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ABSTRACT Staphylococcus aureus is a significant human pathogen due to its capac-
ity to cause a multitude of diseases. As such, S. aureus efficiently pillages vital nutri-
ents from the host; however, the molecular mechanisms that support sulfur acquisi-
tion during infection have not been established. One of the most abundant
extracellular sulfur-containing metabolites within the host is cysteine, which acts as
the major redox buffer in the blood by transitioning between reduced and oxidized
(cystine) forms. We therefore hypothesized that S. aureus acquires host-derived cys-
teine and cystine as sources of nutrient sulfur during systemic infection. To test this
hypothesis, we used the toxic cystine analogue selenocystine to initially characterize
S. aureus homologues of the Bacillus subtilis cystine transporters TcyABC and TcyP.
We found that genetic inactivation of both TcyA and TcyP induced selenocystine re-
sistance. The double mutant also failed to proliferate in medium supplemented with
cystine, cysteine, or N-acetyl cysteine as the sole sulfur source. However, only
TcyABC was necessary for proliferation in defined medium containing homocystine
as the sulfur source. Using a murine model of systemic infection, we observed tcyP-
dependent competitive defects in the liver and heart, indicating that this sulfur ac-
quisition strategy supports proliferation of S. aureus in these organs. Phylogenetic
analyses identified TcyP homologues in many pathogenic species, implying that this
sulfur procurement strategy is conserved. In total, this study is the first to experi-
mentally validate sulfur acquisition systems in S. aureus and establish their impor-
tance during pathogenesis.

KEYWORDS Staphylococcus aureus, sulfur, cystine, cysteine, homocystine, TcyP,
TcyABC, glutathione, N-acetyl cysteine

ethicillin-resistant Staphylococcus aureus (MRSA) is endemic in hospital and com-

munity settings in the United States and is the leading cause of morbidity and
mortality resulting from infections with antibiotic-resistant bacteria (1-3). This stems
from the fact that S. aureus infection can lead to wide-ranging disease manifestations,
including skin and soft tissue infections, infective endocarditis, sepsis, osteomyelitis,
and pneumonia (4, 5). In addition to invasive disease, S. aureus innocuously colonizes
the skin and nasal passages of 30% of the population (6-9). Together, these facts
highlight the dynamic tissue tropism of this organism.

During infection, pathogens must procure nutrients from host environments. The
mechanisms S. aureus employs to acquire carbon sources and trace metals during
infection are becoming increasingly clear (10-17). However, a complete understanding
of the physiology that contributes to the persistence and invasiveness of S. aureus is
imperative to control infection. Therefore, impairing nutrient acquisition offers poten-
tial for therapeutic intervention. S. aureus employs a sophisticated metabolism that
allows it to both persist during nasal carriage and proliferate to cause systemic disease
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(18-24). One clear deficiency in our knowledge of S. aureus nutrient acquisition is the
strategy by which the pathogen scavenges sulfur during infection.

Sulfur is an essential building block for life because it transitions between numerous
oxidation states, allowing for broad functionality (25). Once sulfur is assimilated to a
functional oxidation state, most cells flux sulfur to cysteine (Cys) and methionine to
generate other sulfur-containing compounds (25-27). The sulfur demand for a cell is
sizable due to the many sulfur-containing compounds required to synthesize proteins
and power central metabolism. Consequently, Escherichia coli imports 2.2 mM min—" of
sulfur to support a growth rate of 0.0173 min—" (28). To fulfill the sulfur requirement
some bacteria utilize two broad categories of sulfur-containing substrates: inorganic
sulfur sources that include sulfate and thiosulfate or organosulfur sources such as
methionine, Cys, and others (29). S. aureus lacks enzymes necessary to assimilate sulfate
and consequently it cannot convert sulfate to sulfite (30-32). Accordingly, S. aureus
relies on either organosulfur sources or select inorganic sulfur sources, such as thio-
sulfate, to satisfy its sulfur requirement. Previous studies have shown S. aureus acquires
cystine (CSSC), Cys, glutathione (GSH), sulfide, and thiosulfate as sulfur sources in vitro
(30), but how S. aureus imports and catabolizes these metabolites is not known.
Consistent with this, sulfur transporters have yet to be experimentally validated in S.
aureus, despite the fact that the pathogen likely encounters many potential sulfur
sources during dissemination from the bloodstream to various internal organs (33). For
example, human serum contains CSSC, Cys, homocysteine, cysteinyl-glycine, GSH,
sulfate, sulfide, and methionine (34, 35), but whether these potential sources of sulfur
satisfy the sulfur requirement in vivo is not known.

To understand how S. aureus fulfills its sulfur requirement, we evaluated two
putative CSSC transporters encoded by the closely related bacterium Bacillus subtilis,
TcyABC and TcyP (36-38). B. subtilis encodes three CSSC transporter systems: TcyP,
TcyJKLMN, and TcyABC. TcyABC is a low-affinity ATP-binding cassette (ABC) transporter
whereby the lipid-anchored substrate-binding protein TcyA delivers substrate to the
permease TcyB, which is then translocated, aided by the hydrolysis of ATP by TcyC into
the cytoplasm (37). B. subtilis TcyP is a high-affinity CSSC and sodium symporter (37).
Whether S. aureus TcyABC and TcyP act in similar ways to the B. subtilis homologues is
unknown; however, studies have reported that tcyABC and tcyP are transcriptionally
controlled by the master Cys metabolism regulator CymR in both organisms (31,
39-41).

We hypothesized that TcyABC and TcyP facilitate S. aureus CSSC utilization as a
sulfur source in vivo. To test this hypothesis, we utilized a genetic approach to
characterize tcyA and tcyP mutants in two different strain backgrounds, the laboratory-
derived methicillin-resistant strain endemic in the United States, community-acquired
USA300 (JE2), and the metbhicillin-sensitive strain Newman (NWMN) (42, 43). We report
the first experimental evidence that S. aureus tcyABC and tcyP encode CSSC acquisition
systems. Additionally, we demonstrate that TcyABC and TcyP are required for growth
in media supplemented with Cys or N-acetyl cysteine (NAC) as the sole sulfur source.
Moreover, TcyABC supports proliferation in medium supplemented with homocystine
(hCSSQ). Expression of both systems is induced upon sulfur starvation, but tcyP expres-
sion is stimulated to a greater extent. Notably, our results implicate TcyABC and TcyP
as nutrient sulfur acquisition systems that are important during S. aureus pathogenesis.
This study represents the first time sulfur source transporters have been experimentally
validated and demonstrated to affect S. aureus virulence.

RESULTS

Genetic inactivation of tcyA increases S. aureus resistance to the toxic CSSC
analogue selenocystine. S. aureus encodes homologues of two of the three CSSC
transporter systems present in B. subtilis, TcyABC and TcyP (37). Functional character-
ization of the CSSC transporters in B. subtilis was determined using the toxic CSSC
analogue selenocystine (37). In B. subtilis, enhanced resistance to selenocystine corre-
lated with reduced capacity to transport CSSC. We hypothesized that the S. aureus
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FIG 1 S. aureus tcyA mutants demonstrate enhanced resistance to the toxic cystine analogue seleno-
cystine. (A) WT and tcyA:Tn strains were plated as a lawn on tryptic soy agar (TSA), and a paper disk
supplemented with 100 mM selenocystine was added to the plate. The mean zone of inhibition of at least
three independent trials is presented. The dotted line represents the disk diameter (6 mm). (B) Colonies
develop within the zone of inhibition after 96 h of growth when the WT or tcyA:Tn strain is plated in the
presence of 50 mM selenocystine. Arrows point to resistant colonies. (C) Selenocystine-resistant WT or
tcyA:Tn colonies grew the indicated distance from a sterile Whatman paper disk containing 50 mM or
100 mM selenocystine. The bar represents the mean distance from the disk. Error bars represent = 1
standard error of the mean. * indicates P < 0.05 determined from Student's t test.

tcyABC homologue encodes a CSSC transporter, and that genetic inactivation would
lead to decreased sensitivity to selenocystine. To test this hypothesis, we compared
selenocystine sensitivity of a wild-type (WT) USA300 methicillin-resistant strain (strain
JE2) to that of an isogenic tcyA:Tn mutant using a Kirby Bauer disk diffusion assay. The
tcyA:Tn strain demonstrates a reduced zone of inhibition compared to WT, indicating
TcyA has a potential role in selenocystine acquisition (Fig. TA). However, the fact that
the tcyA::Tn strain displays a zone of inhibited growth suggests that TcyABC is not the
exclusive putative transporter in S. aureus. To test this idea, we incubated the seleno-
cystine plates for an additional amount of time and examined them for the presence of
resistant colonies within the zone of inhibited growth. We reasoned colonies able to
grow in the zone of inhibition harbor mutations in additional transporters, thereby
allowing them to grow in the presence of the toxic metabolite. After 4 days of further
incubation, resistant colonies grew within the WT and tcyA:Tn zones of inhibited
growth (Fig. 1B and C). Colonies generated in the tcyA:Tn mutant background grew
closer in proximity to the selenocystine-containing disk than colonies of the otherwise
WT background (Fig. 1C), indicating that the tcyA:Tn colonies are more resistant than
the WT colonies. Similar selenocystine resistance results were obtained using the
methicillin-sensitive strain Newman (NWMN) and an isogenic tcyA transposon (tcyA:Tn)
mutant (Fig. S1 in the supplemental material), demonstrating functional conservation
between S. aureus strains. The JE2 tcyA:Tn selenocystine-resistant colonies were iso-
lated and tested for selenocystine resistance. All the isolates demonstrated nearly
complete resistance to selenocystine, indicating that the strains likely contain inacti-
vating mutations in at least one other transporter (Fig. 2A). Next, we tested the effect
the secondary mutations had on the ability of the isolates to grow in defined medium
(PN) containing CSSC. Selenocystine-resistant tcyA:Tn mutants displayed reduced growth in
medium containing CSSC relative to the parental tcyA:Tn mutant (Fig. 2B). Together these
data suggest that TcyABC is a major contributor to selenocystine sensitivity in S. aureus but
that another transporter system (or systems) that is not required for growth in rich medium
is also active.

Disruption of both tcyA and tcyP leads to complete selenocystine resistance
and reduced growth in a defined medium supplemented with CSSC as the sole
sulfur source. We hypothesized that the selenocystine-resistant tcyA:Tn mutants
harbor mutations in the tcyP open reading frame or promoter sequence. To test this, we
sequenced the tcyP locus in nine of these mutants. All nine harbored WT tcyP promoter
sequence (not shown); however, four isolates contained mutations within the tcyP open
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FIG 2 Characterization of selenocystine-resistant tcyA:Tn mutant isolates. (A) Representative tcyA:Tn
selenocystine-resistant colonies were isolated and tested for their resistance in the presence of 100 mM
selenocystine. The first number for each bar indicates the concentration of selenocystine (50 mM, 75 mM,
or 100 mM) added via the Whatman disk to the plate the mutants first appeared, and the second number
represents the isolate number from that concentration of selenocystine. The dotted line represents the
disk diameter (6 mm). (B) Growth of tcyA:Tn selenocystine-resistant mutants in 25 uM cystine. Data
represent the mean of at least three independent trials. Error bars represent = 1 standard error of the
mean.

reading frame. The mutation identified in each isolate was unique and included a
nonsynonymous point mutation, two nonframeshift deletions, and a frameshift dele-
tion (Table 1). These mutations likely inactivate TcyP, as they promote selenocystine
resistance and disrupt the ability of the tcyA:Tn mutant to proliferate in medium
supplemented with CSSC (Fig. 1 and Fig. 2). To further define the contribution of both
transporters toward S. aureus selenocystine resistance and CSSC acquisition, we gen-
erated a tcyA=Tn tcyP=Tn (tcyAP:Tn) double mutant. Compared to WT, the tcyP:Tn
single mutant exhibits similar selenocystine sensitivity, but the tcyAP:Tn double mutant
demonstrates considerably enhanced resistance (Fig. 3A). Comparable selenocystine-
resistance results were obtained using a tcyAP=Tn mutation generated in strain NMWN
(Fig. S2). These results indicate that tcyABC and tcyP are the dominant selenocystine
acquisition systems in S. aureus. To directly test the hypothesis that tcyABC and tcyP are
CSSC acquisition systems, we cultured the strains in PN supplemented with 25 M CSSC
as the sole sulfur source. WT, tcyA:=Tn, and tcyP:Tn strains displayed similar growth
patterns in this medium; however, the tcyAP:Tn double mutant demonstrated signifi-
cantly impaired proliferation relative to WT and the single mutants (Fig. 3B). Notably, in
rich medium the four strains grew similarly, indicating the proliferation defect of the
tcyAP:Tn strain is specific to the inability to utilize CSSC as a sulfur source (Fig. 3C). To
ensure the selenocystine resistance of the tcyAP:Tn strain is due in part to tcyP or
tcyABC inactivation, we constructed complementation vectors carrying tcyP or tcyABC
under the control of their native promoters (pKK22 P, :tcyP or pKK22 P, apcitcyABC,
respectively). The tcyAP:Tn strain harboring either pKK22 P, y:tcyP or pKK22 Py pci
tcyABC demonstrates increased sensitivity to selenocystine (Fig. S3A). Additionally,
ectopic expression of tcyP or tcyABC restores growth of the tcyAP mutant in PN medium
supplemented with 25 uM CSSC to WT levels (Fig. S3B and C). These data validate the
roles of TcyP and TcyABC in selenocystine resistance and CSSC utilization.

TABLE 1 Mutations identified in the tcyP opening reading frame of tcyA:Tn selenocystine-
resistant mutants

Isolate Mutation Protein effect
50-1 Deletion 580-591 (12 bp) Nonframeshift
75-1 G593A G198E

100-2 Deletion 715-777 (63 bp) Nonframeshift
100-3 Deletion 799-802 (4 bp) Frameshift
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FIG 3 TcyABC and TcyP are required for sensitivity to selenocystine and utilization of cystine as a nutrient sulfur source. (A)
WT and tcyA:Tn strains were plated as a lawn on TSA, and a disk supplemented with 100 mM selenocystine was added to the
plate. The mean zone of inhibition of at least three independent trials is presented. The dotted line represents the disk
diameter (6 mm). (B) WT, tcyA:Tn, tcyP:Tn, and tcyA tcyP (tcyAP:Tn) double mutant strains were cultured in PN medium
supplemented with 25 uM cystine as the sole sulfur source. (C) WT, tcyA:Tn, tcyP:Tn, and tcyAP:Tn strains were cultured in TSB.
Measurements represent at least three independent trials. Error bars represent = 1 standard error of the mean. * indicates P <

0.05 determined from Student’s t test.

S. aureus TcyABC and TcyP support proliferation in medium containing Cys or
N-acetyl cysteine as the sole source of sulfur. Some bacterial ABC-transporters are
capable of transporting both dimeric and monomeric substrates (36, 37). For example,
in Streptococcus mutans TcyABC-mediated import of CSSC is inhibited by Cys, indicating
that TcyABC is capable of binding and transporting both substrates (36). To test
whether TcyABC and TcyP are important for S. aureus utilization of monomeric sub-
strates such as Cys, we quantified growth in media supplemented with Cys as the sole
source of sulfur. Because Cys is prone to oxidation in environments containing O,,
quantification of growth was carried out in anaerobic conditions in medium containing
the alternative electron acceptor nitrate to stimulate anaerobic respiration. Consistent
with the results obtained in aerobic conditions, the tcyAP:Tn strain was the only strain
that displayed a growth defect relative to WT when CSSC was supplied as the sole sulfur
source (Fig. 4A). Similarly, the tcyAP:Tn strain exhibits reduced anaerobic growth
relative to WT and the two single mutants in PN supplemented with Cys (Fig. 4B). This
observation indicates that both TcyABC and TcyP support growth on Cys and are
functioning redundantly. The capacity of TcyABC and TcyP to support growth on CSSC
and Cys implies an extended substrate-binding potential. To test this further, we

A. 0.5 25 yM CSSC B. 0.51 50 pM Cys C. 0.5
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FIG 4 TcyABC and TcyP support proliferation in medium supplemented with cysteine (Cys) or N-acetyl-cysteine (NAC) as the
sole sulfur source. WT, tcyA:Tn, tcyP=Tn, and tcyAP:Tn strains were cultured anaerobically in PN medium supplemented with
100 mM sodium nitrate to induce anaerobic respiration and 25 uM cystine (A), 50 uM cysteine (B), or 50 uM N-acetyl-cysteine
(C) as the sole sulfur source. The mean of at least three independent trials is presented. Error bars represent = 1 standard error

of the mean.
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FIG 5 TcyABC supports growth of S. aureus in medium containing homocystine but not GSH as a sulfur source. WT, tcyA:Tn,
tcyP:Tn, and tcyAP:Tn strains were cultured in PN supplemented with 25 uM cystine (CSSC) (A), 50 uM homocystine (hCSSC)
(B), or 50 uM reduced glutathione (GSH) (C) as the sole source of sulfur. Error bars represent = 1 standard error of the mean.

The average of at least three independent trials is presented.

examined whether both systems support proliferation in medium supplemented with
N-acetyl cysteine (NAC), a Cys-containing metabolite present in human blood (44). We
cultured the S. aureus WT strain and tcyA:Tn, tcyP:Tn, or tcyAP:Tn mutants in PN
supplemented with 50 uM N-acetyl cysteine. In keeping with the previous CSSC and
Cys results, only proliferation of tcyAP:Tn was reduced relative to WT (Fig. 4C). Notably,
WT S. aureus achieves a greater maximum optical density at 600 nm (ODgqo) in PN
medium containing CSSC than in PN containing Cys or NAC, despite the addition of
stoichiometrically equivalent levels of sulfur. These results imply that CSSC is the
preferred sulfur source for S. aureus in these growth conditions.

TcyABC supports growth on homocystine but not glutathione. To further define
potential TcyABC and TcyP substrates, we monitored growth of WT, tcyA:Tn, tcyP:=Tn, or
tcyAP:Tn strains in PN medium supplemented with homocystine (hCSSC), the oxidized
derivative of homocysteine, a four-carbon compound that is an intermediate in the
methionine synthesis pathway. Homocysteine directly enters S. aureus sulfur metabo-
lism and can be fluxed to Cys or methionine (31, 32, 45). Based on the structural
similarity between hCSSC and CSSC, we hypothesized that TcyABC would support
growth on hCSSC. To test this, 50 uM hCSSC was supplemented in PN medium as
the sole sulfur source. In the hCSSC-supplemented medium, tcyA:Tn and tcyAP:Tn
strains failed to proliferate (Fig. 5B), indicating that TcyABC but not TcyP is involved
in hCSSC acquisition.

In Streptococcus mutans, import of the Cys-containing tripeptide glutathione (GSH)
is mediated by the TcyBC permease and ATP hydrolysis subunits (46). We tested
whether S. aureus TcyABC could also be involved in the acquisition of GSH as a sulfur
source by culturing WT, tcyA:Tn, tcyP:Tn, or tcyAP:Tn strains in medium containing
50 uM GSH. Compared to the differential growth patterns in the other sulfur sources,
no difference was observed between WT and mutant growth in PN with GSH (Fig. 5C),
indicating that neither transporter is required for GSH utilization as a source of sulfur.

tcyP and tcyA are induced in sulfur starvation conditions. The transcription of
tcyP and tcyA is controlled by the sulfur regulator CymR (31, 39). A limitation of the
previous CymR studies is that they monitored expression in sulfur-replete conditions
using a cymR mutant. To understand how tcyP and tcyA expression changes in response
to sulfur starvation, we subcultured cells from a sulfur-replete medium to a sulfur-
depleted medium. Specifically, S. aureus was cultured in PN supplemented with 25 uM
CSSC (T,) and then transferred to PN medium supplemented with 25 uM CSSC (sulfur
replete) or a medium devoid of a sulfur source. We found that tcyP and, to a lesser
extent, tcyA are significantly upregulated in response to sulfur starvation relative to
sulfur replete-medium as determined by a greater log, fold change after 2 h of
incubation (Fig. 6). Interestingly, tcyA was repressed when S. aureus was transferred
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FIG 6 Expression of tcyP and tcyA is induced in sulfur starvation conditions. The comparative AAC;
methodology was used to calculate fold change and rho was used as a reference gene. Log, fold change
of tcyA and tcyP transcripts relative to T, was determined. S. aureus was cultured in PN supplemented
with 25 uM CSSC and then transferred to medium containing 25 uM CSSC or no sulfur source (starved).
Bars represent the mean of at least three independent trials. The error bars represent + 1 standard error
of the mean. * indicates P < 0.05 determined from Student’s t test.

from CSSC-supplemented medium into fresh medium containing CSSC (Fig. 6). These
data demonstrate that tcyP and tcyA expression is responsive to the abundance of
sulfur in the environment.

TcyP is required for maximal fitness in the murine liver while TcyABC and TcyP
are required for maximal fitness in the murine heart. The role of sulfur source
acquisition systems during S. aureus pathogenesis has not been elucidated. Addition-
ally, how TcyP and TcyABC support the proliferation of a bacterial pathogen in any
infection model has not been described. We hypothesized that TcyP and TcyABC
function cooperatively to satisfy the S. aureus sulfur requirement in vivo. To test this, we
performed competition infections between NWMN WT and isogenic tcyA:Tn, tcyP:Tn,
or tcyAP:Tn mutant strains in a murine model of systemic infection (47). The compet-
itive index in the liver demonstrates that the tcyP:Tn strain was outcompeted by WT
(Fig. 7A and B). The tcyA:Tn strain did not display a competitive defect in the heart,
liver, or kidneys. Neither single mutant exhibited reduced fitness in the heart; however,
the tcyAP double mutant displayed a competitive defect in this organ. Collectively,
these data indicate that S. aureus NWMN sulfur acquisition is mediated predominantly
by TcyP in the liver and that TcyABC is capable of compensating for the loss of TcyP in
the heart.

To determine if the involvement of TcyP and TcyABC during infection is similar
between S. aureus strains, we repeated the competition infections using the USA300
derivative JE2 (42). Due to the lack of an observed competitive defect for the NWMN
tcyA:Tn mutant, we excluded this mutant from the JE2 competition studies. Consistent
with the results using NWMN, the competitive index in the liver demonstrated that the
tcyP:=Tn strain is outcompeted by WT (Fig. 7C). Additionally, the tcyP:Tn strain demon-
strated a competitive defect in the murine heart (Fig. 7D). These data show that S.
aureus sulfur acquisition in JE2 is mediated by TcyP in both the liver and heart,
indicating that sulfur acquisition strategies differ between S. aureus strains in vivo.

TcyP is conserved across many bacterial phyla. TcyP is a member of the sodium:
dicarboxylate symporter superfamily (IPR036458 specifically, PF00375; IPRO01991) with
several characteristic transmembrane regions and a C-terminal cytoplasmic tail (Fig. 8,
top). Previous functional characterization of TcyP has only been performed in E. coli and
B. subtilis (28, 36). To determine the conservation of TcyP throughout the bacterial
kingdom, we used iterative BLAST (see Materials and Methods). We identified Staphy-
lococcus TcyP homologues in numerous pathogen-containing bacterial phyla and
orders, including Enterobacteriaceae within the Proteobacteria (Fig. 8, orange nodes),
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FIG 7 TcyP is required for maximal fitness in the murine heart and liver. BALB/c mice were systemically
infected with a 1:1 ratio WT and the indicated mutant strain in Newman (A and B) or JE2 (C and D) strains
of S. aureus. Competitive indices were calculated as the output ratio of mutant to WT CFU ml~" over the
input mutant to WT CFU ml—". The mean competitive index for liver (A and C) and heart (B and D) is
presented. Error bars represent * 1 standard error of the mean.

and Bacillales within the Firmicutes (Fig. 8, blue nodes). While many homologues are
present across bacteria, TcyP sequences form a distinct cluster with the Staphylococcus,
Salinococcus, and a few members of the Streptococcus, all of which are firmicutes.
Similarly, the proteobacterial homologues in Citrobacter, Salmonella, Enterobacter, and
Aeromonas cluster together (Fig. 8). These data demonstrate that while many bacterial
phyla carry homologues of TcyP, the variations are lineage-specific. We find that there
are homologous transporter proteins in other bacterial clades, such as the Actinobac-
teria, Fusobacteria, Deinococcus, Thermotogae, and Spirochaetes, which belong to the
TcyP or the broader sodium:dicarboxylate symporter family that includes the aerobic
C4-dicarboxylate transporter protein DctA (Fig. S4 and Data Set S1 in the supplemental
material). Further experimentation is needed to establish the functional roles of these
homologues in CSSC or Cys acquisition and pathogenesis.

DISCUSSION

Acquisition of nutrient sulfur is essential for all organisms; however, we lack a basal
understanding of the sulfur sources used by S. aureus and the proteins necessary to
facilitate their acquisition. To synthesize critical metabolites required for cell prolifera-
tion, organisms have evolved assimilatory processes that exploit both inorganic and
organic sulfur sources (26, 32, 48, 49). S. aureus sulfur catabolism is limited due to the
inability to convert sulfate, a fully oxidized and highly abundant plasma sulfur source,
into a reduced and utilizable form (30-32, 50). In the current study, we examined CSSC
acquisition by S. aureus through the characterization of TcyABC and TcyP. Human
serum levels of CSSC have been reported to be as high as 62.9 uM (34). While the ability
of S. aureus to use CSSC as a sulfur source in vitro was previously described (30), the
transporters involved in this process have not been experimentally validated.

Our results demonstrate that TcyP and TcyABC support growth on a wide range of
Cys analogues. We exploited this fundamental aspect to determine whether the
respective mutant strains demonstrated enhanced resistance to selenocystine, which
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Lactococcus_chungangensis_WP_031365835.1
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100.0

FIG 8 TcyP is broadly conserved in bacteria. (Top) Domain architecture and cellular localization of the S. aureus TcyP protein (462aa; WP_000991007.1), as
characterized by Interproscan, Phobius (see Materials and Methods). The predominant domain, sodium:dicarboxylate symporter superfamily, is indicated in
green with the transmembrane (TM) regions shown in blue. The predicted cytoplasmic (c) and noncytoplasmic (nc) regions are labeled for the loop residues.
(Bottom) Homologues of TcyP in Firmicutes (blue) and Proteobacteria (orange) using the S. aureus TcyP as the query are shown. Staphylococcus aureus is
highlighted in dark blue.

differs from CSSC by the replacement of the sulfur atoms with selenium atoms. The
ability to transport Cys and CSSC by the same transporters has been previously
speculated in other organisms (36, 37). Evidence presented here demonstrates that
disruption of both tcyA and tcyP impairs growth in medium supplemented with Cys
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relative to WT S. aureus. These data suggest that TcyP and TcyABC are capable of
importing both Cys and CSSC, consistent with previous investigations that provide
precedent for the observed substrate promiscuity of TcyP and TcyABC (36, 37).

Broadly, ABC-transporters can be categorized into three types (51, 52). Type |
encompasses transporters that translocate metabolites a cell needs in bulk quantities,
including amino acids and sugars (51-53). Type | ABC transporters and their corre-
sponding substrate-binding proteins contain a substrate binding and recognition
pocket that is surrounded by flexible loops, whereas type Il substrate-binding proteins
are confined by a nonflexible helix (52). Consequently, type Il ABC transporters have a
higher affinity for substrates than type | (52). TcyABC likely belongs to the type | group
of ABC transporters due to the speculated low-affinity for CSSC and the fact that its
cognate metabolite is required in large quantities (37). These facts could explain why
TcyABC might be able to accommodate both CSSC and Cys in its substrate-binding site.
Further studies will provide insight into the flexible substrate-binding site of TcyABC,
but TcyA has been crystalized and the structure has been determined with either CSSC
or Cys bound to the binding site, revealing that it has affinity for both derivatives (54).

Additional studies in B. subtilis have also shown that TcyP transport of CSSC is
inhibited by Cys, indicating that Cys competes with CSSC for access to the channel of
the transporter (37). Similar findings have been reported in Streptococcus mutans
TcyABC (36). Our data agree with these previous studies showing that TcyP and TcyABC
display substrate promiscuity in transporting CSSC and Cys analogues. We show that
while TcyABC and TcyP support growth on Cys and derivatives, WT S. aureus does not
grow to the same levels when these sulfur sources are present at equivalent sulfur
levels to CSSC. Calculations in E. coli reveal that a cell contains as much as 230 umol
sulfur atoms and this amount of sulfur can be provided by the transport of 115 umol
of CSSC (28). Assuming that S. aureus has a similar sulfur demand to E. coli, theoretically
equimolar concentrations of CSSC, Cys, or NAC would lead to equivalent levels of
growth; however, this is not observed. In fact, S. aureus growth in CSSC-containing
medium exceeds growth when either NAC or Cys is present, indicating that CSSC must
be more efficiently acquired by S. aureus than NAC or Cys. Both the Streptococcus
mutans and B. subtilis studies show a moderate decrease in CSSC transport in the
presence of Cys, but a limitation of these studies is that Cys transport was measured
through the ability to inhibit radiolabeled CSSC import (36, 37). Based upon prior results
and data presented here, both transporters appear to have greater affinity for CSSC but
can likely transport Cys with some efficiency (31). Therefore, as a consequence of
decreased efficiency, the same sulfur molar concentration of NAC or Cys does not lead
to the same intracellular concentration of sulfur and ultimately a greater environmental
sulfur concentration is required to support the same level of growth. Our study
provides further resolution due to our examination of TcyABC- and TcyP-mediated
growth on Cys and derivatives.

We next wanted to broaden our studies to investigate transport of structurally
similar intermediates in the sulfur assimilation pathway and show for the first time that
S. aureus utilizes hCSSC as a sulfur source. Prior studies established reduced homocys-
teine as a viable sulfur source for S. aureus but did not examine growth on the oxidized
form (31). hCSSC is the disulfide, oxidized form of homocysteine, a four-carbon com-
pound that is an intermediate in the pathway that produces methionine using Cys. Cys
is a substrate for a condensation reaction with O-acetyl-homoserine that generates
cystathionine (32, 45). Cystathionine is then cleaved to generate homocysteine (32, 38).
We hypothesize that homocysteine directly enters S. aureus sulfur metabolism and can
be fluxed to Cys or methionine (31, 32, 45). We demonstrate that genetic inactivation
of tcyABC leads to a failure to grow in medium supplemented with hCSSC as the sole
sulfur source. These data further imply that the TcyA substrate-binding domain is
promiscuous, as it must act as a receptor for multiple sulfur-containing metabolites,
including CSSC, Cys, NAC, hCSSC, and selenocystine.

While it is known that CymR represses TcyP and TcyP, we wanted to determine the
responsiveness of tcyA and tcyP expression to the abundance of sulfur in the environ-
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ment. Our results demonstrate that sulfur-depleted environments induce tcyP expres-
sion and, to a lesser extent, tcyA expression. Previous studies showed tcyP and tcyA are
transcriptionally repressed by CymR, the master Cys metabolism regulator in Firmicutes
(31, 39). In cymR mutants, tcyP transcript levels increase 25-fold relative to WT (31, 39).
Furthermore, gel-shift assays demonstrated that CymR directly binds the tcyP promoter
(31). Enhanced transcriptional control of tcyP likely has several physiological implica-
tions. First, B. subtilis TcyP is predicted to have a greater affinity for CSSC than TcyABC
(37). Induction of TcyP by S. aureus in sulfur-depleted environments is an adept strategy
to accrue CSSC because of the greater affinity relative to TcyABC. Second, upon
expression, the increased affinity of TcyP for CSSC likely ensures the sulfur requirement
is satisfied by CSSC in sulfur-depleted environments. Third, increased CSSC import leads
to a greater intracellular Cys pool, which potentiates Fenton-chemistry and oxidative
damage in E. coli (28, 55). Additionally, studies have shown that growth of a cymR
mutant in B. subtilis in the presence of CSSC is severely impaired, further suggesting the
necessity to control CSSC levels (40). Therefore, strict transcriptional control of S. aureus
tcyP likely reduces a potentially toxic accumulation of intracellular Cys. An interesting
observation from our transcriptional analysis of tcyA and tcyP is the apparent tcyA
repression that occurs when the cells are cultured in CSSC and then subcultured into
the same medium. This finding seems counterintuitive as it appears the cell is repress-
ing transporters necessary to obtain the only viable sulfur source in the medium;
however, given the potential toxicity associated with Cys accumulation (28, 55), repres-
sion of TcyABC could be a tactic to modulate CSSC import to thereby limit toxicity.

This work and others suggest that there are at least two different strategies for
bacterial Cys and CSSC import. Some organisms encode mechanisms supported by
high-affinity CSSC transporters that are also capable of transporting Cys at a reduced
efficiency, while others have evolved strategies in which dedicated Cys and CSSC
importers are specific for their cognate metabolite (36, 37, 56). One model predicts that
the strategy employed is dependent on the oxygenic environments in which the
organism resides (57). For instance, some anaerobes and facultative anaerobes have
homologues of a distinct Cys transporter present in Campylobacter jejuni (56, 57). In an
anaerobic environment, Cys will likely be reduced, while CSSC is the dominant form in
aerobic environments. E. coli has evolved a strategy in which CSSC is imported and
converted to Cys intracellularly; however, excess Cys is exported and subsequently
rapidly oxidized in the external environment (28). This strategy suggests that E. coli
predominantly encounters CSSC in its environment and has evolved to target CSSC. S.
aureus does not encode a predicted Cys-specific transporter. Based on data presented
here, S. aureus employs a strategy that utilizes dedicated CSSC transporters that also
transport Cys with lower affinity and efficiency. The preference for CSSC over Cys is also
interesting due to the fact that the cell must invest energy in reducing the CSSC
disulfide bond to liberate Cys. Cys, on the other hand, can be directly incorporated into
the translational or cofactor synthesis pathways. Evolutionarily the preference for CSSC
might provide some insights into the environments in which S. aureus primarily resides
and the state of Cys in these environments. An integral aspect of S. aureus pathogenesis
is the upregulation of secreted proteases (58, 59). Protease-null strains demonstrate
pronounced growth reductions in peptide-rich environments, including serum (60).
Protease secretion likely increases Cys abundance at the host-pathogen interface.
Additionally, the reactive Cys thiol is sensitive to effects of the host oxidative burst,
increasing CSSC, or other Cys-containing thiol adducts that result from the formation of
mixed disulfides (61). These conditions could enhance the importance of Cys and CSSC
metabolism to S. aureus pathogenesis. Future work will further characterize TcyABC and
TcyP by examining their role in the transport of Cys-containing mixed disulfides.

A previous study has noted a potential link between Cys acquisition and pathogen-
esis. The Listeria monocytogenes protein CtaP is required for in vitro proliferation in low
Cys conditions and ctaP mutants demonstrate reduced colonization in the livers and
spleens of mice following intravenous challenge. A direct correlation between Cys
acquisition and L. monocytogenes pathogenesis is difficult due to the fact that CtaP was
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also shown to be involved in host cell adhesion (62). Using a murine model of systemic
infection, we show that in the S. aureus strain JE2, TcyP is sufficient for proliferation of
S. aureus in the heart and liver. However, in strain NWMN, TcyP is required for maximal
fitness in the liver but both TcyP and TcyABC are important for proliferation in the heart.
While a prior study demonstrated that a mutant strain of S. aureus inactivated for
thiosulfate assimilation is as virulent as the corresponding WT strain in a murine skin
lesion infection model (30), these data show for the first time that sulfur-source
acquisition systems support S. aureus infection. The fact that TcyABC and TcyP are
required for growth in medium containing different sulfur sources makes it challenging
to define the exact sulfur-containing metabolite that is acquired in vivo. Due to the
competitive defect observed for JE2 tcyP=Tn in murine liver and heart, we can narrow
the acquired sulfur source to CSSC, Cys, or NAC. Similarly, we can conclude that NWMN
could be catabolizing CSSC, Cys, or NAC during liver colonization. In contrast, due to the
observation that inactivation of both tcyA and tcyP in S. aureus strain NWMN is
necessary for a colonization defect in murine heart, we can only conclude that the
catabolism of sulfur sources occurring could include CSSC, Cys, NAC, and/or hCSSC. The
different in vivo phenotypes observed between the two strains could be due to
regulatory factors present in JE2 but not in NWMN. JE2 harbors the staphylococcal
cassette chromosome (SCCmec) and the arginine catabolism mobile element (ACME) (5,
63), and previous work has shown that ACME and SCCmec mutants differentially
regulate a subset of genes which includes some annotated but uncharacterized trans-
porters (63). The presence of ACME and SCCmec in JE2 may cause a differential sulfur
requirement during proliferation in the heart compared to NWMN, due to transcrip-
tional changes. This might explain why the JE2 tcyP mutant demonstrates a heart
colonization defect phenotype while inactivation of both tcyP and tcyABC is required to
observe a virulence defect in strain NWMN.

An interesting observation from the infection experiments is that loss of TcyABC and
TcyP does not completely ablate the capacity of the strains to compete with WT, as
tcyAP double mutants are still recovered from the organs. This result suggests that
other sulfur sources are likely present that support proliferation in the absence of
cognate TcyP- and TcyABC-dependent metabolites. Our data indicate that TcyABC and
TcyP do not support growth on GSH as a sulfur source. Therefore, GSH present in the
heart and liver could allow the tcyAP mutants to establish infection in these organs.
Further investigation into the sulfur catabolism of S. aureus will be necessary to
determine the identity and abundance of TcyP- and TcyABC-dependent and indepen-
dent sulfur sources present within host organs. Additionally, the identification of GSH
acquisition systems will support direct investigation into the importance of GSH
acquisition during infection.

We found that many bacteria encode TcyP homologues and that the homologues
predominantly cluster into groups based on their lineages. Whether these transport
systems are unique to CSSC and whether they are functional and relevant to patho-
genesis in the other phyla remain to be explored. Based on the homology to S. aureus
TcyP and the data presented here showing that TcyP is involved in CSSC, Cys, and NAC
transport, these results provide a platform to characterize TcyP-dependent sulfur
transport in other pathogenic bacteria.

MATERIALS AND METHODS

Bacterial strains. Strains used in this study are described in Table S1 in the supplemental material.
JE2 is derived from the community-acquired methicillin-resistant (CA-MRSA) S. aureus clinical isolate
USA300 LAC (42). Strain Newman is a methicillin-sensitive strain (43). Mutants were created by trans-
ducing the transposon (Tn) inactivated gene insertion provided by the Network on Antimicrobial
Resistance in Staphylococcus aureus (NARSA) for distribution by BEI Resources into the desired strain
using previously described transduction methodology (42, 64). For the tcyA tcyP double mutant, the
erythromycin resistance cassette in the tcyP::Tn strain was replaced with a tetracycline resistance cassette
using a previously described allelic replacement strategy (65). Tn insertion was confirmed by PCR.

Generation of complementation vectors. The plasmid pKK22 was used for complementation
studies (66). Integration of inserts was achieved using Gibson assembly methodology and employed the
HiFi assembly master mix (New England Biolabs, Ipswich, MA). The tcyP or tcyABC open reading frame
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sequence, including the native promoter, was amplified from JE2 genomic DNA and pKK22 was amplified
from plasmid DNA using primers listed in Table S2. HiFi assembly was used to construct pKK22 P, ,::tcyP
or P, ascitcyABC, and the constructs were transformed into a pir* Escherichia coli strain. The P, putcyP
and P, ,gc:tcyABC sequence was verified by Sanger sequencing. Plasmids were isolated from E. coli and
transformed into RN4220, and the RN4220-passaged plasmids were transduced into the final recipient
strains.

Growth analysis. Strains were cultured in trypic soy broth (TSB) overnight, washed with phosphate-
buffered saline (PBS), and normalized to an optical density at 600 nm (ODy,,) of 1. Cells were then added
to 96-well round-bottom plates at a starting OD,, of 0.01. Growth was monitored by measuring ODg,
at hourly time points using a BioTek plate reader set at 37°C with continuous, linear shaking. Growth
analysis was carried out with PN medium supplemented with 5mg ml~" glucose and indicated sulfur
sources. PN medium was prepared as previously described and contained seventeen amino acids,
excluding Cys, asparagine, and glutamine (67). Cys was omitted to test the ability of S. aureus to grow
on various sulfur sources. Blank measurements were subtracted from measurements and experiments
were performed in triplicate, which were subsequently averaged. To fully ensure Cys and N-acetyl
cysteine were maintained in the reduced state, chemicals were weighed aerobically and immediately
transferred to a Coy anaerobic chamber with a 95:5 N,:H, atmosphere (Grass Lake, MI) where it was
dissolved in a degassed solution of 1N HCI. Anaerobic growth analysis was carried out in the presence
of 100 mM sodium nitrate as an alternative electron acceptor.

Selenocystine disk diffusion assays and isolation of resistant mutants. Overnight cultures grown
in TSB at 37°C were swabbed onto 20 ml trypic soy agar (TSA) plates to generate a lawn of bacterial
growth. A volume of 10 ul of 50 mM, 75 mM, or 100 mM selenocystine dissolved in TN HCl was added
to a sterile Whatman paper disk and was transferred to the TSA plate. Plates were incubated at 37°C for
24 h. The zone of inhibition was measured in millimeters and was defined as the diameter between
bacterial lawn growth. Colonies arising in the zone of inhibition after 96 h were restreaked onto TSA
plates, subsequently cultured in TSB, and archived at -80°C.

Genomic DNA isolation and gene sequencing. Selenocystine-resistant mutants were cultured in
TSB. Cells were centrifuged and resuspended in buffer containing 60 ug ml—" lysostaphin from ABMI
(Lawrence, NY) and were incubated for 1 h at 37°C to remove the cell wall. Genomic DNA was isolated
using a Promega Wizard genomic DNA purification kit (Madison, WI) following the manufacturer’s
directions. The tcyP ORF and promoter were amplified using GoTaq polymerase (Promega, Madison, WI).
The amplicon was purified using the Wizard PCR cleanup kit (Promega, Madison, WI) according to the
manufacturer’s instructions. Sanger sequencing was performed by the Michigan State University Re-
search Technology Support Facility (East Lansing, MI).

qRT-PCR analysis. Overnight cultures of JE2 were grown in TSB at 37°C and subcultured 1:100 into
50 ml of PN supplemented with 5 mg ml~' glucose and 25 uM CSSC in three 250-ml Erlenmeyer flasks
for 3 h at 37°C. A volume of 50 ml was centrifuged for 10 min at 4,700 rpm at room temperature, washed
once in PBS, and centrifuged a second time. One sample was processed as the T, and was lysed. Upon
resuspension in the indicated growth medium, PN supplemented with 5 mg ml~" glucose and 25 uM
CSSC or PN supplemented with 5 mg ml~" glucose lacking a sulfur source, cells were incubated for 2 h
at 37°C in 250-ml Erlenmeyer flasks. A volume of 50 ml was centrifuged for 10 min at 4,700 rpm at room
temperature, and the cell pellet was resuspended in 750 ul LETS buffer containing 0.1 M LiCl, 10 mM
EDTA, 10 mM Tris-HCI (pH 7.4) and 1% SDS. Cells were transferred to a 2 ml bead-beating tube with
500 wl volume of 0.1 mm zirconia/silica beads (BioSpec, Bartlesville, OK). The lysates were incubated at
55°C for 5 min and centrifuged for 10 min at 13,700 rpm at 4°C. Supernatant was transferred to 1 ml
TRIzol. RNA was precipitated using chloroform phase separation and isopropanol and then purified using
an RNAeasy kit following the manufacturer’s instructions. Contaminating DNA was removed via treat-
ment with an on-column DNase treatment. RNA was treated with Turbo DNase and cDNA was synthe-
sized using SuperScript lll reverse transcriptase (Thermo Fisher Scientific, Waltham, MA) following the
manufacturer’s instructions and random hexamer methodology (Invitrogen, Carlsbad, CA). Quantitative
real-time PCR (qRT-PCR) was set up using SYBR green master mix with 20 ul reaction mixtures containing
10 ul SYBR green master mix, 2 ul of 10 uM forward primer, 2 ul of 10 uM reverse primer, and 50 ng
cDNA. Primers used for each gene are presented in Table S2. qRT-PCR was performed on a QuantStudio
3 Real-Time PCR thermocycler (Thermo Fisher Scientific, Waltham, MA) and was performed in technical
triplicate with minus reverse transcriptase controls to determine genomic DNA contamination. Compar-
ative AAC; methodology was used to compare transcript levels using rho as a reference target (68-70).

Competition in a murine model of systemic infection. WT and mutant strains were grown in TSB
overnight at 37°C, subcultured 1:100, and grown in TSB for 3 h at 37°C and 225 rpm. Strains were washed
in PBS and normalized to an ODg,, equal to 0.4. The competitions were prepared by mixing equal
volumes of WT and mutant strains. To quantify the input ratio, the mixture was serially diluted and plated
onto TSA and TSA supplemented with 10 ug ml~" erythromycin (erm’) to discern between WT and
mutant, which were erythromycin resistant. The mutant strains utilized in these experiments harbored at
least one erm resistance cassette. WT CFU were calculated by subtracting CFU generated on TSA-erm'©
from CFU present on TSA. Ten female 8-week-old BALB/c mice were retro-orbitally infected with 100 ul
of 107 CFU of the WT and mutant mixtures. After 96 h, the heart and liver were collected and
homogenized in 1 ml PBS. Homogenates were serially diluted and plated onto TSA or TSA-erm’®.
Competitive indices were calculated as dividing the mutant:WT output CFU ratio by the mutant:WT input
CFU ratio.

Ethics approval. Infections were performed at Michigan State University under the principles and
guidelines described in the Guide for the Care and Use of Laboratory Animals (77). Animal work was

March 2020 Volume 88 Issue 3 e00690-19

Infection and Immunity

jaiasm.org 13


https://iai.asm.org

Lensmire et al.

Infection and Immunity

followed as approved by Michigan State University Institutional Animal Care and Use Committee (IACUC)
approved protocol number 12/16-205-00.
Phylogenetic analyses of TcyP. The TcyP amino acid sequence (WP_000991007.1 from Staphylo-
coccus aureus USA300_FRP3757, assembly GCF_000013465.1) was used as the query sequence for a
position-specific iterative BLAST (PSI-BLAST) for two iterations against the NR database. The protein
sequences of select representative homologues from pathogen-containing clades Proteobacteria and
Firmicutes were aligned to the S. aureus TcyP sequence using ClustalO (71, 72). A phylogenetic tree was
generated from the alignment using FigTree (73). The protein domain and localization predictions were
done using CDD (74), Interproscan (75), and Phobius (76). For the supplemental analyses, S. aureus TcyP
(WP_00991007.1) was used as the query for one iteration of PSI-BLAST across all bacteria using the
RefSeq protein database (to limit redundancy). The results from the top 3,000 hits in the similarity search
were used to identify TcyP-like proteins in other bacterial clades (Data Set S1 in the supplemental
material). To include representative members across diverse genera, matches with closely related S.
aureus strains and multispecies were filtered out followed by selection of the top hit (based on percent
identity) per genus. The resulting data were used to construct the phylogenetic tree, as described above.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

SUPPLEMENTAL FILE 1, PDF file, 1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.4 MB.
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