
The Increased Accumulation of Staphylococcus aureus Virulence
Factors Is Maximized in a purRMutant by the Increased
Production of SarA and Decreased Production of Extracellular
Proteases

Duah Alkam,a Piroon Jenjaroenpun,b Aura M. Ramirez,c Karen E. Beenken,c Horace J. Spencer,d Mark S. Smeltzerc

aDepartment of Biochemistry and Molecular Biology, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA
bDepartment of Biomedical Informatics, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA
cDepartment of Microbiology and Immunology, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA
dDepartment of Biostatistics, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA

ABSTRACT Mutation of purR was previously shown to enhance the virulence of
Staphylococcus aureus in a murine sepsis model, and this cannot be fully explained
by increased expression of genes within the purine biosynthesis pathway. Rather,
the increased production of specific S. aureus virulence factors, including alpha toxin
and the fibronectin-binding proteins, was shown to play an important role. Mutation
of purR was also shown previously to result in increased abundance of SarA. Here,
we demonstrate by transposon sequencing that mutation of purR in the USA300
strain LAC increases fitness in a biofilm while mutation of sarA has the opposite
effect. Therefore, we assessed the impact of sarA on reported purR-associated pheno-
types by characterizing isogenic purR, sarA, and sarA/purR mutants. The results con-
firmed that mutation of purR results in increased abundance of alpha toxin, protein
A, the fibronectin-binding proteins, and SarA, decreased production of extracellular
proteases, an increased capacity to form a biofilm, and increased virulence in an os-
teomyelitis model. Mutation of sarA had the opposite effects on all of these pheno-
types and, other than bacterial burdens in the bone, all of the phenotypes of sarA/
purR mutants were comparable to those of sarA mutants. Limiting the production of
extracellular proteases reversed all of the phenotypes of sarA mutants and most of
those of sarA/purR mutants. We conclude that a critical component defining the viru-
lence of a purR mutant is the enhanced production of SarA, which limits protease
production to an extent that promotes the accumulation of critical S. aureus viru-
lence factors.
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Recent reports have demonstrated that the purine biosynthesis regulator PurR not
only represses expression of genes in the purine biosynthesis pathway but also

impacts the production of multiple virulence factors in Staphylococcus aureus (1).
Indeed, mutation of purR in a representative isolate of the USA300 clonal lineage was
shown to significantly alter the expression of 130 genes, 38 of which were negatively
regulated and 92 of which were positively regulated (1). The cumulative result of these
changes is increased virulence, as assessed in a murine sepsis model (1–3). Studies
examining the impact of mutating genes in the purine biosynthesis pathway confirm
that this can be partially attributed to increased de novo purine synthesis in vivo, but
they also demonstrate the involvement of other factors (3). Specifically, purR mutants
produce increased levels of alpha toxin and the fibronectin-binding proteins FnbA and
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FnbB, and the increased production of these virulence factors has been shown to con-
tribute to increases in the cytotoxicity for human neutrophils, the invasion of host cells,
and overall virulence (1–4). These observations account for the hypothesis that, in
addition to its role as a key metabolic regulator of purine biosynthesis, PurR acts as a
“moonlighting” protein that modulates the production of critical S. aureus virulence
factors (1).

Using the Bacillus subtilis PurR binding site (59-AAACACGAACATTA-39) as a guide for
in silico analysis of the S. aureus USA300 FPR3757 genome, a PurR binding site was
identified upstream of fnbA as well as genes within the purine biosynthesis pathway,
and the functionality of these sites was confirmed by demonstrating the binding of
PurR to a DNA target corresponding to the respective promoter regions (1). This is con-
sistent with the observation that mutation of purR results in increased transcription of
fnbA and fnbB (2). These results suggest that PurR represses expression of these genes
directly (1). No PurR binding site was identified upstream of the gene encoding alpha
toxin (hla), but a binding site was found upstream of the staphylococcal accessory reg-
ulator (sarA), and SarA was found to be upregulated in a purR mutant (1). SarA
increases alpha toxin production both directly (5) and indirectly via its ability to
increase expression of the accessory gene regulator (agr) (6). Based on this and given
the lack of a PurR binding site upstream of hla, it was suggested that the increased
abundance of SarA may account for the increased abundance of alpha toxin and
potentially other extracellular proteins (e.g., LukA) in a purRmutant (1).

At the same time, the functional status of sarA is known to impact the production
of extracellular proteases, and changes in the production of these proteases are known
to impact the abundance of multiple S. aureus virulence factors, including FnbA, FnbB,
and alpha toxin (7–11). This raises the possibility that the increased production of SarA
may play a role in defining the overall phenotype of purR mutants by limiting the pro-
duction of these proteases, thereby allowing maximum accumulation of S. aureus viru-
lence factors, including alpha toxin and the fibronectin-binding proteins. If so, it would
be anticipated that mutation of purR would result in a reduction in the production of
extracellular proteases. There are reports indicating that this is the case (3) but also
contradictory reports that purR mutants produce increased amounts of almost all of
these proteases (1). No PurR binding sites were identified upstream of the genes
encoding these proteases, which suggests that, like alpha toxin, any effect of PurR on
protease production is likely to occur through an indirect mechanism.

In agreement with the reported moonlighting function of PurR, our transposon
sequencing (Tn-Seq) assays in a USA300 (LAC strain) library suggest that the purR mu-
tant exhibits increased fitness in a mature biofilm, compared to planktonic cultures;
sarA mutants, on the other hand, were of decreased fitness in a mature biofilm. Given
these observations and the compelling reports described above, we hypothesized that
the impact of purR on the virulence of S. aureus occurs via both direct and indirect
mechanisms, the latter being related at least in part to the impact of the mutation of
purR on the production of SarA (1). To address this possibility, we generated purR, sarA,
and sarA/purR mutants in the USA300 S. aureus strain LAC. We also generated deriva-
tives of each of these mutants that are unable to produce aureolysin, ScpA, SspA, and
SspB. We then characterized all of these mutants with respect to known phenotypes of
S. aureus purRmutants (1, 2), as well as their relative virulence in a murine osteomyelitis
model.

RESULTS
Impact of mutating purR and sarA on fitness in an established biofilm as

assessed by Tn-Seq. We have a primary clinical interest in osteomyelitis and other
forms of orthopedic infection, and one important factor in defining the therapeutic
recalcitrance of such infections is formation of a biofilm (12, 13). With this in mind, we
utilized a Tn-Seq library generated in the USA300 S. aureus strain LAC (14, 15) to iden-
tify mutants that exhibit altered fitness in the context of a mature in vitro-grown bio-
film. Mutants with mutations in the global regulator mgrA, the ica operon repressor
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icaR, and agrA and agrB were found to be more fit in mature biofilms, compared to
planktonic cultures, as evidenced by their increased prevalence in the biofilm-derived
library in comparison with the same library grown in planktonic culture (see Table S1
in the supplemental material). This is consistent with previous reports indicating that
expression of all of these genes limits biofilm formation (16–20). In contrast, mutants
with mutations in other genes implicated in the pathogenesis of S. aureus infections
were found to exhibit reduced fitness in a biofilm. These genes include srrB, which enc-
odes the histidine kinase of the SrrAB two-component signal transduction system
shown to be important in a murine osteomyelitis model, and the F1F10 ATPase genes
atpA and atpB, which are part of a pathway previously shown to contribute to viru-
lence in a murine abscess model (Fig. S1) (15, 21).

A list of all mutants that exhibited altered fitness in a biofilm to a statistically signifi-
cant degree based on a log2 fold change of61 is provided in Table S1. This list does
not include genes within the purine biosynthesis pathway. However, mutation of purR
did result in increased fitness in a mature biofilm (Fig. 1A). This was of particular inter-
est to us because mutation of purR has been shown to enhance the production of SarA
(1). To the extent that mutation of sarA limits biofilm formation in diverse clinical iso-
lates of S. aureus (22–26), this suggests that the increased fitness of purR mutants in a
biofilm could be due, at least in part, to increased production of SarA. Indeed, although
the reduction in the number of insertions in sarA was not statistically significant
because of the small number of insertions detected in the planktonically grown com-
parator, there was an inverse relationship between purR and sarA in the context of a
biofilm (Fig. 1B). We are continuing to investigate the results of our Tn-Seq studies fo-
cusing on biofilm formation but, based on these observations, we chose to focus in
this report on investigating the significance of purR in expression of sarA in defining
the accumulation of critical S. aureus virulence factors and pathogenesis in the clinical
context of osteomyelitis.

Mutation of purR results in an increase in the abundance of SarA. A primary fac-
tor contributing to the reduced ability of sarA mutants to form a biofilm is the
increased production of extracellular proteases. With respect to purR, the literature is

FIG 1 Tn-Seq results related to purine biosynthesis and SarA. A Tn-Seq library generated in the USA300 strain
LAC was used to identify mutants with altered fitness in the stationary-growth phase versus a mature biofilm.
(A) Pearson’s correlation of normalized transposon insertion counts from a mature biofilm versus planktonic
culture. purR, genes in the purine biosynthesis pathway, and sarA are highlighted. ***, P, 0.001. Values are
presented on a log scale. (B) Inverse relationship between the normalized counts observed with purR versus
sarA mutants in stationary phase versus a biofilm. Values are presented on a log scale.
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confusing in this respect, in that there is one report indicating that “secreted proteases
have decreased transcription in a purR mutant of S. aureus” (2), while another found
that mutation of purR resulted in the increased production of most extracellular pro-
teases (1). Using a gelatin-based fluorescence resonance energy transfer (FRET) assay,
we found that mutation of purR results in a modest but statistically significant decrease
in overall protease activity, while mutation of sarA results in a dramatic increase irre-
spective of the functional status of purR (Fig. 2A). We also confirmed that mutation of
purR results in a significant increase (;2-fold) in the production of SarA (Fig. 2B), thus
providing a possible explanation for the observation that mutation of purR results in a
decrease in overall protease activity.

Mutation of purR results in enhanced biofilm formation, increased clumping in
the presence of serum, and increased accumulation of specific virulence factors,
owing to increased accumulation of SarA and decreased production of extracellular
proteases. In agreement with our Tn-Seq results, mutation of purR has been reported
to result in an increased capacity to form a biofilm (2). The increased production of
extracellular proteases plays a key role in limiting biofilm formation in sarA mutants
(24). This suggests that the limited production of extracellular proteases in a purR mu-
tant may be sufficient to enhance biofilm formation, perhaps owing to the increased
production of SarA. Reports describing the impact of S. aureus mutations on biofilm
formation are difficult to put into context, owing to differences in the specific manner
by which biofilm formation is assessed. The most commonly used method is a micro-
titer plate-based assay, but even then there is considerable variation, most notably in
the use of the medium supplements NaCl and/or glucose and whether the substrate is
preconditioned by coating with plasma. Our results demonstrate that biofilm forma-
tion in S. aureus is maximized when the medium is supplemented with both salt and
glucose and the substrate is coated with plasma, and these are the standard assay con-
ditions we have employed in all our reports (9, 22–31). In contrast, the previous report
demonstrating that mutation of purR results in increased biofilm formation did not
include NaCl as a supplement or the use of plasma coating (2).

To address this, we assessed biofilm formation under alternative conditions that
took all of these factors into account. In every case, tryptic soy broth (TSB) supple-
mented with glucose was used, with the variables being the inclusion of salt in the

FIG 2 Impact of purR and sarA on protease production and the production of SarA. Mutations were
generated in sarA (DS), purR (DP), and both sarA and purR (DSP) in LAC. Additional derivatives in
which the genes encoding aureolysin, ScpA, SspA, and SspB were also mutated (Dproteases) were
generated in each of these four strains. (A) Results of Western blots verifying the abundance of SarA
and the impact of these mutations on overall protease activity, as determined using a FRET-based
assay. *, statistical significance in comparison to the LAC parent strain; **, statistical significance in
comparison to the sarA mutant; ***, statistical significance in comparison to all strains with the
capacity to produce extracellular proteases. (B) Impact of mutating purR on the abundance of SarA,
as assessed by Western blotting using an anti-SarA antibody. Western blots were performed with
anti-SarA antibody and whole-cell lysates prepared from stationary-phase cultures after 1:8 dilution to
better illustrate differences in the amount of SarA in LAC versus its isogenic purR mutant. The bar
chart indicates the combined results from four biological replicates. *, statistical significance in
comparison to the results observed with the LAC parent strain. Statistical analysis was performed by
ANOVA with Dunnett’s correction, with P values of#0.05 being considered statistically significant.
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assay medium and whether the wells of the microtiter plate were preconditioned with
human plasma. As in our previous experiments (27), biofilm formation was maximized
for the LAC strain under our standard assay conditions (i.e., plasma with salt), and
under these conditions mutation of sarA resulted in a significant decrease in biofilm
formation irrespective of the functional status of purR, while mutation of purR resulted
in an increase in biofilm formation relative to LAC (Fig. 3). With the exception of the
purRmutant, eliminating protease production significantly enhanced biofilm formation
in all strains, including the sarA/purR mutant, in comparison to the isogenic mutant ca-
pable of producing these proteases. Indeed, this was true even for LAC (Fig. 3).
Eliminating protease production did appear to have a greater impact in the sarA mu-
tant than in the sarA/purR mutant, but in both cases biofilm formation was restored to
a degree that was not significantly different from that observed in the LAC parent
strain.

The results observed under other assay conditions were similar but not identical.
Specifically, in medium supplemented with salt and glucose but in the absence of
plasma coating, biofilm formation was reduced in sarA, purR, and sarA/purR mutants in
comparison to LAC (Fig. S1A). If salt was not included, then biofilm formation was still
reduced in sarA and sarA/purR mutants, both with (Fig. S1B) and without (Fig. S1C)
plasma coating. In contrast, mutation of purR resulted in an increased capacity to form
a biofilm under both of these conditions, although not to an extent comparable to
that observed under our standard assay conditions (Fig. 3). Under test conditions that
maximize biofilm formation, there was no significant increase in biofilm formation in a
protease-deficient purR mutant in comparison to the purR mutant itself (Fig. 3). This is
perhaps not surprising since, under these test conditions, the purR mutant was found
to form a robust biofilm, thus making it difficult to reproducibly detect any additional
increase. However, under other test conditions in which biofilm formation was not
maximized in LAC or its purR mutant, an increase was readily apparent in the protease-
deficient purR mutant (Fig. S1). Taken together, these results are consistent with the
hypothesis that the decrease in protease production observed in a LAC purR mutant is
phenotypically apparent in the context of biofilm formation.

A previous report demonstrated that increased production of the fibronectin-bind-
ing proteins FnbA and FnbB plays a key role in defining the hypervirulence of purR
mutants (2). The increased abundance of these proteins was reflected in the rapid for-
mation, in the presence of horse serum, of visible clumps of bacteria that readily set-
tled out of static cultures, thus resulting in a reduction in the optical density (OD) of
the culture. The clumping phenotype in the presence of horse serum was confirmed

FIG 3 Biofilm formation as a function of purR, sarA, and extracellular proteases. Biofilm formation was
assessed in LAC, its isogenic sarA (DS), purR (DP), and both sarA and purR (DSP) mutants, and
derivatives of each unable to produce any extracellular protease (Dproteases). All assays used CM
from stationary-phase cultures grown in TSB supplemented with glucose. Assays were performed
with additional supplementation with NaCl and with human plasma precoating. *, statistical
significance in comparison to LAC; **, statistical significance between each strain and its protease-
deficient derivative. Statistical analysis was performed by ANOVA with Dunnett’s correction, with P
values of#0.05 being considered statistically significant.
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for the LAC purR mutant (Fig. 4). Mutation of sarA limits the accumulation of FnbA and
FnbB, owing to protease-mediated degradation (7, 9), and it would thus be expected
that a sarA mutant would not exhibit a clumping phenotype. Mutation of sarA limits
the growth of S. aureus to a modest extent (24) and, under the assay conditions we
employed, this was reflected in a slight reduction in OD, relative to LAC, but there was
no evidence of a clumping phenotype when the sarA mutant was grown in the pres-
ence of horse serum. The modest reduction in growth and the absence of a clumping
phenotype were also evident in the isogenic sarA/purR mutant. Additionally, enhanced
clumping in the presence of horse serum was observed in the protease-deficient sarA
mutant, and the clumping phenotype of the sarA/purR mutant was fully restored by
eliminating the ability of these mutants to produce extracellular proteases (Fig. 4).

The increased production of alpha toxin has also been implicated in the increased
virulence of purR mutants (1), and mutation of sarA has been shown to limit the accu-
mulation of alpha toxin, owing to protease-mediated degradation (7, 9–11, 29). As
assessed by Western blotting, we found that the abundance of alpha toxin was dimin-
ished in both sarA and sarA/purR mutants (Fig. 5A) despite the fact that it was
increased in a purR mutant (Fig. 5B). The abundance of alpha toxin was also restored in
both sarA and sarA/purR mutants by eliminating their ability to produce extracellular
proteases (Fig. 5A). The abundance of protein A was also decreased in sarA and sarA/
purR mutants (Fig. 5A) and increased in the purR mutant (Fig. 5B) and, as with alpha
toxin, the abundance of protein A was restored in both sarA and sarA/purR mutants in
isogenic derivatives unable to produce extracellular proteases (Fig. 5A).

These results are all based on the analysis of conditioned medium (CM) from sta-
tionary-phase cultures grown for 16 h and standardized to an OD of 10.0, and there is
evidence to suggest that the impact of purR on the accumulation of S. aureus virulence
factors, specifically alpha toxin, is growth phase dependent (1). To address this, we
repeated our alpha toxin and protein A Western blots using CM from exponential-
phase cultures. The results confirmed that alpha toxin is decreased in sarA and sarA/
purR mutants and increased in the purR mutant, in comparison to the isogenic prote-
ase-deficient derivatives of each of these same mutants (Fig. 6). However, they also
demonstrated that the abundance of protein A is increased in sarA and sarA/purR

FIG 4 Clumping as a function of purR, sarA, and extracellular proteases. (Left) Cellular clumping was assessed
in LAC, sarA (DS), purR (DP), and both sarA and purR (DSP) mutants and the isogenic strains unable to make
extraceulluar proteases (Dproteases) based on sedimentation of aggregated bacteria after static incubation.
Thus, increased clumping is reflected in decreased OD values. *, statistical significance in comparison to LAC; **,
statistical significance in comparison to the purR mutant in the presence of horse serum. Statistical analysis of
data shown on the left was performed by ANOVA with Dunnett’s correction. ***, statistical significance of the
protease-deficient derivative of each mutant in comparison to the same mutant with the capacity to produce
extracellular proteases; ^, statistical significance in the presence of horse serum in comparison to the absence
of horse serum with the same strain. Statistical comparisons in this case were made by Student’s unpaired t
test. (Right) Visual illustration of the clumping phenotype in LAC, its purR (DP) mutant, and its isogenic sarA/
purR mutant (DSP) with (DSPP1) and without (DSPP2) the capacity to produce extracellular proteases.
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mutants when assessed using CM from exponential-phase cultures. In contrast, the
abundance of protein A was unaffected in the isogenic purRmutant (Fig. 6).

Overall, the results we report suggest that the increased production of SarA
observed in a LAC purR mutant plays an important role in defining the in vitro pheno-
types of purR mutants and does so owing to the impact of sarA on the production of
extracellular proteases. However, the significance of this is called into question by the
growth-phase-dependent results observed with respect to the abundance of protein
A. No such differences were observed with respect to the fibronectin-binding proteins
and alpha toxin, and these are the virulence factors that have been most directly impli-
cated in the hypervirulence of purR mutants in a murine sepsis model (1–4).
Nevertheless, our clinical focus is on the pathogenesis and therapeutic recalcitrance of
osteomyelitis, and protein A has been implicated as an important virulence factor in
this clinical context (32–35). To the extent that the exponential- and stationary-growth
phases are defined by in vitro growth conditions that cannot be definitively correlated
with growth in vivo, this makes it important to assess the relevance of our results in
vivo in the context of osteomyelitis.

Additionally, mutation of genes within the purine biosynthesis pathway (e.g., purB)
attenuates virulence in a murine osteomyelitis model (36), and we have shown that
mutation of sarA also limits virulence in this model, owing in large part to the
increased production of extracellular proteases (9, 29, 31). Moreover, in a previous
study we examined the relative impact of sarA and saeRS on virulence in our osteomy-
elitis model, and this allowed us to identify isogenic mutants that exhibited significant
differences in virulence depending on the functional status of these two regulatory
loci (9). Proteomic comparisons of these strains showed that FnbA and FnbB were pres-
ent in much larger amounts (log2 fold changes of$5) in virulent strains (9). Thus, the

FIG 5 Abundance of alpha toxin and protein A in stationary phase as a function of purR, sarA, and extracellular
proteases. Mutations were generated in sarA (DS), purR (DP), and both sarA and purR (DSP) in LAC. Additional
derivatives in which the genes encoding aureolysin, ScpA, SspA, and SspB were also mutated (Dproteases)
were generated in each of these four strains. (A) Results of Western blots indicating the relative abundance of
alpha toxin (top) and protein A (bottom) in each strain. (B) Impact of mutating purR on the abundance of each
of these proteins as assessed by Western blotting. Western blots were performed with anti-alpha toxin or anti-
protein A antibodies using CM from stationary-phase cultures. (B) CM was diluted by the indicated factor prior
to blotting to better illustrate differences in the amount of each protein in LAC versus its isogenic purR mutant.
The bar chart indicates the combined results from three biological replicates. *, statistical significance (P #
0.05) in comparison to LAC, as determined using Student's t test.

FIG 6 Abundance of alpha toxin and protein A in exponential phase as a function of purR, sarA, and
extracellular proteases. Mutations were generated in sarA (DS), purR (DP), and both sarA and purR
(DSP) in LAC. Additional derivatives in which the genes encoding aureolysin, ScpA, SspA, and SspB
were also mutated (Dproteases) were generated in each of these four strains. Results shown are
representative Western blots indicating the relative abundance of alpha toxin (top) and protein A
(bottom) in each strain during the exponential-growth phase.
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fact that the abundance of FnbA and that of FnbB are inversely affected by mutation
of purR versus sarA further emphasizes the need to assess the relevance of our results
in the clinical context of osteomyelitis.

purRmutants are hypervirulent in murine osteomyelitis in a manner dependent
on SarA and extracellular proteases. Our in vivo studies were limited to LAC, its iso-
genic sarA, purR, and sarA/purR mutants, and isogenic sarA and sarA/purR mutants
unable to produce any extracellular protease other than those encoded within the spl
operon. The results confirmed that mutation of sarA limited virulence, as evidenced by
both reduced cortical bone destruction and decreased reactive bone formation (Fig. 7
and Table S2). In contrast, the purR mutant exhibited a significant increase in cortical
bone destruction and new bone formation, compared to LAC. In line with our in vitro
assays, the virulence phenotype of the sarA/purR mutant was comparable to that of
the isogenic sarA mutant and significantly different from that observed with the iso-
genic purR mutant. As assessed by cortical bone destruction, virulence was restored in
both the sarA and sarA/purR mutants by eliminating the capacity of these mutants to
produce aureolysin, ScpA, SspA, and SspB (Fig. 7 and Table S2). Eliminating the produc-
tion of these proteases also resulted in an increase in new bone formation in compari-
son to the sarA and sarA/purR mutants, although in this case the increase was not
found to be statistically significant (Fig. 7 and Table S2). Bacterial burdens in the bone
were significantly reduced in sarA and sarA/purR mutants, compared to LAC, but not in
the isogenic purR mutant (Fig. 8 and Table S2). Moreover, unlike the other phenotypes
examined, the phenotype of the sarA/purR mutant was more similar to that of the purR
mutant than to that of the isogenic sarA mutant. Eliminating the production of aureo-
lysin, ScpA, SspA, and SspB also resulted in a significant increase in bacterial burden in
the bone in the sarA mutant (Fig. 8 and Table S2).

DISCUSSION

PurR has been shown to provide a critical link between central metabolism and

FIG 7 Impact of mutating purR and sarA and the production of extracellular proteases on virulence in a murine
osteomyelitis model. (A) mCT images from mice infected with LAC, sarA (DS), purR (DP), and both sarA and purR
(DSP) mutants and the isogenic strains unable to make extraceulluar proteases (Dproteases) were taken 14 days
after initiation of the infection. Images shown are from the single mouse from each group that exhibited
scores that most closely approximated the median observed for each experimental group. (B) Results of
quantitative analysis of mCT images from all mice in each experimental group based on cortical bone
destruction (left) and reactive new bone (callous) formation (right). Results are shown as box plots reflecting
values derived from groups of five mice each infected with the noted strain. Statistical significance analyses are
detailed in Table S2 in the supplemental material.
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virulence in S. aureus, owing to its ability to directly regulate expression of genes
within the purine biosynthesis pathway and independently regulate genes encoding
critical virulence factors, including the fibronectin-binding proteins and alpha toxin
(1–4). Indeed, mutation of purR in the USA300 strain LAC was shown to result in
increased or decreased expression of 130 genes (1). The data available to date suggest
that some of these genes are regulated directly via PurR binding to a conserved bind-
ing site, while others are regulated indirectly (1, 2). In the case of genes within the pu-
rine biosynthesis pathway and the fibronectin-binding proteins, regulation appears to
be direct, with PurR acting as a repressor. This presumably ensures that expression of
the genes required for purine biosynthesis is limited under conditions in which purines
are readily available and that production of virulence factors like the fibronectin-bind-
ing proteins is limited to conditions in which they are needed to promote other factors,
including but likely not limited to colonization, biofilm formation, and potentially inter-
nalization by host cells (2, 37–39). Mutation of purR has also been shown to result in
the increased production of alpha toxin, but this appears to occur via an indirect mech-
anism, since no PurR binding site has been found upstream of the hla gene encoding
alpha toxin (1). In a previous report, this was attributed to increased expression of the
staphylococcal accessory regulator (sarA), which does contain a putative PurR binding
site and is known to positively regulate expression of hla both directly and indirectly
by enhancing expression of the accessory gene regulator (agr). The impact of sarA on
expression of agr could presumably also account for why most S. aureus extracellular
proteases were found to be present in increased amounts in a purR mutant (1).
However, there is also a report suggesting that mutation of purR results in decreased
transcription of the genes encoding extracellular proteases (3), which is consistent
with the results we report demonstrating the decreased abundance of these proteases
in a LAC purRmutant.

These observations account for the underlying hypothesis behind the experiments
we report. Additionally, our Tn-Seq assays revealed that the purR mutant exhibits
increased fitness in a mature biofilm, compared to planktonic stationary-phase cells
grown in the same medium. In contrast, none of the mutations in genes involved in
the de novo purine biosynthesis pathway was found to impact fitness in a biofilm, per-
haps owing to the continual replacement of the medium in our flow cells. These find-
ings are consistent with the hypothesis that PurR serves regulatory roles beyond its
impact on purine biosynthesis (1, 2). This led us to investigate the role of PurR in regu-
lating the production of SarA. Specifically, much of our focus in recent years has been
on sarA, owing to the fact that mutation of sarA results in a greater decrease in the
ability to form a biofilm than mutation of any other regulatory loci we have examined

FIG 8 Impact of mutating purR and sarA and the production of extracellular proteases on bacterial
burdens in the bone. Mice were infected with LAC, sarA (DS), purR (DP), and both sarA and purR
(DSP) mutants and the isogenic strains unable to make extraceulluar proteases (Dproteases). All of
the in vitro data indicate that sarA is epistatic to purR, but this indicates the opposite. CFU values are
presented on a log scale. Results are shown as box plots reflecting values derived from groups of five
mice each infected with the noted strain. Statistical significance analyses are detailed in Table S2 in
the supplemental material.
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(9, 22, 24–31, 40). We have also confirmed that this can be directly correlated with the
increased production of all extracellular proteases and this results in the reduced accu-
mulation of multiple S. aureus virulence factors and reduced virulence in murine mod-
els of sepsis and osteomyelitis (7, 9–11, 29, 31). Included among the virulence factors
that are present in reduced amounts in sarA mutants as a result of protease-mediated
degradation are alpha toxin and the fibronectin-binding proteins. Given that mutation
of purR results in increased production of SarA, this suggests that the increased accu-
mulation of these virulence factors in purR mutants may be at least partly attributable
to the increased production of SarA, which would presumably limit protease produc-
tion and maximize the abundance of these virulence factors at times when they are
needed most.

To test this hypothesis, we generated sarA, purR, and sarA/purR mutants in the
USA300 strain LAC. We also generated isogenic derivatives of all of these mutants
that are unable to produce the extracellular proteases aureolysin, ScpA, SspA, and
SspB. We then evaluated the impact of these mutations on phenotypes previously
implicated in the hypervirulence of purR mutants and the relative virulence of these
mutants in a murine osteomyelitis model. The results confirmed that mutation of
sarA results in an increase in overall protease activity while mutation of purR has the
opposite effect. They also confirmed that protease production was increased in the
sarA/purR mutant to a level comparable to that observed in the isogenic sarA mutant.
This would be anticipated if the impact of PurR on protease production were medi-
ated through its impact on the production of SarA, particularly since no PurR binding
sites have been identified upstream of the genes encoding any of the targeted
extracellular proteases (1).

The impact of these mutations on biofilm formation was somewhat dependent on
the assay conditions used, but the inverse relationship between purR and sarA with
respect to protease production and the epistatic impact of sarA in a sarA/purR mutant
were also evident in this regard. Specifically, biofilm formation was increased in the
LAC purR mutant and decreased in the isogenic sarA and sarA/purR mutants. Under all
experimental conditions examined, biofilm formation was enhanced in all mutants and
in LAC itself when the ability to produce aureolysin, ScpA, SspA, and SspB was elimi-
nated by mutation of the corresponding genes. This confirms that protease production
limits biofilm formation, particularly in a sarA mutant, and that this is true irrespective
of the functional status of purR.

Although mutation of purR alters the expression of multiple genes encoding S. aur-
eus virulence factors, there is compelling evidence that the increased production of
the fibronectin-binding proteins FnbA and FnbB plays a key role in defining the
increased virulence of a purR mutant in a murine sepsis model (2). A phenotypic
marker proven to reflect the increased production of these surface-associated proteins
is increased clumping in the presence of horse serum. This phenotype was clearly evi-
dent in the LAC purR mutant and absent in the isogenic sarA mutant. This is consistent
with the observation that mutation of purR results in an increase in production of the
fibronectin-binding proteins, while these proteins are present in limited amounts in
sarA mutants as a result of protease-mediated degradation (26). As with protease pro-
duction and biofilm formation, concomitant mutation of sarA abolished the clumping
phenotype of the purRmutant. The fact that this was also due to the increased produc-
tion of extracellular proteases in the sarA/purR mutant was confirmed by demonstrat-
ing that the clumping phenotype of the sarA/purR mutant was fully restored by simul-
taneously eliminating the production of aureolysin, ScpA, SspA, and SspB. Similarly,
protein A was also present in an increased amount in a LAC purRmutant and was virtu-
ally absent in sarA and sarA/purR mutants at stationary phase, and this phenotype was
reversed by eliminating the production of these same proteases.

It has been demonstrated that alpha toxin is produced in elevated amounts in a
purR mutant and that this also contributes to its increased virulence (1). As with the fi-
bronectin-binding proteins and protein A, we confirmed that the amount of alpha
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toxin is increased in a purR mutant and decreased in sarA and sarA/purR mutants. Also,
as with these other proteins, the reduced accumulation of alpha toxin was reversed in
sarA and sarA/purR mutants unable to produce key extracellular proteases. To the
extent that agr enhances the production of alpha toxin and represses the production
of the fibronectin-binding proteins and protein A, the fact that the results we observed
with all of the proteins were consistent suggests that the impact of mutating sarA on
these phenotypes is independent of agr. Thus, to the extent that the impact of sarA on
protease production has been shown to be independent of its impact on expression of
agr (24), all of these results are consistent with the hypothesis that the increased pro-
duction of important virulence factors that contribute to the hypervirulence of purR
mutants is dependent, at least in part, on the increased production of SarA and the
resulting decrease in the production of extracellular proteases that would otherwise
limit the accumulation of these virulence factors. Indeed, the importance of this pre-
sumably accounts for the presence of a PurR binding site upstream of the gene encod-
ing SarA (1).

Finally, to assess the in vivo relevance of these observations, we evaluated the rela-
tive virulence of LAC, its sarA, purR, and sarA/purR mutants, and derivatives of each
unable to produce aureolysin, ScpA, SspA, and SspB in a murine osteomyelitis model.
The results confirmed our previous reports demonstrating that mutation of sarA limits
virulence in this model and that virulence is restored to a significant degree by elimi-
nating the ability of a sarA mutant to produce extracellular proteases (9). These previ-
ous experiments were performed with a LAC sarA mutant unable to produce any
extracellular protease, including the spl-encoded proteases, while the studies we report
here utilized protease-deficient mutants that retained the capacity to produce the spl-
encoded proteases. This suggests that the spl-encoded proteases play little role in
defining the phenotype of sarA mutants, in comparison to aureolysin, ScpA, SspA, and
SspB, but this remains to be examined in a more direct and definitive manner.

In contrast to sarA, mutation of purR significantly enhanced virulence in our osteo-
myelitis model, as it was previously shown to do in a murine sepsis model (1, 2). This is
important because it indicates that purR plays an important role in both acute and
chronic forms of S. aureus infection. The possibility that this is due to increased expres-
sion of the genes within the purine biosynthesis pathway cannot be ruled out, particu-
larly since mutation of the genes within this pathway has been shown to attenuate vir-
ulence in both of these models (1, 36). However, in comparison to the purR mutant, we
also demonstrate that virulence is attenuated in the sarA/purR mutant and, to our
knowledge, sarA is not known to play a role in the regulation of purine biosynthesis.
The fact that bacterial burdens in the bone were higher in the purR mutant than in the
sarA mutant is consistent with the observation that the purR mutant exhibited
increased virulence while the opposite was true for the sarA mutant. However, in con-
trast to every other phenotype we assessed, bacterial burdens observed with the sarA/
purR mutant were more similar to those observed with the purR mutant than to those
observed with the isogenic sarA mutant. This suggests that, with respect to survival in
vivo, mutation of purRmay play a more predominant role than mutation of sarA, owing
to its impact on purine biosynthesis, while in the context of virulence the opposite is
true, owing to the increased production of extracellular proteases and its impact on
the abundance of important S. aureus virulence factors, including alpha toxin and the
fibronectin-binding proteins. To the extent that the increased virulence of a purR mu-
tant was not correlated with an increase in bacterial burdens in the bone, in compari-
son to the LAC parent strain, this provides an indication of the important moonlighting
functions of PurR on virulence.

Thus, we propose a model in which the impact of mutating purR on the virulence of
S. aureus, at least in the methicillin-resistant USA300 strain LAC, is dependent to a sig-
nificant extent on the ability of PurR to repress the production of SarA. With respect to
sarA, such a model reflects the need to limit the production of extracellular proteases
such that they serve their intended roles in tissue invasion, avoiding host defenses,
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and the acquisition of nutrients without compromising the availability of critical viru-
lence factors (7, 9, 41, 42). In the case of purR, its metabolic and moonlighting func-
tions would limit expression of genes in the purine biosynthesis pathway and the
production of many of these same virulence factors based on need in specific in vivo
microenvironments and under changing conditions within the host. Under adverse
conditions in which nutrients are limited and biofilm formation potentially offers a
survival advantage, reduced production of PurR would both promote purine biosyn-
thesis and maximize the accumulation of critical virulence factors both directly and
indirectly by increasing the production of SarA and consequently limiting the pro-
duction of extracellular proteases, thus maximizing the abundance of important viru-
lence factors.

Finally, the increasing prevalence of antibiotic resistance in S. aureus emphasizes
the need to consider alternative therapeutic strategies, including those focused on reg-
ulatory circuits controlling the production of S. aureus virulence factors (43). We think
that the results we report support the hypothesis that sarA is a valid target, in that
they suggest that, even under circumstances in which purR production and/or function
is reduced as a result of environmental pressures in vivo, inhibition of sarA would
remain effective with respect to limiting the virulence of S. aureus in diverse forms of
infection, including osteomyelitis.

MATERIALS ANDMETHODS
Ethics statement. All animal experiments were approved by the Institutional Animal Care and Use

Committee of the University of Arkansas for Medical Sciences and were performed in compliance with
NIH guidelines, the Animal Welfare Act, and U.S. federal law.

Bacterial strains and growth conditions. Bacterial strains used in this study are summarized in
Table S3 in the supplemental material. The Tn-Seq library used in these studies was generated in the
USA300 strain LAC and has been described previously (15). Mutants constructed during the course of
the studies we report were generated in an erythromycin-sensitive derivative of LAC by Ø11-mediated
transduction from existing JE2 mutants available in the Nebraska Transposon Mutant Library (44).
Protease-deficient derivatives of LAC unable to produce aureolysin, ScpA, SspA, or SspB were generated
as described previously (24, 28); sarA and/or purR mutations were then introduced into the protease-de-
ficient strain by Ø11-mediated transduction. Strains were stored at –80°C in TSB containing 25% (vol/
vol) glycerol. For each experiment, strains were recovered from storage by plating on tryptic soy agar
with appropriate antibiotic selection. Antibiotics used were erythromycin (5mg/ml), kanamycin (50mg/
ml), and neomycin (50mg/ml). For phenotypic assays, all strains were grown at 37°C in TSB without anti-
biotics, with constant aeration.

Growth conditions for Tn-Seq comparisons. The Tn-Seq library was generated as described previ-
ously in a derivative of the USA300 strain LAC that had been cured of its erythromycin resistance plas-
mid, thus allowing for selection of transposon insertions (15). An aliquot of the library was thawed on
ice and used to inoculate 500ml of TSB containing erythromycin (5mg/ml). This culture was grown to
exponential phase (OD600 of 1) before cells were harvested and resuspended in TSB containing 25% (vol/
vol) glycerol. Aliquots containing 1� 109 CFU were then stored at –80°C.

Tn-Seq experiments in this study were conducted by thawing three 100-ml aliquots of the library
and inoculating each as an independent biological replicate in 25ml of biofilm medium (TSB supple-
mented with 0.5% glucose and 3.0% sodium chloride) containing 5mg/ml erythromycin. These cultures
were incubated at 37°C with constant aeration and grown to exponential phase (OD600 of 1). A 8.0-ml ali-
quot of each replicate was removed and injected into individual chambers of a biofilm flow cell
(described below). The remaining culture was allowed to grow to stationary phase (OD600 of ;10), and
;5� 109 CFU were harvested for genomic DNA (gDNA) extraction and sequencing as described below.
Reads obtained from these stationary-phase planktonic cultures were used as the baseline comparator
for Tn-Seq results observed in mature biofilms.

Biofilms were generated in disposable flow cells (IBI Scientific, Dubuque, IA) as described previously
(27). Briefly, flow cells were precoated overnight at 4°C with 4ml of 20% human plasma diluted in car-
bonate buffer (pH 9.6). A sterile reservoir of biofilm medium containing erythromycin (5mg/ml) was con-
nected to the inlet side of each flow cell, while the outlet side was connected to a waste reservoir. A
total of 8.0ml of biofilm medium containing 4� 108 colony-forming units (CFU) was incubated at 37°C
for 8 h without shaking to allow bacterial cells to adhere to the surface of the flow cells. The flow of ster-
ile medium was then started at a rate of 0.5ml/min and continued for 7 days, at which time bacterial
cells were harvested and extracellular DNA was removed as described previously (45). Bacterial cells
were then pelleted by centrifugation at 4,000 rpm for 10 min at 4°C, and gDNA was extracted and proc-
essed for sequencing as described below. The numbers of CFU following the 7-day incubation period
were assessed and found to be comparable for the three flow cells, with an average colony count of
5� 1010 CFU.

Tn-Seq library preparation. In all Tn-Seq experiments, gDNA was extracted using the NucleoBond
HMW DNA kit (TaKaRa Bio USA, Inc., Mountain View, CA) according to the manufacturer’s instructions
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with the additional step of incubating the cells in 560 ml Tris-EDTA (TE) (pH 8.0) containing lysostaphin
(1mg/ml) prior to the enzymatic lysis step included as part of the standard kit protocol. The gDNA was
then quantified, and 45mg from each sample was diluted in 150 ml TE before shearing to a peak frag-
ment size of ;250bp using an ME220 focused-ultrasonicator (Covaris, Woburn, MA). Next, 1mg of
sheared gDNA was subjected to the NEBNext Ultra II DNA library preparation kit for Illumina (New
England Biolabs, Ipswich, MA) protocol with key modifications to the PCR amplification step. Specifically,
a nested PCR was carried out in which the first PCR was performed with the olj510 forward primer spe-
cific to the transposon (15) and the NEBNext indexed reverse primers obtained from NEBNext multiplex
oligonucleotides for Illumina were used to amplify the transposon-gDNA junctions, to add a unique bar-
code to each sample, and to attach the p7 Illumina adaptor. The cycling conditions for this PCR were 98°
C for 30 s, 98°C for 10 s, 65°C for 75 s for 25 cycles, and 65°C for 5min. The second PCR was performed to
enhance specificity for the transposon and to attach the p5 Illumina adaptor. Here, the olj511 forward
primer specific to the inverted repeat region of the transposon (15) and the NEBNext indexed reverse
primers were used with cycling conditions of 98°C for 30 s, 98°C for 10 s, 65°C for 75 s for 15 cycles, and
65°C for 5min. The quality of the libraries was assessed via the TapeStation (Agilent, Santa Clara, CA)
and quantitative real-time PCR using the olj512 primer specific to the transposon terminal inverted
repeat of reference 15. The validated libraries were then sequenced using the custom sequencing primer
olj512 on an Illumina HiSeq 2500 high-output v4 (single-end 100-bp reads) at the Tufts University Core
Facility.

Tn-Seq analysis. The S. aureus USA300 LAC genome of the library parent strain was used as the ref-
erence for all Tn-Seq analyses in this study. We previously sequenced this strain and assembled a com-
plete genome, which has since been deposited in GenBank (GenBank accession numbers CP055225 and
CP055226). In-house scripts were used for the analyses. Briefly, BWA-MEM was used to align reads to the
reference genome (46). Alignments were then further processed using SAMtools and BEDtools to
retrieve, to count, and to sum all reads aligned to TA sites (47, 48). Next, the mean counts per gene were
normalized by the TTR method in the Transit package, and genes with significant changes in the number
of transposon insertions between the comparator planktonic cultures and the mature biofilms were dis-
tilled by the ZINB method (49). Genes with a log2 fold change of 61.0 and a P value of.0.05 were con-
sidered significant and are listed in Table S1. A positive log2 fold change value in Table S1 indicates
increased insertions in biofilm, compared to planktonic cultures, i.e., increased fitness in biofilm.
Negative values indicate reduced fitness in biofilm. Data were visualized using the R package ggplot2
(50).

Clumping assays. This assay was conducted as described previously (2). Briefly, overnight cultures
were diluted to an OD600 of 0.03 in 2ml of either TSB or TSB containing 10% (vol/vol) horse serum (TSB-
S). Cultures were incubated for 3.5 h at 37°C with shaking and constant aeration. The culture was then
placed upright and allowed to stand statically for 5min, to allow cellular clumps to settle. The absorb-
ance of the culture was measured based on a sample taken from the upper portion of the culture.
Results are reported based on three biological replicates, each of which included three experimental
replicates.

Static biofilm assay. Biofilm formation was assessed using a microtiter plate assay using four differ-
ent assay conditions (27). The differences were based on the composition of the medium and whether
the wells of the microtiter plate were first coated with human plasma proteins. Specifically, each strain
was grown in TSB supplemented with 0.5% glucose with or without supplementation with 0.3% NaCl.
Strains were grown overnight in each of these two medium formulations and standardized to an OD600

of 0.05 in fresh medium corresponding to the same medium used for overnight growth. Cultures were
then split and added to the wells of the microtiter plate with or without coating overnight at 4°C with
100 ml of 20% human plasma diluted in carbonate buffer (pH 9.6). Biofilm assays were performed under
each of the four resulting conditions using previously described methods (27). Results are based on
three biological replicates, each of which included six experimental replicates.

CM preparation. Overnight cultures grown in TSB without antibiotic selection were standardized to
an OD600 of 0.05 in fresh TSB and grown to an OD600 of 1.0 (mid-exponential phase) or overnight.
Overnight cultures were standardized to an OD600 of 10. At each time point, cultures were clarified by
centrifugation and the supernatant was sterilized by filtration. The resulting CM was used immediately
or stored at –20°C for Western blotting with anti-alpha toxin and anti-protein A antibodies as described
previously (9).

Whole-cell lysate preparation. SarA Western blots were performed with an anti-SarA antibody and
whole-cell lysates prepared as described previously (31). Briefly, strains were cultured overnight at 37°C
in TSB with constant shaking. Bacterial cells from a volume of each culture calculated to obtain an equiv-
alent number of cells were harvested by centrifugation, washed with sterile phosphate-buffered saline
(PBS), and resuspended in 750ml of TEG buffer (25mM Tris-HCl [pH 8.0], 25mM EGTA). Cell suspensions
were stored at 220°C until all samples had been collected, at which point samples were thawed on ice,
transferred to FastPrep lysing matrix B tubes, and lysed in a FastPrep-24 benchtop homogenizer (MP
Biomedicals) using two 40-s intervals at a rate of 6.0m/s, interrupted by a 5-min interval during which
the homogenates were chilled on ice. After centrifugation at 15,000� g for 10min at 4°C, supernatants
were harvested and stored at 280°C.

Extracellular protease activity. Overall extracellular protease activity was assessed using CM and
the EnzCheck FRET-based gelatinase/collagenase assay (Thermo Fisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s protocol.

Murine model of osteomyelitis. The relative capacity of each strain to cause osteomyelitis was
assessed using our murine model as described previously (9, 29). Briefly, 6- to 8-week-old C57BL/6 mice
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were anesthetized, and an incision was made in the right hind limb to expose the femur. A unicortical
defect was created in the central region of the right femur, and 2ml of a bacterial suspension containing
1� 106 CFU harvested from exponential-phase cultures (OD600 of 1.0) was introduced directly into the in-
tramedullary canal. The wound was then closed and the infection was allowed to develop for 14 days, at
which time the mice were humanely euthanized and the infected femurs were harvested for microcom-
puted tomography (mCT) analysis or for quantitation of bacterial burdens.

Microcomputed tomography. Image acquisition and analysis were performed according to previ-
ously published protocols (9, 29). Briefly, imaging was performed with the SkyScan 1174 X-ray microtomo-
graph (Bruker, Kontich, Belgium) using an isotropic voxel size of 6.7mm, an X-ray voltage of 50 kV (800
mA), and a 0.25-mm aluminum filter. Reconstruction was carried out using the SkyScan NRecon software,
and the reconstructed cross-sectional slices were processed as described previously, using the SkyScan CT-
Analyzer software. Using the bone-including binarized images, a semiautomated protocol was run to
delineate regions of interest (ROIs) in which the reactive new bone (callus) was isolated from the cortical
bone. The resulting images were loaded as ROIs and corrected by drawing inclusive or exclusive contours
on the periosteal surface to keep only and strictly the cortical bone. Using these defined ROIs, the volume
of cortical bone was calculated; the amount of cortical bone destruction was estimated by subtracting the
value obtained from each bone from the average obtained from sham-operated bones inoculated with
PBS. New bone formation was quantified by using the subtractive ROI function on the previously
delineated cortical bone-including ROI images and calculating the bone volume included in the newly
defined ROIs. Statistical analysis of data from each experimental group was performed by one-way analysis
of variance (ANOVA). Contrasts were defined to address comparisons of interest, which included assessing
the effects among isogenic mutants (LAC, sarA, purR, and sarApurR) and between protease-deficient and
parent strains. Unadjusted P values were calculated using permutation tests, and multiplicity adjustments
were performed using the Benjamini-Hochberg method, commonly known as the false discovery rate
(FDR) adjustment. P values of#0.05 were considered statistically significant.

Bacterial burdens in the femur. Bacterial loads in each femur were determined as reported previ-
ously, with minor modifications (9). Briefly, femurs were separated from surrounding soft tissue and ho-
mogenized using the Bullet Blender 5 Gold tissue homogenizer (Next Advance, Troy, NY). The 5-ml Navy
kit from the same manufacturer was filled with 2ml sterile PBS prior to placement of the intact femur in
the tube. The homogenizer was then run for 10min at speed of 20 rpm. Subsequently, homogenates were
vortex-mixed, serially diluted, and plated on TSB solidified with 1.5% agar. Statistical differences between
groups were assessed after logarithmic transformation of CFU data, as described in the previous section.
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