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CodY Deletion Enhances In Vivo Virulence of Community-Associated
Methicillin-Resistant Staphylococcus aureus Clone USA300
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The Staphylococcus aureus global regulator CodY responds to nutrient availability by controlling the expression of target genes.
In vitro, CodY represses the transcription of virulence genes, but it is not known if CodY also represses virulence in vivo. The
dominant community-associated methicillin-resistant S. aureus (CA-MRSA) clone, USA300, is hypervirulent and has increased
transcription of global regulators and virulence genes; these features are reminiscent of a strain defective in CodY. Sequence
analysis revealed, however, that the codY genes of USA300 and other sequenced S. aureus isolates are not significantly different
from the codY genes in strains known to have active CodY. codY was expressed in USA300, as well as in other pulsotypes as-
sessed. Deletion of codY from a USA300 clinical isolate resulted in modestly increased expression of the global regulators agr and
saeRS, as well as the gene encoding the toxin alpha-hemolysin (hla). A substantial increase (>30-fold) in expression of the
lukF-PV gene, encoding part of the Panton-Valentine leukocidin (PVL), was observed in the codY mutant. All of these expression
differences were reversed by complementation with a functional codY gene. Moreover, purified CodY protein bound upstream of
the lukSF-PV operon, indicating that CodY directly represses expression of lukSF-PV. Deletion of codY increased the virulence of
USA300 in necrotizing pneumonia and skin infection. Interestingly, deletion of lukSF-PV from the codY mutant did not attenu-
ate virulence, indicating that the hypervirulence of the codY mutant was not explained by overexpression of PVL. These results
demonstrate that CodY is active in USA300 and that CodY-mediated repression restrains the virulence of USA300.

successful pathogen must respond to environmental stimuli

by coordinately controlling expression of virulence and met-
abolic networks. Among microbial pathogens, Staphylococcus au-
reus is remarkably adapted to mammalian parasitism (15, 27).
Most often, S. aureus is a commensal and colonizes without caus-
ing disease (9). However, S. aureus also can cause a wide range of
infectious syndromes, ranging from uncomplicated skin and soft
tissue infections to invasive diseases, such as necrotizing pneumo-
nia (9). The microbial and host factors that determine whether
colonization or symptomatic infection occurs are not known.

S. aureus regulates gene expression in response to environmen-
tal cues, such as availability of vital nutrients (31, 32). CodY, a
highly conserved regulatory protein among firmicutes, has
emerged in S. aureus as an important link between the nutrient
supply, primarily the availability of the CodY effectors (the
branched-chain amino acids [BCAAs] and GTP), and gene ex-
pression (21,22, 30). Under nutrient-rich conditions, CodY binds
DNA and regulates the expression of its target genes, in most cases
acting as a negative regulator (21, 22, 30). Thus, during growth of
S. aureus in rich medium, CodY target genes are repressed, but
when cells reach stationary phase, BCAA and GTP concentrations
become limiting, resulting in the inactivation of CodY DNA bind-
ing activity and derepression of its target genes (21, 30).

The effects of CodY on gene expression in S. aureus have been
well studied in vitro. Depending on the strain studied, the S. aureus
CodyY regulon comprises 150 to 200 genes (21, 30). The majority
of these genes encode proteins that control metabolic pathways,
but CodY also represses many S. aureus virulence genes during in
vitro growth (21, 22, 30). Although the mechanism is not fully
understood, CodY regulates the expression of some virulence
genes through direct DNA binding and regulates others indirectly.
For instance, many virulence genes are controlled by RNAIIIL a
product of the accessory gene regulator (agr) locus, which also
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encodes the major quorum-sensing system in S. aureus (18). CodY
represses agr transcription under nutrient-rich conditions (21,
22, 30).

CodY-mediated repression of virulence genes when nutrient
supplies are plentiful would seem to be consistent with commen-
sal growth and asymptomatic colonization. However, when key
nutrients become limiting, the reduction in CodY activity leads to
increased synthesis and secretion of toxins such as a-hemolysin
(encoded by hla) (21, 22, 30). Theoretically, secretion of these
tissue-destructive toxins would release available nutrients from
host cells or allow escape of bacteria to new, nutrient-rich envi-
ronments.

The transition from exponential to stationary phase in vitro is
tightly regulated. This transition is controlled, at least in part, by
agr. The agrlocus is transcribed as two divergent transcripts, called
RNAII and RNAIII (18). RNAII is the polycistronic agrBDCA
transcript; agrC and agrA encode a two-component sensor and
response regulator, respectively, whereas agrB and agrD encode an
autoinducing peptide synthesis and secretion system that leads to
activation of AgrA via phosphorylation by AgrC. RNAIII contains
an mRNA for 8-hemolysin and is itself a regulatory factor control-
ling the expression of a large number of virulence genes (28). The
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TABLE 1 Strains used in this study

CodY and USA300

Strain name Pulsotype Description Reference
NRS382 USA100 NARSA*
NRS383 USA200 NARSA
923 USA300 Clinical MRSA strain isolated from an abscess 3,23,25
NRS123 (MW2) USA400 23,37
NRS385 USA500 NARSA
NRS387 USA800 NARSA
UAMS1AcodY USA200 Isogenic codY deletion mutant in UAMS-1 22
LACApvI USA300 Isogenic lukSF-PV mutant in LAC 37
923AcodY USA300 Isogenic codY deletion mutant in 923 This study
923AcodY Apvl USA300 Isogenic codY lukSF-PV deletion mutant in 923 This study
923AcodY + codY USA300 codY mutant complemented with pTL6936 This study

“ NARSA, Network on Antimicrobial Resistance in S. aureus.

sae (S. aureus accessory element) operon is also important in con-
trol of virulence; it encodes a four-component regulatory system
(1, 13). SaeR and SaeS comprise a two-component signal trans-
duction system; the functions of the upstream genes saeP and saeQ
are not known. When expression of agr and sae increases, the
expression of stationary-phase genes (primarily encoding surface-
associated proteins) is decreased and the expression of several impor-
tant virulence genes, including hla and lukSF-PV (encoding Panton-
Valentine leukocidin [PVL]), is increased (4, 11, 25, 33, 36).

Therefore, the transition from exponential to postexponential
growth in vitro, presumably triggered by nutrient depletion and
increased bacterial population density, is advanced by agr and sae
upregulation and is associated with reduced repression by CodY.
The roles of agr, sae, and hla in virulence have been well charac-
terized, whereas the role of lukSF-PV remains controversial (5-7,
10, 19, 26, 35, 37). However, although the in vitro effects of codY
deletion have been documented (21, 22, 30), it is not clear if these
effects correlate with in vivo virulence in experimental models of S.
aureus infection.

To evaluate the role of CodY in virulence, we selected a highly
virulent clinical isolate from the USA300 background, the pre-
dominant background causing community-associated methicil-
lin-resistant S. aureus (CA-MRSA) disease in the United States
(9). Of note, the hypervirulent phenotype of USA300 is character-
ized by increased in vitro expression of agr, sae, hla, and lukSF-PV
(23, 25), raising the possibility that the strain produces an inactive
CodY protein. We therefore constructed a codY deletion mutant
in USA300 in order to assess the effects of CodY on virulence in
vitro and in clinically relevant murine models of CA-MRSA ne-
crotizing pneumonia and skin infection. Our results demonstrate
that CodY is active in the USA300 strain 923 and contributes to
repression of the regulatory genes agr and sae and of the virulence
genes hla and lukF-PV. Moreover, CodY proved to repress the
virulence of USA300 in two animal models of disease. These data
represent experimental evidence for an in vivo virulence repres-
sion role for CodY.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Table 1 lists the strains used in
this study. Strains NRS123 (MW2; USA400), NRS382 (USA100), NRS383
(USA200), NRS385 (USA500), and NRS387 (USA800) were obtained
from the Network on Antimicrobial Resistance in S. aureus (http://www
.narsa.net). Strain LACApvl was a gift from Michael Otto (National Insti-
tutes of Health, Bethesda, MD). Strain 923 is a highly virulent USA300
CA-MRSA strain isolated at the University of Chicago Medical Center from
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a patient with an abscess (3, 23). Its virulence phenotype in rodent models of
necrotizing pneumonia and skin infection has been described (23-25).

Strains UAMS-1AcodY and LACApvl, previously described, were con-
structed by allelic exchange with replacement of the codY gene by an
erythromycin resistance gene (ermC) and replacement of the [ukSF-PV/
genes by a spectinomycin resistance gene (spc), respectively (22, 37). To
generate a USA300 codY deletion mutant, the codY::ermC deletion-inser-
tion was transduced from strain UAMS-1AcodY using bacteriophage 11
into strain 923, using standard methods, creating 923AcodY. Transduc-
tants were selected on tryptic soy agar (TSA) supplemented with erythro-
mycin (10 pg/ml). To generate a codY-PVL double-deletion mutant, the
[ukSF-PV::spc deletion-insertion was transduced from strain LACApvl
into strain 923AcodY, creating 923AcodYApvl, with selection on TSA sup-
plemented with spectinomycin (100 pg/ml). Deletion of codY and/or
lukSF-PV was confirmed by PCR amplification and DNA sequencing, as
well as by expression analysis (described below).

The plasmid pTL6936 is a derivative of the expression shuttle vector
pCL15, modified by cloning the codY gene and ribosomal binding site
under the control of the Pgp, promoter, as described previously (22).
The plasmid was introduced by electroporation into 923AcodY, using S.
aureus strain RN4220 as an intermediate host, creating 923AcodY + codY;
the complemented strain was grown in the presence of chloramphenicol
(10 pg/ml). For expression studies, IPTG (isopropyl-p-p-thiogalactopy-
ranoside) was supplemented at 1 mM. Although the codY gene in
pTL6936 contains one altered residue (E to K at position 67), the mutation
does not affect CodY activity (22).

For all experiments, strains were subcultured from frozen skim milk
stocks onto TSA plates and incubated overnight at 37°C. The following
afternoon, one colony was subcultured in 5 ml tryptic soy broth (TSB) in
a 50-ml Falcon tube and incubated overnight with shaking (250 rpm), at
37°C. The following morning, the overnight culture was diluted 1:100 in
fresh TSB (flask/volume ratio, 7:1) and grown to the desired phase of
growth (37°C; 250 rpm), as assessed by the optical density at 600 nm
(ODgy,) and plating of serial dilutions on TSA to enumerate colonies.

In silico comparison of codY among sequenced S. aureus genomes.
The protein predicted to be encoded by codY from strain USA300_
TCHI1516 (accession number YP_001575080) was downloaded from
NCBI (http://www.ncbi.nlm.nih.gov) (14). A BLAST (Basic Alignment
Search Tool) search was performed for matches in sequenced S. aureus
genomes (http://www.blast.ncbi.nlm.nih.gov).

Expression analysis by quantitative reverse transcription-PCR
(qQRT-PCR). Our methods for qRT-PCR have been reported (25). Briefly,
bacteria were grown in TSB to selected time points and collected by cen-
trifugation (4,000 X g; 10 min); the cell pellets were immediately frozen at
—80°C. To correct for different growth rates among isolates, all strains were
grown to the same ODy,. For RNA isolation and purification, the pellets
were thawed on ice, resuspended in Tris-EDTA (TE), and lysed by incubation
with lysostaphin (200 pg/ml) at room temperature for 10 min. Buffer RLT
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was added, and RNA purification was performed using the RNeasy kit with
on-column DNase treatment, following the manufacturer’s instructions
(Qiagen). RNA quality and quantity were assessed using an Agilent 2100
Bioanalyzer at the University of Chicago Functional Genomics Facility.

For each sample, 2 pg RNA was reverse transcribed using the High
Capacity Archive cDNA kit (Applied Biosystems). qRT-PCR was per-
formed using primers and molecular beacons (Invitrogen) for [ukF-PV,
luminescense upon extension (LUX) (Invitrogen) primers for hla, and
Prime Time qPCR primer-probe mixtures (Integrated DNA Technolo-
gies) for codY, saeR, and RNAIIIL 16S rRNA was used as an endogenous
control housekeeping gene for lukF-PV and hla, and gyrB was used as an
endogenous control for saeR and RNAIIIL With the exception of codY, the
primer and probe sequences have been described (25); the sequences of
the codY primers were 5'-ATT AAT AGG CCT TCC GTA CCG CCA-3’
and 5'-GGT ACT AGG TGA ATA TGC TGC TACAGT-3’, and that of the
probe was 5'-/56-6-carboxyfluorescein (FAM)/AAA GAA GCG CGC
GAT AAA GCT GCT/Iowa Black FQ (IABKFQ)/-3'. Relative quantifica-
tion was calculated by the AAC;- method, with expression of each gene in
strain 923 at 2 h (ODg,, = 0.7) as the reference.

Analysis of protein abundance by Western blotting. Bacteria were
grown in TSB as described above to selected time points, at which samples
were removed and cells were collected by centrifugation (4,000 X g; 10
min). The supernatants were removed and immediately frozen at —80°C.
For Western blotting, the supernatants were thawed on ice, and proteins
were separated by SDS-PAGE. The proteins were transferred to a nitro-
cellulose membrane and blocked sequentially with 3% skim milk and
mouse anti-protein A antibody (1:5,000; Sigma). Membranes were
washed and incubated with rabbit anti-Hla antibody (1:5,000; Sigma) or
rabbit anti-LukF-PV antibody (1:500; a gift from Muzaffar Hussain). The
membranes were then washed and incubated with anti-rabbit IgG conju-
gated to horseradish peroxidase (1:5,000; Sigma). They were washed
again, and a chemiluminescent substrate was applied (Pierce). The mem-
branes were visualized after exposure to film (Kodak). Densitometry was
performed by using Molecular Imaging software (version 4.0; Kodak).
The intensity of each band was compared with strain 923.

Gel mobility shift assay. To generate a *?P-end-labeled probe, the
lukSF-PV promoter region was PCR amplified from strain 923 genomic
DNA using **P-labeled primer 0AR149 (5'-GTG CAG TTT GAT AAT
TGT ATA TGA TG-3') and unlabeled primer 0AR150 (5'-CAG CGC
CAT CAC CAA TAT TCT C-3'). The **P-labeled primer was 5'-end la-
beled with radioactive [y->*P]ATP (PerkinElmer) using T4 polynucle-
otide kinase (New England BioLabs) according to the manufacturer’s rec-
ommendations and then purified with a QIAquick Nucleotide Removal
Kit (Qiagen). Unlabeled DNA fragments were amplified using either
primers 0AR149 and oARI150 (for specific competition) or primers
0AR172 (GGG GGG TCA CACAAA ATATTC) and 0AR173 (GGG GGT
AAT TCA TTG TCT GG) (for nonspecific competition). CodY with a
six-histidine tag at the C terminus was purified as described previously
(21) and mixed at various concentrations (25 to 200 nM) with the >2P-
end-labeled promoter DNA (3,000 cpm; 0.1 ng per pl) in binding buffer
(20 mM Tris, pH 8.0, 50 mM KCI, 2 mM MgCl,, 5% glycerol, 0.5 mM
EDTA, 1 mM dithiothreitol [DTT], 0.05% Nonidet P-40, 25 ng/ml
salmon sperm DNA supplemented with 10 mM [each] isoleucine, leucine,
and valine and 2 mM GTP). For the competition experiment, the end-
labeled DNA fragment was mixed with purified CodY-His, at 100 nM and
with increasing concentrations of either specific or nonspecific competi-
tor DNA fragments (unlabeled). After 20 min of incubation at room tem-
perature, the reaction mixtures were loaded on an 8% nondenaturing
polyacrylamide gel containing 10 mM Tris, pH 8.0, 75 mM glycine, 0.2
mM EDTA, and 10 mM (each) isoleucine, leucine, and valine and sub-
jected to electrophoresis for 2 h at room temperature. The electrophoresis
buffer contained 35 mM HEPES-43 mM imidazole. Following electro-
phoresis, the gel was vacuum dried, exposed to a phosphorimager screen,
and analyzed using an Applied Biosystems PhosphorImager and Image
Quant software (GE Healthcare).
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Mouse model of S. aureus necrotizing pneumonia. All animal exper-
iments were approved by the Institutional Animal Care and Use Commit-
tee at the University of Chicago. Our mouse model of S. aureus pneumo-
nia has been described previously (25). Briefly, 6-week-old C57BL/6 mice
(Jackson) were housed for 1 week prior to inoculation. On the day of
inoculation, bacteria were grown to mid-exponential phase as described
above, washed, and resuspended in sterile phosphate-buffered saline
(PBS) to achieve a concentration of 1.5 X 10® CFU/20 p.l (confirmed by
plating serial dilutions). The mice were sedated with intraperitoneal ket-
amine and xylazine. The sedated mice were inoculated intranasally with
20 pl of the S. aureus suspension (10 pl in each nostril) and held upright
for 15 s to allow full aspiration. The mice were then returned to their cages
and allowed full access to food and water. The animals were observed at
defined intervals and graded according to a predetermined illness severity
score developed in collaboration with the Animal Resources Center at the
University of Chicago (23).

Mouse model of S. aureus skin infection. Our mouse model of S.
aureus skin infection has been described previously (24, 25). Briefly, bac-
teria were grown as described above and resuspended to achieve a con-
centration of 1.5 X 107 CFU/50 wl. Six-week-old C57BL/6 mice were
sedated with intraperitoneal ketamine and xylazine. After the backs of the
mice were shaved and cleaned, each mouse was inoculated by subcutane-
ous injection of 50 wl of the S. aureus suspension using a 27-gauge needle.
Following inoculation, the animals were returned to their cages, and skin
lesions were observed daily. Photographs of the lesions were taken daily,
and the area of dermonecrosis was calculated using Photoshop (Adobe),
with a millimeter ruler as a reference.

Data analysis. Relative quantitations of gene expression by qRT-PCR
and skin lesion sizes in the dermonecrosis model were compared using
one-way analysis of variance (ANOVA) with the Newman-Keuls posttest.
Mortality rates in the pneumonia model were compared using Fisher’s
exact test. Differences were considered significant if the P value was
<0.05. Data analysis was performed using GraphPad Prism.

RESULTS

Conservation of CodY among sequenced S. aureus isolates. To
assess the likelihood that the increased virulence of USA300 is
caused by a decrease in CodY activity, we analyzed the codY coding
sequence in silico in USA300 and other sequenced isolates. We
found that the sequence of codY is highly conserved in more than
120 S. aureus isolates. The predicted sequence of the CodY protein
obtained from strains UAMS-1 and Newman (22, 30) was identi-
cal to that in USA300 and in all the other analyzed isolates, with
four exceptions. Three of the four strains with differences had a
single conservative amino acid change; strain JKD6159 (multilo-
cus sequence type [ST] 93) had [V at position 107, strain A9635
(ST 45) had R—K at position 103, and strain A9765 (ST 8) had
L—1 at position 123. Given their conservative nature, these alter-
ations seem unlikely to affect CodY activity, although the possi-
bility has not been excluded. The fourth strain, RF122 (ST 59), had
an R—G change at position 209. The last mutation is within the
positioning helix of the winged helix-turn-helix motif (16) and
could, in principle, affect DNA binding.

CodY expression in USA300. Expression of codY by qRT-PCR
was assessed in S. aureus isolates representing the pulsotypes
USA100, USA200, USA300, USA400, USA500, and USA800 and
in strain 8325-4. The codY gene was expressed at all time points
assessed in strain 923 (USA300) (Fig. 1A). Among the pulsotypes,
there was little difference in codY expression at an ODg, of 1.8
(approximately 3 h); expression was modestly higher only in
USA800 (1.4-fold; P < 0.05) than in USA300 (Fig. 1B). At an
ODyy, of 6.3 (approximately 6 h), codY expression was signifi-
cantly higher in USA100 (2.7-fold; P < 0.001) and lower in
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FIG 1 Expression of codY by qRT-PCR. (A) codY is expressed throughout the
time points assessed in strain 923 (USA300). (B) codY expression among S.
aureus pulsotypes. Expression is depicted relative to that of strain 923
(USA300) at 2 h (A) and strain 923 at an ODy,, of 1.8 (B), using the AAC;.
method with gyrB as the control gene. The values reported are means * stan-
dard errors of the mean (SEM). *, P < 0.05 compared with strain 923
(USA300) at the same ODy,.

USA200 (2.5-fold; P < 0.01) than in USA300 (Fig. 1B). Therefore,
although there were modest differences in the abundance of the
codY transcript among several of the strains assessed, codY was
expressed in all the strains.

Effect of a codY mutation on expression of S. aureus USA300
global regulators and virulence genes. Strain 923AcodY grew
more slowly than strain 923 in TSB medium (Fig. 2D). To correct
for the growth differences, strain 923 was collected at the indicated
time points; in each case, other strains were grown to the same
ODyo and collected at the same time (3 h, ODy,, = 1.8; 4 h,
ODyy = 4.0; 6 h, OD¢(o = 7.0). The effects of the codY mutation
on in vitro expression of selected S. aureus global regulatory
(RNAIII and saeR) and virulence (hla and IukF-PV) genes was
assessed by qRT-PCR. As expected, deletion of codY resulted in
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inability to detect codY mRNA and increased abundance of
RNAIII (2.2-fold at 3 h of growth, P < 0.001, and 1.8-fold at 6 h,
P < 0.001) (Fig. 2A). The codY deletion also resulted in increased
expression of saeR (1.5-fold at 3 h, P < 0.05, and 2.1-fold at 6 h,
P <0.001) (Fig. 2A) and of hla at 4 h (2.9-fold, P < 0.001), but not
at3 or 6 h (P> 0.05) (Fig. 2B). Furthermore, the deletion of codY
had a striking effect on lukF-PV expression, with a 35-fold increase
at 3 h, a 16-fold increase at 4 h, and a 3.2-fold increase at 6 h of
growth (P < 0.001) (Fig. 2B) compared with the wild type. Anal-
ysis of the abundances of Hla and LukF-PV proteins in culture
supernatants revealed that deletion of codY resulted in a 1.8-fold
increase in Hla and a 17-fold increase in LukF-PV abundance at 6
h (Fig. 2C). These differences in expression and protein abun-
dance were reversed by complementation of codY (Fig. 2A to C).

Since the largest effect of the codY deletion was on lukF-PV
expression, we deleted lukSF-PV from the codY deletion mutant to
assess the contribution of [ukSF-PV overexpression to the pheno-
type of the codY mutant. The growth of 923AcodYApvl was indis-
tinguishable from that of 923AcodY (data not shown). As ex-
pected, deletion of [ukSF-PV abolished [ukF-PV expression by
qRT-PCR (data not shown) and resulted in undetectable LukF-PV
in culture supernatant by Western blotting (Fig. 2C). The expres-
sion of codY, saeR, RNAIIL, and hla by qRT-PCR and the abun-
dance of Hla in the culture supernatant by Western blotting
did not significantly differ between strains 923AcodY and
923AcodYApvl (data not shown).

Gel mobility shift assay of CodY binding to the lukSF-PV
promoter region. Prior work has shown that CodY regulates the
expression of hla directly through binding to the hla locus and
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FIG 2 Deletion of codY increased in vitro transcription and translation of selected global regulators and virulence determinants in USA300. Strain 923 is a
USA300 clinical isolate, the AcodY strain is an isogenic codY deletion mutant of 923, the AcodY + codY strain is complemented with codY, and the AcodY Apvl
strain is an isogenic codY [ukSF-PV double-deletion mutant of 923. The strains were grown to an ODg, of 1.8 (approximately 3 h), 4.0 (4 h), or 7.0 (6 h). (A)
Deletion of codY abolished transcription of codY and increased expression of the global regulators RNAIIT and saeR by qRT-PCR; the effects of codY deletion were
reversed by complementation of codY. (B) Deletion of codY increased expression of the genes encoding a-hemolysin (hla) and Panton-Valentine leukocidin
(lukF-PV) by qRT-PCR; the effects of codY deletion were reversed by complementation of codY. The values are expressed relative to strain 923 at 2 h and were
quantified using the AAC - method with gyrB (A) or 16S rRNA (B) as the control gene. The data are presented as means and SEM. *, P < 0.05, and ***, P < 0.001
relative to strain 923 at the same time point. (C) Deletion of codY increased the abundance of Hla and LukF-PV in culture supernatants at 6 h by Western blotting;
the effects of codY deletion were reversed by complementation of codY. Deletion of lukSF-PV resulted in the absence of LukF-PV in culture supernatants. (D)
Growth of strain AcodY was modestly slower than that of strain 923.
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FIG 3 Gel mobility shift assay of CodY binding to the lukSF-PV promoter region. (A) Sequence of the lukSF-PV promoter region and N-terminal coding region
of [ukS. The sequence in boldface (fragment 1; 519 bp) includes the putative binding region of CodY containing two (underlined) putative CodY binding sites,
each with 3 mismatches with respect to the consensus sequence. The letters in lightface correspond to fragment 2 (525 bp), used as a nonspecific competitor DNA.
The lukS initiation codon (ATG) is shown in uppercase letters. (B) Labeled DNA fragment 1 (0.3 nM) was incubated with increasing amounts of purified S. aureus
CodY-Hisg in the presence of 10 mM (each) isoleucine, leucine, and valine and 2 mM GTP. The CodY concentrations used (nM) are indicated below each lane.
The arrow indicates the position of the unshifted fragment 1. (C) Labeled fragment 1 DNA (0.3 nM) was incubated with purified S. aureus CodY-Hiss (100 nM)
and increasing amounts of either unlabeled fragment 1 (specific competitor) or fragment 2 (nonspecific competitor), as indicated below the blot. The concen-
tration of unlabeled fragment in each reaction mixture varied from 0 to 200 times higher than the concentration of radioactive fragment 1. The arrow indicates
the position of the unshifted fragment 1.

A>‘ 1004 Bkl - Il 923
indirectly via repression of the agrlocus (18, 21). The mechanism = AcodY
by which CodY regulates the agr locus is not known; there are no 5 3 Acod¥pud
CodY binding sites in the promoter regions of the RNAIII gene B 564
or the agrBDCA operon (21). To assess the possibility that the §
lukSF-PV promoter region contains a site for CodY binding, we 8
amplified the region by PCR and tested the ability of purified S.

aureus CodY-His (21) to bind to this DNA segment in vitro. We 0-
assumed that the [ukSF-PV promoter lies between the start codon
of IukS-PV and the stop codon of the upstream gene, phiT
(Fig. 3A). This region contains two potential CodY binding re-
gions, each with 3 mismatches. Our results demonstrated that
CodY bound to the putative [ukSF-PV regulatory region, with an
apparent K, (defined as the concentration of CodY that shifts the
mobility of 50% of the DNA) of <25 nM (Fig. 3B). The specificity
of binding was verified by showing that the binding was not af-
fected by the presence of a vast excess of a neighboring sequence
but was completely eliminated by an excess of the unlabeled probe
DNA (Fig. 3C).

Deletion of codY increased the virulence of S. aureus USA300
in a necrotizing pneumonia disease model. To test the impact of
a codY mutation on pathogenesis, 6-week-old C57BL/6 mice were
intranasally inoculated with 1.5 X 10® CFU of strain 923 or

48h

A~ AcodYApvl
-®- AcodY
- 923

Area of Dermonecrosis (mm?) @

0 5 10 15
Time (days)
FIG 4 Deletion of codY increased the virulence of USA300 in mouse models of S.

aureus necrotizing pneumonia and dermonecrosis. (A) Six-week-old C57BL/6
mice were intranasally inoculated with 1.5 X 10* CFU of strain 923 (a USA300

923AcodY (15 mice/group). Fifty-three percent of the mice in-
fected with strain 923 died within 48 h of inoculation (13% mor-
tality at 24 h) (24). Mortality was higher among animals infected
with 923AcodY at 24 h (80%; P < 0.001) and 48 h (93%; P = 0.02)
after infection (Fig. 4A).

Deletion of codY increased the virulence of S. aureus USA300
in a skin infection model. Six-week-old C57BL/6 mice were sub-
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clinical isolate), an isogenic codY deletion mutant (AcodY), or an isogenic codY
[ukSF-PV double mutant (AcodYApvl) (n = 10 to 15 mice per group). Mortality
was higher among mice infected with AcodY or AcodYApvl than in those infected
with 923 at 24 and 48 h after infection. (B) Six-week-old C57BL/6 mice were
inoculated subcutaneously with 1.5 X 10”7 CFU of 923, AcodY, or AcodYApvl
strains (10 to 20 mice/group). The dermonecrotic lesions were larger among mice
infected with AcodY or AcodYApvl than among mice infected with 923. The data
are presented as means + SEM. %, P < 0.05; **, P < 0.01.
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cutaneously infected with 1.5 X 107 CFU of strain 923 or
923AcodY (20 mice/group). In agreement with our past studies
with strain 923, lesions appeared within 24 h and peaked in size 2
to 3 days after inoculation (24). The time course was similar
among animals infected with 923AcodY, but the lesions in animals
infected with 923AcodY were larger (mean maximum area of der-
monecrosis, 116 = 11 mm?) than the lesions among animals in-
fected with 923 (72 = 10 mm?; P < 0.01) (Fig. 4B). The lesions of
mice inoculated with 923AcodY remained larger than those of
recipients of 923 throughout the course of the experiment. Other
than size, there was no difference in the appearance of the lesions
between the groups.

Increased expression of lukSF-PV did not explain the hyper-
virulent phenotype of the CodY mutant. The strongly increased
expression of [ukF-PV in the codY mutant suggested a role for
hyperexpression of the genes encoding PVL in its hypervirulent
phenotype. To address this possibility, the virulence of strain
923AcodYApvl was assessed in the mouse models of necrotizing
pneumonia and dermonecrosis. In the pneumonia model, 100%
of mice infected with 923AcodYApvl died within 24 h of inocula-
tion; these results were similar to those for recipients of 923AcodY
(described above; P = 0.25at 24 h; P = 1.0at48 h) (Fig. 4A). There
were also no differences in the mean maximum areas of dermo-
necrosis between mice infected with 923AcodY and those infected
with 923AcodYApvl (116 + 11 mm?® versus 125 + 12 mm?% P =
0.6) (Fig. 4B). These results demonstrate that increased expression
of l[ukSF-PV was not necessary for the increased virulence of the
codY mutant.

DISCUSSION

The above-mentioned results demonstrate that codY is expressed
in strain 923 (USA300) and in every other pulsotype tested. There
were no major differences in the predicted protein products of
codY in USA300 and nearly all other relevant sequenced S. aureus
clinical isolates. Furthermore, deletion of codY in strain 923 in-
creased the in vitro expression of S. aureus global regulators and
downstream virulence genes, which was reversible by comple-
mentation with codY expressed from a plasmid. Notably, the
codY deletion increased virulence in mouse models of skin in-
fection and necrotizing pneumonia. Collectively, these results
demonstrate that CodY is active and represses virulence in
USA300. Thus, the high virulence of USA300 compared with
other clinical isolates must be due to factors other than CodY
activity.

Deleting codY increased the expression of several key virulence
loci, including the global regulators agr and sae and the genes
encoding the secreted toxins a-hemolysin and PVL. Repression of
the agrlocus in USA300 confirms the role of CodY seen previously
in S. aureus strains Newman, SA564, and UAMS-1 (21, 22, 30),
although the magnitude of repression is different. The saeR and
saeS genes are also repressed in strain UAMS-1, but not in strain
Newman (21, 30). The discordant findings are likely due to the
presence of a point mutation in saeS leading to its constitutive
activation in Newman (34). CodY also represses expression of hla
in strains UAMS-1 and SA564, but not in Newman (21, 22, 30).

Prior to this work, CodY-mediated effects on expression had
been reported only in PVL-negative strains. We found that dele-
tion of codY resulted in dramatically increased abundance of
IukF-PV transcript and its encoded protein in culture superna-
tants. Although the expression of IukSF-PV is controlled by
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RNAIII and saeRS, the increased expression of lukF-PV in the codY
mutant (35-fold) was much greater than the increased expression
of RNAIII (2.9-fold) or saeR (2-fold). This fact, taken together
with the presence of a putative CodY binding sequence (21) up-
stream of [ukSF-PV and our demonstration that CodY binds di-
rectly in vitro to the lukSF-PV promoter region, strongly supports
the case for direct regulation of [ukSF-PV by CodY.

The expression profile of strain 923AcodY suggests some pos-
sible explanations for its increased virulence. RNAIII and saeRS
each promote the virulence in USA300, so one would expect in-
creased expression of either to lead to enhanced virulence (25, 29).
Hla is a major virulence determinant in mouse models of S. aureus
necrotizing pneumonia and skin infection (6, 17); therefore, the
increased hla expression and Hla abundance in culture superna-
tants observed in the codY mutant could explain the increase in
virulence.

The dramatic CodY-mediated derepression of lukF-PV expres-
sion, compared with the modest effects on hia, suggested that PVL
might be the key factor responsible for the hypervirulence of the
codY mutant. We ruled out this possibility by demonstrating that
deletion of [ukSF-PV from the codY mutant did not abrogate its
virulence. PVL has been reported to promote virulence in mouse
and rabbit models of pneumonia and a mouse model of skin and
soft tissue infection (5, 10, 19, 35). However, other groups, includ-
ing ours, reported no effect of lukSF-PV deletion in USA300 iso-
lates in mouse and rat models of pneumonia or mouse models of
skin infection and bacteremia (6, 7, 26, 37). Our present results
indicate that the hypervirulence of the codY mutant does not re-
quire lukSF-PV expression. It should be noted, however, that mu-
rine neutrophils are relatively resistant to the lytic effects of PVL
compared with human neutrophils (20); therefore, these results
do not exclude a role for PVL in virulence in humans.

Although a-hemolysin and PVL are two well-characterized
virulence factors repressed by CodY, the CodY regulon includes
100 to 200 genes. Noteworthy examples are members of the phe-
nol-soluble modulin (PSM) family (21, 30), which are important
in the pathogenesis of USA300 skin infection (38). It seems likely,
therefore, that the impact of a codY deletion on virulence is mul-
tifactorial, with overexpression of at least several virulence factors
contributing to the hypervirulent phenotype we observed.

In support of a role for CodY in restraining virulence, deletion
of rsh, a relA homolog, decreased virulence in a mouse model of
hematogenous kidney infection (12). Although deletion of codY
alone did not affect virulence in that model, deletion of codY from
the rsh mutant restored virulence to wild-type levels. The authors
proposed a model similar to that suggested for Listeria monocyto-
genes (2); in the absence of stringency factor (i.e., RSH, which
converts GTP to [p]ppGpp), GTP accumulates, leading to hyper-
activity of CodY. As a result, virulence genes repressed by CodY
cannot be expressed. Although it is not immediately clear why the
codY mutant in their study was not hypervirulent compared with
the wild type, it is likely due to a combination of a different S.
aureus background (8325 versus USA300) and a different animal
model (hematogenous infection versus pneumonia and skin
infection).

The reasons underlying the success (and virulence) of USA300
remain unclear. The expression profile of USA300 strains is nota-
ble for increased expression of core genomic global regulators,
such as agr and sae (23, 25). In support of this notion of global
upregulation, proteomic analysis of culture supernatants found
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significant differences in the abundances of proteins between
LAC, a USA300 isolate, and MW2, its USA400 precursor (8). This
led us to hypothesize that CodY was inactive in USA300 strains;
however, this was not the case. Expression of codY may, however,
be dysregulated in USA300; there were subtle differences in codY
expression among the pulsotypes we assessed. Future work will
clarify the importance of codY expression profiles among different
S. aureus strains.

These results indicate that CodY deficiency is not solely re-
sponsible for the global regulatory abnormalities observed in
USA300. In fact, CodY prevents USA300 from being even more
virulent than it is. The expression profile of USA300 suggests that
the program controlling the transition from exponential to sta-
tionary phase is altered (promoted by agr and saeRS and repressed
by CodY), resulting in increased expression of global regulators
and toxin genes. It is tempting to speculate that USA300 strains
have fundamental alterations in quorum-sensing or nutrient re-
sponse pathways that facilitate the transition from a colonizing to
an invasive phenotype. Genome-wide expression arrays compar-
ing USA300 strains with S. aureus isolates of other relevant pulso-
types would clarify whether this is the case.

In summary, CodY is active and represses virulence in USA300.
Deletion of codY resulted in increased expression of selected global
regulators and virulence genes and enhanced the virulence of
strain 923 in mouse models of necrotizing pneumonia and skin
infection.
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