient, and the long-term safety and efficacy have yet
to be determined (35, 36). Therefore, the development of novel therapies or preven-
tative strategies against CDI is an urgent public health priority.

In addition to competition for nutrients and antibiotic stresses, pathogens are
exposed to a number of harsh environmental conditions when colonizing a poten-
tial host, including febrile heat and pH changes, reactive oxygen species, and
antimicrobial peptides produced by the innate immune system (37, 38). Bacteria
have evolved several stress response pathways, including the stringent response
(SR). The SR is mediated by the nucleotide alarmones GDP-3=-disphosphate (ppGpp)
and GTP-3=-disphosphate (pppGpp), collectively known as (p)ppGpp (39, 40). Cyto-
plasmic accumulation of (p)ppGpp results in a global halt in cell cycle progression,
DNA replication, and rRNA synthesis with a concomitant increase in transcription of
biosynthetic and stress response genes that largely favor bacterial survival (39, 40).
The SR is further associated with virulence traits such as biofilm formation, sporu-
lation, toxin production, and antibiotic survival in diverse pathogens, including
Mycobacterium tuberculosis, Legionella pneumophila, Salmonella enterica, Pseudomo-
nas aeruginosa, Staphylococcus aureus, and Enterococcus faecalis (39, 41–49).
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The RelA/SpoT homolog (RSH) proteins that mediate the SR in Gram-positive
bacteria are bifunctional (p)ppGpp synthetase/hydrolase enzymes with C-terminal
regulatory domains, named for their homology to the RelA and SpoT proteins, which
mediate the SR in Gram-negative bacteria (50). When active as synthetases, RSH
proteins catalyze pyrophosphate transfer from ATP to the ribose 3= OH group of GDP
or GTP to synthesize ppGpp and pppGpp, respectively (51–53). When active as phos-
phatases, RSH enzymes transfer pyrophosphate away from (p)ppGpp (51, 52). The
synthetase and hydrolase activities of bifunctional RSH enzymes are mutually exclusive;
regulation is presumed to occur via protein-protein interactions or small-molecule
binding by noncatalytic C-terminal regulatory domains (51, 52, 54–57). RSH enzymes
are transcriptionally regulated, with transcription increasing during late exponential
growth or stationary phase or upon induced nutrient deprivation by inhibitors of
biosynthetic pathways (40, 58–60). The specific nutrients that trigger (p)ppGpp synthe-
sis vary between bacterial species (40, 58, 61–63). The more recently discovered family
of small alarmone synthetase (SAS) enzymes consists of monofunctional (p)ppGpp
synthetases (64, 65). Gram-positive bacteria typically possess one RSH family enzyme
and one or two SASs; Firmicutes bacteria contain two families of SAS, named RelQ and
RelP (50). SAS enzymes appear to contribute to the stringent response and also to play
an SR-independent role as an allosteric regulator of guanosine and GTP biosynthesis
(66–69). Extracellular stresses previously documented to induce SAS gene expres-
sion include cell wall stress induced by vancomycin, ethanol, or alkaline stress (46,
59, 64, 70, 71).

Due to the role of (p)ppGpp in bacterial survival and virulence factor production,
there has been some pharmaceutical interest in inhibiting the SR by preventing
(p)ppGpp synthesis (72–76). The ppGpp structural analog relacin competitively inhibits
the activity of RSH family (p)ppGpp synthetases (77). The compound reduces (p)ppGpp
accumulation, stationary-phase survival, biofilm formation, and sporulation in Bacillus
species (78). Relacin does not affect the activity of SAS family synthetases or inhibit in
vivo (p)ppGpp accumulation in Escherichia coli, indicating that SR inhibitors are not
universally effective and must be targeted to specific bacterial strains (78, 79).

We have previously confirmed that RSH from C. difficile is a functional ppGpp
synthetase (80). Here, we demonstrate that RSH readily synthesizes ppGpp at physio-
logically relevant concentrations of GDP. In contrast to previously characterized RSH
homologs from Gram-positive organisms, C. difficile RSH (RSHCd) interacts poorly with
GTP and fails to produce detectable pppGpp under the conditions studied. Utilizing an
anaerobic fluorescent transcriptional reporter, we found that stationary-phase onset
and exposure to the antibiotics clindamycin and metronidazole stimulate transcription
of (p)ppGpp synthetase genes in a strain-specific manner. We further found that
inhibition of RSH synthetase activity by relacin along with the knockdown of the rsh
gene increases C. difficile antibiotic susceptibility. Conclusively, our findings render the
SR pathway an attractive target for the development of new prevention and treatment
strategies against CDI.

RESULTS AND DISCUSSION
Clostridioides difficile has conserved (p)ppGpp metabolism genes. The C. difficile

genome contains putative RSH and SAS genes, rsh and relQ, suggesting that the
organism could mount a stress-induced SR (Fig. 1B). RSH is a putative bifunctional
Rel-Spo homolog with two highly conserved N-terminal synthetase and hydrolase
domains and aspartate kinase, chorismate, and TyrA (ACT) and ThrRS, GTPase, and SpoT
(TGS) C-terminal regulatory domains (Fig. 1A). The in vitro ppGpp synthetase activity of
C. difficile RSH has recently been reported (80). C. difficile RelQ is a putative single-
domain small alarmone synthetase (Fig. 1A). The rsh and relQ genes are completely
conserved between the historical strain CD630, the erythromycin-susceptible derivative
630Δerm, and the modern epidemic strain R20291 (21, 50, 81, 82). rsh and relQ are both
in predicted operons with beta-lactamase-like genes, suggesting a potential role for
(p)ppGpp signaling in C. difficile ampicillin tolerance (Fig. 1B). rsh also shares an operon
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with the predicted D-aminoacyl-tRNA deacylase dtd; in Clostridium perfringens, the rsh
homolog and dtd are coexpressed and function together to regulate sporulation (83).
A previous microarray analysis of the C. difficile strain 630 transcriptional response to
various stresses has shown a 2-fold upregulation of relQ after exposure to ampicillin
and clindamycin, further suggesting that (p)ppGpp signaling could play a role in C.
difficile antibiotic survival (84).

Exogenous expression of full-length C. difficile rsh suppresses the growth of expo-
nentially growing E. coli, consistent with previous observations that intracellular accu-
mulation of (p)ppGpp inhibits bacterial growth (Fig. 1C and D) (39). Supplementation
of the E. coli growth medium with Casamino Acids rescued the RSH-dependent growth
defect, suggesting that amino acid limitation may trigger the C. difficile stringent
response in vivo (Fig. 1D). The presence of the gene fragment encoding the RSHCd
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synthetase domain (RSH-REL) is extremely toxic to E. coli even in the absence of
induction, suggesting that the enzyme is so active that trace translation from unin-
duced promoter activity results in enough protein to synthesize inhibitory levels of
(p)ppGpp. RSH-REL toxicity can be partially rescued by supplementation with 1%
Casamino Acids and is further enhanced by supplementation with Casamino Acids and
1% glucose (Fig. 1E). The finding that full-length C. difficile RSH slows E. coli growth
while RSH-REL completely arrests it suggests that (p)ppGpp toxicity is modulated by
activation of the RSH hydrolase domain, which in homologous proteins is allosterically
regulated by the C-terminal regulatory domains (CTD) in response to amino acids,
including valine, isoleucine, and leucine (55, 57, 85). The rescue of RSHCd- or RSH-REL-
induced growth defects by nutrient supplementation indicates that these enzymes
trigger the endogenous E. coli stringent response, which is activated by nutrient
limitation (86).

Alignment of the amino acid sequence of RSHCd with those of known proteins
belonging to the RSH family of enzymes revealed that the sequences exhibit pro-
nounced similarities to the substrate binding and product coordination regions of the
N-terminal catalytic domain (Fig. 2A). Many functionally significant amino acid residues
are conserved between the structural template Streptococcus equisimilis RelA (SeqRelA;
GenBank accession no. X72832) and RSHCd, suggesting that the enzymes share func-
tional, and likely structural, homology (51, 64). Several hydrophobic amino acid residues
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found in the synthetase domain of Bacillus subtilis RSH (BsRSH; GenBank accession no.
U86377), which are predicted to coordinate binding of inhibitory ppGpp analog relacin,
are also well conserved in the RSHCd synthetase domain, suggesting that RSHCd can
be inhibited by relacin (64, 78).

C. difficile RSH exclusively synthesizes ppGpp in vitro. The in vitro ppGpp
synthetase activity of RSHCd using GDP as a substrate has previously been reported
(80). While SAS enzymes from E. faecalis and B. subtilis can utilize GMP as a substrate to
synthesis pGpp, and RSH homologs from S. equisimilis and M. tuberculosis preferentially
utilize GTP to synthesize pppGpp, RSHCd appears to be unable to utilize GMP or GTP
and synthesizes ppGpp exclusively under the conditions studied (Fig. 3A) (52, 64, 79,
87–89). GTP does appear to stimulate ATP hydrolysis by RSHCd, suggesting either that
this enzyme recognizes GTP but fails to accommodate the triphosphate form of the
nucleotide in its active site or that the protein binds GTP without enabling a pyro-
phosphotransferase reaction (Fig. 3A). The ability of RSHCd to convert GDP and excess
radioactive ATP to ppGpp increases in a dose-dependent manner with increasing
concentrations of GDP (Fig. 3B). We found that RSHCd binds GDP with a Km of 95 �M
(Fig. 3C). As enzymatic substrate affinity is generally close to biologically relevant
concentrations of that substrate, this finding is consistent with previous reports that
GDP concentrations are 100 to 600 �M in Gram-negative and Gram-positive bacterial
cytoplasm during exponential growth and rise during stationary-phase onset (90–93).
The finding that RSHCd does not produce pppGpp was further explored by running
nucleotide standards separately through an anion exchange high-performance liquid
chromatography system (see Fig. S1 in the supplemental material). We found the GTP
peak resolved in the chromatogram to be free of contaminants and derivative com-
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pounds, suggesting that RSHCd’s inability to utilize GTP is not due to substrate impurity
or degradation (Fig. S1).

ppGpp is a positive allosteric regulator of ppGpp synthesis by E. coli RelA, and
pppGpp has been shown to allosterically activate SAS activity in B. subtilis, raising the
possibility that RSHCd is susceptible to feedback regulation by its own product (53, 94).
We measured RSHCd synthetase activity in the presence of increasing concentrations of
exogenous ppGpp and found no evidence of allosteric regulation (Fig. 3E).

C. difficile RSH activity is unaffected by pH or the identity of the metal ion
cofactor. Like other multidomain RSH family enzymes, RSHCd is a basic enzyme with
an isoelectric point of 8.81 (52, 95). RSHCd synthesizes ppGpp but not pppGpp at a
buffer pH of 7.5 (Fig. 3A), a value representative of normal colonic perimucosal pH,
which ranges between 7.1 and 7.5 (80, 96). To investigate how RSHCd utilizes sub-
strate(s) under various pH conditions, in vitro transferase reactions were conducted
separately in buffer pHs ranging from 5 to 10 (Fig. 4). The enzyme synthesizes ppGpp
at all buffer conditions studied but does not synthesize pppGpp at any pH, suggesting
that the enzyme cannot bind to or accommodate GTP regardless of the titration status
of synthetase domain residues (Fig. 4).

Pyrophosphokinases and nucleic acid-metabolizing enzymes require metal ion co-
factors to coordinate negative charge. Magnesium, present in millimolar quantities in
bacterial cytoplasm, is the most commonly utilized metal for this purpose and has
historically been employed for in vitro (p)ppGpp synthetase assays, although RSH
hydrolase domains utilize manganese (51, 52, 97–100). Very recently, Methylobacterium
extorquens RSH was shown to synthesize pppGpp more efficiently in the presence of
Co2� than Mg2� (101). Human DNA polymerase �, whose catalytic palm domain bears
structural kinship with the synthetase domain active site of SeqRelA, is capable of
utilizing Zn2�, Mn2�, and Co2�, as well as Mg2�, to catalyze primer extension (51, 102).
All of these cations have ionic radii similar to that of Mg2� (102, 103). Ca2�, which has
an ionic radius significantly larger than that of Mg2�, does not enable primer extension
by DNA polymerase �, confirming that the enzyme is selective for specific metal ion
cofactors (102). To investigate the metal cofactor selectivity of RSHCd, in vitro trans-
ferase reactions were conducted independently in the presence of different metals (Fig.
5). Of the eight divalent cations that were tested (Mg2�, Mn2�, Co2�, Cu2�, Fe2�, Zn2�,
Ni2�, and Ca2�), only Cu2� reduced RSHCd-driven ppGpp synthesis, suggesting that
this enzyme readily employs a wide array of structurally diverse cations for a cofactor
(Fig. 5B). As mammalian immune systems sequester metal during bacterial infection
and metal starvation can trigger the stringent response in diverse bacteria (62, 63, 104),
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it is possible that flexible utilization of divalent cations by RSHCd enables (p)ppGpp
synthesis under metal-limited conditions.

C. difficile RSH binds GTP with poor affinity. To further investigate the lack of
pppGpp formation by RSHCd, we examined the enzyme’s interactions with GDP and
GTP using isothermal titration calorimetry (ITC). Purified RSHCd at1.2 �M exhibited
association constants of 31.9 M�1 and 25.1 M�1 for GDP and GTP, respectively,
indicating that RSHCd does bind GTP (Table 1). During exponential growth, bacterial
cells maintain GTP concentrations ranging from 900 to 1,100 �M, a 2- to 10-fold excess
compared to GDP concentrations (90–92). During stationary-phase onset, both ATP and
GTP are rapidly depleted 2- to 4-fold, with ATP levels recovering more quickly due to
the “diversion” of guanosine nucleotides into (p)ppGpp (91, 92). GDP levels remain
more stable during phase transition (91, 92). Based on our observations, the binding
affinity of RSHCd for GTP is lower than that for GDP, which at physiological concen-
trations during stationary phase would allow the enzyme to preferentially utilize GDP
as a substrate. Notably, we found RSHCd to bind GTP at a protein-to-substrate ratio of
1:10. But failure to utilize GTP for subsequent production of pppGpp was found at a
protein-to-substrate ratio of 1:200 (Fig. 3A). In vitro transferase reaction combining
mixtures of GDP and GTP at a GDP-to-GTP ratio of 1:1 as well as 1:2 also demonstrated
RSHCd’s inability to utilize GTP (Fig. S6). These results thus provide further suggestion
that while RSHCd transiently binds GTP at different stages of bacterial growth, the
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FIG 5 RSHCd utilizes diverse metal cations to synthesize ppGpp. (A) TLC separation of ppGpp produced
by RSHCd in vitro (left) in the presence of different divalent cations at buffer pH of 7.5. RSHCd is incapable
of producing pppGpp in the presence of any given metal cofactor (right). (B) Graphical representation of
the autoradiogram depicting that RSHCd employs many structurally diverse divalent cations to produce
ppGpp. Levels of ppGpp synthesis were compared by one-way ANOVA. *, P � 0.01.

TABLE 1 Thermodynamic parameters of RSHCd binding to GXP at 37°Ca

Substrate K (M�1) �H (cal/mol) �S (cal/mol/°C)

GDP 31.9 � 1.11e7 �1.916e5 � 7.235e5 �611
GTP 25.1 � 3.65e6 �2.165e5 � 9.176e5 �692
aThe binding of RSHCd at 0.0012 mM to GDP/GTP at 0.012 mM was measured by ITC. The data were fitted to
a single-binding site model. Shown are the values for K, the equilibrium binding constant; ΔH, the enthalpy
change associated with protein binding to the ligand; and ΔS, the entropy change associated with binding.
Each value is the average from three repeat experiments, with standard deviations.
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enzyme rapidly responds to GDP accessibility and stability, which may also be influ-
enced by intracellular polyphosphate metabolizers.

The “K” value, which represents the association constant calculated from a single site
binding model, was found to be slightly lower than the Km of RSHCd calculated for GDP
through radiolabeled TLC (Table 1 and Fig. S3). We postulate that this deviation in
binding constant may arise from nonspecific interaction of GDP with the CTD of
full-length RSHCd (54).

C. difficile rsh transcription is induced by stationary-phase onset. Transcription
of the rsh gene is induced by nutrient limitation during the onset of stationary phase
in E. coli and other bacterial species (40, 60, 105). To confirm this in C. difficile, we
examined transcript levels of rsh and relQ at culture optical densities at 600 nm (OD600)
of 0.8, 1.2, and 1.6, corresponding to exponential growth, transition into stationary
phase, and stationary phase, respectively. We found that transcription of rsh increased
3-fold as cells transitioned out of exponential growth and remained elevated as cells
entered stationary phase (Fig. 6A). relQ transcription was not growth phase dependent,
consistent with previous reports that SAS expression is stimulated by extracellular stress
rather than nutrient deprivation or stationary-phase onset (46, 47, 59, 64, 70, 71).

In order to rapidly screen multiple environmental signals as potential regulators of
C. difficile SR gene expression, we utilized an anaerobic fluorescent transcriptional
reporter incorporating the oxygen-independent flavoprotein phiLOV2.1 (106). We
placed the phiLOV2.1 gene under the control of the rsh and relQ promoter regions from
C. difficile 630Δerm. To validate our reporter constructs, we repeated the comparison of
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levels of rsh increase 3-fold during the transition from exponential growth to stationary phase, which
occurs at OD600 of 1.0 to 1.2, and remain elevated during stationary phase. relQ transcript levels show no
significant change. Transcript levels were compared to those of the same gene during exponential
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***, P � 0.001. (B) The fluorescent phiLOV2.1 transcriptional reporter also shows a 3-fold increase of rsh
promoter activity between exponentially growing cells and cells entering stationary phase. Activities of
the relQ promoter and of the tet control promoter are unaffected by growth phase. Transcript levels were
compared to those of the same gene during exponential growth by two-way ANOVA using Dunnett’s
multiple-comparison test. n.s., not significant; ****, P � 0.0001.
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rsh and relQ transcription at OD600 of 0.8 and 1.2. Our results were consistent with those
of the more quantitative reverse transcription-PCR (RT-PCR) experiment. Promoter
activity from the tetracycline-inducible control and that from PrelQ were unaffected by
growth phase, while the activity of the rsh promoter increased roughly 3-fold upon
stationary-phase onset (Fig. 6B).

C. difficile induces rsh and relQ gene transcription in response to antibiotic
stress. Our transcriptional analyses confirmed that stationary-phase onset is a positive
regulator of C. difficile rsh transcription. A previous study has demonstrated that
antibiotic stress also induces the SR in methicillin-resistant Staphylococcus aureus,
resulting in an antibiotic resistance phenotype (47). We used the phiLOV2.1 reporter to
monitor transcription of rsh and relQ upon exposure to sublethal concentrations of
clindamycin, a medical antibiotic whose use is highly correlated with risk for CDI (107).
The rsh promoters in the 630Δerm and R20291 genomes are differentiated by a single
purine substitution, while the relQ promoters are identical (Fig. S4). Promoter activity in
the tetracycline-inducible control was unaffected by clindamycin in either the 630Δerm
or the R20291 genetic background (Fig. 7A). The activity of the (p)ppGpp synthetase
promoters was increased by antibiotic stress in a strain-specific manner. The rsh
promoter was unaffected by clindamycin in 630Δerm and showed a 50% increase in
activity in R20291. Conversely, the relQ promoter was upregulated 2.8-fold in 630Δerm
but was unaffected in R20291 (Fig. 7A). To investigate whether (p)ppGpp synthesis
could also be stimulated by exposure to an antibiotic that has until recently been
clinically effective against C. difficile, we repeated this assay by exposing the bacteria to
sublethal amounts of metronidazole (108, 109). The tetracycline-inducible control
promoter was not affected by metronidazole exposure, and neither of the (p)ppGpp
synthetase promoters displayed any metronidazole response in the 630Δerm back-
ground (Fig. 7B). Activity from the rsh promoter increased 80% in R20291, while the relQ
promoter showed no response (Fig. 7B).

A

B

Ptet Prsh PrelQ Ptet Prsh PrelQ
0

50000

100000

150000

E
5

0
8
/O

D
6

3
0 nt

0.3 µg/ml
metronidazole

n.s. n.s. n.s. n.s. **** n.s.

630 erm R20291

Ptet Prsh PrelQ Ptet Prsh PrelQ
0

25000

50000

75000

100000

E
5

0
8
/O

D
6

3
0

nt
16 µg/mL
clindamycin

n.s. n.s. ** n.s. * n.s.

630 erm R20291

FIG 7 Antibiotic-induced transcription of rsh and relQ. PhiLOV2.1 transcriptional reporter activity after 2 h
of exposure to 16 �g/ml of clindamycin (A) and 0.3 �g/ml of metronidazole (B) in the C. difficile 630Δerm
and R20291 genetic backgrounds. Fluorescence activities normalized by cell density in the presence and
absence of antibiotics were compared by two-way ANOVA. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.

Pokhrel et al. Journal of Bacteriology

October 2020 Volume 202 Issue 19 e00377-20 jb.asm.org 10

https://jb.asm.org


Disruption of RSH activity reduces C. difficile antibiotic survival. Relacin is a
structural analog of ppGpp that competitively inhibits Rel/RSH enzymes from E. coli and
B. subtilis (78). We found that relacin inhibits the activity of RSHCd in vitro in a
dose-dependent manner (Fig. 8A). Relacin independently had no discernible effect on
endpoint C. difficile R20291 accumulation in vivo (Fig. 8B). However, the combination of
relacin with a sublethal concentration of either clindamycin (Fig. 8C) or metronidazole
(Fig. 8D) inhibited final growth yield more than either drug alone. The effect of relacin
appeared to be more pronounced with clindamycin, which activated rsh transcription
in C. difficile R20291, than with metronidazole.

Due to the observed modest effect of relacin on a metronidazole-treated epidemic
strain, we next confirmed the significance of rsh for C. difficile survival during antibiotic
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stress by inducing the expression of antisense RNA (asRNA) complementary to the 5=
end of the rsh mRNA, a technique known as gene silencing, which has previously been
shown to deplete mRNA transcript levels and “knock down” gene transcription in C.
difficile (32). Induction of the asRNA to rsh’s mRNA dramatically suppressed R20291
accumulation when exposed to a sublethal concentration of metronidazole, suggesting
that rsh plays a direct role in C. difficile metronidazole tolerance and survival (Fig. 8E).
In contrast, proliferation of the empty-vector control strain was unaffected by the
inducer (Fig. 8E). Interestingly, cells carrying the pMSPT:as_rsh vector demonstrated
partial inhibition even in the absence of the inducer, which was not seen in the
empty-vector control strain, which is suggestive of leaky promoter transcription
(Fig. 8E).

Conclusions. The (p)ppGpp-mediated stringent response is ubiquitous among
bacteria, so it is unsurprising that it plays a role in the notorious resilience of C. difficile
against antibiotic stress. We have previously confirmed that RSH from C. difficile is an
active ppGpp synthetase; in this study, we have determined that its ppGpp synthesis
activity is robust in a wide range of environmental pHs and can utilize an unexpectedly
diverse array of metal cofactors. We have confirmed that RSH binds GTP with lower
affinity than GDP but appears to be incapable of utilizing it as a substrate. The failure
of RSHCd to utilize GTP at equimolar concentration of GDP and at an excess concen-
tration in the same pool directly indicates that the enzyme is an exclusive ppGpp
synthetase. To some degree, it is also likely that pppGpp is unstable or prone to
degradation in C. difficile, as suggested in Porphyromonas gingivalis (110). Gram-
negative bacteria encode the guanosine pentaphosphate 5=-phosphohydrolase (GPP;
GppA) enzyme, which hydrolyzes pppGpp to ppGpp via removal of the 5=-phosphate
group (111). In E. coli, conversion of pppGpp to ppGpp is indicated to refine the
potency of ppGpp in bacterial physiology (112). However, it remains to be explored
whether SR-mounting Gram-positive species encode a protein(s) with identical GPP/
GppA functionality (113). Interestingly, pppGpp is a more potent inhibitor of DNA
primase in B. subtilis than ppGpp, but degradation of pppGpp for potency refinement
has not been reported for the organism (114). This suggests that observations made for
relative organisms cannot be extrapolated to the effects of (p)ppGpp potency and
metabolism in the C. difficile background. Therefore, future studies are imperative to
quantitate intracellular accumulation of (p)ppGpp in C. difficile and to establish proteins
involved in polyphosphate breakdown. Furthermore, biochemical characterization of C.
difficile RelQ is needed to achieve a more comprehensive understanding of (p)ppGpp
metabolism in this organism.

The stringent response governs virulence traits in diverse bacterial pathogens,
including biofilm production, spore formation, virulence factor expression, and survival
of pharmacological and immune stresses. We have identified stationary-phase onset
and antibiotic exposure as environmental stimuli that trigger rsh transcription in C.
difficile in a strain- and stress-dependent manner. Interestingly, the historical 630Δerm
strain and the epidemic R20291 strain exhibit different transcriptional responses to
antibiotics. The epidemic strain increases rsh transcription in response to clindamycin
and metronidazole, while the historical strain does not have a transcriptional response
to metronidazole and induces transcription of relQ rather than rsh upon exposure to
clindamycin. It may be relevant that R20291 contains an intact ermB gene, which
implies some cross-resistance to clindamycin as well as erythromycin, while this gene
is deleted in 630Δerm, which may affect the perception of antibiotic-induced stress by
these bacterial strains (115). While clindamycin and metronidazole are both cytoplasmic
rather than extracellular antibiotics, they kill bacteria by distinct mechanisms, targeting
protein synthesis and DNA replication, respectively, so it appears that rsh transcription
may be a general response to antibiotic stress rather than a response to inhibition of
a specific synthetic pathway. Notably, inhibition of RSH activity by relacin amplified the
potency of both drugs against the epidemic C. difficile strain R20291. As the effects of
relacin on antibiotic efficacy were slight and required millimolar concentrations of the
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reagent, it is not itself a promising candidate for clinical use against CDI. However, these
results serve as an important proof of concept demonstrating that the development of
higher-affinity inhibitors against RSHCd could lead either to novel antibiotics or to
adjuvants to increase the potency of existing antibiotics against CDI. Lastly, transla-
tional suppression of rsh that lead to a more pronounced effect on bacterial antibiotic
susceptibility demonstrates the direct role that the stringent response plays in C. difficile
antibiotic survival.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Table S1 in the supplemental material lists the bacterial

strains and plasmids used in this study. C. difficile 630Δerm and R20291 were grown at 37°C in
tryptone-yeast (TY) medium or in brain heart infusion medium supplemented with 5% yeast extract
(BHIS), as indicated (116, 117). The strains were grown in an anaerobic chamber (Coy Laboratory
Products, Grass Lake, MI) with an atmosphere of 85% N2, 10% CO2, and 5% H2. E. coli strains were grown
in Luria-Bertani broth (LB) at 37°C. Bacterial strains carrying plasmids were maintained using the
following antibiotics in the indicated concentrations: 50 or 100 �g/ml of ampicillin (IBI Scientific), 10 or
15 �g/ml of thiamphenicol (Tm; Alfa Aesar), 10 �g/ml of chloramphenicol (VWR), 50 or 100 �g/ml of
kanamycin (Kan; Bio Basic Canada Inc.), 0.075 or 0.3 �g/ml of metronidazole (Beantown Chemical), or
16 �g/ml of clindamycin (Tokyo Chemical Industry) as indicated. Relacin (gift from Sigal Ben-Yehuda,
Hebrew University of Jerusalem) was added at a 2 mM concentration to C. difficile cultures when cell
optical density at 600 nm reached 0.3 to 0.5 (78). Protein overexpression in E. coli was induced with
0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG).

Plasmid and strain construction. All restriction enzymes and DNA ligase were purchased from New
England BioLabs (NEB). Phusion DNA polymerase was purchased from Thermo Fisher Scientific. rsh
(CDR20291_2633) was amplified from C. difficile R20291 genomic DNA using primers (Table S2) that
added a C-terminal hexahistidine tag, ligated into the pMMBneo expression vector at the KpnI and PstI
restriction sites, and transformed into E. coli BL21 as previously described (80). The plasmid was
confirmed by PCR using both gene- and plasmid-specific primers (Table S2). Likewise, rel was amplified
from pMMBneo::rsh expression vector using primers (Table S2) that also added a C-terminal hexahistidine
tag. The amplicon was subsequently digested and ligated into the pMMBneo vector at the KpnI and PstI
cut sites and transformed into an E. coli DH5� background. The plasmid was confirmed by PCR using
gene-specific primers (Table S2).

The plasmid pRF185::phiLOV2.12.1 (provided by Gillian Douce, University of Glasgow), containing the
phiLOV2.12.1 gene under the control of the tetracycline-inducible promoter Ptet, was digested with BamHI
and KpnI to remove the original promoter (106). The predicted promoters upstream of rsh (CD630_27440
and CDR20291_2633) and relQ (CD630_03450 and CDR20291_0350) were amplified from 630Δerm and
R20291 genomic DNA using the Prsh and PrelQ forward and reverse primers (Table S2). Prsh was amplified
separately from 630Δerm and R20291 genomic DNA, while PrelQ, which is identical between the two
strains, was amplified from 630Δerm. The primers introduced cut sites for BamHI and KpnI, which were
used to digest the amplified promoters. The promoters were ligated into the digested pRF185_
phiLOV2.12.1 plasmid to yield Prsh630Δerm::phiLOV2.12.1, PrshR20291::phiLOV2.12.1, and PrelQ630Δerm::phi-
LOV2.12.1. The plasmids were subsequently PCR verified for promoter insertion using vector-specific as
well as promoter-specific primers (Table S2). The reporter plasmids were then individually transformed
into competent E. coli HB101 cells (NEB) carrying the helper plasmid pRK24. HB101 cells carrying pRK24
were mated with C. difficile 630Δerm and R20291 strains as previously described (118). Prsh630Δerm::
phiLOV2.12.1 and PrshR20291::phiLOV2.12.1 were mated into their isogenic background strains, and
PrelQ630Δerm::phiLOV2.12.1 was mated into both C. difficile strains. Transconjugants were selected on BHIS
agar supplemented with 10 �g/ml of thiamphenicol and 100 �g/ml of kanamycin. Finally, transconju-
gants were verified by PCR using both promoter-specific and phiLOV2.12.1-specific primers (Table S2).

The vector pMSPT, a gift from Julian G. Hurdle (Texas A&M University), was used to clone anhydro-
tetracycline (ATc)-inducible antisense RNA (asRNA) to the mRNA of C. difficile rsh (32). Vector pMSPT was
derived by cloning a paired-terminus region, synthesized by GenScript in pUC57, into the BamHI and SacI
sites of pRPF185 (32). An antisense fragment was designed and synthesized to span �50 bp upstream
and downstream of the start codon to mimic naturally occurring bacterial asRNA that blocks translation
by binding to the ribosome binding site (RBS) (32). The antisense fragment synthesized by GenScript was
amplified using gene-specific primers (Table S2), digested, and cloned into the SphI and XhoI sites of
pMSPT. The derived construct, termed as pMSPT::rsh_as, contained the gene with its own RBS expressed
from the Ptet promoter. The construct was subsequently PCR verified for antisense gene insertion using
vector-specific primers (Table S2). The RNA interference (RNAi) plasmids, including the empty-vector
control, were then individually electroporated into E. coli HB101 cells (NEB) carrying the helper plasmid
pRK24. HB101 cells with pRK24 were conjugated with C. difficile R20291 strains as previously described
(118). Transconjugants were selected on BHIS agar supplemented with 15 �g/ml of thiamphenicol and
100 �g/ml of kanamycin. Finally, transconjugants were verified by PCR using C. difficile relQ gene-specific
and pMSPT vector-specific primers (Table S2).

Growth curves. Growth curve assays following the induction of C. difficile rsh in the E. coli DH5�

background were performed using a 96-well microtiter plate. Log-phase cultures of E. coli cells were
inoculated in LB medium in the presence or absence of 0.5 mM IPTG. The plate was incubated at 37°C
with shaking for a total of 12 h. Growth of induced versus uninduced cells was monitored every 30 min.
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Endpoint growth assay using RNAi strains. Growth following the induction of asRNA to the mRNA
of C. difficile rsh was performed by a medium dilution technique using a 96-well microtiter plate.
Essentially, increasing concentrations of ATc were added to BHIS medium in the absence of antibiotics
(Fig. S5). The plate was incubated for 24 h, after which the sublethal concentration of ATc that partially
inhibited growth was recorded (Fig. S5). The concentration of ATc (0.5 �g/ml) that moderately inhibited
growth was further used to induce rsh_as in assays in which the growth of unstressed versus stressed
strains using 0.075 �g/ml of metronidazole was monitored after 12 h of incubation at 37°C.

Purification of Clostridioides difficile RSH. Expression and purification of native C. difficile RSH from
E. coli BL21 cells (NEB) have previously been reported (80). Briefly, the E. coli expression strain BL21 was
grown in LB with 50 �g/ml kanamycin at 37°C to an OD600 of 0.16 to 0.25, at which point the temperature
was dropped to 30°C and expression was induced using 0.5 mM IPTG for 16 h. Cells were lysed by
sonication in the lysis buffer, after which the lysates were clarified by centrifugation and subsequently
purified using HisPure nickel-nitrilotriacetic acid (Ni-NTA) resin (G-Biosciences) according to the manu-
facturer’s protocol. Purified RSHCd was dialyzed overnight at 4°C against dialysis buffer (15.7 mM Tris-HCl
[pH 7.6], 471.9 mM NaCl, 15.69 mM MgCl2, 1.57 mM dithiothreitol [DTT], 1.5 mM phenylmethylsulfonyl
fluoride [PMSF], and 15.7% glycerol) and stored at – 80°C in 5- to 50-�l aliquots to be used for enzymatic
assays.

In vitro measurement of RSH synthetase activity. ppGpp synthesis by purified RSHCd was carried
out as previously described (80). Assays were conducted in buffer containing 10 mM Tris-HCl (pH 7.5),
5 mM ammonium acetate, 2 mM KCl, 0.2 mM DTT, and 0.6 mM ATP. A 5� buffer stock was mixed with
the desired concentrations of GDP (0.2 to 0.6 mM), with covarying MgCl2 and 1.0 �Ci of [�-32P]ATP.
Reactions were initiated by adding RSH at a final concentration of 0.003 mM and a reaction volume of
10 �l. Reactions were stopped by spotting 2-�l samples on polyethyleneimine (PEI)-cellulose plates,
allowing the spots to dry. The plates were subsequently developed in 1.5 M KH2PO4 (pH 3.64 � 0.03) and
autoradiographed using a Storm 860 phosphorimager (GE Healthcare Life Sciences). ppGpp signal was
quantitated using ImageJ software (119). RSH activity was expressed as the percentage of [�-32P]ATP
converted into inorganic phosphate at each time point (80). Allosteric feedback regulation of RSHCd by
ppGpp was assayed in the same manner in the presence of 0 to 10 �M exogenous ppGpp (TriLink).
Relacin inhibition assays were performed under the same reaction conditions using 0.006 mM purified
RSHCd enzyme in addition to relacin at concentrations ranging from 0 to 5 mM (78). Finally, the effect(s)
of different metal cations as well as buffer pH on RSHCd synthetase activity was evaluated under reaction
conditions similar to those mentioned above. Metal cofactors studied included Mg2�, Mn2�, Co2�, Cu2�,
Zn2�, Ni2�, Ca2�, and Fe2� at a concentration of 0.012 mM. Buffer pH studied included pH values of 5.0,
6.0, 7.5, 9.0, and 10.0. The effect(s) of metal cations and buffer pH on (p)ppGpp synthesis was studied at
least three times.

Promoter activity analysis using fluorescent phiLOV2.1 reporter constructs. C. difficile strains
containing phiLOV2.1 reporter plasmid were grown anaerobically at 37°C in BHIS-Tm10 for 12 to 16 h. To
monitor growth phase-dependent promoter activity, overnight saturated cultures were inoculated 1:20
into fresh BHIS-Tm10 medium and grown with optical density monitored at 600 nm. Samples were
collected when cultures reached the OD600 of 0.8 and 1.2. When cultures at the final volume of 3 ml
reached the OD600 of 0.8 and 1.2, cell numbers in each sample for fluorescent measurement were
normalized to cell culture OD600 of 0.20 at 600 nm. To monitor antibiotic-induced promoter activity,
overnight starter cultures were inoculated 1:50 into fresh BHIS-Tm10 containing metronidazole and
clindamycin at 1� MIC (Fig. S3) and grown for 2 h. OD600 was recorded for each sample to monitor
growth. To minimize discrepancies in fluorescent signal from cellular autofluorescence, cell numbers in
each sample were equalized on collection (106). Each sample was collected at a volume that would give
a cell count equivalent to 3 ml of the culture with the lowest OD600. After collection, cells were pelleted
anaerobically in a microcentrifuge and suspended in 400 �l of anaerobic 1� phosphate-buffered saline
(PBS). Duplicate 200-�l samples were aliquoted into a clear-bottomed black 96-well microplate (Thermo
Fisher Scientific) and were removed from the anaerobic chamber to measure sample fluorescence
intensity. Sample fluorescence using 440-/30-nm excitation and 508-/20-nm emission filters and sample
OD630 were measured on a BrandTek plate reader. The instrumental parameters for all fluorescence
measurements included a sensitivity limit of 65. Measurements were blanked against 1� PBS and were
reported as E508/A630.

RNA isolation and real-time PCR. Total RNA from C. difficile 630Δerm in BHIS was isolated as
previously described (118). Primers were designed using the PrimerQuest tool from IDT DNA Technol-
ogies. Samples for RNA isolation were collected when cultures reached OD600 of 0.8 (mid-log phase), 1.2
(stationary-phase onset) and 1.6 (stationary phase). cDNA samples were prepared from 200 ng of RNA
using random hexamers and the Tetro cDNA synthesis kit (Bioline). Real-time PCRs were performed with
2 ng of cDNA template using the SensiMix SYBR and fluorescein kit (Bioline). Primers (Table S2) were
designed using PrimerQuest tool from IDT DNA Technologies and detected transcripts of rsh and relQ.
The rpoC transcript was measured and used as an internal control for normalization. Controls with no
reverse transcriptase were also included for all templates and primer sets. The data were analyzed using
the threshold cycle (2�ΔΔCT) method with normalization to rpoC and to an OD600of 0.8.

HPLC. Instrumentation for high-performance liquid chromatography (HPLC) analysis consisted of a
dual-pump ultrahigh-performance liquid chromatography system with a UV detector (Schimazdu). The
analytical column used was a 4- by 250-mm strong anion-exchange DNAPac PA100 (Thermo Scientific)
with a 4- by 50-mm guard column (Thermo Scientific). HPLC buffers A and B consisted of 50 mM KH2PO4

and 500 mM KH2PO4 as well as 500 mM Na2SO4, respectively adjusted to neutral pH. Nucleotide
standards, including GDP (Alfa Aesar), GTP (BioBasic), and GMP (BioWorld) at a concentration of 20 �M,
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were separated using gradient elution at a flow rate of 1.0 ml/min and absorbance at 252 nm as a
readout (Fig. S1).

ITC. Isothermal titration calorimetry (ITC) analysis was conducted on an ITC200 microcalorimeter
(Malvern). Purified RSHCd was added onto the cell component (300 �l), and the syringe was filled with
GXP ligand (40 �l). Protein and ligand were prepared in the same buffer (10 Mm Tris-HCl, 5 mM AmAce,
1.2 mM MgCl2, 0.2 mM DTT, 0.012 mM ATP, and 2 mM KCl). Concentrations of 0.0012 mM protein and
0.012 mM ligand were used in the experiments in which reactions were carried out at 37°C. ITC
experiments were repeated at least three times where the heat of dilution obtained through the titration
of ligand into the reference solution was subtracted from the binding curves. The data obtained were
fitted using a single-binding-site model by Origin software. Peak integration and the calculation of
thermodynamic parameters were also accomplished using Origin (Fig. S2).
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