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ABSTRACT Staphylococcus aureus subverts innate defenses during infection in part
by killing host immune cells to exacerbate disease. This human pathogen intercepts
host cues and activates a transcriptional response via the S. aureus exoprotein ex-
pression (SaeR/SaeS [SaeR/S]) two-component system to secrete virulence factors
critical for pathogenesis. We recently showed that the transcriptional repressor CodY
adjusts nuclease (nuc) gene expression via SaeR/S, but the mechanism remained un-
known. Here, we identified two CodY binding motifs upstream of the sae P1 pro-
moter, which suggested direct regulation by this global regulator. We show that
CodY shares a binding site with the positive activator SaeR and that alleviating di-
rect CodY repression at this site is sufficient to abrogate stochastic expression, sug-
gesting that CodY represses sae expression by blocking SaeR binding. Epistasis ex-
periments support a model that CodY also controls sae indirectly through Agr and
Rot-mediated repression of the sae P1 promoter. We also demonstrate that CodY re-
pression of sae restrains production of secreted cytotoxins that kill human neutro-
phils. We conclude that CodY plays a previously unrecognized role in controlling vir-
ulence gene expression via SaeR/S and suggest a mechanism by which CodY acts as
a master regulator of pathogenesis by tying nutrient availability to virulence gene
expression.

IMPORTANCE Bacterial mechanisms that mediate the switch from a commensal to
pathogenic lifestyle are among the biggest unanswered questions in infectious dis-
ease research. Since the expression of most virulence genes is often correlated with
nutrient depletion, this implies that virulence is a response to the lack of nourish-
ment in host tissues and that pathogens like S. aureus produce virulence factors in
order to gain access to nutrients in the host. Here, we show that specific nutrient
depletion signals appear to be funneled to the SaeR/S system through the global
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taphylococcus aureus is a Gram-positive bacterium that colonizes the nasal 18. https://doi.org/10.1128/J3.00012-18.
epithelium of up to ~30% of the human population (1, 2). As an opportunistic Editor Thomas J. Silhavy, Princeton University
pathogen, S. aureus is a leading cause of skin and soft tissue infections, health Copyright © 2018 American Society for
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health care-acquired infections have been around as long as health care workers, Q::i:;;;’”“po”de”ceto shaun .
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tance has compounded this problem (4, 5). For example, community acquired,
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FIG 1 CodY and Sae control virulence gene expression. (A) Schematic of the saePQRS locus. The green
boxes at promoters denote SaeR binding sites. The weak but constitutive P3 promoter drives expression
of saeRS; the P1 promoter is inducible and drives expression of saePQRS. (B) SaeS responds to multiple
stimuli (yellow), and this promotes autophosphorylation of SaeS and phosphotransfer to SaeR. SaeR~P
can then bind its various targets. (C) Regulatory relationships between Agr, Rot, CodY, and Sae. Major
global regulators under CodY control and known to affect sae P1 promoter activity are shown. The
dashed lines indicate a potential indirect mechanism of CodY-mediated repression; the solid line
indicates potential direct regulation. Question marks indicate an unknown or postulated regulatory
mechanism.

methicillin-resistant S. aureus (CA-MRSA) has killed tens of thousands of people (6).
As a result, CA-MRSA infections burden the U.S. health care system with between
$560 million and $2.7 billion in annual treatment-associated costs (7).

The success of S. aureus as a pathogen stems in part from its ability to produce a
plethora of virulence factors aiding in adhesion, nutrient acquisition, and host immune
escape. For example, agglutination in the bloodstream, a characteristic of S. aureus but
not of related coagulase-negative staphylococci, provides a mechanism for survival and
dissemination to organs throughout the body (8). However, the production of all
virulence factors simultaneously is costly to the bacterium from a resource and energy
conservation perspective (9). Thus, the precise location and timing of virulence factor
production are just as important as the factors themselves, and interfering with this
choreography represents an exciting approach for developing new treatments and
therapies.

The SaeR/Sae$S (SaeR/S) two-component system (TCS) contributes to the regulation
of over 20 virulence factors, most notably a-hemolysin, bicomponent leukocidins,
surface proteins, nuclease, superantigens and superantigen-like proteins, coagulase,
and proteases (10-18). The organization of the sae locus and its regulation are complex
and incompletely understood (Fig. 1A) (14). The saeRS operon is transcribed constitu-
tively from the weak sae P3 promoter and encodes the response regulator SaeR and an
intramembrane-sensing histidine kinase, SaeS. In the presence of neutrophils or factors
produced by neutrophils, including human neutrophil peptides 1, 2, and 3 (HNP1-3),
the metal chelator calprotectin, and hydrogen peroxide (19-22), Sae$S is phosphory-
lated (SaeS~P) on a conserved histidine residue; then the phosphoryl group is trans-
ferred to a conserved aspartate residue on SaeR. Upon activation, the fraction of
activated SaeR (SaeR~P) rises and binds to the inducible sae P1 promoter just upstream
of saeP, activating transcription of saeRS as well as saeP and saeQ, whose products form
a complex in the membrane to stimulate the phosphatase activity of SaeS and,
ultimately, reduce the fraction of SaeR~P in the cell (Fig. 1B) (23).

Direct targets of SaeR can be assigned to one of two classes (Fig. 1B) (14, 24). Class
Il targets have high affinity for SaeR~P and contain a single SaeR binding site (e.g., hla,
a-toxin; hlb, B-toxin). Under uninduced conditions, low levels of SaeR~P are sufficient
to activate transcription of these promoters. Class | targets are low-affinity promoters
possessing two SaeR binding sites (e.g., coa, coagulase; eap, extracellular adherence
protein; efb, extracellular fibrinogen binding protein; fnbA, fibronectin binding protein)
and require high SaeR~P levels to activate their expression. The sae P1 promoter is also
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a class | target. Thus, SaeR is a positive regulator of its own operon as well as of
virulence genes.

In addition to SaeS-specific signals, the Sae system is subject to additional transcrip-
tional and posttranscriptional regulation though regulation appears to vary depending
on strain background or growth conditions. For example, the sae P1 promoter has been
shown to be repressed by the alternative sigma factor B (0®) and positively regulated
by the agr locus, an autoinduced global regulatory system sensitive to population
density (14, 25-27). More recently, it was shown that RNAIIl, the small regulatory RNA
effector of the Agr system, acts as an indirect, positive regulator of the Sae TCS by
antagonizing the production of the repressor of toxins (Rot) (28, 29). Finally, the
saePQRS transcript is a target of the endonuclease RNase Y (30). RNase Y, a known driver
of RNA decay and maturation, cleaves within an intergenic region between saeP and
saeQ. The resulting mRNA processing has been proposed to increase the expression of
saeRS (31).

CodY is a global transcriptional regulator that directly or indirectly controls the
expression of dozens of genes in a variety of Gram-positive bacteria with low G+C
content. In pathogens including S. aureus, CodY links nutrient availability, metabolism,
and virulence gene expression by sensing branched-chain amino acids (isoleucine,
leucine, valine [ILV]) and GTP (32, 33). Upon binding these key metabolites, CodY is
activated as a DNA-binding protein and interacts with regions of chromosomal DNA
containing a core sequence motif (i.e,, AATTTTCWGAAAATT) (34-37). As the abundance
of ILV and GTP drops in the cell, so too does the fraction of active CodY molecules,
giving rise to prioritized gene expression as CodY loses affinity for its target sequences
(38, 39). The picture that has emerged is that S. aureus uses CodY to first turn on
nutrient uptake. As limitation intensifies, the bacterium turns on the expression of
secreted digestive enzymes and cytolytic, pore-forming toxins, delaying the production
of these factors until nutrients are critically low (39). In essence, induction of virulence
gene expression when nutrients are depleted may be considered a normal response of
the bacterium to starvation, and S. aureus potentially produces virulence factors to gain
access to nutrients in the host in an effort to restore nutrient availability.

CodY adjusts the expression of many of the known virulence genes in S. aureus,
demonstrating the intimate linkage between nutrient availability and virulence gene
expression (36, 37, 39, 40). However, the mechanistic underpinnings are incomplete. For
example, in a codY null mutant, about half of the virulence genes are overexpressed
because they are positively regulated by the Agr system. Here, CodY represses the agr
locus, effectively blocking the quorum sensing regulatory signal even at low population
density as long as nutrients are abundant (36, 41). The remaining genes are presumably
under direct or indirect regulation by CodY. We previously demonstrated that CodY
controls the expression of nuc (thermonuclease) via the Sae TCS (39). Since CodY and
SaeR regulate an overlapping set of gene targets, we sought to define the regulatory
circuit responsible for this apparent cascading regulation. The genetic and biochemical
data presented in this study reveal that CodY binds to the sae P1 promoter region and
appears to block the binding of the positive regulator SaeR. Such direct regulation
collaborates with indirect regulation via Agr and Rot to tightly control the activity of the
Sae TCS, the expression of virulence genes, and production of cytotoxic exoproteins.

RESULTS

CodY regulates the Sae TCS by both Rot-dependent and Rot-independent
mechanisms. CodY regulates the expression of many of the known virulence genes in
S. aureus (36, 37, 39). However, the mechanistic details regarding how CodY accom-
plishes this feat are relatively obscure. For example, nuc, coding for a secreted nuclease
that is important for in vivo survival (15), is overexpressed in the codY null mutant but
lacks a definable CodY binding site. Moreover, nuc is directly controlled by the SaeR/S
TCS, and SaeR is required for nuc overexpression in the codY null mutant, indicating
that the CodY overexpression phenotype is at least partly routed through the Sae TCS
(39). When nutrients are abundant, CodY represses the agr locus (36, 41). We reasoned
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FIG 2 CodY regulates saePQRS in a Rot-dependent and Rot-independent manner. Mean transcript abundances are shown
for the indicated strains during exponential growth (ODg,, of ~0.5) in TSB medium using qRT-PCR. saeP (A) and nuc (B)
transcripts were normalized to rpoC transcript in two independent lineages of S. aureus, UAMS-1 and USA300 LAC.
Statistical significance for each condition was assessed using one-way ANOVA and Tukey’s multiple comparison posttest
(*, P < 0.05; **, P < 0.01; N.S., not significant). Dotted lines denote significance for the indicated background and strains.
Error bars represent the standard errors of the means from at least two independent experiments. When not visible, error

bars are too small to see and are obscured by the bars.

that this would promote Rot-mediated repression of sae and surmised that this
represents an indirect model of nutritional regulation by CodY (Fig. 1C). To test this
hypothesis, we constructed a suite of single and double mutants in two independent
S. aureus backgrounds, the methicillin-susceptible osteomyelitis isolate UAMS-1 (42)
and CA-MRSA USA300 LAC (43), and measured saeP transcript abundance using
quantitative, real-time reverse transcription-PCR (qRT-PCR). We chose to measure saeP
transcript abundance because the gene lies immediately downstream of the sae P1
promoter, whose activity is known to be influenced by Agr and Rot (27, 44). During
exponential growth, saeP transcript abundance in both UAMS-1 and LAC (wild type
[WTI) cells is relatively low (0.11 and 0.09 copies relative to the rpoC transcript level,
respectively) (Fig. 2A). We observed a 3- to 4-fold derepression of saeP when the rot
gene was knocked out (Fig. 2A, compare rot mutant and the wild type). However, an
analysis of variance (ANOVA) using Tukey's multiple-comparison posttest suggests that
the transcript abundances in the rot single mutant are not significantly different from
wild-type levels. In contrast, we observed a significant derepression of saeP (~12-fold)
in the codY knockout strain (Fig. 2A, compare codY mutant and the WT). We detected
a small yet statistically different transcript abundance in the rot codY double mutant
compared to that in the codY single mutant in the UAMS-1 background. Low levels of
RNAIII in UAMS-1 relative to those in other clinical isolates might lead to increased
residual Rot protein and may account for this discrepancy (45). Deleting the response
regulator gene agrA prevented full derepression of saeP when codY was knocked out
in UAMS-1 (see Fig. STA in the supplemental material), consistent with the idea that
CodY regulates the sae P1 promoter in part via Rot.

To determine whether a downstream target of the SaeR/S system exhibits the same
pattern of regulation, we measured nuc transcript abundance in the same collection of
strains. In agreement with our previous results, we observed a 17- to 32-fold increase
in nuc transcript when codY was knocked out in the UAMS-1 and LAC backgrounds (Fig.
2B, compare the codY mutant to the wild type) (we note that nuc transcript abundance
in LAC was generally higher than that in UAMS-1). Interestingly, deleting rot had no
effect on nuc expression in either the UAMS-1 or USA300 LAC strain (Fig. 2B, compare
the wild-type strain and the rot mutant), suggesting that SaeR~P levels are insufficient
to activate nuc transcription. While we detected a statistically significant difference in
nuc transcript abundance between the LAC codY and the rot codY strains suggesting
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FIG 3 S. aureus CodY interacts with the sae P1 upstream region. (A) The region surrounding the sae P1 regulatory region is displayed (coding strand; 5’ to 3').
The known translated sequence, transcriptional start site (+1), —10, and —35 sites are displayed and annotated in boldface. The identified SaeR~P footprint
is bracketed with the direct and indirect repeat motifs indicated above the sequence with a dotted line. A dashed line above the sequence identifies the putative
CodY motifs. mm, mismatch. (B) Purified SaCodY-His, protein was incubated with a 6-FAM-labeled 235-bp DNA fragment containing the upstream regulatory
region of saeP in the presence of ILV and GTP. The unbound fragment is indicated with open arrows while CodY-DNA complexes are indicated by filled arrows.
Increasing amounts of CodY monomer were incubated with the fragment. The molar concentration (of monomeric protein) used in each reaction mixture is
indicated above each lane. (C) CodY monomer (120 nM) was incubated with the fragment in the presence of a 30X molar excess of unlabeled probe. The
presence of each protein and unlabeled probe is indicated beneath each lane.

that Rot does have an effect on nuc in the absence of CodY in this background, the
effect is less than 2-fold (Fig. 2B). While this could be a strain-specific difference, its
biological significance is unclear at this time. Deleting agrA ensured Rot-mediated
repression even when codY was disrupted (Fig. S1B). Taken together, these results
suggest that CodY represses the sae P1 promoter and that CodY regulates the sae locus
in both a Rot-dependent and Rot-independent manner.

CodY binds within the sae P1 promoter region. Rot-mediated repression ap-
pears to account for only part of the CodY effect on saeP expression. Seeking the
source of that missing regulation, we analyzed the upstream region of the sae P1
promoter and identified a putative CodY binding motif that resembles the 15-bp
CodY binding consensus sequence AATTTTCWGAAAATT previously determined in
Lactococcus lactis, validated in Bacillus subtilis, and refined for S. aureus (34-36). The
motif, located between positions —98 and —83 relative to the saeP transcriptional
start site (46), has four mismatches with respect to the consensus motif. An
additional motif with six mismatches with respect to the consensus is located
immediately downstream (Fig. 3A). To test whether CodY interacts with these
motifs, we performed electrophoretic mobility shift assays (EMSAs) with a
6-carboxyfluorescein (6-FAM)-labeled PCR product and purified recombinant,
histidine-tagged S. aureus CodY protein (SaCodY-His,). We synthesized a 235-bp
DNA fragment (saeP235p™) containing the saeP regulatory region including the
putative CodY motifs and the translation start codon and found that CodY bound
to this fragment with moderate affinity, exhibiting an apparent equilibrium disso-
ciation constant (K,) of ~60 nM (here, K, reflects the concentration of CodY
required to shift 50% of DNA fragments under conditions of vast CodY excess over
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FIG 4 DNase | footprinting reveals that the CodY and SaeR binding sites overlap. A 5'-FAM-labeled saeP235p+* fragment incubated in the presence of 0, 60,
and 120 nM purified CodY or bovine serum albumin (BSA; control) was challenged with 0.075 to 0.1 U of DNase I. The resulting fragments were separated using
capillary electrophoresis and aligned to the sequenced PCR product as a reference. Relative fluorescence (y axis) is displayed as a function of nucleotide position
(x axis). Reaction mixtures containing CodY (gray trace) were compared to control reaction mixtures containing bovine serum albumin (black trace). A drop in
peak intensity at a given nucleotide position indicates protection by CodY. CodY binds to a 31-bp region (colored nucleotides). Data are representative of at
least two independent experiments.

DNA) (47) (Fig. 3B). CodY was efficiently competed off the saeP235p™ fragment
when an excess of nonlabeled DNA fragment was included in the binding reaction
mixture (Fig. 3C). Further, we determined this interaction to be specific, as equiv-
alent amounts of CodY failed to bind and form stable DNA:CodY complexes when
a DNA fragment lacking a definable binding site was tested (Fig. S2).

CodY and SaeR compete for binding to the SaeP regulatory region. The proximity
of the putative CodY motifs to the previously reported SaeR binding site (17) suggests
that the binding sites for the two proteins at least partially overlap. In order to identify
the CodY binding site, we performed DNase | footprinting experiments using auto-
mated capillary electrophoresis (48). We found that CodY protected a 31-bp region
from —98 to —67 relative to the saeP transcriptional start site using 60 nM and 120 nM
SaCodY-Hisg protein. The protected sequence ATTTTCAAATTATTCTTTCTTCAATATTAGT
encompasses the identified CodY motifs, and all but 4 nucleotides (nt) of the CodY
protected region fall within the region containing the imperfect repeat sequence
previously shown to be protected by SaeR~P and required for activation of sae P1 (Fig.
4) (17).

The above in vitro EMSAs and footprinting experiments suggested that CodY
regulates the sae P1 promoter directly. These results led us to determine the extent to
which the CodY binding site contributes to regulation of the sae P1 promoter during
in vitro growth. To investigate this, we first constructed a green fluorescent protein
(GFP) reporter fusion containing the sae P1 regulatory region used in EMSAs and
measured fluorescence in cells during exponential growth when CodY activity is
expected to be maximal. We note that no potential CodY binding sites were inadver-
tently introduced as fusion constructs did not result in sequences containing fewer
than six mismatches with respect to the CodY consensus sequence. Consistent with
gRT-PCR results, a fusion (saeP235p*-gfp) containing the 235-bp fragment including the
entire sae P1 regulatory region was regulated ~5-fold (Table 1, compare fluorescence
levels in the wild-type and codY strains). Knocking out rot led to partial derepression of
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TABLE 1 CodY mediated regulation of saeP-GFP fusions

Fold

Strain Genotype  RFU“ regulation®
Strains expressing the saeP235p+-gfp fusion

SRB1008 Wild type 1,663 * 335

SRB1009 AcodY 8,991 = 1,172** 54

SRB1042 Arot 3,448 *+ 333

SRB1043 Arot AcodY 16,530 = 402** 4.8
Strains expressing the saeP235p. ,.mpieq-gfp fusion

SRB1162 Wild type 2,086 = 212

SRB1163 AcodY 3,442 =170 1.6

SRB1164 Arot 2,367 =731

SRB1165 Arot AcodY 5,108 * 992* 2.2

9Relative fluorescence units (RFU) were determined by using the measured fluorescence values normalized to the
ODgqp Value and subtracting the background value of cells lacking the fusion. Reported values (means =
standard errors of the means) are the results of three independent experiments. Values were compared to those
of SRB1008, and significance was determined by one-way ANOVA with Tukey’s multiple-comparison test (¥, P <
0.01; **, P < 0.001).

bFold regulation is reported as RFUacoay mutant/RFUwild type OF RFUacoay aror mutant/RFUaror mutany Where the
subscript indicates the relevant strain.

saeP235p*-gfp; similar to the results of the qRT-PCR analysis, we observed a small
difference in promoter activity when we compared GFP fluorescence levels in the codY
null mutant and the rot codY double mutant (Table 1).

To address the role of direct CodY repression of the saeP P1 promoter, we created
a 235-bp fragment of the saeP P1 promoter region in which both CodY binding motif
sequences were scrambled (saeP235p, . mpieq)- SCrambling the newly identified CodY
binding motifs prevented the formation of the stable DNA:CodY complexes observed
in the wild-type fragment (Fig. S3A). We note that we observed a decrease in probe
signal intensity and smearing as CodY concentration was increased in the presence of
the scrambled fragment. At this time, we cannot rule out the possibility that at high
concentrations of CodY, the protein binds nonspecifically to other regions within the
probe in the absence of the CodY binding site or weakly to the scrambled site.
Nevertheless, these complexes are unstable during electrophoresis, and we conclude
that the affinity of CodY for the native saeP promoter fragment is likely higher. Next,
given the significant overlap between the CodY and SaeR binding sites and the
importance of SaeR in activating the saeP P1 promoter, we sought to ensure that this
interaction was unaffected. Using purified cytosolic SaeS histidine kinase (SaeS.), we
phosphorylated recombinant SaeR protein and found that SaeR~P alone bound the
saeP235p™ fragment with an apparent K, of ~500 nM (Fig. S4). Importantly, there was
no apparent decrease in affinity of SaeR~P for the saeP235p, .,moieq fragment as
determined by EMSAs (Fig. S3B).

The saeP235p, ,.mbiea fragment was then fused to gfp. This mutant fusion showed
slightly elevated promoter activity in a wild-type background compared to that of the
wild-type fusion and less than a 2-fold difference when we knocked out codY. However,
the activities were not significantly different (Table 1). We note that overall promoter
activity is decreased with this mutant fusion, complicating the interpretation of these
data. Given the significant overlap between the CodY and SaeR binding sites and the
loss of promoter activity, these data do suggest that CodY shares a binding site with the
positive activator of the SaeR/S system. Taken all together, these results suggest that
CodY directly represses sae P1.

CodY maintains tight repression of sae P1 across the cell population. The
expression of the Sae-dependent target nuc was shown to remain shut off in most S.
aureus cells within in vitro biofilms; only a fraction of the cells within the population
express nuc, giving rise to a stochastic gene expression phenotype (49). CodY and SaeR
have opposing roles in regulating the sae P1 promoter (repression and activation,
respectively) and appear to compete for the same site. This led us to question whether
CodY/SaeR competition might contribute to the stochastic expression pattern for
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FIG 5 CodY contributes to the stochastic expression pattern of saeP. Flow cytometry analysis was performed of UAMS-1 cells harboring either the saeP235p*-gfp
(A) or saeP235p.,.moiea-9fp (B) reporter fusions during exponential growth in TSB medium. Histograms indicate the relative number of cells (y axis) exhibiting
a given fluorescence intensity (x axis) and are scaled to 30,000 cells to account for various sample sizes. Data are the means = the standard errors of the means

of at least two independent experiments.

SaeR-dependent genes that require a relatively high cellular abundance of SaeR~P,
including saeP and nuc. To test this, we first examined cells carrying one of two reporter
constructs, saeP235p™-gfp or saeP235p,.,meieq-9fp, @and examined the level of reporter
expression across the cell population in planktonic cells using fluorescence microscopy
and flow cytometry. With respect to the wild-type (saeP235p*-gfp) fusion, relatively few
wild-type UAMS-1 cells expressed the GFP reporter (Fig. S5). Reporter expression in rot
mutant cells also appeared stochastic. However, when we knocked out codY, the
fraction of cells expressing the fusions appeared to be greatly increased using fluores-
cence microscopy. To determine the fraction of GFP-positive (GFP*) cells in the
population, we turned to flow cytometry analysis. We found that the fraction of cells
expressing saeP235p*-gfp is very low (~1%) in wild-type UAMS-1 cells (Fig. 5A).
Knocking out rot increased the frequency of saeP235p™-gfp-expressing cells in the
population (~20%), while the frequencies were further increased in the codY mutant
and rot codY double mutant (~76 and 66%, respectively). We note not only that the
frequency of GFP* cells is increasing in these mutants but also that the observed
fluorescence intensity is increasing. Notably, flow analysis revealed that scrambling the
CodY binding motifs increased the population of GFP* cells to ~70% regardless of
strain genotype (Fig. 5B), which is in agreement with fluorescence microscopy exper-
iments (Fig. S5, compare saeP235p. ..moieq-9fP and saeP235p*-gfp). This supports the
notion that in the absence of efficient binding of CodY to the promoter, SaeR~P is free
to bind and activate expression from sae P1.

Next, we looked at cells carrying the nuc-gfp reporter plasmid pMRSI-nuc. Congruent
with fluorescence microscopy and qRT-PCR analyses, <1% of planktonic cells carrying
the nuc-gfp reporter were GFP, and knocking out codY turned on the fusion in nearly
all cells (Fig. S5 and S6). Last, we examined expression of the nuc-gfp reporter fusion
during the early stages of in vitro biofilm development under biologically relevant flow
conditions. As with planktonic cells, we observed that the number of GFP* cells was
remarkably higher in the codY mutant than in the wild-type parent strain during the
early stages of biofilm development (Fig. 6). Taken together, these data suggest that in
UAMS-1, CodY is a more potent repressor of the sae P1 promoter than Rot and that
direct repression by CodY blocks activation of SaeR/S and Sae-dependent genes when
nutrients are abundant. These data also indicate that CodY contributes to the regula-
tion of stochastic expression of at least two Sae-dependent genes during both plank-
tonic and biofilm growth.

CodY restrains Sae-dependent production of leukocidins. The SaeR/S system
enables S. aureus to produce numerous cell-associated and secreted proteins including
the bicomponent, pore-forming leukocidins, which contribute to polymorphonuclear
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FIG 6 codY mutant cells express thermonuclease (nuc) at early stages of S. aureus biofilm development. S.
aureus (UAMS-1) wild-type and codY mutant cells containing the nuc-gfp reporter plasmid pMRSI-nuc were
grown in the BioFlux 1000 microfluidic system. Bright-field and epifluorescence microscopic images were
acquired at a magnification of X200 after 6 h of biofilm development. Images are representative of multiple

experiments.

leukocyte (PMN) lysis (50). Since CodY represses the expression of sae and appears to
suppress the activity of the SaeR/S system, we next assessed the toxicity of superna-
tants prepared from USA300 LAC and its codY null mutant. To do this, we exposed
human PMN:s (i.e., neutrophils) to supernatants of cells grown to exponential phase (i.e.,
after 3 h of growth) and postexponential phase (i.e., after 5 h of growth) in tryptic soy
broth (TSB) medium and determined the percent killing. At both time points, super-
natants from cultures of the codY null mutant displayed enhanced PMN killing com-
pared to that of its wild-type parent strain (Fig. 7, compare codY and WT strains). The
toxic effect was more potent at the 5-h time point, as evidenced by the increased cell
death at relatively low percentages of culture filtrates. Knocking out saeR in both the
WT and the codY null mutant essentially eliminated toxicity, suggesting that the
increased PMN killing by the codY mutant is Sae dependent. We conclude that nutrient
sufficiency, a condition monitored by CodY, restrains the production of factors that kill
human immune cells via the regulation of the Sae TCS.

DISCUSSION
CodY'’s role in controlling virulence during infection has been firmly established in
multiple Gram-positive pathogens, including S. aureus, Listeria monocytogenes, and
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FIG 7 CodY-enhanced PMN killing is dependent on the Sae TCS. Primary human PMNs were intoxicated with supernatants obtained from codY
null mutants at either 3 h (A) or 5 h (B) following subculture. Intoxication experiments were performed on two independent occasions, with a
total of four blood donors. Statistical analysis was performed by ANOVA with Dunnett’s multiple-comparison test. Asterisks indicate P values for
comparisons between results for the wild type (LAC) and the codY null mutant (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Error bars represent

the standard errors of the means.
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Bacillus anthracis (51-58). Surprisingly, a comparison of the set of genes differentially
regulated by S. aureus CodY in vitro with the gene targets identified using an in vitro
DNA:CodY pulldown experiment revealed that fewer than half of the virulence genes
under CodY control are directly regulated (36). Thus, how nutrient sufficiency is linked
mechanistically to virulence gene expression remains incompletely understood. In the
present study, we demonstrate that CodY indirectly represses the sae P1 promoter via
Agr and Rot and directly represses sae expression binding to the sae P1 regulatory
region (Fig. 2 and 5; see also Fig. S1 in the supplemental material). We further show that
loss of CodY regulation at sae results in an Sae-dependent increase in the production
of cytotoxic factors that kill human neutrophils (Fig. 7). Mechanistically, CodY likely
funnels the nutrient depletion signal (ILV/GTP depletion specifically) through the Sae
TCS to upregulate virulence gene expression. We posit that CodY acts in part as a
physical blockade and generally as a nutritional checkpoint protein to prevent SaeR
binding and to keep saePQRS tightly shut off when ILV/GTP are plentiful.

Our flow cytometry data reveal that some cells fail to express the reporter fusions
even in the absence of Rot- and CodY-mediated repression (Fig. 5A and S6). Moreover,
some areas of the codY mutant biofilm show nuc expression, while other areas remain
dark (Fig. 6). This may be due to SaeS phosphatase activity responding to an as yet
unknown signal, reducing the fraction of SaeR~P in the cell, since upregulating sae P1
by removing CodY repression would lead to an increase in saePQ expression. Perform-
ing the experiments in an saePQ mutant could test this. Experiments to reveal a
mechanism for the observed phenotypic heterogeneity are currently in progress.

The logic of nutritional and phagocytosis-associated signals. We note that our
study focuses solely on the role of nutrient sufficiency (i.e, ILV and GTP levels,
specifically) on the Sae TCS under noninduced conditions. However, neutrophils pro-
vide the primary response to S. aureus infection, ingesting the bacteria and exposing
them to reactive oxygen species and antimicrobial peptides like human neutrophil
peptide 1 (HNP-1). Interestingly, the sae P1 promoter is induced up to 6-fold in the
presence of HNP-1 in vitro under conditions that promote high CodY activity (21).
Further, during invasive disease (most intensely studied in renal tissues), phagocytes
degrade surrounding tissues, and the resulting necrosis and deposition of fibrin result
in the formation of distinctive and replicative niches for S. aureus (59, 60). These
abscesses are bathed in calprotectin, a metal chelator secreted by neutrophils known
to protect SaeS from inactivation by zinc and iron (19, 20). SaeS kinase activity is
stimulated by these signals (14, 18). Finally, the nutritive properties of host tissues are
largely unknown, and these environments are potentially nutritionally restricted or
depleted of key nutrients, including ILV and purine nucleotides (61). Experiments to
determine the contribution of nutritional regulation by CodY on virulence in vitro and
in vivo, with particular focus on whether the nutrient depletion and neutrophil-
associated signals are independent or exclusive, are in progress.

Working model. A major question that arises from this work is why the cell would
evolve to have CodY turn on and off the Sae system simultaneously. A straightforward
strategy for activating the Sae system during nutrient depletion would be to simply
repress the P3 promoter to control the expression of saeRS. However, the P3 promoter
has been shown previously to be constitutive, and, more importantly, ectopic overex-
pression of saeRS from an inducible promoter does not increase the expression of the
Sae regulon when multiple gene targets are interrogated (24). Rather, the fraction of
SaeR~P in the cell determines Sae-dependent gene activation; CodY control of sa-
ePQRS expression is likely only part of the story.

The sequence of events is potentially very interesting in vivo and informs our
working model (Fig. 8). That is, under conditions where nutrients are in excess, CodY
repression is strong, and expression from the sae P1 promoter and SaeR-dependent
targets is relatively low. Given CodY’s moderate affinity for its binding site, intermediate
nutrient levels may foster competition between active CodY and SaeR~P for binding at
saeP P1. Relieving direct CodY repression at the P1 promoter would increase expression
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FIG 8 Working model of how nutritional regulation controls SaeR/S. CodY integrates the nutritional status of the cell with host cues at the sae P1 promoter.
Under conditions of nutrient excess, sae P1 transcription is repressed. As nutrients become depleted, CodY repression is lifted, eventually resulting in an increase
in SaeR/S activity and the expression of exoproteins to damage host tissue. This allows S. aureus to scavenge nutrients from the host environment.

of not only saeR and saeS$ but also saeP and saeQ (39), whose products are known to
help return the Sae system to its basal activity state by stimulating the phosphatase
activity of SaeS (23). Thus, while SaeR and SaeS are produced, their activity may be
blocked by SaeP/Q and would remain poised to receive an additional signal. Such a
strategy would allow the cells to avoid the costly synthesis of new proteins when ILV
(among the most abundant amino acids in proteins [62]) are scarce. Alternatively, the
strategy could allow amino acids and GTP to be spared for the production of digestive
enzymes and toxins used to replenish those needed nutrients.

During severe ILV depletion, CodY activity is expected to plummet, and repression
of agr is likely lifted. As population density increases, so too does the abundance of
RNAIIl, antagonizing the cellular abundance of Rot. The mechanism by which Rot
regulates the Sae system is currently unknown (Fig. 1C); perhaps the lack of Rot simply
increases SaeR and SaeS levels. Although phosphorylation may be inefficient, it may be
enough to induce class | genes. This could be through indirect or direct means; it is
possible that Rot binds in close proximity to the CodY-SaeR site. Alternatively, lack of
Rot may result in the overexpression of a gene product or the accumulation of a small
metabolite signal that instigates a posttranscriptional or posttranslational change in
one or more components of the Sae system, mitigating SaeP/Q activity and leading to
SaeS activation. Indeed, SaeR/S was recently shown to be responsive to cellular
respiratory status (63). Further, the Sae system has been described as having switch-like
behavior (64); it is tempting to speculate that a critical drop in the ILV (or GTP) pool and
the concomitant drop in CodY activity increase SaeR~P levels and trigger SaeR/S. This

April 2018 Volume 200 Issue 8 €00012-18

jb.asm.org 11


http://jb.asm.org

Mlynek et al.

would support the notion that CodY delays the production of potent Sae-dependent
toxins until nutrients are fully exhausted and may be one important mechanism
governing the switch of S. aureus between commensal and invasive lifestyles. Experi-
ments to test these questions are ongoing in our laboratory.

MATERIALS AND METHODS

Ethics statement. Buffy coats were obtained from anonymous blood donors with informed consent
from the New York Blood Center. Because all of the samples were collected anonymously prior to their
delivery, the New York University Langone Medical Center (NYULMC) Institutional Review Board deter-
mined that our study was exempt from further ethics approval requirements.

Bacterial strains and growth conditions. All bacterial strains used in this study are listed in Table
S1 in the supplemental material. Staphylococcus aureus strains were routinely cultured in tryptic soy
broth (TSB) (containing 0.25% [wt/vol] dextrose; Becton, Dickinson), and Escherichia coli strains were
grown in modified Lennox (L) medium consisting of 10 g liter~" tryptone, 5 g liter—! yeast extract, and
5 g liter=" NaCl (65). When necessary, medium was solidified with agar to 1.5% (wt/vol), and antibiotics
were included in the medium at the following concentrations to maintain selection: ampicillin (Ap), 50
g ml—1; chloramphenicol (Cm), 10 wg ml~1; kanamycin (Km), 35 ug ml~7; tetracycline (Tc), 3 ng ml—%;
and erythromycin (Em), 5 ug ml=". In vitro shake flask experiments were performed in 125-ml DeLong
shake flasks as previously described (39). Briefly, precultures were inoculated from overnight cultures to
an optical density at 600 nm (ODg,) of 0.05 at a 5:1 flask-to-medium ratio in TSB. The inoculated cultures
were grown in a gyrotory shaking water bath to an ODg,, of ~1.0 and rediluted to 0.05 to generate
experimental cultures to ensure that cells were safely in exponential phase. Growth was monitored as the
increase in absorbance at 600 nm using a Beckman DU350 UV-visible light spectrophotometer (Beckman
Coulter). All exponential-phase samples were collected within one generation of one another at an ODg,
of ~0.5 after back dilution unless otherwise noted. All broth cultures were grown at 37°C with vigorous
shaking at 280 rpm unless otherwise noted.

Recombinant DNA and genetic techniques. Oligonucleotides for this study were synthesized by
Integrated DNA technologies (Coralville, IA) and are listed in Table S2. Plasmids used in this study (Table
S3) were constructed using Escherichia coli cloning strain NEB 5« (New England BioLabs) and confirmed
by nonradioactive Sanger sequencing (Genewiz). Plasmids were introduced into S. aureus strain RN4220
by electroporation as previously described (66). As needed, plasmids and marked chromosomal muta-
tions were transferred into select strain backgrounds using ¢11-mediated transduction (67).

Construction of plasmids. (i) Construction of GFP reporter fusions. To create an saeP-gfp promoter
fusion, a 235-nucleotide (nt) PCR fragment containing the sae upstream region along with the ribosome
binding site (RBS) and the translation initiation codon (ATG) of saeP (open reading frame [ORF]
QV15_03495) was amplified using oligonucleotides oKM026 and 0SRB484. To scramble the CodY binding
motifs, nucleotides were arbitrarily assigned values from 1 to 4, and a random number generator was
used to create a 25-nt sequence (TCCTTACGCAGGGACTTAAGTAGCC). Oligonucleotides oKM062 and
oKMO063 were used with oKM026 and oSRB484, respectively, to generate 139-nt and 137-nt fragments.
These purified PCR products were mixed at an equal molarity and used as the template DNA in an
overlapping PCR with 0KM026 and oSRB484, creating an sae P1 promoter fragment featuring the
scrambled CodY binding motifs. In each case, PCR fragments were digested with Sphl and ligated to the
Sphl/Smal site of plasmid pMRSI (39).

(ii) Construction of a TEV-cleavable CodY-His, overproduction plasmid. An 827-nt fragment
containing the codY (ORF QV15_05910) coding sequence lacking the translational stop codon (TAA) was
amplified from UAMS-1 genomic DNA using oligonucleotides oKM1 and 0SRB410 (36). The PCR fragment
was purified and subjected to a second round of PCR using oKM1 and 0SRB411 to append a tobacco etch
virus (TEV) protease cleavage sequence followed by six histidine (CAT) codons and a TAA stop codon. The
847-nt fragment was digested with Sacl/Sphl and ligated to the same sites of pBAD30 (68).

RNA extraction. Methods for RNA extraction and quantitative real-time reverse transcription-PCR
were performed as previously described in detail (39). Briefly, experimental cultures of the strains
indicated in the figures were grown exponentially to an ODy,, of 0.5, at which point a 4-ml sample was
mixed with an equal volume of 1:1 (vol/vol) ethanol-acetone prechilled to —20°C and immediately frozen
on dry ice. Prior to processing, samples were stored at —80°C. Once thawed, cells were pelleted and
washed twice with TE buffer (10 mM Tris-Cl [pH 8], T mM EDTA) and mechanically disrupted in TRIzol
using a Precellys 24 homogenizer with three 30-s pulses at 6,800 rpm. Samples were incubated on wet
ice for 1 min between pulses. Nucleic acids were extracted using a Direct-Zol kit (Zymo Research
Corporation) according to the manufacturer’s instructions. Contaminating genomic DNA was depleted in
each sample using a Turbo DNA-free DNase removal kit (Ambion) according to the manufacturer’s
instructions.

qRT-PCR. Quantitative, real-time RT-PCR (qRT-PCR) was performed essentially as described previously
(39). Two hundred fifty nanograms of total RNA from each sample was used as the template and reverse
transcribed using ProtoScript first-strand ¢cDNA synthesis (NEB) and random primers as per the manu-
facturer’s instructions. To control for remaining residual DNA contamination during qRT-PCR analysis,
parallel reactions were performed with mixtures lacking reverse transcriptase. Transcript abundance was
determined in each sample using a C1000 thermal cycler fitted with a CFX96 detection module and
SsoAdvanced Universal SYBR green Supermix (Bio-Rad). Target-specific oligonucleotides were each used
at a concentration of 400 nM. Reaction mixtures were incubated at 98°C for 2 min and then cycled
between 98°C and 60°C. Standard controls (no template and no reverse transcriptase) were run on each
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plate. To calculate transcript abundance, standard curves were generated from serial dilutions of
genomic DNA spanning at least five orders of magnitude. Target transcript abundance was normalized
to level of the rpoC transcript, whose abundance remained constant across all strains analyzed.

Flow cytometry analysis. Cells were collected and fixed in paraformaldehyde (PFA) as described
above, stained with 4’,6-diamidino-2-phenylindole (DAPI) for 20 min, and resuspended in phosphate-
buffered saline (PBS). Stained cells were analyzed using a computer-controlled FACStar Plus dual-laser
system (Becton, Dickinson) and FCS Express software (version 4.0; DeNovo Software). Populations were
selected by gating forward scatter in conjunction with DAPI stain. The limit of detection was first
determined using wild-type cells lacking the reporter construct (SRB337) and defined as the signal
intensity encompassing 99% of this population. Then, GFP* cells were identified as any cell exceeding
the limit of detection and enumerated for each genotype.

BioFlux 1000 biofilm assays. S. aureus biofilm development was assessed using a BioFlux 1000
microfluidic system (Fluxion Biosciences, Inc., San Francisco, CA) as described previously (69). Briefly,
to grow biofilms in the BioFlux system, the channels were first primed for 5 min with 200 ul of TSB
supplemented with 0.25% glucose at 5.0 dynes/cm?2. To seed the channels with bacteria, excess TSB
was aspirated from the output wells and replaced with 200 wl of fresh exponentially growing
cultures diluted to an ODg, of 0.8 and then pumped into the channels at 2.0 dynes/cm? for 5 s. Cells
were allowed to attach to the surface of the channels for 1 h at 37°C. Then, the remaining inoculum
was aspirated from the output well, and 1.3 ml of 50% TSB supplemented with 0.125% glucose was
added to the input wells and pumped at 0.6 dyne/cm? for 18 h (flow rate, 64 ul h—"). Bright-field and
epifluorescence (with fluorescein isothiocyanate [FITC] filter) images were taken at a magnification
of X200 at 5-min intervals at a total of 217 time points for each strain tested; the gain and exposure
settings were kept constant for all images.

Confocal laser scanning microscopy. A 1-ml sample of cells containing the fusion indicated in Fig.
S5 was pelleted during exponential growth, washed with PBS, and fixed with 200 ul of 3% (wt/vol) PFA
(in PBS) for 45 min. The PFA was then washed away, and a 50-ul suspension of cells in PBS was applied
to poly-L-lysine-treated glass coverslips and allowed to adhere for 30 min. Nonadherent cells were
removed from coverslips by rinsing with distilled water for ~10 s. Remaining cells were mounted using
Vectashield antifade mounting medium with DAPI (Vector Laboratories) and imaged using a Zeiss LSM
880 confocal laser scanning microscope, optimizing excitation and detection based on the fluorescence
intensity detected in codY null mutant cells. Images were processed using ImageJ (70).

GFP reporter assays. Strains containing the reporter fusion indicated in Table 1 were grown as
described above and were collected at an OD,,, of ~0.4 during exponential growth. At these points a
2-ml sample of cells was pelleted, washed once with PBS to remove residual medium, and resuspended
in 0.5 ml of PBS. Fluorescence was measured using a computer-controlled Tecan Infinite F200 Pro plate
reader (equipped with a 485-nm filter for excitation and 535-nm filter for emission) and i-control software
(version 1.11). GFP signal acquisition settings were kept constant: gain, 50%; flash number, 25; integra-
tion time, 20 us; lag time, 0 ws; settle time, 0 ms. Relative fluorescence units (RFU) were calculated as
previously described (39) by subtracting the fluorescence of the SRB337 strain (lacks GFP reporter) and
dividing by the ODg,, value to correct for cell density.

Overproduction and purification of recombinant proteins. (i) CodY. The gene coding for SaCodY-
Hisg was expressed in E. coli strain DH5a under the control of the arabinose-inducible P, 5., promoter
essentially as described previously (36). SRB628 was grown in L broth with 100 ng ml—" ampicillin at 37°C
to an ODg,, of 0.3, at which point SaCodY-His, overproduction was induced using 0.2% (wt/vol) L-(+)
arabinose. After 4 h of induction, cells were harvested by centrifugation at 8,610 X g at 4°C for 10 min
and frozen at —80°C. Cells were thawed and resuspended in buffer A (20 mM Tris-HCl [pH 7.9], 500 mM
NaCl, 5% [vol/vol] glycerol, 5 mM imidazole) supplemented with 1 mM phenylmethylsulfonyl fluoride and
0.1% (vol/vol) Nonidet P-40, and lysed by sonication. The supernatant was clarified by centrifugation at
40,000 X g for 30 min at 4°C. SaCodY-His, was purified to near homogeneity using a computer-controlled
AKTAprime plus fast protein liquid chromatography (FPLC) system fitted with a HisTrap column (GE
Healthcare Life Sciences) according to the manufacturer’s recommendations for gradient elution using
buffer B (20 mM Tris-HCI [pH 7.9], 500 mM NaCl, 5% [vol/vol] glycerol, 685 mM imidazole). Fractions
containing purified protein were pooled, supplemented with glycerol to 50% (vol/vol), and stored at
—20°C. Protein concentration was determined using a Pierce Coomassie (Bradford) protein assay kit
according to the manufacturer’s instructions.

(ii) SaeSc. Overproduction of the His-tagged, cytosolic portion of SaeS containing the autokinase and
phosphotransferase domains was carried out as previously described (17).

(iii) SaeR. Hiss-SaeR was purified as previously described (17) except that we induced expression
overnight at 18°C.

Electrophoretic mobility shift assays (EMSAs). (i) CodY. The wild-type saeP235p* DNA fragment
was synthesized by PCR using oKM026 and oKMO025 to create a 5'-6-FAM-labeled fragment. The
saeP235p. ...moiea DNA fragment was synthesized similarly using pKM15 as the template DNA. The rpoC
5'-6-FAM-labeled fragment used as a control was synthesized by PCR using oKM027 and oSRB239.
Incubation of labeled fragments with SaCodY-Hisg was performed in binding buffer (20 mM Tris-Cl [pH
8.0], 50 mM KCl, 2 mM MgCl,, 5% [vol/vol] glycerol, 0.5 mM EDTA, 0.05% [vol/vol] Nonidet P-40, T mM
dithiothreitol [DTT], and 25 wg ml~—" sheared salmon sperm DNA). Samples (11 wl) containing various
amounts of CodY, 200 fmol of FAM-labeled DNA fragment, 10 mM (each) ILV, and 2 mM GTP were
incubated for 20 min at 25°C in a ThermoMixer (Eppendorf). Samples were separated on 8% nondena-
turing 35 mM HEPES-43 mM imidazole-10 mM ILV polyacrylamide gels in the same run buffer for 60 min
at 200 V. Gels were imaged; fluorescent bands were detected and quantified using a computer-controlled
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ImageQuant LAS 4000 biomolecular imager (GE Healthcare Life Sciences) using a SYBR filter set with a
1-min exposure or a ChemiDoc MP imaging system (Bio-Rad) with a SYBR filter set following a 20-s
exposure. When indicated in the figures, a 30-fold molar excess of unlabeled PCR product (synthesized
using oKM026 and 0SRB477) was included in the reaction mixture.

(ii) SaeR. SaeR was first phosphorylated as described previously (17). Briefly, 20 uM His-tagged SaeR
protein was incubated in the presence of 5 uM His-tagged SaeS. with 1 mM ATP in phosphorylation
buffer (10 mM Tris-HCI [pH 7.4], 50 mM KCl, 5 mM MgCl,, 10% [vol/vol] glycerol) for 5 min. Phosphor-
ylated SaeR was then used in gel shift assays with the fragments described above under the same
conditions as CodY EMSAs.

DNase | footprinting of the sae P1 promoter. Samples containing femtomole amounts of 5'-6-
FAM-labeled saeP235p* were incubated with 30, 60, and 120 nM CodY as described above in a 60-ul
reaction mixture. Two microliters of 0.075 to 0.1 U of RQ1 DNase | (Promega) was then added to each
reaction mixture. After 1 min, reactions were inactivated with 20 mM EGTA and purified with a QiaQuick
PCR cleanup kit (Qiagen). DNA footprint analysis by capillary electrophoresis (DFACE) was performed as
previously described at the Plant-Microbe Genomics Facility at The Ohio State University (48). Analysis of
sequence results was performed using GeneMapper and Xplorer software to identify the protected
regions.

Cytotoxicity assays. To assess the cytotoxicity of secreted factors produced from each respective
strain, primary human PMNs were intoxicated with culture filtrates obtained from S. aureus cultures.
Experimental cultures were generated by diluting overnight-grown S. aureus cells 100-fold and then
allowing the strains indicated in Fig. 7 to grow for either 3 or 5 h in TSB for exponential or stationary
phase, respectively. Bacterial concentrations were confirmed to be equal at each time point by the
quantification of CFU. Prior to intoxication, culture filtrates were diluted 2-fold in a 96-well plate (20 to
0.31%). PMNs were isolated as described previously (71), and amounts were normalized to 200,000 cells
per 80 ul of RPMI medium (10 mM HEPES, 0.1% human serum albumin [HSA]). Eighty microliters of PMNs
was then pipetted into each well, and the supernatant-PMN mixture was incubated at 37°C in 5% CO,
for 1 h. To assess toxicity, 10 ul of CellTiter 96 Aqueous One solution (CellTiter; Promega) was added to
the 96-well plate, and the mixture was incubated at 37°C in 5% CO, for 1.5 h. PMN viability was assessed
with a PerkinElmer EnVision 2103 multilabel reader at an absorbance of 492 nm.

Statistics and reproducibility. Data shown are the results of at least two independent experiments.
Statistical significance was determined using ANOVA with Tukey’s multiple comparison posttest using
Prism software (version 4.0; GraphPad Software) unless otherwise noted.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00012-18.

SUPPLEMENTAL FILE 1, PDF file, 3.5 MB.
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