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ABSTRACT The staphylococcal respiratory regulator (SrrAB) modulates energy me-
tabolism in Staphylococcus aureus. Studies have suggested that regulated protein ca-
tabolism facilitates energy homeostasis. Regulated proteolysis in S. aureus is achieved
through protein complexes composed of a peptidase (ClpQ or ClpP) in association
with an AAA� family ATPase (typically, ClpC or ClpX). In the present report, we
tested the hypothesis that SrrAB regulates a Clp complex to facilitate energy ho-
meostasis in S. aureus. Strains deficient in one or more Clp complexes were attenu-
ated for growth in the presence of puromycin, which causes enrichment of mis-
folded proteins. A ΔsrrAB strain had increased sensitivity to puromycin. Epistasis
experiments suggested that the puromycin sensitivity phenotype of the ΔsrrAB strain
was a result of decreased ClpC activity. Consistent with this, transcriptional activity
of clpC was decreased in the ΔsrrAB mutant, and overexpression of clpC suppressed
the puromycin sensitivity of the ΔsrrAB strain. We also found that ClpC positively in-
fluenced respiration and that it did so upon association with ClpP. In contrast, ClpC
limited fermentative growth, while ClpP was required for optimal fermentative
growth. Metabolomics studies demonstrated that intracellular metabolic profiles of
the ΔclpC and ΔsrrAB mutants were distinct from those of the wild-type strain, sup-
porting the notion that both ClpC and SrrAB affect central metabolism. We propose
a model wherein SrrAB regulates energy homeostasis, in part, via modulation of reg-
ulated proteolysis.

IMPORTANCE Oxygen is used as a substrate to derive energy by the bacterial
pathogen Staphylococcus aureus during infection; however, S. aureus can also grow
fermentatively in the absence of oxygen. To successfully cause infection, S. aureus
must tailor its metabolism to take advantage of respiratory activity. Different pro-
teins are required for growth in the presence or absence of oxygen; therefore, when
cells transition between these conditions, several proteins would be expected to be-
come unnecessary. In this report, we show that regulated proteolysis is used to
modulate energy metabolism in S. aureus. We report that the ClpCP protein complex
is involved in specifically modulating aerobic respiratory growth but is dispensable
for fermentative growth.

KEYWORDS ClpC, ClpP, SrrAB, Staphylococcus aureus, TrfA, fermentation,
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Staphylococcus aureus is a commensal bacterium that colonizes between 20% and
50% of the healthy human population (1–4). Typically, S. aureus does not cause the

human carrier harm; however, it is capable of causing both invasive and noninvasive
infections (5–7). Historically, S. aureus infections were acquired within a hospital envi-
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ronment (8), but the onset or occurrence of S. aureus infections is increasing in
community settings (5, 9).

S. aureus is a facultative anaerobe. It can derive energy for growth using either
fermentative or respiratory pathways (10). Oxygen concentrations vary within healthy
human tissues (between �1.5% and 19.7%), and in infected tissues, they are estimated
to be less than 1% (11–13). In the context of S. aureus infections, the concentration of
oxygen at the site of infection progressively decreases as an infection proceeds (14).
Consequently, the ability of S. aureus to fine-tune respiratory or fermentative metab-
olism with respect to the oxygen concentration is likely to be crucial for achieving
optimum energy production and utilization. Consistent with this idea, the pathogenesis
of strains with an impaired ability to respire or ferment is attenuated (15–17).

Bacteria use a variety of regulatory mechanisms to facilitate adaptation toward
changes in their environments. Regulation by means of proteolysis is a strategy
adopted in processes as diverse as stress response to cell division (18, 19). It has been
argued that regulated proteolysis allows cells to efficiently remove proteins that have
been rendered superfluous to cellular needs (20). Two rather distinct sets of proteins
are required to facilitate fermentative and respiratory growth; therefore, when cells
transition between either of the conditions, a number of proteins will be rendered
unnecessary. The concentration and availability of a terminal electron acceptor (TEA)
constitute one factor that could necessitate reliance of cells upon regulated proteolysis
to facilitate energetic homeostasis. Regulated proteolysis is employed to modulate
respiratory metabolism in yeast (21, 22). It is unclear whether regulated proteolysis and
respiratory/fermentative metabolism are linked in S. aureus.

Proteolysis of S. aureus cytoplasmic proteins is achieved by chaperone-protease
complexes (Clp complexes) (19). The complexes are two-component proteases consist-
ing of peptidase and ATPase subunits (19). S. aureus harbors two peptidase subunits:
ClpP and ClpQ (19, 23, 24). ClpP is the dominant peptidase under standard laboratory
growth conditions (23, 24). S. aureus harbors multiple ATPase subunits that each carry
a domain typical of the AAA� protein superfamily (19). Only a subset of ATPases
contain the ClpP recognition tripeptide and can interact with ClpP (25, 26). In S. aureus,
ClpC and ClpX are capable of interacting with ClpP, while ClpL and ClpB are thought to
not interact with ClpP (19). Apart from interacting with ClpP, the ATPases also interact
with a second class of proteins termed cofactor or adaptor proteins. The adaptor
proteins facilitate the recognition and targeting of proteins for degradation. Three
adaptor proteins have been identified in S. aureus: YjbH (27), TrfA (28), and McsB (29).
TrfA, a homolog of MecA in Bacillus subtilis, has been suggested to function as an
adaptor for ClpC (30). ClpP-dependent complexes are integral for numerous cellular
processes, thereby establishing regulated proteolysis as a global modulator of cellular
physiology.

Bacteria utilize two-component regulatory systems (TCRS) to adapt to their sur-
roundings. TCRS allow bacteria to integrate several stimuli into signaling circuits,
allowing for a tailored response toward their environment (reviewed in reference 31).
Classical TCRS consist of two proteins: a histidine kinase (HK) and a response regulator
(RR). The HK is capable of interacting with intracellular and/or extracellular stimuli. The
RR is typically cytosolic and may also be a transcription factor with one or more of the
following functionalities: it can undergo autophosphorylation, transfer phosphoryl
groups to the RR, or remove phosphoryl groups from the RR. Interaction with a signal
molecule alters the functionality of the HK, thereby affecting the levels of the phos-
phoryl group on the RR. In most cases but not all, the levels of phosphoryl groups on
the RR at any given point determine whether system output is increased or decreased.

The staphylococcal respiratory regulator (SrrAB) TCRS was identified as a system that
modulates the expression of staphylococcal virulence factors when oxygen tension is
decreased (32–34). SrrA is a DNA binding RR (33, 35). SrrB is the HK and is membrane
spanning (33). Proteomic and microarray studies have established SrrAB as a pleiotropic
regulator of energy metabolism (14, 36, 37), and SrrAB positively influences aerobic
respiration (14, 35, 36). In the absence of oxygen or upon its limitation, SrrAB positively

Mashruwala et al. Journal of Bacteriology

August 2019 Volume 201 Issue 15 e00188-19 jb.asm.org 2

https://jb.asm.org


influences fermentative growth (37). Biofilms are crucial in staphylococcal pathogenesis
(6, 38, 39), and SrrAB positively influences the formation of biofilms in low-oxygen
environments (36, 40). S. aureus strains lacking SrrAB also display attenuated survival in
models of infection (17, 41).

RESULTS
A �srrAB strain has increased sensitivity to puromycin. We reasoned that if SrrAB

regulates a factor involved in protein turnover, then a ΔsrrAB strain would display
altered growth under conditions that cause protein misfolding. Puromycin is a tRNA
analog that causes premature termination of protein translation; therefore, puromycin
imposes a high demand for the proteolytic machinery (24). The USA300_LAC ΔsrrAB
mutant strain displayed a pronounced growth defect in solid and liquid aerobic media
supplemented with puromycin but not in its absence (Fig. 1; see also Fig. S1 in the
supplemental material). Growth on both solid and liquid media was examined, since
regulatory networks in S. aureus can be altered between these two growth environ-
ments (42). Serial dilutions of the USA300_LAC (WT) and ΔsrrAB strains were placed
upon solid tryptic soy broth (TSB) medium in the presence or absence of puromycin
and growth was analyzed. In the presence of puromycin, the ΔsrrAB strain formed
colonies that were smaller in size and the number of colonies formed was decreased by
�10- to 100-fold (Fig. 1), while in the absence of puromycin, the ΔsrrAB strain formed
colonies of the same size and frequency as the WT strain. Likewise, in liquid medium,

FIG 1 SrrAB is involved in puromycin resistance in diverse isolates of S. aureus. (A) A ΔsrrAB strain is
deficient in growth upon solid TSB medium containing puromycin. Growth for the WT with pLL39 or the
ΔsrrAB strain with pLL39 or pLL39_srrAB is displayed on solid TSB medium with or without puromycin.
(B) Growth for the Newman (JMB 1422), Newman ΔsrrAB (JMB 4751), MW2 (JMB 1324), MW2 ΔsrrAB (JMB
7573), N315 (JMB 7570), and N315 ΔsrrAB (JMB 7574) strains is displayed on solid TSB medium with or
without puromycin. MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; CC,
clonal-complex type, USA number, the pulsed-field gel electrophoresis type. Photographs are represen-
tative of at least three independent experiments. The numbers beneath each photograph denote the
serial dilution that cells were removed from before plating.
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the ΔsrrAB strain displayed an increased generation time, and its growth was inhibited
at lower concentrations of puromycin than for the WT (Fig. S1B and C). The return of
srrAB genes to the chromosome of the ΔsrrAB strain, in a nonendogenous location,
restored puromycin sensitivity to WT levels (Fig. 1 and S1). Puromycin resistance was
mildly, but consistently, enhanced in a WT strain carrying srrAB in a multicopy plasmid
(Fig. S1D).

Regulatory networks can differ between isolates of S. aureus (43, 44). The influence
of SrrAB on puromycin resistance was examined in alternate isolates of S. aureus
(Newman, MW2, and N315) that differ in their physiologies and in their expression of
virulence factors. In the Newman strain, the global virulence regulator SaeS contains a
point mutation (SaeS P18) that imparts constitutive kinase activity (45). The growth of
strains lacking SrrAB was attenuated on solid medium containing puromycin for each
isolate examined (Fig. 1). The data in Fig. 1 and S1 suggested that SrrAB positively
influences puromycin resistance in S. aureus.

Genetic evidence suggests that decreased expression of clpC in the �srrAB
strain results in sensitivity to puromycin. We tested the hypothesis that SrrAB
controls the activity of a factor that facilitates protein turnover. Strains deficient in the
activity of Clp proteolytic complexes have deficient growth in the presence of puro-
mycin (24). Proteomic analyses by Throup et al. identified a putative ATPase, with
homology to the Lactococcus lactis protein CAA44207, which had altered abundance in
an S. aureus strain lacking SrrAB (37). Basic Local Alignment Search Tool (BLAST)
analyses found that ClpL (SAUSA300_2486) and ClpC (SAUSA300_0510) had the highest
similarity to CAA44207. We found that a ΔclpC strain had deficient growth on solid
medium containing puromycin, whereas a clpL::Tn strain did not (Fig. 2A).

FIG 2 Genetic evidence suggests that decreased expression of ClpC in a ΔsrrAB strain results in sensitivity to puromycin. (A) ClpC is required for puromycin
resistance, while ClpL is dispensable. Growth for the WT (JMB 1100), ΔclpC (JMB 8025), and clpL::Tn (JMB 4850) strains is displayed on solid TSB medium with
or without puromycin. (B) The puromycin sensitivity phenotypes of the ΔsrrAB and ΔclpC mutations are not additive. Growth for the WT, ΔsrrAB (JMB 1467),
ΔclpC, and ΔsrrAB ΔclpC (JMB 8027) strains is displayed on solid TSB medium with or without puromycin. (C) Overexpression of clpC suppresses the puromycin
sensitivity phenotype of the ΔsrrAB strain. The growth profiles of WT and ΔsrrAB strains with either pEPSA5 (empty vector) or pEPSA5_clpC are displayed on
solid TSB medium with or without puromycin. (D) Transcriptional activity of clpC is decreased, while that for spa is increased, in a strain lacking SrrAB.
Transcriptional activities are displayed for the WT with pLL39 and the ΔsrrAB strain with pLL39 or pLL39_srrAB and simultaneously carrying a multicopy plasmid
containing gfp under the transcriptional control of either the clpC or spa promoter. Data in panel D represent the averages from triplicate cultures and error
bars represent standard deviations. Photographs shown in panels A, B, and C are representative of at least three independent experiments, and the numbers
beneath each photograph denote the serial dilution that cells were removed from before plating. Where indicated, Student t tests (two tailed) were performed.
*, P � 0.05.

Mashruwala et al. Journal of Bacteriology

August 2019 Volume 201 Issue 15 e00188-19 jb.asm.org 4

https://www.ncbi.nlm.nih.gov/protein/CAA44207
https://www.ncbi.nlm.nih.gov/protein/CAA44207
https://jb.asm.org


Epistasis experiments were used to examine potential interactions between srrAB
and clpC. The puromycin sensitivities of the ΔsrrAB, ΔclpC, and ΔsrrAB ΔclpC strains were
analyzed in liquid medium and on solid medium. The puromycin sensitivity phenotypes
associated with the ΔsrrAB and ΔclpC mutations were nonadditive. The size and
frequency of colonies formed by the ΔsrrAB ΔclpC double mutant were similar to those
observed for the ΔclpC strain (Fig. 2B). We found that the presence of puromycin
increased the lag times necessary to initiate outgrowth (see Fig. S2A). The puromycin-
dependent growth inhibition levels associated with the ΔsrrAB and ΔclpC mutations
were not additive in liquid medium (Fig. S2B). These data suggest that SrrAB may affect
puromycin resistance via ClpC.

We introduced clpC, under the transcriptional control of a xylose-inducible promoter
(pEPSA5_clpC), into the WT and ΔsrrAB strains and assessed puromycin sensitivities. In
the presence of puromycin, the ΔsrrAB strain carrying empty vector formed �10-fold
fewer colonies than the WT strain carrying an empty vector (Fig. 2C). However, the
ΔsrrAB strain carrying pEPSA5_clpC formed a similar number of colonies as the WT
carrying an empty vector. The presence of pEPSA5_clpC had no noticeable effect on the
WT at the puromycin concentration utilized.

The influence of SrrAB on clpC transcription was examined. A transcriptional reporter
was constructed wherein the gene encoding green fluorescent protein (GFP) was
placed under the transcriptional control of the clpC promoter. SrrA is a transcriptional
repressor of the gene encoding protein A (Spa) (33), and a spa transcriptional reporter
was included as a positive control. The transcriptional activities of clpC and spa were
decreased and increased, respectively, in the ΔsrrAB strain (Fig. 2D). The transcriptional
activities of both genes were restored to near WT levels by the reintroduction of srrAB
to the ΔsrrAB strain.

Metabolomics analyses demonstrate the influence of SrrAB and ClpC on me-
tabolism. We tested the hypothesis that SrrAB affects energy homeostasis via ClpC. To
this end, we examined the effect of SrrAB and ClpC upon cellular energetics using
one-dimensional (1D) 1H nuclear magnetic resonance (NMR) for the global profiling of
cellular metabolites following aerobic growth, as previously described (46). Intracellular
metabolite levels were quantified in the WT, ΔsrrAB, ΔclpC, and ΔsrrAB ΔclpC strains. A
previous study found that a strain lacking ClpC, cultured to stationary phase, had
altered transcript levels for genes encoding components of the electron transfer chain
and oxidative phosphorylation (46). To allow comparisons with previous studies, our
analyses were also conducted in stationary phase, following 48 h of growth. Two-
dimensional principal-component analysis (2D-PCA) and two-dimensional partial least-
squares discriminant (2D PLS-DA) multivariate statistical analyses demonstrated that
the WT, ΔsrrAB, ΔclpC, and ΔsrrAB ΔclpC strains exhibit distinct metabolic profiles (Fig.
3A) (relative metabolite concentrations are listed in Table S1). Associated variable
importance in projection (VIP) scores resulting from the 2D PLS-DA analysis highlighted
the metabolites whose concentration changes contributed the most to the separation
(VIP score � 1.0) of the metabolic profiles of the four strains (Fig. 3B). Most notably, the
mutant strains displayed higher levels of NAD� than the WT (with NAD� concentra-
tions in the following order: ΔclpC � ΔsrrAB ΔclpC � ΔsrrAB � WT). Other interesting
metabolite pattern changes included higher levels of formate, niacinamide (ΔclpC �

ΔsrrAB ΔclpC � ΔsrrAB � WT), and ADP (ΔclpC � ΔsrrAB � ΔsrrAB ΔclpC � WT) in the
mutant strains than in the WT. In addition, GTP levels were lower in the ΔclpC and
ΔsrrAB ΔclpC mutants than in the WT.

We compared the metabolite profile of each strain to that of the WT. The 2D-PCA
plot and heat map representation of metabolites whose levels were significantly altered
between ΔclpC and WT are shown in Fig. 4. The 2D-PCA plot separates ΔclpC and WT
primarily in the principal component 1 (PC1) dimension, where PC1 accounts for �60%
of the variance and PC2 accounts for �22% of the variance (Fig. 4A). We found that
ADP, NAD�, lactate, acetate, and formate levels were higher in the ΔclpC sample group
(Fig. 4B), supporting the notion that the energy status of the ΔclpC strain is decreased.
Levels of GTP and 2-oxo-glutarate were also lower in the ΔclpC strain. Taken together,
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these data suggest that the ΔclpC strain is, in all likelihood, exhibiting reduced oxidative
phosphorylation and tricarboxylic acid (TCA) cycle activity.

Similarly, the metabolic profile of the ΔsrrAB strain separates from that of WT in the
2D-PCA score plot, primarily in the PC1 dimension, with PC1 and PC2 accounting for
59% and 22%, respectively, of the variance (Fig. 5A). Similarly to the ΔclpC strain, the
ADP, NAD�, acetate, formate, and lactate levels were higher in the ΔsrrAB strain
(Fig. 5B). Levels of AMP, UMP, succinate, and citrulline were also increased in the ΔsrrAB
strain. Importantly, metabolite abundance in the ΔsrrAB ΔclpC strain was nonadditive
with respect to the metabolite levels quantified for the individual ΔsrrAB and ΔclpC
mutations for �65% of the metabolites examined (25/39) (Table 1; see also Fig. S3).
Notably, a number of the metabolites that displayed nonadditivity are crucial in the
maintenance of cellular redox and energy homeostasis (for example, NAD�, NADP�,
GTP, and ADP). Consistent with the NMR analyses, the NAD�/NADH ratios were
significantly altered in strains lacking SrrAB or ClpC compared to that in the WT upon
reexamination using a biochemical assay (Table 2). Moreover, the magnitude of change
observed in the ΔsrrAB ΔclpC double mutant strain was statistically indistinguishable
from those in the single ΔsrrAB strains. We do note that the metabolite level patterns
were different between the ΔsrrAB, ΔclpC, and the ΔsrrAB ΔclpC strain mutants for
�30% of the metabolites examined (Table S1). We conclude that while the ΔclpC and
ΔsrrAB mutations do not influence central metabolism in exactly the same way, it is
likely that a portion of the effect of SrrAB on metabolism is controlled via alterations in
ClpC activity.

ClpCP is required for optimal growth in a medium that only supports respira-
tory growth. SrrAB regulates aerobic respiration, and the data presented suggested
that a ΔclpC strain may be deficient in oxidative phosphorylation and tricarboxylic acid
(TCA) cycle activity (35, 36). This prompted us to test the hypothesis that ClpC positively
influences respiratory growth. We examined the growth profiles of strains in a medium
that supports only respiratory growth. S. aureus is capable of utilizing glucose as well

FIG 3 2D partial least-square discriminant analysis (2D PLS-DA) score plot and associated VIP scores following aerobic growth for 48 h. (A) 2D
PLS-DA score plot separating the WT (JMB 1100), ΔsrrAB (JMB 1467), ΔclpC (JMB 8025), and ΔsrrAB ΔclpC (JMB 8027) S. aureus strains according
to their distinct metabolic profiles, with principal component 1 (PC1) and PC2 accounting for ~52% and ~19% of the variance, respectively. (B)
Variable importance in projection (VIP) scores ranking the most important metabolites that contributed to the separation of the different strains
in the 2D PLS-DA score plot. Metabolites with associated VIP scores of �1.0 were considered to be significant contributors to the separation
between the metabolic profiles of the different strains. sn-Glycero-3-p, sn-glycero-3-phosphocholine.
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as glutamate as a source of carbon (47, 48). Glutamate feeds directly into the TCA cycle
at the �-ketoglutarate entry point, and we reasoned that glutamate would support
respiratory growth almost exclusively. Defined medium containing glutamate as a
carbon source (DFM-glutamate) did not support fermentative (anaerobic) growth but
did support respiratory (aerobic) growth (Fig. 6A). Defined medium with glucose as a
carbon source (DFM-glucose) supported both respiratory and fermentative growth (Fig.
6A). Heme is necessary for the function of S. aureus terminal oxidases, and conse-
quently, a heme auxotroph is incapable of respiring. A hemB::Tn strain was capable of
aerobic growth in DFM-glucose but not DFM-glutamate medium (Fig. 6B), leading to
the conclusion that DFM-glutamate supports only respiratory growth. The ΔclpC strain
had a modest, but repeatable, growth defect in DFM-glutamate but not DFM-glucose
medium (Fig. 6C and D; black versus red circles).

ClpC can associate with a peptidase that forms a proteolytic complex. S. aureus
harbors the ClpP and ClpQ peptidases. To understand which peptidase ClpC associates
with to influence respiratory growth, the puromycin sensitivities of strains lacking ClpC,
ClpP, or ClpQ were assessed. Concentrations of puromycin that attenuated growth of
a ΔclpC strain also attenuated growth of a clpP::Tn strain, while the growth of a clpQ::Tn
strain was unaffected (data not shown). This suggested that ClpC associates with ClpP;
therefore, we conducted epistasis experiments to further understand the role of ClpP.

The growth of a ΔclpC clpP::Tn strain was examined relative to that of its parental
strains in different media. The phenotypic effects of the ΔclpC and clpP::Tn mutations
were nonadditive, and the ΔclpC clpP::Tn strain phenocopied the clpP::Tn strain in both
DFM-glucose and DFM-glutamate media (Fig. 6C and D). The growth of the clpP::Tn
strain was attenuated to a greater degree than for the ΔclpC strain in both media (Fig.
6C and D).

ClpP is required for optimal fermentative growth while ClpC is dispensable.
SrrAB positively influences fermentative growth (37). A previous study found that the

FIG 4 2D-PCA score plot and corresponding hierarchical clustering analysis (HCA) of the metabolite profiles of ΔclpC and WT strains
following aerobic growth for 48 h. (A) 2D-PCA score plot separating the ΔclpC (JMB 8025) and WT (JMB 1100) cell cultures and revealing
that the two strains exhibit distinct metabolic profiles, with PC1 and PC2 accounting for �60% and �22% of the variance, respectively.
(B) Heat map visualization of the top 25 metabolites that contributed most significantly to the metabolic profile separation of the ΔclpC
mutant from the WT strain, based on Euclidean distance calculated from metabolite abundance and a Ward clustering algorithm. Boxed
regions highlight metabolites whose levels were higher (red) or lower (blue) in the ΔclpC than in the WT groups, using a relative
metabolite abundance scale of �2 (red) to �2 (blue). The HCA analysis indicates that, within these top 25 metabolites whose levels were
significantly altered, a greater proportion of metabolites are found in higher levels in the ΔclpC mutant than in the WT. sn-Glycero-3-phos,
sn-glycero-3-phosphocholine; Trimethylamine N-, trimethylamine N-oxide.
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transcription of clpP but not clpC is increased upon a shift to fermentative growth (49).
In conjunction with the metabolomics data presented, we reasoned that ClpC was not
required for fermentative growth and that SrrAB would not modulate clpC transcription
during fermentative growth.

The transcript levels for clpC were examined in the WT and ΔsrrAB strains following
fermentative growth. Transcript levels for spa and cydB, which are negatively and
positively modulated by SrrAB, were assessed as controls (33, 35). Transcript levels were
examined instead of transcriptional activity using the reporter constructs, since the
folding of GFP is impaired in the absence of oxygen (50). Transcript levels for spa and
cydB were increased and decreased, respectively, in the ΔsrrAB strain (Fig. 7A). However,
transcription of clpC was unaltered (Fig. 7A).

We examined whether ClpC, ClpP, or the ClpCP complex had a role during fermen-
tative growth. Relative to that of the WT, the growth of the clpP::Tn strain was severely
attenuated during fermentative culture (Fig. 7B). The ΔclpC strain was more proficient
in fermentative growth than the WT and consistently formed bigger colonies (�65%
larger; relative sizes presented in Fig. S4, and representative image presented in Fig.
7B), suggesting ClpC limits fermentative growth. The phenotypic effects of the ΔclpC
and clpP::Tn mutations were nonadditive (Fig. 7B).

The glycine at position 672 of ClpC is required for the interaction between ClpC and
ClpP (51). The introduction of pEPSA5_clpC but not pEPSA5_clpCG672R inhibited fer-
mentative growth of the WT strain (Fig. 7C). The WT strain carrying pEPSA5_clpC formed
�100-fold fewer colonies that the WT carrying empty vector (Fig. 7C). The WT strain
carrying pESPSA5_clpCG672R behaved similarly to the WT strain carrying empty vector
(Fig. 7C). From Fig. 7, we concluded that ClpC is dispensable for fermentative growth,
while ClpP is required. Further, dysregulation of ClpC levels during fermentative growth
inhibits growth, which is likely due its interference with ClpP function(s).

FIG 5 2D-PCA score plot and hierarchical clustering analysis (HCA) of the metabolite profiles of the ΔsrrAB and WT strains following aerobic
growth for 48 h. (A) The 2D-PCA score plot separates the metabolic profile of ΔsrrAB (JMB 1467) from that of WT (JMB 1100), with PC1 and PC2
accounting for 59% and 22% of the variance, respectively. (B) Heat map visualization of the top 25 metabolites whose level changes contributed
the separation between the ΔsrrAB and WT groups. Boxed regions indicate metabolites whose levels were higher (red) or lower (blue) when
comparing the ΔsrrAB and WT groups, using a relative metabolite abundance scale of �2 (red) to �2 (blue). Most of the metabolites contributing
to the separation between the two groups were in higher relative abundance in the ΔsrrAB strain than in the WT strain. sn-Glycero-3-phosp,
sn-glycero-3-phosphocholine; Nicotinamide N-oxi, nicotinamide N-oxide.
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DISCUSSION

Energy homeostasis is crucial for cellular physiology. SrrAB modulates aerobic
respiration as well as fermentation in S. aureus (36, 37). Regulated proteolysis is
involved in modulating respiratory metabolism in alternate organisms (18, 21); how-
ever, it is unclear whether a similar mechanism exists in S. aureus. We tested the
hypothesis that the SrrAB TCRS links energy homeostasis and regulates proteolysis by
modulating the levels of a factor involved in protein turnover. Our analyses using a
combination of genetics and metabolomics lead us to propose a model wherein SrrAB
affects puromycin resistance and energy homeostasis, at least in part, by modulating
ClpC levels, which functions in protein turnover (Fig. 8). Consistent with our model, the
growth of a ΔsrrAB strain was deficient on media that impose a high demand for the
cellular proteolytic machinery. Moreover, the transcriptional activity for clpC was de-
creased in a strain lacking SrrAB during respiratory growth, and overexpression of clpC
suppressed the puromycin sensitivity phenotype of the srrAB mutant. We also note that
early studies by Throup et al. (37) suggest that ClpC levels were altered in a srrAB
mutant. One interpretation of this is that SrrAB regulates particular oxidative phos-
phorylation factors in a posttranslational manner. This idea would be consistent with
our findings presented herein.

To understand whether SrrAB modulation of ClpC affects energy homeostasis, we
conducted NMR-based metabolomics analyses. Our studies revealed that the ΔsrrAB

TABLE 1 Relative abundances of select metabolite levels for which the ΔsrrAB and ΔclpC
mutations are nonadditivea

Metabolite

�clpC �srrAB �srrAB �clpC

FC P value FC P value FC P value

Acetate 1.6 � 0.3 1.7E�03 1.4 � 0.3 3.4E�02 1.7 � 0.4 1.3E�03
ADP 1.9 � 0.2 8.7E�05 1.8 � 0.3 4.8E�04 1.6 � 0.4 2.1E�03
Asparagine 1.2 � 0.1 2.1E�04 1.5 � 0.3 2.5E�03 1.3 � 0.2 1.0E�02
Citrulline 1.3 � 0.3 1.4E�01 1.4 � 0.3 1.4E�02 0.7 � 0.1 3.0E�03
Formate 1.4 � 0.1 4.6E�05 1.2 � 0.2 3.5E�02 1.2 � 0.1 4.4E�03
Glutarate 0.5 � 0.3 4.8E�02 2.4 � 2.0 1.5E�02 0.9 � 0.6 7.4E�01
GTP 0.8 � 0.1 3.1E�02 1.4 � 0.1 2.8E�05 0.5 � 0.0 3.6E�06
Lactate 1.3 � 0.1 7.3E�04 1.5 � 0.3 1.6E�03 1.2 � 0.3 2.0E�01
Lysine 1.2 � 0.1 1.5E�02 1.3 � 0.1 3.9E�03 1.2 � 0.1 5.3E�03
Methionine 1.9 � 0.2 6.5E�06 1.4 � 0.2 1.1E�02 2.0 � 0.4 2.7E�03
NAD 1.9 � 0.2 2.1E�05 1.3 � 0.2 1.4E�03 1.9 � 0.2 4.2E�04
NADP 1.2 � 0.3 3.4E�01 1.1 � 0.3 4.9E�01 1.0 � 0.2 8.5E�01
N-Alpha-acetyllysine 1.7 � 0.6 3.6E�02 1.2 � 1.0 5.8E�01 1.4 � 1.1 1.9E�01
Niacinamide 1.7 � 0.3 1.5E�03 1.2 � 0.3 1.2E�01 1.6 � 0.5 2.0E�02
Nicotinamide N-oxide 1.2 � 0.1 1.7E�01 1.6 � 0.7 2.9E�02 1.2 � 0.3 2.0E�01
O-Phosphocholine 1.2 � 0.3 1.7E�01 1.5 � 0.5 3.0E�02 1.6 � 0.5 1.1E�02
Phenylalanine 1.3 � 0.1 6.4E�03 1.3 � 0.2 6.3E�03 1.3 � 0.2 5.2E�03
sn-Glycero-3-phosphocholine 1.6 � 0.1 1.1E�03 1.3 � 0.2 7.2E�03 1.1 � 0.2 9.3E�02
Succinate 0.9 � 0.0 2.6E�01 2.1 � 0.9 1.7E�02 1.2 � 0.5 3.3E�01
Theophylline 7.5 � 0.7 2.5E�06 1.4 � 0.6 3.5E�01 7.0 � 1.9 3.2E�06
Threonine 1.3 � 0.1 3.9E�03 1.5 � 0.3 2.7E�03 1.2 � 0.3 1.7E�01
Trigonelline 1.9 � 0.7 1.5E�02 1.1 � 1.3 8.9E�01 1.5 � 1.1 1.1E�01
Tryptophan 1.3 � 0.1 9.1E�03 1.2 � 0.2 4.5E�02 1.3 � 0.2 2.3E�03
Tyrosine 1.4 � 0.1 5.9E�06 1.2 � 0.2 3.6E�02 1.3 � 0.2 2.3E�02
UMP 1.1 � 0.1 1.1E�01 1.5 � 0.3 2.7E�03 0.9 � 0.2 1.5E�01
aData presented as fold changes (FC) and significance (P values) relative to the WT.

TABLE 2 NAD�/NADH ratio after 48 h of growth

Strain or genotype NAD� NADH NAD�/NADH ratioa

WT 17.02 � 1.75 0.23 � 0.12 99.0 � 15.3
ΔclpC 20.78 � 0.98 0.18 � 0.09 144.5 � 19.4b

ΔsrrAB 20.86 � 1.13 0.34 � 0.02 61.0 � 3.5b

ΔsrrAB �clpC 22.06 � 1.35 0.46 � 0.20 56.2 � 6.0b

aMetabolite concentrations standardized to pmol per 108 bacteria before determining the ratios.
bP � 0.05 versus WT by Students t tests.
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and ΔclpC mutations both result in altered concentrations of metabolites involved in
balancing cellular redox and energy or of amino acids that serve as precursors for the
TCA cycle. Importantly metabolite analyses in a ΔsrrAB ΔclpC double mutant strain
found that the effects of the ΔclpC and ΔsrrAB mutations are not additive for �65% of
the metabolites examined (25/39). A number of these metabolites serve as reporters of
cellular energy status such as (ADP and NAD�) and respiratory growth (acetate,
formate, and lactate). Moreover, the growth of the ΔclpC strain was deficient on a
medium that supported only respiratory growth. Taken together, these data are highly
suggestive of a role for ClpC in directing energy metabolism. However, we do note that
the ΔsrrAB ΔclpC double mutant strain did not completely phenocopy the ΔclpC and
ΔsrrAB single mutants. Thus, while our data are supportive of our hypothesis that SrrAB
affects energy homeostasis via ClpC, we do not rule out the possibility that mutations
in either gene could have direct or indirect (or both) effects on metabolism. Alterna-
tively, the results could arise as an indirect consequence of altering regulated prote-
olysis, which subsequently results in global changes in the cell.

The growth conditions of our NMR-based metabolomics experiments were selected

FIG 6 The ClpCP complex is required for optimal growth in a medium that only supports respiratory
growth. (A) S. aureus can utilize glutamate as a source of carbon aerobically but not fermentatively. Final
growth yields are displayed for the WT (JMB 1100) cultured in the presence or absence of oxygen
(fermentative growth) and in defined minimal medium containing the canonical 20 amino acids and
glucose (DFM-glucose) or glutamate (DFM-glutamate) as a carbon source or in the absence of a carbon
source. (B) A heme auxotroph is unable to utilize glutamate as a carbon source during aerobic growth.
Growth profiles are displayed for a hemB::Tn (JMB 6037) strain cultured aerobically in either DFM-glucose
or DFM-glutamate. (C and D) A strain lacking ClpC or ClpCP is substantially attenuated for aerobic growth
upon DFM-glutamate. Growth profiles are displayed for the WT, ΔclpC (JMB 8025), clpP::Tn (JMB 4898),
and ΔclpC clpP::Tn (JMB 8029) strains cultured aerobically in either DFM-glucose (C) or DFM-glutamate
(D). Data in all panels represent the averages from duplicate cultures and error bars represent standard
deviations. Error bars are displayed for all points but may be too small to see on occasion.
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FIG 7 ClpP is required for optimal fermentative growth, while ClpC is dispensable. (A) SrrAB influences
transcript levels for spa and cydB but not clpC during fermentative growth. The WT (JMB 1100) and ΔsrrAB
(JMB 1467) strains were cultured fermentatively, mRNA was extracted, and the abundances of the clpC,
spa, and cydB transcripts were quantified. The data were normalized to 16S rRNA levels and thereafter
to levels observed in the WT. (B) ClpP is required for optimal fermentative growth, while ClpC is
dispensable. Fermentative growth is displayed for the WT, ΔclpC (JMB 8025), clpP::Tn (JMB 4898), and
ΔclpC clpP::Tn (JMB 8029) strains on solid TSB medium. (C) Increased expression of clpC inhibits growth
of fermenting S. aureus. Fermentative growth is displayed for the WT strain with pEPSA5 (empty vector),
pEPSA5_clpC, or pEPSA5_clpCG672R on solid TSB medium. Data in panel A represent the averages from
triplicate cultures and error bars represent standard deviations. Photographs in panels B and C are
representative of at least three independent experiments, and the numbers beneath each photograph
denote the serial dilution that cells were removed from before plating. Where indicated, Student t tests
(two tailed) were performed on the data. *, P � 0.05.
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to allow comparisons with previous studies conducted on ClpC function using
transcriptomics and proteomics. Chatterjee et al. found that a strain lacking ClpC
had decreased transcript levels for genes encoding NADH dehydrogenases and
2-oxoglutarate ferredoxin oxidoreductase (46). They also found that the protein levels
for the ATP synthase subunits were decreased in abundance in a clpC mutant (46).
These data align well with our results indicating that a ΔclpC strain alters the NAD/
NADH ratio in the cell. A separate study found that a number of proteins that are
involved in the synthesis of cofactors, which are essential for respiration, are substrates
for ClpC (52). Prominent among these were SufCD, which are required to synthesize
iron-sulfur (Fe-S) cofactors (52). S. aureus strains unable to properly process Fe-S
proteins into their mature forms display global shifts in carbon flux and metabolic
defects (47, 51, 53–55). Consistent with these studies, we found that a clpC mutant had
deficient respiratory growth. ClpC acts either independently as a molecular chaperone
or in conjunction with the ClpP peptidase. A clpP::Tn strain had attenuated growth on
media supporting only respiratory growth, and the phenotypic effects of the ΔclpC and
clpP::Tn mutations were not additive. Thus, we concluded that the ClpCP proteolytic
complex functions in directing respiratory metabolism. These findings are consistent
with previous observations that several proteins involved in energy metabolism may be
direct substrates of the ClpCP system (56).

We also examined the roles of ClpC, ClpP, and ClpCP during fermentative growth.
ClpP was required for optimal growth during fermentative culture. Interestingly, the
ΔclpC strain consistently formed bigger colonies than the WT strain when growing
fermentatively but not aerobically. This suggested that the presence of ClpC limits
fermentative growth. SrrAB did not affect clpC transcript levels during fermentative
growth. Our metabolic profile analyses support this observation, as elevated levels of

FIG 8 A working model for the influence of respiration upon SrrAB-dependent regulation of ClpC in S.
aureus. Respiratory growth results in increased expression of clpC in an SrrAB-dependent manner. The
increased ClpC leads to increased activity of the ClpCP proteolytic machinery and thereby facilitates
proficient respiration and resistance toward protein misfolding stress. In contrast, during fermentative
growth, SrrAB does not alter clpC expression and ClpP is necessary for proficient growth, while ClpC limits
growth. Further experimentation is required to understand whether ClpC limits growth fermentatively
solely upon association with ClpP or if it functions via an alternate mechanism.
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fermentative products/metabolites were measured in the ΔclpC mutant compared to
that in the WT. These data are also consistent with previous findings that the tran-
scription of clpP but not clpC is increased upon transition to fermentative growth (49).
Overexpression of clpC but not clpCG627R inhibited fermentative growth of the WT
strain. Therefore, we propose that dysregulated levels of ClpC interfere with ClpP
function and thereby limit fermentative growth. However, future experiments are
necessary to uncover the precise mechanism by which overexpression of clpC
decreases fermentative growth.

In summary, this study demonstrates that both SrrAB and ClpC affect energy
metabolism. The data presented suggest that SrrAB influences energy metabolism, in
part, by modulating ClpCP-directed regulated proteolysis. Metabolomics and physio-
logical analyses establish that ClpCP is involved in altering aerobic respiratory metab-
olism but is dispensable for fermentative growth.

MATERIALS AND METHODS
Materials. Restriction enzymes, deoxynucleoside triphosphates, quick DNA ligase kit, and Phusion

DNA polymerase were purchased from New England BioLabs. The plasmid miniprep kit, RNAprotect, and
the gel extraction kit were purchased from Qiagen. Lysostaphin was purchased from Ambi Products.
DNase I was purchased from Ambion. High-Capacity cDNA reverse transcription kits and TRIzol were
purchased from Life Technologies. Oligonucleotides were purchased from Integrated DNA Technologies,
and sequences are listed in Table S2 in the supplemental material. Tryptic soy broth (TSB) was purchased
from MP Biomedicals. Unless specified, all chemicals were purchased from Sigma-Aldrich and were of the
highest purity available.

Bacterial growth conditions. Unless specifically stated otherwise, the S. aureus strains used in this
study (Table 3) were constructed in the community-associated USA300 strain LAC that was cured of the
native plasmid pUSA03, which confers erythromycin resistance (57). S. aureus strains were cultured at
37°C. For aerobic growth in liquid, cultures were grown with shaking at 200 rpm at a flask/tube

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Genotype or description
Genetic
background

Source and/or
reference

Strains
S. aureus

JMB 1100 USA300_LAC (Erm sensitive), MRSA, USA300, CC8 LAC 57
JMB 1467 ΔsrrAB (SAUSA300_1441-42) LAC 62
JMB 2047 ΔsrrAB::tet LAC 35
JMB 1103 Restriction minus, MSSA, CC8 RN4220 63
JMB 1422 Parent, MSSA, CC8 Newman 64
JMB 4751 ΔsrrAB::tet Newman This work
JMB 1324 Parent, MRSA, USA400, CC1 MW2 65
JMB 7573 ΔsrrAB::tet MW2 This work
JMB 7570 Parent, MRSA, USA100, CC5 N315 66
JMB 7574 ΔsrrAB::tet N315 This work
JMB 4898 clpP::Tn(erm) LAC BEI Resources, 67
JMB 8025 ΔclpC::tet LAC 51
JMB 8027 ΔsrrAB ΔclpC::tet LAC This work
JMB 8029 ΔclpC::tet clpP::Tn(erm) LAC This work
JMB 7714 clpQ::Tn(erm) LAC BEI Resources, 67
JMB 4850 clpL::Tn(erm) LAC BEI Resources, 67
JMB 6037 hemB::Tn(erm) LAC BEI Resources, 67

Escherichia coli PX5 Protein Express
Saccharomyces cerevisiae FY2 W. Belden

Plasmids
pCM28 Insertless cloning vector, genetic complementation, multicopy 62
pCM11 Parent vector for construction of transcriptional reporter, multicopy 68
pCM11_PclpC clpC transcriptional reporter This work
pCM11_Pspa spa transcriptional reporter This work
pCM28_srrAB srrAB complementation, multicopy 35
pLL39 Insertless cloning vector, genetic complementation, episome 69
pLL39_srrAB srrAB complementation, episome 40
pEPSA5 Cloning vector, genetic complementation, xylose-inducible promoter, multicopy 70
pEPSA5_clpC clpC complementation, multicopy 51
pEPSA5_clpCG672R clpC complementation, multicopy 51

Role of ClpCP in Respiratory and Fermentative Growth Journal of Bacteriology

August 2019 Volume 201 Issue 15 e00188-19 jb.asm.org 13

https://jb.asm.org


headspace-to-culture medium volume ratio of 10 (with the exception of analyses conducted in 96-well
microtiter plates). Anaerobic growth was achieved by either incubation with a flask/tube headspace-to-
culture medium volume ratio of 0, as described earlier (47, 53), or by incubation in a Coy anaerobic
chamber equipped with an oxygen-scavenging catalyst to maintain oxygen levels lower than 1 ppm. For
culture in 96-well microtiter plates, each well contained 200 �l total volume (detailed procedure below).
Difco BioTek agar was added (15 g liter�1) for solid medium. The staphylococcal defined medium recipe
was as described previously and contained 10 mg ml�1 (NH4)2SO4, 45 mg ml�1 KH2PO4, 105 mg ml�1

K2HPO4, 6.42 mg ml�1 NaCl, 2.23 mg ml�1 KCl, 0.5 �g ml�1 nicotinic acid, 0.5 �g ml�1 thiamine, 0.5 �g
ml�1 pantothenic acid, 3 ng ml�1 biotin, and 0.25 ng ml�1 of each individual amino acid (47, 53). All
components were prepared using distilled and deionized water, but the water added to the medium was
only deionized. Glutamate and glucose were added as carbon sources at 44 mM and 22 mM, respectively.
When selecting for plasmids or episome insertions, antibiotics were added at the final following
concentrations: 150 �g ml�1 ampicillin, 30 �g ml�1 chloramphenicol (Cm), 10 �g ml�1 erythromycin
(Erm), and 3 �g ml�1 tetracycline (Tet). For routine plasmid maintenance, media were supplemented
with 10 �g ml�1 or 3.3 �g ml�1 of chloramphenicol or erythromycin, respectively.

(i) Liquid growth analyses. Strains were cultured overnight in TSB (�18 h of growth) and subse-
quently inoculated in minimal medium to a final optical density (OD) of 0.02 (A600) unit. For assessing
nutritional requirements in chemically defined medium, the cell pellet was washed twice with
phosphate-buffered saline (PBS) prior to inoculation to prevent carryover of rich medium components.

Puromycin sensitivities were examined in TSB medium, and the media were amended with antibiotic
at the point of inoculation. The puromycin concentrations ranged between �0.5 and 10 �g ml�1.
Aerobic growth was monitored using a BioTek 808E visible absorption spectrophotometer equipped with
an incubator and set at medium shake speed. For anaerobic growth, the microtiter plate was incubated
in an air incubator inside a Coy anaerobic chamber. Where final optical densities are presented, growth
was assessed after overnight growth (�18 h).

(ii) Solid growth analyses. Strains were cultured overnight in TSB (�18 h of growth). The strains
were serial diluted using 1	 PBS, and 5-�l aliquots of the dilutions were spot plated on solid medium.
Where mentioned, the TSB solid medium was amended with between 4.5 and 7 �g ml�1 of puromycin.
Plates were subsequently incubated at 37°C overnight before photographs were taken. Where men-
tioned, anaerobic growth was achieved by incubation in an air incubator inside a Coy anaerobic
chamber.

(iii) Colony size analyses. Relative colony sizes were determined using the particle size tool in the
ImageJ software. Sizes for at least ten colonies for each strain were determined.

Recombinant DNA and genetic techniques. Plasmids were passaged through RN4220 and subse-
quently transduced into the appropriate strains using bacteriophage 80� (58). Mutant strains and
plasmids were verified using PCR or by sequencing PCR products or plasmids. DNA sequencing was
performed at Genewiz (South Plainfield, NJ).

Creation of plasmids and mutant strains. pCM11_clpC was created using the clpC hindIII and clpC
kpnI primer pair. pCM11_spa was made using the spa Pro for HindIII and spa Pro Rev KpnI primer pair.
Digested PCR products were ligated into similar digested vectors.

Transcriptional reporter fusion assay. Strains cultured overnight in liquid TSB-Erm medium were
diluted in fresh liquid TSB-Erm medium to a final OD of 0.1 (A600) and cultured with shaking. At periodic
intervals, culture density and fluorescence were assessed as described previously (47, 53). Fluorescence
data were normalized with respect to a strain not carrying a GFP-based transcriptional reporter to
normalize for background fluorescence values. The resulting data were normalized to the culture OD.
Finally, the data were normalized relative to the wild-type (WT) strain, or as specified in the figure legend.

RNA extractions and real-time quantitative PCR. The abundances of RNAs were determined using
a previously described cDNA library (35, 53). Briefly, cells were cultured in capped microcentrifuge tubes
at a headspace-to-volume (H/V) ratio of 0. Anaerobic conditions were verified by the addition of resazurin
to control tubes. Cultures were grown for 4.5 h. Thereafter, cells were treated with RNAprotect reagent,
mRNA was obtained, cDNA libraries were constructed, and real-time quantitative PCR (RT-qPCR) was
performed as described earlier (35, 53).

NMR metabolomics. (i) Bacterial strains and growth conditions. Aerobic growth for all strains was
assessed on four biological replicates for each cell group. Overnight cultures diluted 1:1,000 were used
to inoculate 25 ml of fresh TSB in a 250-ml flask with 220-rpm agitation at 37°C. Aliquots of 10 ml were
collected at 48 h, centrifuged at 5,000 rpm for 5 min, rinsed once with 1 ml of 1	 PBS, and centrifuged
at 5,000 rpm for 5 min. The supernatant was discarded, and cell pellets were frozen at �80°C until further
use. An additional 10 �l of the culture was utilized to determine the CFU, and 5 ml was utilized for
NAD�/NADH assays.

(ii) Polar metabolite extraction. Frozen cell pellets were resuspended in 1 ml of a 2:1 methanol-
chloroform mixture and transferred to FastPrep lysis B matrix tubes (MP Biomedicals). Cells were lysed
using the FastPrep-24 5G instrument and designated S. aureus settings (2 cycles at a speed of 6.0 m/s for
40 s); 300 �l of each layer of a 1:1 aqueous chloroform solution was added to each cell lysate. The tubes
were vortexed, placed at �20°C for 20 min, and centrifuged at 14,000 	 g for 10 min. 800 �l of the
aqueous phase was transferred to microcentrifuge tubes and placed in a SpeedVac (no heat, manual run,
volatile solvent) to dry overnight. Samples were resuspended in 600 �l of NMR buffer (0.25 mM
4,4-dimethyl-4-silapentane-1-sulfonic acid [DSS], 0.4 mM imidazole, 25 mM phosphate buffer, 90% H2O–
10% D2O) and transferred to 5-mm Bruker NMR tubes.

(iii) NMR experiments. 1D 1H NMR spectra for each sample were obtained at 298 K on a Bruker
600-MHz (1H Larmor frequency) AVANCE III solution NMR spectrometer, equipped with an automatic
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SampleJet sample loading system as well as a 5-mm triple resonance (1H, 15N, and 13C) liquid helium-
cooled TCI probe (cryoprobe) and Topspin software (Bruker version 3.2). 1D 1H experiments were
performed using the “zgesgp” Bruker pulse sequence with 256 scans, 1H spectral window of 9,615.38 Hz.
Free induction decays (FIDs) were collected in 32K data points, with a dwell time interval of 52 �s
amounting to an acquisition time of �1.7 s, and using an additional 1-s relaxation recovery delay
between spectrum acquisitions. For each sample, the Topspin software (Bruker version 3.2) was used for
phasing, baseline correction, and suppression of the water NMR signal using the baseline correction
module “qfil” with a filter width (BCFW) of 0.2 ppm. Spectral analysis and metabolite identification and
quantitation were performed using Chenomx software (version 8.0) (Chenomx Inc., Edmonton, AB,
Canada) (59). For each NMR spectrum, the baseline was further corrected prior to metabolite identifi-
cation and quantitation using the Chenomx small-molecule spectral database for 600-MHz (1H Larmor
frequency) magnetic field strength NMR spectrometers. NMR spectral patterns were fitted for each
sample independently, and an internal DSS (0.25 mM) standard was used for metabolite quantitation.
Metabolite concentrations were further normalized to viable cell counts (i.e., CFU). Metabolite identifi-
cation (ID), when ambiguous due to partial 1H NMR signal overlap, was further confirmed by recording
2D 1H-1H total correlation spectroscopy (TOCSY) NMR spectra or by spiking, when available, pure
metabolite standards into samples. A total of 42 compounds were identified upon analysis of the 1D 1H
NMR spectra, and concentrations reported in millimolar were exported to Excel spreadsheets for further
analysis using the MetaboAnalyst software (60).

(iv) Multivariate data analysis. Metabolite concentrations (in mM) for all four biological replicates
obtained from the Chenomx software data analysis were normalized to the total number of viable cells
as determined by CFU, converted to attomoles/CFU, and saved as a CSV file. These data sets were
analyzed, and metabolic profile trends between different sample groups were assessed using multivar-
iate statistical analysis methods, including unsupervised 2D principal-component analysis (2D-PCA) and
supervised 2D partial least-squares discriminant (2D PLS-DA) analyses using the multivariate statistical
analysis modules of MetaboAnalyst (60). All metabolite concentration data sets were imported into
MetaboAnalyst using log transformation and autoscaling settings. Log transformation was used to
ensure Gaussian distribution of the data, and autoscaling was used for data scaling. This approach
ensures that the variance from the more abundant metabolites does not dominate the variance-
covariance matrix of the multivariate statistical analysis and ensures that all changes from metabolites
whose concentrations span several orders of magnitude contribute to the analysis, as described in
reference 61.

(v) Metabolic pathway analysis/VIP scores. The most important metabolites contributing to the
variance were ranked by 2D PLS-DA VIP (variable importance in projection) scores. Metabolites with VIP
scores of �1.0 were considered the most significant contributors to the separation of the metabolic
profiles of the different S. aureus sample groups, as shown in the 2D PLS-DA score plots. VIP scores
resulting from the MetaboAnalyst data analysis are shown in Fig. 4B.

(vi) Data interpretation and analyses. Heat maps were generated using the Cluster Analysis
module in MetaboAnalyst. Except for displaying the top 25 metabolites using the t test/analysis of
variance (ANOVA) setting, default settings were used (Euclidian distance measure and Ward clustering
algorithm). During analyses, data were curated using the interquartile range (IQR) rule. The lower and
upper outlier bounds were determined by 1.5 IQR subtraction from the first quartile and 1.5 IQR addition
to the third quartile, respectively. Data values falling outside these bounds were omitted as outliers.

NAD/NADH analysis. Total NAD� and NADH concentrations were determined using 5-ml aliquots of
cell culture and standard NAD�/NADH enzymatic quantitation kits (BioVision, K337-100) according to the
manufacturer’s protocol and by normalizing resultant data to viable cell counts (i.e., CFU). After 48 h of
culture, cells were washed with 1	 PBS and lysed via 2 cycles of freeze/thaw in NADH/NAD� extraction
buffer. The resulting supernatant was split into two reactions for each sample, and one was used to
measure the concentration of NADH present and the other to measure total NAD� (NADt) corresponding
to [NADH] � [NAD�]. NADH samples were heated to 60°C for 30 min to remove any NAD� present. NADH
and NADt samples were then loaded into 96-well plates, and NAD� cycling enzyme mix was added. The
reactions were allowed to incubate at room temperature for 5 min prior to the addition of developer mix,
and the reactions were allowed to sit for 1 h prior to the measurement of optical density at 450 nm.
Standard curves were generated using standards of 10 pmol/�l NADH and NAD� provided by the
manufacturer. NAD�/NADH concentration measurements were conducted on four biological replicates
for each sample group.

Data availability. We have deposited all the NMR metabolomics data and associated data process-
ing files into the Metabolomics Workbench database under data accession number ST001174.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00188-19.
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