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ABSTRACT To control infection, mammals actively withhold essential nutrients, in-
cluding the transition metal manganese, by a process termed nutritional immunity.
A critical component of this host response is the manganese-chelating protein cal-
protectin. While many bacterial mechanisms for overcoming nutritional immunity
have been identified, the intersection between metal starvation and other essential
inorganic nutrients has not been investigated. Here, we report that overexpression
of an operon encoding a highly conserved inorganic phosphate importer, Pst-
SCAB, increases the sensitivity of Staphylococcus aureus to calprotectin-mediated
manganese sequestration. Further analysis revealed that overexpression of pst-
SCAB does not disrupt manganese acquisition or result in overaccumulation of
phosphate by S. aureus. However, it does reduce the ability of S. aureus to grow
in phosphate-replete defined medium. Overexpression of pstSCAB does not aber-
rantly activate the phosphate-responsive two-component system PhoPR, nor was
this two-component system required for sensitivity to manganese starvation. In a
mouse model of systemic staphylococcal disease, a pstSCAB-overexpressing strain
is significantly attenuated compared to wild-type S. aureus. This defect is par-
tially reversed in a calprotectin-deficient mouse, in which manganese is more
readily available. Given that expression of pstSCAB is regulated by PhoPR, these
findings suggest that overactivation of PhoPR would diminish the ability of S. au-
reus to resist nutritional immunity and cause infection. As PhoPR is also neces-
sary for bacterial virulence, these findings imply that phosphate homeostasis rep-
resents a critical regulatory node whose activity must be precisely controlled in
order for S. aureus and other pathogens to cause infection.

KEYWORDS Staphylococcus aureus, phosphate homeostasis, PstSCAB, manganese,
calprotectin, nutritional immunity, infection

taphylococcus aureus is a pervasive and versatile pathogen. It is carried asymptom-

atically by ~30% of the population, but it causes a wide variety of diseases once it
crosses the epithelial barrier, including endocarditis, osteomyelitis, and bacteremia
(1-3). S. aureus is adept at averting protective immune responses (4, 5), and isolates of
S. aureus are increasingly resistant to antibiotics, complicating prevention and treat-
ment of staphylococcal infection (6-8). For these reasons, agencies that include the
Centers for Disease Control and Prevention and the World Health Organization have
designated S. aureus a serious threat to human health and have called for new
strategies to combat this pathogen (9, 10). The ability of S. aureus to infect any tissue
in the host indicates that it can thrive in diverse and often dynamic environments.
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Understanding how this pathogen adapts to host niches and avoids immune insult
provides us with the potential to identify new opportunities for therapeutic interven-
tion.

To inhibit the growth of invading pathogens, the host withholds essential nutrients,
a process called nutritional immunity (11). The best-studied example of this defense is
the sequestration of transition metals, such as iron (Fe), zinc (Zn), and manganese (Mn),
which are required for all forms of life (12-14). An important factor that mediates this
response is the transition metal-binding immune effector calprotectin (CP) (11). One of
the most abundant immune proteins present at sites of infection, CP concentrations
can exceed 1 mg/ml (15, 16). Mice lacking CP have defects in Mn sequestration during
staphylococcal infection and are more sensitive to infection by a variety of Gram-
positive, Gram-negative, and fungal organisms, including S. aureus (17-22). CP is a
heterodimer of ST00A8 and S100A9 and binds transition metals at two binding sites.
Site 1 binds Mn, Fe, or Zn with nanomolar to picomolar affinities, while site 2 binds Zn
with subpicomolar affinity (18, 23-25). This prevents S. aureus and other pathogens
from obtaining Mn, Zn, and potentially other metals during infection (17, 18, 26-28).

S. aureus and other pathogens express multiple Mn and Zn transporters in order to
compete with the host for these metals (11, 20, 29-35). However, while these systems
are necessary for S. aureus and other pathogens to cause infection, they do not prevent
the host from imposing metal starvation (17, 26-30, 36). Thus, in addition to transport-
ers, other adaptations are needed to cause infection. In S. aureus, this includes expres-
sion of a superoxide dismutase that can use either Mn or Fe and the rerouting of
metabolism away from glucose consumption, decreasing the cellular demand for Mn
(37-39). Similar strategies have also been described in other pathogens (28, 39-42).
While many strategies for overcoming nutritional immunity have been reported, the
intersection between metal starvation and other inorganic nutrients has not been
explored.

In addition to transition metals, bacteria must also obtain other inorganic nutrients,
such as phosphate, from the host during infection. S. aureus possesses three inorganic
phosphate (P;) importers: PstSCAB, NptA, and PitA. Widely conserved among bacteria,
PstSCAB has a high affinity and specificity for P, and is a member of the ATP-binding
cassette (ABC) family of transporters, which require ATP hydrolysis for function and
have a high affinity and specificity for P; (43-45). In S. aureus, pstSCAB is only expressed
in P-limiting environments, where it contributes to optimal growth and P; acquisition
(46). NptA and PitA are proton motive force-driven P; transporters that are constitu-
tively expressed in P-replete media, but expression of both transporters also increases
upon P, limitation (44, 46, 47). Expression of the three staphylococcal P; transporters is
regulated by the broadly distributed P-responsive two-component system PhoPR
(named PhoBR in Escherichia coli). PhoPR is required for expression of pstSCAB and nptA
and can influence expression of pitA in some conditions (48). Aside from its role in
controlling P; transporter expression, PhoPR also mediates a P;-sparing response by
inducing as-yet-unidentified processes that promote S. aureus growth during P; star-
vation (48). Similarly to other pathogens, PhoPR is critical during systemic staphylo-
coccal infection (48-50).

The current studies reveal that overexpression of pstSCAB sensitizes S. aureus to
CP-mediated Mn sequestration. This decreased ability to resist metal starvation is not
due to altered total cellular Mn or phosphate levels. While the phenotype is indepen-
dent of PhoPR, as pstSCAB expression is dependent on this two-component system,
these observations suggest that disrupting phosphate homeostasis diminishes the
ability of S. aureus to resist Mn starvation. Overexpression of pstSCAB attenuates
staphylococcal virulence in a systemic mouse model of disease, and the attenuation is
partially relieved in a CP-deficient mouse. Thus, the current investigations reveal a
previously unappreciated intersection between phosphate homeostasis and resisting
nutritional immunity. As loss of PhoPR also attenuates staphylococcal virulence, the
current studies underscore the critical importance of maintaining proper regulation of
phosphate homeostasis to infection.
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FIG 1 Overexpression of the ABC family P, transporter PstSCAB increases the sensitivity of S. aureus to CP.
(A) CP growth assays were performed in rich medium and growth (optical density at 600 nm [ODg,]) of
the indicated strains after 10 h was normalized first to untreated and then to wild-type (WT) bacteria.
*, P < 0.05 compared to WT by two-way analysis of variance (ANOVA) with Tukey’s multiple-comparison
test. n = 3; error bars indicate standard error of the mean (SEM). (B) Transcript levels of pstSCAB were
assessed via quantitative reverse transcription-PCR (qRT-PCR) following growth of WT S. aureus and the
,pst mutant in the absence or presence of 120 ug/ml of CP. *, P < 0.05 compared to WT by t test. n = 5
biological replicates; error bars indicate SEM. (C) CP growth assays were performed in rich medium and
growth (ODy,) of the indicated strains after 10 h was normalized first to untreated bacteria and then to
WT carrying empty vector. Anhydrotetracycline (25 ng/ml) was added to induce expression of pstSCAB.
*, P < 0.05 compared to WT carrying empty vector by two-way ANOVA with Tukey’s multiple-comparison
test. n = 3 biological replicates; error bars indicate SEM. See also Fig. S1 in the supplemental material. For
the experiments shown in panels A and C, similar results were observed at other time points (data not
shown).

RESULTS

Overexpression of a high-affinity P, transporter increases the susceptibility of
S. aureus to calprotectin. To identify adaptations that allow S. aureus to overcome
host-imposed metal starvation, a nonsaturating transposon library was previously
screened for mutants less resistant to CP. This analysis identified a mutant with an
insertion in the promoter of the pstSCAB operon (see Fig. ST in the supplemental material),
subsequently referred to as the ,pst mutant. The pstzerm allele was subsequently trans-
duced into a fresh S. aureus background, where it also resulted in a growth defect
compared to the wild-type in the presence of CP when growth was assessed by either
optical density or CFU (Fig. 1A and Fig. S1). Surprisingly, the pst phenotype was not
recapitulated in a strain lacking pstSCAB, suggesting that the transposon insertion does not
lead to loss of pstSCAB expression (Fig. 1A). While surprising, this observation is consistent
with the expectation that pstSCAB would not be expressed in P-replete media (23, 48). Next,
the possibility that pstSCAB was overexpressed in the ,pst mutant was evaluated. In the ,pst
mutant, expression of pstSCAB was approximately 2- and 4-fold higher than that of
wild-type bacteria in the absence and presence of CP, respectively (Fig. 1B). To evaluate if
overexpression of pstSCAB explains the pst phenotype, pstSCAB was expressed from a
plasmid under the control of an anhydrotetracycline-inducible promoter (P -pstSCAB).
Overexpression of pstSCAB in wild-type bacteria sensitized S. aureus to CP, similarly to the
pPst mutant, without reducing growth of the bacteria in the absence of CP (Fig. 1C and Fig.
S1). Cumulatively, these observations suggest that aberrant overexpression of pstSCAB, not
its loss, sensitizes S. aureus to CP.

Overexpression of pstSCAB sensitizes S. aureus to manganese starvation. CP
can bind multiple first-row transition metals, but in the standard tryptic soy broth
(TSB)-based medium used to assess staphylococcal sensitivity, Mn, and to some extent
Zn, sequestration drives the antimicrobial activity (26, 36, 38). Therefore, the growth of
strains overexpressing pstSCAB was assessed in the presence of CP variants lacking
either site 1 (which binds both Mn and Zn) or site 2 (binds Zn). In the presence of the
site 1 mutant that can no longer bind Mn, the increased sensitivity of the ,pst mutant
was largely abolished (Fig. 2A). The P.-pstSCAB-possessing strain was more sensitive
than wild-type bacteria, raising the possibility that sufficient overexpression of PstSCAB
could reduce the ability of S. aureus to cope generally with metal limitation. In the
presence of the site 2 mutant that retains its ability to bind Mn, both strains remained
more sensitive than the wild type to CP (Fig. 2A). To further test if inability to resist Mn
limitation was responsible for the phenotype, pstSCAB was overexpressed in the
AmntCH strain, which lacks functional copies of the two known staphylococcal Mn
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FIG 2 Overexpressing pstSCAB sensitizes S. aureus to Mn limitation without reducing Mn acquisition via
MntABC and MntH. (A) Growth (ODg,,) of the indicated strains was normalized to that of the wild type
(WT) carrying empty vector after 10 h in rich medium in the presence of 480 ug/ml of wild-type CP and
its AS1 or AS2 site mutants. *, P < 0.05 compared to WT carrying empty vector by two-way ANOVA with
Tukey's multiple-comparison test. n = 7 biological replicates; error bars indicate SEM. Anhydrotetracy-
cline (25 ng/ml) was added to induce pstSCAB expression. (B) A CP growth assay was performed in rich
medium in the presence of increasing CP concentrations. Growth (ODg,,) of the indicated strains was
normalized first to untreated bacteria and then to the parent strain carrying empty vector after 10 h. *,
P < 0.05 compared to parent carrying empty vector by two-way ANOVA with Tukey’s multiple-
comparison test. (C) Growth (ODg,,) of the indicated strains in divalent metal-defined medium with or
without 25 uM MnCl,, FeSO,, or ZnSO,, was measured after 7 h. *, P < 0.05 compared to WT P-pstSCAB
by two-way ANOVA with Sidak’s multiple-comparison test. (D) The indicated strains were grown in
divalent metal-defined medium without added Mn, and cellular metal content was measured using
inductively coupled plasma mass spectrometry (ICP-MS). *, P > 0.05 comparing AmntCH strains to WT
strains by unpaired t test. (B to D) Anhydrotetracycline (12.5ng/ml) was added to induce pstSCAB
expression. n = 3 biological replicates; error bars indicate SEM. (A to C) Similar results were observed at
other time points (data not shown).

transporters, the NRAMP family transporter MntH, and the ABC permease MntABC (29).
The AmntCH P+ -pstSCAB strain was more sensitive than the AmntCH mutant with an
empty vector to CP (Fig. 2B). Cumulatively, these results indicate that strains overex-
pressing pstSCAB are significantly more sensitive to CP-mediated Mn sequestration.

Manganese accumulation is not disrupted by pstSCAB overexpression. The
enhanced sensitivity of the ,pst mutant to Mn limitation could potentially be explained
by a defect in Mn accumulation. To evaluate this possibility, Mn levels were assessed in
wild-type S. aureus and in the AmntCH mutant overexpressing pstSCAB. Consistent with
its enhanced sensitivity to CP-mediated Mn depletion, the AmntCH mutant overex-
pressing pstSCAB had a growth defect in this medium when Mn, but not Zn or Fe, was
omitted (Fig. 2C). Under the Mn-depleted growth conditions, inductively coupled
plasma mass spectrometry (ICP-MS) was used to measure the total Mn content of the
strains. Consistent with previous reports (29, 36), the AmntCH mutant accumulated less
Mn than did the wild type, regardless of pstSCAB expression (Fig. 2D). However,
overexpression of pstSCAB did not impact Mn levels in either the wild-type or AmntCH
mutant backgrounds, indicating that pstSCAB overexpression does not affect accumu-
lation of Mn (Fig. 2D).

The sensitivity of pstSCAB-overexpressing strains is independent of PhoPR
activation. In the absence of an apparent defect in Mn uptake, the possibility that
overexpression of pstSCAB was altering the activity of PhoPR and phosphate homeo-
stasis was evaluated. Expression of pstSCAB is dependent on PhoPR in wild-type
bacteria. It therefore follows that transcriptional activity of a wild-type copy of the
pstSCAB promoter can be used to assess PhoPR activation (48). Using a reporter plasmid
(PP,ses7yfp) in which yfp expression is controlled by a wild-type copy of the pstSCAB
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FIG 3 The Mn starvation sensitivity associated with pstSCAB overexpression is independent of PhoPR activation. (A)
Expression of pstS as a marker for PhoPR activation was monitored in the wild type (WT) and the pst mutant during
growth in phosphate-defined medium supplemented with 5 mM (excess), 0.5 mM (intermediate), or 0.05 mM
(limiting) P,. Expression (relative fluorescence units [RFU]) was assessed by measuring fluorescence from the
PP,ss7yfp reporter plasmid, normalizing to optical density (ODg), and subtracting empty vector (PP, yfP)
values. (B) S. aureus WT and AphoPR were grown in the presence of CP in rich medium, and optical density (ODg,)
was assessed after 7 h. *, P<0.05 compared to untreated parent by two-way ANOVA with Sidak’s multiple-
comparison test; no significant differences were measured between WT and AphoPR. (C) A CP growth assay was
performed in rich medium in the presence of increasing CP concentrations. Growth (ODy,) of the indicated strains
was normalized first to untreated bacteria and then to the parent strain carrying empty vector after 10 h. *, P < 0.05
compared to parent carrying empty vector; #, P < 0.05 AphoPR P-pstSCAB compared to WT P-pstSCAB (two-way
ANOVA with Tukey’s multiple-comparison test). (A to C) n = 3 biological replicates; error bars indicate SEM. (B and
C) Similar results we observed for other time points (data not shown).

promoter (48), activity of PhoPR was assessed in wild-type bacteria and in the pst
mutant when grown in medium containing high, intermediate, and low concentrations
of P,. Consistent with prior results (48), pstS expression is undetectable in wild-type
bacteria under P-replete conditions (5mM P;) and is highly induced under P-limiting
conditions (0.05mM P) (Fig. 3A). A similar expression pattern was seen in the pst
mutant, suggesting that overexpression of the pst operon does not result in inappro-
priate activation of PhoPR (Fig. 3A). However, at an intermediate P, concentration
(0.5 mM P)), while pstS expression in the wild type was activated after several hours of
growth (presumably because P; was being depleted from the medium), pstS was not
induced in the ,pst mutant over the course of the growth curve (Fig. 3A). This raised the
possibility that altered activation of PhoPR could explain the enhanced sensitivity of the
ppPst mutant. However, a AphoPR mutant was not more sensitive than wild-type S.
aureus to CP (Fig. 3B), suggesting that reduced activity of the system was not respon-
sible for the increased sensitivity of the ,pst mutant to metal starvation. Additionally,
loss of PhoPR did not prevent overexpression of pstSCAB from sensitizing S. aureus to
CP (Fig. 3Q). Together, these data indicate that while PhoPR activity is diminished in
strains overexpressing pstSCAB, enhanced sensitivity to metal starvation is not depen-
dent on PhoPR.

Overexpression of pstSCAB sensitizes S. aureus to elevated P; levels but does
not result in P; overaccumulation. The diminished activity of PhoPR in the pst
mutant raised the possibility that pstSCAB overexpression results in overaccumulation
of P;. To test this possibility, the wild type and the ,pst mutant were grown in P;-replete
(5mM) and P-depleted (0.05mM) defined medium. In Pi-limited medium, the pst
mutant grew similar to the wild type, reaching nearly the same terminal optical density
at 600 nm (ODgq) (Fig. 4A). However, in P-replete medium, the ,pst mutant had a
severe growth defect compared to the wild type (Fig. 4A). Wild-type bacteria expressing
pstSCAB from a plasmid also had a growth defect in 5 mM P, but not in 0.05 mM P; (Fig.
4B). These results suggest that P, overaccumulation could potentially be responsible for
the sensitivity to CP. To assess if pstSCAB-overexpression resulted in P; overaccumula-
tion in CP assay medium, total cell P; was assessed. However, neither the ,pst mutant
carrying empty vector nor the wild type carrying P;.-pstSCAB accumulated more P,
than that accumulated by the wild type with empty vector, even at inducer levels that
resulted in Mn starvation phenotypes (Fig. 4C). Total cell-associated phosphorous was
also assessed using ICP-MS following growth in the cation-defined P,-replete medium
previously used to assess Mn accumulation. Similarly to the P, accumulation assays, no
difference in cell-associated phosphorous was observed (Fig. 4D). Cumulatively, these
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FIG 4 pstSCAB-overexpressing cells overimport but do not overaccumulate P,. (A) Growth (ODg,,) of wild
type (WT) and the pst mutant in phosphate-defined medium supplemented with 5mM (excess) or
0.05 mM (limiting) P;,. n = 3 biological replicates; error bars indicate SEM and are often smaller than the
symbols. (B) Growth (ODg,) after 12 h of the indicated strains in phosphate-defined medium supple-
mented with 5 mM (excess), 0.5 mM (intermediate), or 0.05 mM (limiting) P,. Anhydrotetracycline (200 ng/
ml) was added to induce pstSCAB expression. ¥, P < 0.05 compared to empty vector by two-way ANOVA
with Sidak’s multiple-comparison test. n = 3; error bars indicate SEM. (C) Intracellular P; accumulation was
measured and normalized to protein content in the indicated strains grown in CP assay medium
supplemented with increasing concentrations of anhydrotetracycline (ATC) to induce pstSCAB expres-
sion. n = 6 biological replicates; error bars indicate SEM. No significant differences were found between
strains by two-way ANOVA. (D) Total cell-associated P was measured via ICP-MS in the indicated strains
grown in divalent metal-defined medium with or without 25 uM MnCl,. Anhydrotetracycline (12.5 ng/ml)
was added to induce pstSCAB expression. No statistical differences were observed between the indicated
strains via unpaired t test. n = 3 biological replicates; error bars indicate SEM.

results suggest that overaccumulation of P; is unlikely to explain the diminished ability
of pstSCAB-overexpressing strains to resist Mn starvation.

Overexpression of pstSCAB increases the sensitivity of S. aureus to manganese
starvation during infection. To determine if aberrant pstSCAB overexpression disrupts
the ability of S. aureus to cause disease, wild-type C57BL/6 mice were retro-orbitally
infected with wild-type S. aureus or the ,pst mutant. Over the course of 4 days, mice
infected with the pst mutant lost less weight than those infected with wild-type S.
aureus (Fig. 5A). After 4 days of infection, fewer bacteria were recovered from the
kidneys and livers of mice infected with the ,pst mutant than from those infected with
the wild type (Fig. 5B and C). Taken together, these data show that overexpression of
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FIG 5 Overexpression of pstSCAB decreases the virulence of S. aureus and renders it more sensitive to
nutritional immunity. Wild-type C57BL/6 (C57) and CP-deficient C57BL/6 S100A9~/~ (CP~/~) mice were
retro-orbitally infected with S. aureus wild type (WT) or the oPst mutant. (A) Average weight loss of
wild-type mice was monitored over the course of infection. *, P < 0.05 via two-way ANOVA with Sidak'’s
multiple-comparison test. (B and C) Bacterial burdens in (B) heart and kidneys and (C) liver were
enumerated 4 days postinfection. P values were determined by the Mann-Whitney test. The lines indicate
means. The data are results from two independent infections.
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pstSCAB reduces the ability of S. aureus to cause infection. To assess whether main-
taining appropriate expression levels of pstSCAB is important for resisting host-imposed
Mn limitation, CP-deficient mice (C57BL/6 ST00A9~/~), which fail to sequester Mn away
from staphylococcal liver abscesses, were infected. In mice lacking CP (CP~/7), the pst
mutant had increased bacterial burdens relative to those of wild-type mice (Fig. 5C).
However, the bacterial burdens remained lower than those recovered from CP-deficient
mice infected with wild-type S. aureus. These data suggest that the virulence defect
associated with pstSCAB overexpression is due, at least in part, to an inability to cope
with Mn starvation.

DISCUSSION

During infection, pathogens must obtain all inorganic nutrients from the host (11,
12). As a result, pathogens express an array of importers dedicated to the uptake of
nutrients, including metals and P,. While essential, these nutrients can also be toxic
when consumed in excess (51-54). Therefore, the expression of nutrient importers is
carefully controlled. In the current work, investigation of how S. aureus overcomes
host-imposed Mn and Zn limitation revealed an unexpected link with phosphate
homeostasis. Specifically, overexpression of the P; transporter PstSCAB sensitizes S.
aureus to Mn starvation both in culture and during infection. A few connections
between phosphate and metal homeostasis have been made in a variety of organisms.
In the pathogen Edwardsiella tarda, expression of two virulence-associated secretion
systems is coregulated by P; and Fe availability, with maximum expression achieved
under conditions when both nutrients are limiting, such as would be encountered in
the intestine (55). In Candida albicans and Saccharomyces cerevisiae, perturbation of
intracellular P, levels results in significant changes to cellular metal content (56, 57). In
a more direct sense, P, and inorganic polyphosphate interact with and can effectively
sequester intracellular metals (58, 59), a function that has been demonstrated to
mitigate heavy metal toxicity in diverse organisms (60). However, to our knowledge,
this is the first report describing an intersection between phosphate homeostasis and
resistance to nutritional immunity.

Previously, mutations that disrupt phosphate homeostasis in S. aureus have been
shown to result in increased P; accumulation (61). Surprisingly, the current investiga-
tions found that overexpressing pstSCAB does not increase total cell-associated phos-
phate or the fraction of which that is P;. This suggests that either increased expression
of pstSCAB does not increase P; uptake or that P; exits pstSCAB-overexpressing cells at
a similar rate to that of its entry. Biochemical characterization of the P, transporters PitA
and NptA in other organisms, including E. coli, has shown that both transporters are
capable of mediating P; efflux from the cell in addition to P, import (62-65). Considering
the observation that overexpression of pstSCAB sensitizes S. aureus to elevated levels of
P, the data cumulatively suggest that the second possibility is more likely. An alterna-
tive, but related, possibility is that the import activity of PitA or NptA is reduced in
response to increased expression of PstSCAB.

PstSCAB is not required for systemic S. aureus infection, and indeed, a strain forced
to rely on PstSCAB is attenuated compared to the wild type and strains dependent on
NptA or PitA (46). While this observation suggests that P, is not limiting during systemic
infection, subsequent experiments revealed that the loss of PhoPR results in a substan-
tial virulence defect (48), indicating that S. aureus contends with P, limitation in the
host. As pstSCAB is regulated by PhoPR, overactivation of this two-component system
would lead to overexpression of pstSCAB (48). In conjunction with the current obser-
vations, this suggests that overactivation of PhoPR, in addition to loss, should reduce
the ability of S. aureus to cause infection. Supporting this idea, aberrantly high or low
activity of PhoPR also attenuates the virulence of other organisms, including E. coli,
Vibrio cholerae, and Mycobacterium tuberculosis (50, 66-68).

PitA requires a divalent cation to translocate P; across the membrane (62), and E. coli
has been shown to leverage this requirement to export toxic amounts of metal (69).
One can therefore envision a model in which excess P; imported through PstSCAB is

June 2020 Volume 88 Issue 6 €00102-20

Infection and Immunity

iaiasm.org 7


https://iai.asm.org

Kelliher et al. Infection and Immunity

TABLE 1 Strains used in this study

Strain Description Source or reference
Newman Wild-type S. aureus

oPSt ppstzerm allele phage-transduced into Newman This study
ApstSCAB Clean deletion of pstSCAB in Newman 46

AmntCH Clean deletions of mntC and mntH in Newman 29

AphoPR Clean deletion of phoPR in Newman 48

exported via PitA, resulting in a “P; cycling” phenomenon. Since P, chelates Mn
intracellularly and PitA will transport Mn-P; complexes (62), it is possible that such P,
cycling could deplete cells of Mn when the availability of this metal is restricted.
However, our ICP-MS analyses indicate that both the wild type and the AmntCH mutant
overexpressing pstSCAB contain similar Mn levels as empty vector controls. This sug-
gests that the Mn starvation phenotype is not due to Mn export or to a failure to obtain
this metal. The observation that PhoPR activation is delayed in the pst mutant
suggests that PstSCAB may be contributing more to P; uptake in the mutant than in
wild-type bacteria. The delayed activation of PhoPR is likely an indirect effect of
elevated expression, as expression would enable the ,pst mutant to obtain phosphate
more efficiently than wild-type bacteria as the availability of this nutrient became
limiting. The ,pst mutant thus would have a reduced need to activate PhoPR. When
phosphate is replete, S. aureus normally relies on PitA and NptA to obtain this nutrient
(46). This leads to the hypothesis that the increased use of a more energy-intensive
mechanism to obtain P, PstSCAB, in the ,pst mutant, while not normally detrimental,
becomes so under metal-restricted conditions. This idea is supported by prior obser-
vations that forcing S. aureus to rely solely on PstSCAB to obtain P, reduces the growth
rate (46) and that Mn starvation reduces the ability of S. aureus to use glucose as its
preferred carbon source (38). Although the specific mechanism remains unclear, the
current results demonstrate that overexpression of pstSCAB sensitizes S. aureus to
nutritional immunity.

All pathogenic organisms must balance expression of nutrient transporters to
optimize acquisition and mitigate toxicity. Mutations that diminish phosphate acqui-
sition, eliminate the ability to respond to phosphate limitation, or result in overexpres-
sion of phosphate importers are deleterious to the ability of S. aureus and other
pathogens to cause infection (46, 48, 50, 54, 66-68). Many biological systems have a
high degree of plasticity that enables adaptive evolution to preserve function, which
reduces their ability to be disrupted by therapeutic interventions. Unlike other systems,
phosphate homeostasis appears more rigid, as either over- or underactivation of PhoPR
ablates staphylococcal virulence. This reduced plasticity suggests that adaptive evolu-
tion to drugs targeting this two-component system or phosphate homeostasis in
general would be more difficult to achieve. Thus, targeting phosphate homeostasis in
pathogenic bacteria may represent a new opportunity for therapeutic development.

MATERIALS AND METHODS

Ethics statement. All experiments involving animals were approved by the Institutional Animal Care
and Use Committee of the University of lllinois at Urbana-Champaign (IACUC license number 18038) and
performed according to NIH guidelines, the Animal Welfare Act, and U.S. federal law.

Bacterial strains and cloning. S. aureus Newman and its derivatives were used for all experiments.
For routine S. aureus cultures, strains were grown in tryptic soy broth (TSB) or on tryptic soy agar (TSA).
For routine E. coli cultures, strains were grown in Luria-Bertani (LB) broth or on LB agar. Bacteria were
grown at 37°C and preserved at —80°C in growth medium containing 30% glycerol. For plasmid
propagation, 100 ug/ml ampicillin or 10 ug/ml chloramphenicol was included as needed. Anhydrotet-
racycline (ATC) was purchased from Acros Organics, resuspended in ethanol at 1 mg/ml, and stored at
—20°C. A working stock (100 ug/ml) was made fresh daily by diluting in TSB.

The pst:erm allele was transduced into Newman via 85 phage. The ApstSCAB, AmntCH, and AphoPR
mutants were constructed previously (18, 46, 48). The P-pstSCAB construct was generated previously
(48) in the pRMC2 vector (70). The pP,,.,-yfp and pP,,.-yfp plasmids were generated previously (37, 46)
in the pAH5 vector (71). All strains were confirmed to be hemolytic. Lists of the strains and plasmids used
in these studies are given in Tables 1 and 2.
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TABLE 2 Plasmids used in this study

Plasmid Description Reference

Prec-empty PRMC2 (anhydrotetracycline-inducible expression vector) 70

Prer-PStSCAB pstSCAB in pRMC2 48

PPempty Y TP YFP transcriptional reporter vector (pAH5E) with no promoter 37
driving yfp expression

PP ,syfp pAH5E with pstS promoter driving yfp expression 46

CP growth assays. CP growth assays were performed as previously described (18, 23) with minor
modifications. Bacteria were grown overnight in TSB, subcultured 1:50 into TSB plus the indicated
concentration of ATC, and grown on a roller drum at 37°C for 1 or 2 h (strains without and with plasmids,
respectively), then subcultured 1:100 into 96-well round-bottom plates containing 100 ul CP assay
medium and a gradient of wild-type or site mutant CP. CP assay medium consisted of 38% TSB and 62%
CP buffer (20 mM Tris [pH 7.5], 10 mM B-mercaptoethanol, 100 mM NaCl, and 3 mM CaCl,) supplemented
with 1 uM MnCl,, 1 uM ZnSO,, and the indicated concentration of ATC. Plates were incubated at 37°C
with shaking at 180 rpm. Growth was monitored by measuring ODg,, or CFU. CP was purified as
previously described (18, 23).

Metal- and phosphate-defined growth assays. For metal-defined growth assays, bacteria were
grown overnight in TSB, subcultured 1:50 into TSB supplemented with 12.5 ng/ml ATC, and grown on a
roller drum at 37°C for 2 h, and then subcultured 1:100 into 96-well round-bottomed plates containing
100 pl of assay medium (Chelex-treated RPMI supplemented with 1% Casamino Acids, T mM MgCl,, and
100 uM CaCl,) supplemented with 12.5 ng/ml ATC and, as indicated, 25 uM FeSO,, ZnSO,,, and/or MnCl,.

For phosphate-defined growth assays, bacteria were grown in 5 ml TSB for 8 h, subcultured 1:10 into
PFM9 medium plus 158 uM P; for 12 h, and then inoculated 1:100 into a 96-well round-bottomed plate
containing 100 ul/well PFM9 and a gradient of P,. PFM9 medium (described previously in reference 46)
consisted of PFM9 salts; 70 mM HEPES, pH 7.4; 0.5% glucose; trace amino acids and vitamins; 6.2 mM
B-mercaptoethanol; 2 mM MgSO,; 1 mM CaCl,; and 1 uM FeSO,, ZnSO,, and MnCl,. The P, source was a
mixture of NaH,PO, and Na,HPO, adjusted to pH 7.4. Plates were incubated at 37°C with shaking at
180 rpm. Growth was monitored by measuring ODg,,. Expression was determined by normalizing
fluorescence (excitation/emission wavelengths, 505/535) to ODg,, then subtracting empty vector con-
trols.

Quantitative PCR. To assess the expression of pstS, S. aureus wild-type and pst mutant cultures were
grown as for CP growth assays in complex medium in the presence and absence of 120 ug/ml of CP, with
the exception that no ATC was added. Bacteria were harvested during log-phase growth (0D, = 0.1
to 0.15), the samples were collected, an equal volume of ice-cold 1:1 acetone-ethanol was then added
to the cultures, and samples were frozen at —80°C until RNA extraction. RNA was extracted and cDNA
was generated as previously described (29, 72-74). Gene expression was assessed by quantitative reverse
transcription-PCR (qRT-PCR) using the indicated primers (pstS RT 5, AATGGGCTCAAGATCACTCG; pstS RT
3’, GGTCTAGAAGCATCAGCGAAG), and 16S was used as a normalizing control.

Phosphate accumulation assay. Bacteria were grown as for CP assays with the indicated concen-
trations of ATC, with the exception that no ATC was added to the preculture and no CP was added to
the assay. Phosphate accumulation was then measured as previously described (46, 48). Briefly, cells were
harvested at similar optical densities (OD,, between 0.2 and 0.25), then washed once and lysed in
Tris-EDTA buffer by mechanical disruption. Lysates were centrifuged to remove particulates and treated
with purified yeast exopolyphosphatase to degrade any polyphosphates. Orthophosphate was measured
using the Biomol Green kit (Enzo Life Sciences) according to the manufacturer’s instructions. An aliquot
was taken from each lysate before treatment with yeast exopolyphosphatase to measure protein
concentration using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific).

Inductively coupled plasma mass spectrometry. For elemental analysis, bacteria were grown
overnight in TSB, subcultured 1:50 into TSB supplemented with 12.5 ng/ml ATC, grown for 2 h at 37°C on
a roller drum, and then inoculated 1:100 into conical tubes containing 30 ml of assay medium (Chelex-
treated RPMI supplemented with 1% Casamino Acids, 1 mM MgCl,, 100 uM CaCl,, 25 uM FeSO,, and
25 uM ZnSO,) supplemented with 12.5 ng/ml ATC. Bacteria were harvested at an ODg,, of ~0.3, then
washed twice with 100 mM EDTA and twice with double-distilled water. Pellets were subsequently
resuspended in T ml double-distilled water, and a small aliquot was taken to measure CFU. Cells were
again pelleted, the supernatant removed, and the pellet was desiccated overnight on a heat block at
96°C. Metal ion content was released by treatment with 1 ml of 7% HNO, at 370 K for 60 min. Metal
content was analyzed on an Agilent 8900 ICP tandem mass spectrometry (ICP-MS/MS) instrument (75,
76). Bacterial growth for ICP-MS analyses was performed with two technical replicates in three indepen-
dent biological experiments.

Animal infections. Mouse infections were performed essentially as previously described (46, 48),
with key details and differences noted below. Ten-week-old C57BL/6 mice or derivative STO0A9~/~ mice
were retro-orbitally injected with 1 107 CFU of S. aureus Newman (wild type) or the pst mutant in
100 pl of phosphate-free, carbonate-buffered saline. After 4 days, heart, liver, and kidneys were harvested
and homogenized, and bacterial burdens were determined by dilution plating using phosphate-free,
carbonate-buffered saline.

June 2020 Volume 88 Issue 6 €00102-20 iaiasm.org 9


https://iai.asm.org

Kelliher et al. Infection and Immunity

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.

ACKNOWLEDGMENTS

This work was supported by the Vallee Foundation, by a Basil O'Connor award from
the March of Dimes, and by National Institutes of Health grants K22 Al104805, RO1
Al118880, and R21 AI149115 to T.EK.-F. and in part by a James R. Beck Graduate
Research Fellowship in Microbiology awarded to J.L.K. Work in the McDevitt laboratory
was supported by National Health and Medical Research Council (NHMRC) project
grants 1122582 and 1140554 and by an Australian Research Council (ARC) Discovery
Project grant to C.A.M. (DP170102102). S.L.N. is an NHMRC Early Career Research Fellow
(1142695), and C.A.M. is an ARC Future Fellow (FT170100006). The funding agencies
had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

We thank Eric Skaar at Vanderbilt University Medical Center, where the ,Pst mutant
was originally isolated. We acknowledge the assistance of Adelaide Microscopy in
discussions and execution of the ICP-MS analyses.

This work does not represent the views of the March of Dimes or of the National
Institutes of Health.

JLK., EB.B., JNR., ESJ.,, PKP., and S.L.N. performed the experiments. C.A.M. and
T.EK.-F. obtained funding and supervised the work. J.LK. and T.EK.-F. wrote the

manuscript.

REFERENCES

1.

Gorwitz RJ, Kruszon-Moran D, McAllister SK, McQuillan G, McDougal LK,
Fosheim GE, Jensen BJ, Killgore G, Tenover FC, Kuehnert MJ. 2008.
Changes in the prevalence of nasal colonization with Staphylococcus
aureus in the United States, 2001-2004. J Infect Dis 197:1226-1234.
https://doi.org/10.1086/533494.

pathogenesis. Front Cell Infect Microbiol 4:2. https://doi.org/10.3389/
fcimb.2014.00002.

. Kelliher JL, Kehl-Fie TE. 2016. Competition for manganese at the host-

pathogen interface. Prog Mol Biol Transl Sci 142:1-25. https://doi.org/
10.1016/bs.pmbts.2016.05.002.

2. Lowy FD. 1998. Staphylococcus aureus infections. N Engl J Med 339: 15. Gebhardt C, Nemeth J, Angel P, Hess J. 2006. S100A8 and S100A9 in
520-532. https://doi.org/10.1056/NEJM199808203390806. inflammation and cancer. Biochem Pharmacol 72:1622-1631. https://doi

3. Tong SY, Davis JS, Eighenbgrger E,. HoII‘and TL, Fowler YG, Jr. 20‘11?. .0rg/10.1016/j.bcp.2006.05.017.

Staphylococcus aureus infections: epidemiology, pathophysiology, clini- 16. Clohessy PA, Golden BE. 1995. Calprotectin-mediated zinc chelation as a
cal manife;tations, and management. Clin Microbiol Rev 28:603-661. biostatic mechanism in host defence. Scand J Immunol 42:551-556.
https://doi.org/10.1128/CMR.00134-14. _ https://doi.org/10.1111/}.1365-3083.1995.tb03695.x.

4. Thammavopgsa V, Kim HK, Mlssmkas D, Schneewind O. 2015. Staphylo— 17. Corbin BD, Seeley EH, Raab A, Feldmann J, Miller MR, Torres VJ, Ander-
coccal manlpulatlon. of host immune responses. Nat Rev Microbiol 13: son KL, Dattilo BM, Dunman PM, Gerads R, Caprioli RM, Nacken W,
529-543. https.//d0|.org/10.1038/.r?rm|c.ro3521. Chazin WJ, Skaar EP. 2008. Metal chelation and inhibition of bacterial

5. Broker BM, Holtfreter S, Bekergd)lan—Dmg 1. 2014. Immune control of growth in tissue abscesses. Science 319:962-965. https://doi.org/10
Staphylococcus aureus - regulation and counter-regulation of the adap- 1126/science.1152449
tive immune response. Int J Med Microbiol 304:204-214. https://doi.org/ 18. Kehl-Fie TE, Chitayat S, Hood MI, Damo S, Restrepo N, Garcia C, Munro
10.1016/j.jmm.2013.11.008. . . .

X KA, Chazin WJ, Skaar EP. 2011. Nutrient metal sequestration by calpro-

6. Chambers HF, Deleo FR. 2009. Waves of resistance: Staphylococcus au- AN ) . ) S
reus in the antibiotic era. Nat Rev Microbiol 7:629—641. hitos://doi.ora/ tectin inhibits bacterial superoxide defense, enhancing neutrophil killing
10.1038/nrmicro2200 ’ ’ - Hps: org of Staphylococcus aureus. Cell Host Microbe 10:158-164. https://doi.org/

7. Mera RM, Suaya JA, Amrine-Madsen H, Hogea CS, Miller LA, Lu EP, Sahm 19 LO.P:01.6t./J.;h(\>/m.2|0_I] 1.L(J)7b.004.CF Rohm M. H 1 Zoelen MA
DF, O'Hara P, Acosta CJ. 2011. Increasing role of Staphylococcus aureus ) FIC ou! ! S’ Rogh J’ r a,“T V’ OC md IV OrR?es ,dvanP Icl)eTen2012,
and community-acquired methicillin-resistant Staphylococcus aureus in- orqu.ln » Roth J, v.an eer. + d€ VoS AR, }/an. er 9 a .
fections in the United States: a 10-year trend of replacement and Myeloid-related protein-14 contributes to protective immunity in gram-
expansion. Microb Drug Resist 17:321-328. https://doi.org/10.1089/mdr “egat"’e pneumonia derived sepsis. PLoS Pathog 8:e1002987. https://
12010.0193. doi.org/10.1371/journal.ppat.1002987.

8. McGuinness WA, Malachowa N, DelLeo FR. 2017. Vancomycin resistance 20. Hood MI, Mortensen BL, Moore JL, Zhang Y, Kehl-Fie TE, Sugitani N,
in Staphylococcus aureus. Yale J Biol Med 90:269-281. Chazin WJ, Caprioli RM, Skaar EP. 2012. Identification of an Acinetobacter

9. CDC. 2013. Antibiotic resistance threats in the United States. Centers for baumannii zinc acquisition system that facilitates resistance to
Disease Control and Prevention, Atlanta, GA. calprotectin-mediated zinc sequestration. PLoS Pathog 8:1003068.

10. WHO. 2014. Antimicrobial resistance: global report on surveillance. https://doi.org/10.1371/journal.ppat.1003068.
World Health Organization, Geneva, Switzerland. 21. Bianchi M, Niemiec MJ, Siler U, Urban CF, Reichenbach J. 2011. Resto-
11. Kehl-Fie TE, Skaar EP. 2010. Nutritional immunity beyond iron: a role for ration of anti-Aspergillus defense by neutrophil extracellular traps in
manganese and zinc. Curr Opin Chem Biol 14:218-224. https://doi.org/ human chronic granulomatous disease after gene therapy is
10.1016/j.cbpa.2009.11.008. calprotectin-dependent. J Allergy Clin Immunol 127:1243-1252.e7.
12. Cassat JE, Skaar EP. 2013. Iron in infection and immunity. Cell Host https://doi.org/10.1016/j.,jaci.2011.01.021.
Microbe 13:509-519. https://doi.org/10.1016/j.chom.2013.04.010. 22. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W,
13. Diaz-Ochoa VE, Jellbauer S, Klaus S, Raffatellu M. 2014. Transition Brinkmann V, Jungblut PR, Zychlinsky A. 2009. Neutrophil extracellular

June 2020 Volume 88

metal ions at the crossroads of mucosal immunity and microbial

Issue 6 €00102-20

traps contain calprotectin, a cytosolic protein complex involved in host

iai.asm.org 10


https://doi.org/10.1086/533494
https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1038/nrmicro3521
https://doi.org/10.1016/j.ijmm.2013.11.008
https://doi.org/10.1016/j.ijmm.2013.11.008
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1089/mdr.2010.0193
https://doi.org/10.1089/mdr.2010.0193
https://doi.org/10.1016/j.cbpa.2009.11.008
https://doi.org/10.1016/j.cbpa.2009.11.008
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.3389/fcimb.2014.00002
https://doi.org/10.3389/fcimb.2014.00002
https://doi.org/10.1016/bs.pmbts.2016.05.002
https://doi.org/10.1016/bs.pmbts.2016.05.002
https://doi.org/10.1016/j.bcp.2006.05.017
https://doi.org/10.1016/j.bcp.2006.05.017
https://doi.org/10.1111/j.1365-3083.1995.tb03695.x
https://doi.org/10.1126/science.1152449
https://doi.org/10.1126/science.1152449
https://doi.org/10.1016/j.chom.2011.07.004
https://doi.org/10.1016/j.chom.2011.07.004
https://doi.org/10.1371/journal.ppat.1002987
https://doi.org/10.1371/journal.ppat.1002987
https://doi.org/10.1371/journal.ppat.1003068
https://doi.org/10.1016/j.jaci.2011.01.021
https://iai.asm.org

Nutritional Immunity and Phosphate Homeostasis

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

June 2020 Volume 88

defense against Candida albicans. PLoS Pathog 5:€1000639. https://doi
.0rg/10.1371/journal.ppat.1000639.

Damo SM, Kehl-Fie TE, Sugitani N, Holt ME, Rathi S, Murphy WJ, Zhang
Y, Betz C, Hench L, Fritz G, Skaar EP, Chazin WJ. 2013. Molecular basis for
manganese sequestration by calprotectin and roles in the innate im-
mune response to invading bacterial pathogens. Proc Natl Acad Sci
U S A 110:3841-3846. https://doi.org/10.1073/pnas.1220341110.
Brophy MB, Nakashige TG, Gaillard A, Nolan EM. 2013. Contributions of
the ST00A9 C-terminal tail to high-affinity Mn(ll) chelation by the host-
defense protein human calprotectin. J Am Chem Soc 135:17804-17817.
https://doi.org/10.1021/ja407147d.

Korndorfer IP, Brueckner F, Skerra A. 2007. The crystal structure of the
human (S100A8/S100A9)2 heterotetramer, calprotectin, illustrates how
conformational changes of interacting alpha-helices can determine spe-
cific association of two EF-hand proteins. J Mol Biol 370:887-898.
https://doi.org/10.1016/j.jmb.2007.04.065.

Zygiel EM, Nelson CE, Brewer LK, Oglesby-Sherrouse AG, Nolan EM. 2019.
The human innate immune protein calprotectin induces iron starvation
responses in Pseudomonas aeruginosa. J Biol Chem 294:3549-3562.
https://doi.org/10.1074/jbc.RA118.006819.

Wang J, Lonergan ZR, Gonzalez-Gutierrez G, Nairn BL, Maxwell CN,
Zhang Y, Andreini C, Karty JA, Chazin WJ, Trinidad JC, Skaar EP, Giedroc
DP. 2019. Multi-metal restriction by calprotectin impacts de novo flavin
biosynthesis in Acinetobacter baumannii. Cell Chem Biol 26:745-755 e7.
https://doi.org/10.1016/j.chembiol.2019.02.011.

Besold AN, Gilston BA, Radin JN, Ramsoomair C, Culbertson EM, Li CX,
Cormack BP, Chazin WJ, Kehl-Fie TE, Culotta VC. 2017. Role of calpro-
tectin in withholding zinc and copper from Candida albicans. Infect
Immun 86:e00779-17. https://doi.org/10.1128/IA1.00779-17.

Kehl-Fie TE, Zhang Y, Moore JL, Farrand AJ, Hood M, Rathi S, Chazin WJ,
Caprioli RM, Skaar EP. 2013. MntABC and MntH contribute to systemic
Staphylococcus aureus infection by competing with calprotectin for nu-
trient manganese. Infect Immun 81:3395-3405. https://doi.org/10.1128/
1A1.00420-13.

Grim KP, San Francisco B, Radin JN, Brazel EB, Kelliher JL, Parraga
Solorzano PK, Kim PC, McDevitt CA, Kehl-Fie TE. 2017. The metallophore
staphylopine enables Staphylococcus aureus to compete with the host
for zinc and overcome nutritional immunity. mBio 8:e01281-17. https://
doi.org/10.1128/mBi0.01281-17.

D’Orazio M, Mastropasqua MC, Cerasi M, Pacello F, Consalvo A, Chirullo
B, Mortensen B, Skaar EP, Ciavardelli D, Pasquali P, Battistoni A. 2015.
The capability of Pseudomonas aeruginosa to recruit zinc under condi-
tions of limited metal availability is affected by inactivation of the
ZnuABC transporter. Metallomics 7:1023-1035. https://doi.org/10.1039/
c5mt00017c.

Maurakis S, Keller K, Maxwell CN, Pereira K, Chazin WJ, Criss AK, Corne-
lissen CN. 2019. The novel interaction between Neisseria gonorrhoeae
Tdf) and human S100A7 allows gonococci to subvert host zinc restric-
tion. PLoS Pathog 15:1007937. https://doi.org/10.1371/journal.ppat
.1007937.

Colomer-Winter C, Flores-Mireles AL, Baker SP, Frank KL, Lynch AJL,
Hultgren SJ, Kitten T, Lemos JA. 2018. Manganese acquisition is essential
for virulence of Enterococcus faecalis. PLoS Pathog 14:e1007102. https://
doi.org/10.1371/journal.ppat.1007102.

Makthal N, Nguyen K, Do H, Gavagan M, Chandrangsu P, Helmann JD,
Olsen RJ, Kumaraswami M. 2017. A critical role of zinc importer AdcABC
in group A Streptococcus-host interactions during infection and its im-
plications for vaccine development. EBioMedicine 21:131-141. https:/
doi.org/10.1016/j.ebiom.2017.05.030.

Palmer LD, Skaar EP. 2016. Transition metals and virulence in bacteria.
Annu Rev Genet 50:67-91. https://doi.org/10.1146/annurev-genet
-120215-035146.

Radin JN, Zhu J, Brazel EB, McDevitt CA, Kehl-Fie TE. 2018. Synergy
between nutritional immunity and independent host defenses contrib-
utes to the importance of the MntABC manganese transporter during
Staphylococcus aureus infection. Infect Immun 87:e00642-18. https://doi
.org/10.1128/1A1.00642-18.

Garcia YM, Barwinska-Sendra A, Tarrant E, Skaar EP, Waldron KJ, Kehl-Fie
TE. 2017. A superoxide dismutase capable of functioning with iron or
manganese promotes the resistance of Staphylococcus aureus to calpro-
tectin and nutritional immunity. PLoS Pathog 13:e1006125. https://doi
.org/10.1371/journal.ppat.1006125.

Radin JN, Kelliher JL, Parraga Solorzano PK, Kehl-Fie TE. 2016. The
two-component system ArlRS and alterations in metabolism enable

Issue 6 €00102-20

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Infection and Immunity

Staphylococcus aureus to resist calprotectin-induced manganese starva-
tion. PLoS Pathog 12:21006040. https://doi.org/10.1371/journal.ppat
.1006040.

Radin JN, Kelliher JL, Solorzano PKP, Grim KP, Ramezanifard R, Slauch JM,
Kehl-Fie TE. 2019. Metal-independent variants of phosphoglycerate mu-
tase promote resistance to nutritional immunity and retention of glyco-
lysis during infection. PLoS Pathog 15:€1007971. https://doi.org/10
.1371/journal.ppat.1007971.

Lonergan ZR, Nairn BL, Wang J, Hsu YP, Hesse LE, Beavers WN, Chazin
WJ, Trinidad JC, VanNieuwenhze MS, Giedroc DP, Skaar EP. 2019. An
Acinetobacter baumannii, zinc-regulated peptidase maintains cell wall
integrity during immune-mediated nutrient sequestration. Cell Rep 26:
2009-2018.6. https://doi.org/10.1016/j.celrep.2019.01.089.

Juttukonda LJ, Chazin WJ, Skaar EP. 2016. Acinetobacter baumannii
coordinates urea metabolism with metal import to resist host-
mediated metal limitation. mBio 7:¢01475-16. https://doi.org/10
.1128/mBio0.01475-16.

Gaddy JA, Radin JN, Cullen TW, Chazin WJ, Skaar EP, Trent MS, Algood
HM. 2015. Helicobacter pylori resists the antimicrobial activity of calpro-
tectin via lipid A modification and associated biofilm formation. mBio
6:201349-15. https://doi.org/10.1128/mBio.01349-15.

Wanner BL. 1996. Phosphorus assimilation and control of the phosphate
regulon, p 1357-1381. In Neidhardt FC (ed), Escherichia coli and
Salmonella: cellular and molecular biology, 2nd ed, vol 1. ASM Press,
Washington, DC.

van Veen HW. 1997. Phosphate transport in prokaryotes: molecules,
mediators and mechanisms. Antonie Van Leeuwenhoek 72:299-315.
https://doi.org/10.1023/a:1000530927928.

Santos-Beneit F. 2015. The Pho regulon: a huge regulatory network in
bacteria. Front Microbiol 6:402. https://doi.org/10.3389/fmicb.2015
.00402.

Kelliher JL, Radin JN, Grim KP, Parraga Solorzano PK, Degnan PH, Kehl-Fie
TE. 2017. Acquisition of the phosphate transporter NptA enhances
Staphylococcus aureus pathogenesis by improving phosphate uptake in
divergent environments. Infect Immun 86:00631-17. https://doi.org/10
.1128/1A1.00631-17.

Werner A, Kinne RK. 2001. Evolution of the Na-P; cotransport systems.
Am J Physiol Regul Integr Comp Physiol 280:R301-R312. https://doi.org/
10.1152/ajpregu.2001.280.2.R301.

Kelliher JL, Radin JN, Kehl-Fie TE. 2018. PhoPR contributes to Staphylo-
coccus aureus growth during phosphate starvation and pathogenesis in
an environment-specific manner. Infect Immun 86:€00371-18. https://
doi.org/10.1128/1A1.00371-18.

Chekabab SM, Harel J, Dozois CM. 2014. Interplay between genetic
regulation of phosphate homeostasis and bacterial virulence. Virulence
5:786-793. https://doi.org/10.4161/viru.29307.

Lamarche MG, Wanner BL, Crepin S, Harel J. 2008. The phosphate
regulon and bacterial virulence: a regulatory network connecting phos-
phate homeostasis and pathogenesis. FEMS Microbiol Rev 32:461-473.
https://doi.org/10.1111/j.1574-6976.2008.00101 ..

Becker KW, Skaar EP. 2014. Metal limitation and toxicity at the interface
between host and pathogen. FEMS Microbiol Rev 38:1235-1249. https://
doi.org/10.1111/1574-6976.12087.

Djoko KY, Ong CL, Walker MJ, McEwan AG. 2015. The role of copper and
zinc toxicity in innate immune defense against bacterial pathogens. J
Biol Chem 290:18954-18961. https://doi.org/10.1074/jbc.R115.647099.
Morohoshi T, Maruo T, Shirai Y, Kato J, lkeda T, Takiguchi N, Ohtake H,
Kuroda A. 2002. Accumulation of inorganic polyphosphate in phoU
mutants of Escherichia coli and Synechocystis sp. strain PCC6803. Appl
Environ Microbiol 68:4107-4110. https://doi.org/10.1128/aem.68.8.4107
-4110.2002.

Rice CD, Pollard JE, Lewis ZT, McCleary WR. 2009. Employment of a
promoter-swapping technique shows that PhoU modulates the activity
of the PstSCAB2 ABC transporter in Escherichia coli. Appl Environ Micro-
biol 75:573-582. https://doi.org/10.1128/AEM.01046-08.

Chakraborty S, Sivaraman J, Leung KY, Mok YK. 2011. Two-component
PhoB-PhoR regulatory system and ferric uptake regulator sense phos-
phate and iron to control virulence genes in type Il and VI secretion
systems of Edwardsiella tarda. J Biol Chem 286:39417-39430. https://doi
.org/10.1074/jbc.M111.295188.

lkeh MA, Kastora SL, Day AM, Herrero-de-Dios CM, Tarrant E, Waldron KJ,
Banks AP, Bain JM, Lydall D, Veal EA, MacCallum DM, Erwig LP, Brown AJ,
Quinn J. 2016. Pho4 mediates phosphate acquisition in Candida albicans

jaiasm.org 11


https://doi.org/10.1371/journal.ppat.1000639
https://doi.org/10.1371/journal.ppat.1000639
https://doi.org/10.1073/pnas.1220341110
https://doi.org/10.1021/ja407147d
https://doi.org/10.1016/j.jmb.2007.04.065
https://doi.org/10.1074/jbc.RA118.006819
https://doi.org/10.1016/j.chembiol.2019.02.011
https://doi.org/10.1128/IAI.00779-17
https://doi.org/10.1128/IAI.00420-13
https://doi.org/10.1128/IAI.00420-13
https://doi.org/10.1128/mBio.01281-17
https://doi.org/10.1128/mBio.01281-17
https://doi.org/10.1039/c5mt00017c
https://doi.org/10.1039/c5mt00017c
https://doi.org/10.1371/journal.ppat.1007937
https://doi.org/10.1371/journal.ppat.1007937
https://doi.org/10.1371/journal.ppat.1007102
https://doi.org/10.1371/journal.ppat.1007102
https://doi.org/10.1016/j.ebiom.2017.05.030
https://doi.org/10.1016/j.ebiom.2017.05.030
https://doi.org/10.1146/annurev-genet-120215-035146
https://doi.org/10.1146/annurev-genet-120215-035146
https://doi.org/10.1128/IAI.00642-18
https://doi.org/10.1128/IAI.00642-18
https://doi.org/10.1371/journal.ppat.1006125
https://doi.org/10.1371/journal.ppat.1006125
https://doi.org/10.1371/journal.ppat.1006040
https://doi.org/10.1371/journal.ppat.1006040
https://doi.org/10.1371/journal.ppat.1007971
https://doi.org/10.1371/journal.ppat.1007971
https://doi.org/10.1016/j.celrep.2019.01.089
https://doi.org/10.1128/mBio.01475-16
https://doi.org/10.1128/mBio.01475-16
https://doi.org/10.1128/mBio.01349-15
https://doi.org/10.1023/a:1000530927928
https://doi.org/10.3389/fmicb.2015.00402
https://doi.org/10.3389/fmicb.2015.00402
https://doi.org/10.1128/IAI.00631-17
https://doi.org/10.1128/IAI.00631-17
https://doi.org/10.1152/ajpregu.2001.280.2.R301
https://doi.org/10.1152/ajpregu.2001.280.2.R301
https://doi.org/10.1128/IAI.00371-18
https://doi.org/10.1128/IAI.00371-18
https://doi.org/10.4161/viru.29307
https://doi.org/10.1111/j.1574-6976.2008.00101.x
https://doi.org/10.1111/1574-6976.12087
https://doi.org/10.1111/1574-6976.12087
https://doi.org/10.1074/jbc.R115.647099
https://doi.org/10.1128/aem.68.8.4107-4110.2002
https://doi.org/10.1128/aem.68.8.4107-4110.2002
https://doi.org/10.1128/AEM.01046-08
https://doi.org/10.1074/jbc.M111.295188
https://doi.org/10.1074/jbc.M111.295188
https://iai.asm.org

Kelliher et al.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

June 2020 Volume 88

and is vital for stress resistance and metal homeostasis. Mol Biol Cell
27:2784-2801. https://doi.org/10.1091/mbc.E16-05-0266.

Rosenfeld L, Reddi AR, Leung E, Aranda K, Jensen LT, Culotta VC. 2010.
The effect of phosphate accumulation on metal ion homeostasis in
Saccharomyces cerevisiae. J Biol Inorg Chem 15:1051-1062. https://doi
.org/10.1007/s00775-010-0664-8.

Frey CM, Stuehr JE. 1972. Interactions of divalent metal ions with inor-
ganic and nucleoside phosphates. I. Thermodynamics. J Am Chem Soc
94:8898-8904. https://doi.org/10.1021/ja00780a042.

Kornberg A, Rao NN, Ault-Riché D. 1999. Inorganic polyphosphate: a
molecule of many functions. Annu Rev Biochem 68:89-125. https://doi
.org/10.1146/annurev.biochem.68.1.89.

Kulakovskaya T. 2018. Inorganic polyphosphates and heavy metal resis-
tance in microorganisms. World J Microbiol Biotechnol 34:139. https://
doi.org/10.1007/s11274-018-2523-7.

Mechler L, Herbig A, Paprotka K, Fraunholz M, Nieselt K, Bertram R. 2015.
A novel point mutation promotes growth phase-dependent daptomycin
tolerance in Staphylococcus aureus. Antimicrob Agents Chemother 59:
5366-5376. https://doi.org/10.1128/AAC.00643-15.

van Veen HW, Abee T, Kortstee GJ, Konings WN, Zehnder AJ. 1994.
Translocation of metal phosphate via the phosphate inorganic transport
system of Escherichia coli. Biochemistry 33:1766-1770. https://doi.org/
10.1021/bi00173a020.

van Veen HW, Abee T, Kortstee GJ, Pereira H, Konings WN, Zehnder AJ.
1994. Generation of a proton motive force by the excretion of metal-
phosphate in the polyphosphate-accumulating Acinetobacter johnsonii
strain 210A. J Biol Chem 269:29509-29514.

Rosenberg H, Russell LM, Jacomb PA, Chegwidden K. 1982. Phosphate
exchange in the pit transport system in Escherichia coli. J Bacteriol
149:123-130. https://doi.org/10.1128/JB.149.1.123-130.1982.

Motomura K, Hirota R, Ohnaka N, Okada M, lkeda T, Morohoshi T, Ohtake
H, Kuroda A. 2011. Overproduction of YjbB reduces the level of
polyphosphate in Escherichia coli: a hypothetical role of YjbB in phos-
phate export and polyphosphate accumulation. FEMS Microbiol Lett
320:25-32. https://doi.org/10.1111/j.1574-6968.2011.02285.x.

Pratt JT, Ismail AM, Camilli A. 2010. PhoB regulates both environmental
and virulence gene expression in Vibrio cholerae. Mol Microbiol 77:
1595-1605. https://doi.org/10.1111/j.1365-2958.2010.07310.x.

Issue 6 €00102-20

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Infection and Immunity

Buckles EL, Wang X, Lockatell CV, Johnson DE, Donnenberg MS. 2006.
PhoU enhances the ability of extraintestinal pathogenic Escherichia coli
strain CFTO73 to colonize the murine urinary tract. Microbiology 152:
153-160. https://doi.org/10.1099/mic.0.28281-0.

Shi W, Zhang Y. 2010. PhoY2 but not PhoY1 is the PhoU homologue
involved in persisters in Mycobacterium tuberculosis. J Antimicrob Che-
mother 65:1237-1242. https://doi.org/10.1093/jac/dkq103.
Grillo-Puertas M, Schurig-Briccio LA, Rodriguez-Montelongo L, Rintoul
MR, Rapisarda VA. 2014. Copper tolerance mediated by polyphosphate
degradation and low-affinity inorganic phosphate transport system in
Escherichia coli. BMC Microbiol 14:72. https://doi.org/10.1186/1471-2180
-14-72.

Corrigan RM, Foster TJ. 2009. An improved tetracycline-inducible expres-
sion vector for Staphylococcus aureus. Plasmid 61:126-129. https://doi
.org/10.1016/j.plasmid.2008.10.001.

Malone CL, Boles BR, Lauderdale KJ, Thoendel M, Kavanaugh JS, Horswill
AR. 2009. Fluorescent reporters for Staphylococcus aureus. J Microbiol
Methods 77:251-260. https://doi.org/10.1016/j.mimet.2009.02.011.
Kehl-Fie TE, Porsch EA, Miller SE, St Geme JW, lIl. 2009. Expression of
Kingella kingae type IV pili is regulated by 054, PilS, and PilR. J Bacteriol
191:4976-4986. https://doi.org/10.1128/JB.00123-09.

Grossoehme N, Kehl-Fie TE, Ma Z, Adams KW, Cowart DM, Scott RA,
Skaar EP, Giedroc DP. 2011. Control of copper resistance and inorganic
sulfur metabolism by paralogous regulators in Staphylococcus aureus. J
Biol Chem 286:13522-13531. https://doi.org/10.1074/jbc.M111.220012.
Collins JA, Irnov |, Baker S, Winkler WC. 2007. Mechanism of mRNA
destabilization by the gimS ribozyme. Genes Dev 21:3356-3368. https://
doi.org/10.1101/gad.1605307.

McDevitt CA, Ogunniyi AD, Valkov E, Lawrence MC, Kobe B, McEwan
AG, Paton JC. 2011. A molecular mechanism for bacterial suscepti-
bility to zinc. PLoS Pathog 7:€1002357. https://doi.org/10.1371/
journal.ppat.1002357.

Begg SL, Eijkelkamp BA, Luo Z, Coufiago RM, Morey JR, Maher MJ, Ong
C-LY, McEwan AG, Kobe B, O’'Mara ML, Paton JC, McDevitt CA. 2015.
Dysregulation of transition metal ion homeostasis is the molecular basis
for cadmium toxicity in Streptococcus pneumoniae. Nat Commun 6:6418.
https://doi.org/10.1038/ncomms7418.

iaiasm.org 12


https://doi.org/10.1091/mbc.E16-05-0266
https://doi.org/10.1007/s00775-010-0664-8
https://doi.org/10.1007/s00775-010-0664-8
https://doi.org/10.1021/ja00780a042
https://doi.org/10.1146/annurev.biochem.68.1.89
https://doi.org/10.1146/annurev.biochem.68.1.89
https://doi.org/10.1007/s11274-018-2523-7
https://doi.org/10.1007/s11274-018-2523-7
https://doi.org/10.1128/AAC.00643-15
https://doi.org/10.1021/bi00173a020
https://doi.org/10.1021/bi00173a020
https://doi.org/10.1128/JB.149.1.123-130.1982
https://doi.org/10.1111/j.1574-6968.2011.02285.x
https://doi.org/10.1111/j.1365-2958.2010.07310.x
https://doi.org/10.1099/mic.0.28281-0
https://doi.org/10.1093/jac/dkq103
https://doi.org/10.1186/1471-2180-14-72
https://doi.org/10.1186/1471-2180-14-72
https://doi.org/10.1016/j.plasmid.2008.10.001
https://doi.org/10.1016/j.plasmid.2008.10.001
https://doi.org/10.1016/j.mimet.2009.02.011
https://doi.org/10.1128/JB.00123-09
https://doi.org/10.1074/jbc.M111.220012
https://doi.org/10.1101/gad.1605307
https://doi.org/10.1101/gad.1605307
https://doi.org/10.1371/journal.ppat.1002357
https://doi.org/10.1371/journal.ppat.1002357
https://doi.org/10.1038/ncomms7418
https://iai.asm.org

	RESULTS
	Overexpression of a high-affinity Pi transporter increases the susceptibility of S. aureus to calprotectin. 
	Overexpression of pstSCAB sensitizes S. aureus to manganese starvation. 
	Manganese accumulation is not disrupted by pstSCAB overexpression. 
	The sensitivity of pstSCAB-overexpressing strains is independent of PhoPR activation. 
	Overexpression of pstSCAB sensitizes S. aureus to elevated Pi levels but does not result in Pi overaccumulation. 
	Overexpression of pstSCAB increases the sensitivity of S. aureus to manganese starvation during infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement. 
	Bacterial strains and cloning. 
	CP growth assays. 
	Metal- and phosphate-defined growth assays. 
	Quantitative PCR. 
	Phosphate accumulation assay. 
	Inductively coupled plasma mass spectrometry. 
	Animal infections. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

