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Staphylococcus epidermidis is an opportunistic pathogen that is one of the leading causes of medical device infections. Global
regulators like the agr quorum-sensing system in this pathogen have received a limited amount of attention, leaving important
questions unanswered. There are three agr types in S. epidermidis strains, but only one of the autoinducing peptide (AIP) signals
has been identified (AIP-I), and cross talk between agr systems has not been tested. We structurally characterized all three AIP
types using mass spectrometry and discovered that the AIP-II and AIP-III signals are 12 residues in length, making them the
largest staphylococcal AIPs identified to date. S. epidermidis agr reporter strains were developed for each system, and we deter-
mined that cross-inhibitory interactions occur between the agr type I and II systems and between the agr type I and III systems.
In contrast, no cross talk was observed between the type II and III systems. To further understand the outputs of the S. epidermi-
dis agr system, an RNAIII mutant was constructed, and microarray studies revealed that exoenzymes (Ecp protease and Geh
lipase) and low-molecular-weight toxins were downregulated in the mutant. Follow-up analysis of Ecp confirmed the RNAIII is

required to induce protease activity and that agr cross talk modulates Ecp activity in a manner that mirrors the agr reporter re-
sults. Finally, we demonstrated that the agr system enhances skin colonization by S. epidermidis using a porcine model. This
work expands our knowledge of S. epidermidis agr system function and will aid future studies on cell-cell communication in this

important opportunistic pathogen.

S taphylococcus epidermidis is a human commensal of the skin
and mucosal surfaces and is one of the best-known members of
the coagulase-negative staphylococci (CoNS) (1). CoNS are the
most frequent cause of hospital-associated infections (HAIs) (2),
including central-line-associated infections, and the second most
common cause of surgical-site infections and prosthetic-valve in-
fective endocarditis (3). Over 150 million intravascular devices are
used each year in the United States alone (4), and a major risk
factor for CoNS disease is the presence of a medical implant (5).
For many of these infections, S. epidermidis makes up more than
80% of the clinical burden of CoNS (3, 6).

The ability of S. epidermidis to colonize implanted devices and
form a biofilm is its primary mechanism of pathogenesis (1, 6).
The polysaccharide intercellular adhesin (PIA) produced by pro-
teins encoded in the icaADBC locus is one of the best-character-
ized biofilm determinants (7). More recently, protein-mediated
biofilm mechanisms have been identified (reviewed in reference
6), with the accumulation-associated protein (Aap) being one of
the best studied (8). Regulation of biofilm formation has been a
focus of numerous studies, and some of these investigations have
demonstrated that the agr quorum-sensing system impacts S. epi-
dermidis biofilm development. In this regard, strains defective in
agr have been shown to display enhanced adherence and biofilm
properties (9, 10) and reduced production of extracellular en-
zymes, such as lipases and proteases (10-12). The agr-regulated
low-molecular-weight toxins, termed phenol-soluble modulins
(PSMs), are known to disrupt S. epidermidis biofilms and to be
important for dissemination during biofilm infection (13).

The fundamental features of the agr system are conserved in a
number of staphylococcal species, including S. epidermidis (14).
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Each of these systems is controlled by an extracellular peptide
signal called an autoinducing peptide (AIP), which is secreted
during growth and activates gene expression in a cell density-
dependent manner. Among the staphylococci, the AIPs are typi-
cally 7 to 9 amino acids in length, and the last five residues are
cyclized into a lactone or thiolactone structure through a serine or
cysteine side chain, respectively. Much of the knowledge on the
mechanistic details of the agr system is based on studies carried
out with Staphylococcus aureus (reviewed in references 14 and 15).
Briefly, the agr locus is composed of the agrBDCA operon, which
encodes the core machinery for producing and detecting AIPs
(Fig. 1). AgrD serves as the propeptide precursor that is secreted
and processed by AgrB, a multipass integral membrane peptidase
that works with signal peptidase SpsB to secrete AIP. Accumula-
tion of extracellular AIP is detected by the histidine kinase AgrC.
When AIP binds to this receptor, a signal transduction cascade is
initiated, with AgrC phosphorylating the response regulator
AgrA, resulting in induction of expression from the agr P, and P,
promoters (Fig. 1), as well as the promoters controlling expression
of PSM transcripts. The P, promoter drives the expression of the
transcript RNAIII, which is the primary effector of the system.
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FIG 1 Schematic of the staphylococcal agr locus and S. epidermidis AgrD
sequences. The three AgrD types are shown and are divided into the leader
region, AIP-containing region, and tail region. The highly conserved residues
across staphylococcal AgrDs are indicated by asterisks. The previously de-
duced AIP-I structure is boxed. Also diagramed is the deletion/insertion of the
dhfr cassette that disrupts RNAIIL in S. epidermidis 1457 to yield the Arnalll::
dhfr mutant used in this study.

There remain important unanswered questions about the S.
epidermidis agr system. Following the initial description of the
locus (16, 17), it was several years before sequencing studies re-
vealed three different classes of S. epidermidis agr systems in clin-
ical isolates (18), which are referred to here as agr types I, II, and
III. Although there has been some effort to correlate these classes
with S. epidermidis disease (19-23), the presence of different agr
classes, and their unique AIP signals, has remained largely over-
looked. Of these, only the AIP-I structure has been characterized
(16). Many studies have focused on prototype biofilm-forming
strain 1457, which encodes an agr type Il system, but the structure
of S. epidermidis AIP-1I is not known.

Our goal in this study was to gain a better understanding of S.
epidermidis agr system function and address several open ques-
tions. By using bioactivity-guided fractionation and high-resolu-
tion mass spectrometry, the AIP signal structures were deter-
mined and cross talk between each of S. epidermidis agr systems
was investigated. An RNAIII mutant was constructed in strain
1457; the regulatory changes in this mutant were assessed, and a
skin colonization phenotype was identified. Collectively, these re-
sults provide new insights into the molecular details, function,
and importance of the S. epidermidis agr system.

MATERIALS AND METHODS

Growth conditions and reagents. Bacterial strains used in this study are
listed in Table 1. Escherichia coli was grown in LB medium, and S. epider-
midis cultures were grown in tryptic soy broth (TSB). S. epidermidis cul-
tures were grown at 37°C with the appropriate antibiotics at concentra-
tions of 10 pg/ml for chloramphenicol (Cam), erythromycin (Erm), and
trimethoprim (Tmp) and 50 pg/ml for kanamycin (Kan), as needed.
Chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted. S. epidermidis AIP-II was custom synthesized by
American Peptide Company (Vista, CA). All oligonucleotides used in this
study are listed in Table 2.

Strain and plasmid constructions. Plasmid constructions were per-
formed in E. coli using standard techniques. DNA sequencing was per-
formed at the University of Nebraska Medical Center (UNMC) core se-
quencing laboratory. Following passage through the restriction-deficient
S. aureus strain RN4220 (24), plasmid DNA was electroporated into S.
epidermidis strains as previously described (25). Plasmids were moved
between S. epidermidis strains using bacteriophage 71 transduction as
previously described (26).

Construction of an RNAIII mutant. The RNAIII allelic replacement
vector (pNF41) was designed to have two regions of sequence similarity to
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the S. epidermidis chromosome flanking the dihydrofolate reductase
(dhfr) gene from plasmid pGO558 (27), which confers resistance to Tmp.
The first fragment was a 697-bp piece of the 5’ region of RNAIII that was
PCR amplified from S. epidermidis RP62A using oligonucleotides 367 and
378 (Table 2). The PCR product was digested with EcoRI and BamHI and
was ligated into pUC19 cut with the same enzymes. The second fragment
was a 991-bp 3’ region of RNAIII amplified from S. epidermidis RP62A
with primers 369 and 379, and this PCR product was digested with Sall
and Pstl and cloned into the same sites on the pUC19-5"-RNAIII plasmid.
The dhfr gene was excised from pGO558 with a Sall digest and was ligated
into the same site on the RNAIII knockout plasmid to provide Tmp resis-
tance. Finally, pROJ6448 (28) was linearized with Pstl and inserted into
the plasmid to provide a temperature-sensitive staphylococcal replicon
and Erm resistance.

Construction of an ecp mutant. Roughly 1,000-bp regions flanking
the ecp gene were amplified from chromosomal S. epidermidis 1457 DNA
using primers Ecp5_att_for, Ecprev_Eco, 3_for_Eco, and Ecp_att_rev3
(Table 2). Amplicons were purified, cleaved using EcoRI, and ligated by
T4 ligase. The 2,000-bp ligation product was cloned into pKORI using the
BP Clonase reaction (Invitrogen), resulting in pKOecp. pKOecp was in-
troduced into S. aureus RN4220 by electroporation and, from there, again
by electroporation into S. epidermidis mutant 1457-M12 (29). Using
phage A6C, pKOecp was next transduced into S. epidermidis 1457 (8).
Allelic replacement was carried out essentially as described previously
(30). Putative mutants were screened by PCR, and the loss of ecp was
verified by sequence analysis.

TABLE 1 Strains and plasmids

Source or
Strain or plasmid Description reference
E. coli DH5a Cloning strain New England
Biolabs
S. aureus
AH1263 LAC Erm® 52
RN4220 Restriction deficient strain 24
S. epidermidis
ATCC 12228 Clinical isolate (ica agr type I) 53
1457 (AH2490) Clinical isolate (ica™ agr type II) 54
RP62a Clinical isolate (ica* agr type I) 55
4804 Clinical isolate (agr type I) Fey collection
7237 Clinical isolate (agr type I) Fey collection
5183 Clinical isolate (agr type II) Fey collection
7022 Clinical isolate (agr type II) Fey collection
8595 Clinical isolate (agr type IT) Fey collection
8099 Clinical isolate (agr type III) Fey collection
5794 Clinical isolate (agr type III) Fey collection
8247 Clinical isolate (agr type III) Fey collection
AH2673 1457/pCM40 (Erm") This work
AH2491 1457 ArnallI::dhfr This work
AH2589 1457 Aica::dhfr 27
AH2924 1457 Aecp This work
AH3408 ATCC 12228/pCM40 (Erm") This work
AH3409 8247/pCM40 (Erm") This work
Plasmids
pCM11 P.,4-SGFP Erm” 50
pCM40 agr P3-sGFP Erm" This work
pGO558 Source of dhfr cassette; Tmp" 27
pKOR1 Knockout vector 30
pROJ6448 Temp-sensitive replicon 28
pUCI19 Cloning vector New England
Biolabs
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TABLE 2 Oligonucleotides used in this study

Name

Sequence

367 (3' rnalll-F)
378 (3' rnalll-R)
369 (5’ rnalll-F)
379 (5’ rnalll-R)

GGAATTCCCGACTAATGCCATAGATAAAAG
CGGGATCCCACCGATTGTAGAAATGATATC
ACGCGTCGACGCCGTGAGTCTCTCCCAAG
AACTGCAGGTAACTAAAGCTTTACCCTAAGC

ARH132 GTTGTTAAGCTTCTGTCATTATACGATTTAGTACAATC
ARH133 GTTGTTGGTACCTTAAACAACTCATCAACTATTTTCC
2298 (ecp-F) TGTGCTTAAAACGCCACGTA

2299 (ecp-R) GTATAGCCGGCACACCAACT

2301 (gyrB-F) CTCGAAGCGGTTCGTAAAAG

2302 (gyrB-R) TACCACGGCCATTGTCAGTA

2547 SERP0736 (psmB1)-F CGGCCTCATTTAGGAGTG

2548 SERP0736 (psmpB1)-R CGATTCACCATATCAACGC

Ecp5_att_for
Ecprev_Eco
3_for_Eco
Ecp_att_rev3

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCGTGGTGAAGTTAATGATG
CAACACATGAATTCGCTAGCTTTTGCAACTCTTTCAAATCG
CAACACATGAATTCGCGGCCGCTATTAATATAGAAAGGTGTGCTTATGC
GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAGATATTCATATTAGTGGTGCTG

Construction of S. epidermidis agr reporter strains. The agr P3 pro-
moter was PCR amplified from S. aureus strain AH1263 using oligonucle-
otides ARH132 and ARH133 (Table 2). The PCR product was digested
with HindIII and KpnlI and cloned into the same sites on plasmid pCM11.
The new plasmid was confirmed for agr responsiveness and called
pCM40. Plasmid pCM40 was transformed into S. epidermidis 1457 to
construct reporter strain AH2673. The reporter plasmid was transduced
to other strains using bacteriophage 71 to construct AH3408 and AH3409
reporters.

agr P3-sGFP reporter assays. For the agr P3-sGFP time course, an
overnight culture of reporter strain AH2673 was diluted to an optical
density at 600 nm (ODy,) of 0.05 in 20 ml of TSB in 125-ml flasks sup-
plemented with 10 wg/ml Erm. For exogenous AIP-II addition, spent
medium was collected from S. epidermidis 1457 by centrifuging 24-h cul-
tures at 3,750 rpm and filtering through 0.22-pm filters. The spent me-
dium was added to the reporter culture at a final concentration of 10%
(vol/vol). Cultures were grown at 37°C with shaking (250 rpm). Measure-
ments of the optical density at 600 nm (ODg,) and superfolder green
fluorescent protein (sGFP) fluorescence (excitation, 490 nm; emission,
520 nm) were obtained hourly for 27 h using a Tecan Infinite M200 plate
reader. For each measurement, 3 samples of 200 pl were removed from
each flask and transferred to a 96-well microtiter plate (Corning 3096).
The values are reported as relative fluorescence after normalization to
ODq,, readings. At least three biological replicates were performed for
each condition. Of note, the AH2673 reporter strain was reconstructed for
the time course.

For the cross talk tests, S. epidermidis strains representing different agr
systems were grown for 20 h in TSB, and spent medium was collected and
passed through 0.22-m filters. The agr reporters for type I (AH3408),
type IT (AH2673), and type III (AH3409) were grown overnight in 5 ml of
TSB with Erm and subcultured 1:200 into 18-mm tubes with fresh culture
medium. The filtered spent medium collected from S. epidermidis strains
was added to 10% (vol/vol). The reporter cultures were grown for 24 h,
and growth (ODy,) and sGFP measurements were obtained as described
above.

Transcriptional profiling. Overnight cultures of S. epidermidis 1457
and 1457 Arnalll::dhfr were diluted 1:100 into fresh TSB and grown at
37°C to an ODg, of 8.2 (flask-to-volume ratio, 5:1; shaking at 200 rpm).
RNA was converted to cDNA, and microarray analysis was performed
according to the manufacturer’s instructions (Affymetrix expression
analysis technical manual; Affymetrix, Inc., Santa Clara, CA) for antisense
prokaryotic arrays as described previously by Beenken and colleagues
(31). To ensure reproducibility, cDNA samples from each strain were
prepared from two separate experiments. Each cDNA sample was hybrid-
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ized to an S. epidermidis GeneChip. Signal intensity values for each qual-
ifier (predicted open reading frame [ORF] and intergenic region) were
normalized to the median signal intensity value for each GeneChip. Sam-
ple values were then averaged. Genes for which there was at least a 2-fold
difference (P =< 0.05, t test) in RNA titer between 1457 and 1457 Arnalll::
dhfr were considered differentially expressed in an rnalll-dependent
manner.

8-Toxin immunoblots. For the 8-toxin immunoblots, strain 1457,
strain 1457 supplemented with 40 nM AIP-II, and the 1457 Arnalll::dhfr
mutant were grown in TSB for 21 or 24 h at 37°C. Cells were removed by
filtration through 0.22-pm filters, and spent medium was used for the
immunoblots. Immunoblotting for 8-toxin was performed by cross-reac-
tivity with rabbit polyclonal antisera to S. aureus d-toxin (Abgent, San
Diego, CA), diluted 1:1000, followed by secondary goat anti-rabbit IgG
(1:1,000) conjugated to horseradish peroxidase (Toxin Technology, Sara-
sota, FL) as previously described (32).

Ecp activity analysis. A protease assay was developed to follow Ecp
activity using FRET substrate [5-carboxyfluorescein (FAM)-Lys-Leu-
Leu-Asp-Ala-Ala-Pro-(QXL520)-OH; AnaSpec, Fremont, CA]. This sub-
strate is based on the CXCR2 substrate developed for S. aureus staphopain
A (33),and it was suspended to 50 wM using 20 mM Tris (pH 7.4). For Ecp
activity analysis, strains were grown in TSB for 12 h at 37°C. Cells were
removed by filtration through 0.22-pm filters, and spent medium was
saved for the analysis. A 50-pl portion of collected medium was mixed
with 25 pl of the FRET substrate in a microtiter plate, and fluorescence
measurements (excitation, 490 nm; emission, 520 nm) were obtained at
37°C in a Tecan Infinite M200 plate reader. Reaction rates were recorded
as units of fluorescence per minute.

For the agr cross talk impact on Ecp activity, spent medium from
different S. epidermidis strains was prepared as described above for the agr
reporter methods. For the Ecp measurements, cultures were prepared as
described above except that collected spent medium was added to 10%
(vol/vol) of the testing strain at the time of inoculation. Finally, cells were
removed, and Ecp activity was measured in the samples.

Reverse transcriptase PCR. Overnight cultures were diluted 1:100
and grown microaerobically (5:1 [vol/vol], flask-to-medium ratio) in TSB
to an ODg, of ~7.6. Samples were spun at 6,000 X g for 5 min at 4°C.
Pellets were resuspended in RLT buffer (Qiagen) with 0.01% (-mercap-
toethanol. Cells were lysed by mechanical disruption and the cell debris
was removed by centrifugation at 21,000 X g for 15 min at 4°C. The
supernatant was removed to a new tube with 0.7 volume of ethanol and
vortexed. RNA was prepared using the RNeasy kit (Qiagen) according to
the manufacturer’s instructions. cDNA was synthesized from approxi-
mately 1.5 g of RNA using the Transcriptor first-strand cDNA synthesis
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FIG 2 Development of agr reporters for S. epidermidis 1457. Plasmid pCM40 (agr P;-GFP) was transformed into WT 1457, and reporter strains were grown in
TSB (open symbols) or TSB with spent medium added to 10% of total volume (filled symbols). Absorbance (dashed lines) and fluorescence (solid lines) readings

were taken at the indicated points throughout the time course.

kit (Roche) according to the manufacturer’s instructions using the ran-
dom hexamer primer. RT-PCR mixtures contained Quik-Load 2X Midas
PCR mix (Monserate Biotech, San Diego, CA), 10 wM primers, and 2 pl of
c¢DNA. Reactions were run in a MyCycler thermocycler (Bio-Rad) for 20
cycles with a 15-s extension. Following agarose gel electrophoresis, DNA
bands were visualized by ethidium bromide staining.

Fractionation of S. epidermidis spent medium. S. epidermidis strain
5183 was grown in TSB at 37°C with shaking at 200 rpm overnight. Cells
were pelleted by centrifugation at 6,000 X g for 5 min. and removed by
0.22-pm filtration. The filtered medium was separated by automated flash
chromatography using a Teledyne Isco Combiflash Rf system. A RediSep
RfGold C, 4 column was used with a linear methanol-water gradient start-
ing at 10% methanol and ending at 100% methanol over 100 column
volumes, and the fractions were collected in 25-ml test tubes.

LC-MS identification and quantification of S. epidermidis AIP. All
liquid chromatography-mass spectrometry (LC-MS) analyses were per-
formed on a Waters Acquity ultraperformance liquid chromatograph
(UPLC) coupled to a Thermo Fisher Scientific LTQ Orbitrap XL mass
spectrometer with electrospray source. Samples (5 1) were injected onto
a high-strength silica (HSS) T3 C,5 column (Waters Corporation). Anal-
yses were conducted at a flow rate of 0.250 ml/min with the following
binary gradient, where solvent A is 0.1% formic acid in H,O, and solvent
Bis 0.1% formic acid in acetonitrile: 0 to 6 min, from 80% A to 20% A; 6.0
to 6.5 min, from 20% A to 80% A; 6.5 to 7.0 min, 80% A (isocratic).

Analyses were conducted in both the positive- and negative-ion
modes. In positive-ion mode, the Orbitrap was operated at a scan range of
m/z 300 to 2,000 with the following settings: tube lens voltage, 110 V;
source voltage, 4.50 kV; source current, 100 wA; heated-capillary voltage,
20.0 V; heated-capillary temperature, 300.0°C; sheath gas flow rate, 20.0;
auxiliary gas flow rate, 0. For negative-ion mode analyses, the Orbitrap
was operated at a scan range of m/z 300 to 2,000 with the following set-
tings: tube lens voltage, 100 V; source voltage 4.00 kV; source current, 100
pA; heated-capillary voltage, 20.0 V; heated-capillary temperature,
275.0°C; sheath gas flow rate, 25.0; auxiliary gas flow rate, 0. For MS-MS
analysis in the negative-ion mode, the precursor masses of 873.34,
1,355.60, and 1296.60 (the predicted masses of deprotonated AIP-I, AIP-
11, and AIP-III, respectively) were subjected to collision-induced dissoci-
ation with activation energy of 35%. The same MS-MS conditions were
used in the positive ion mode, but precursor #/z values for protonated
AIP-1, API-II, and AIP-IIT (873.34, 1,355.60, and 1,296.60, respectively)
were selected.

The AIP-II concentration was calculated using an 8-point calibration
curve of synthetic AIP-II ranging in concentration from 30.0 uM to 0.3
M by 2-fold dilutions. The calibration curve was generated by plotting
log(peak area) versus log(concentration). Peak area was selected for a m/z
of 678.38 (the most intense product peak for mass 1,355.60) from the
MS-MS selected ion chromatogram. AIP-II concentrations were calcu-
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lated using the slope of the best-fit line obtained by linear regression
analysis of the calibration curve data.

S. epidermidis colonization of porcine skin. S. epidermidis coloniza-
tion of porcine skin was performed as described previously (34). Biopsy
punches of 8 mm were taken from the ears of newborn piglets (tissue
kindly provided by D. Stoltz). Explanted tissue was washed prior to biopsy
with ethanol, and biopsy punches were placed individually on a piece of
sterile gauze in 12-well cell culture plates. The skin biopsy specimens were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing hy-
drocortisone, 10% fetal bovine serum (FBS), and penicillin-streptomycin
(35). The growth medium was added to the wells, bringing the height near
the apical surface of the biopsy specimen. These samples were incubated at
37°C with 5% CO, for the duration of the experiment, and the culture
medium was changed daily. After 15 h of incubation, 10 pl of bacterial
suspension in saline containing 1.5 X 10* to 2 X 10* CFU of wild-type
(WT) 1457 or 3.8 X 10* to 7.5 X 10* CFU of 1457 Arnalll::dhfr was
spotted on the apical skin surface. The cultures were allowed to dry onto
the skin surface in a laminar flow hood for 1 h, and the plates were re-
turned to the incubator. After 48 h of incubation, the skin biopsy speci-
men was placed inl ml of phosphate-buffered saline (PBS) and vortexed
at maximum speed for 1 min. The cells were serially diluted, plated on
high-salt tryptic soy agar (TSA) (supplemented with 50 g/liter NaCl),
incubated overnight at 37°C, and enumerated.

RESULTS

S. epidermidis agr systems. S. epidermidis clinical isolates have
any one of three classes of agr systems (Fig. 1) (18), and of these,
only the structure and activity of the AIP-I signal have been char-
acterized to date (16). We sought to expand this knowledge and
define each of the three S. epidermidis AIP molecules. In particu-
lar, we focused on the unknown AIP-II structure found in proto-
type strain 1457 (agr type II system), which is one of the model
strains for molecular genetic studies in S. epidermidis. To achieve
this goal, we developed bioassay strains in the 1457 background
that contained an agr P5-sGFP reporter (pCM40) that responds to
quorum-sensing activity in a manner similar to that of S. aureus
agr reporters (36). As expected, the S. epidermidis agr system was
activated, and sGFP accumulated over time (Fig. 2). The exoge-
nous addition of 1457 spent medium containing AIP-II triggers a
positive-feedback loop, causing an acceleration of the agr activa-
tion kinetics.

AIP identification. Using the new 1457 agr reporter strain, we
tested various S. epidermidis agr type Il isolates to enable selection
of the most active strain for fractionation purposes. Clinical iso-
late 5183 was chosen as the best producer; spent medium from this
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strain had the strongest enhancement of agr activation kinetics in
the reporter assay. To characterize the signal, strain 5183 spent
medium was fractionated by reverse-phase flash chromatography.
Fractions were tested for their influence on the 1457 agr reporter,
and one fraction was identified that enhanced reporter output
(data not shown). The AgrD type II sequence (Fig. 1) was used as
a guide for predicting the m/z value of the type II molecular ion,
starting with the predicted 8-residue sequence YNPCSNYL, which
would represent a 5-residue cyclic thiolactone (CSNYL) and
3-residue amino-terminal extension. The masses that resulted
from adding or removing amino-terminal residues were calcu-
lated, and the mass-spectral data were filtered to find an m/z value
matching the exact mass (within 5 ppm) of a predicted peptide.
Using this strategy, the peptide NASKYNPCSNYL (Fig. 3B), m/z
1353.5879 [M-H] ™ (calculated for CsoHgsN 0,65, 1,353.5903;
1.8 ppm mass accuracy), was detected. This finding suggested that
AIP-IIis a 12-residue peptide that contains a 5-residue cyclic thio-
lactone ring and a 7-residue amino terminal extension. As further
support for this identification, strain 1457 was analyzed using the
outlined method, and the same results were obtained (data not
shown). The proposed 12-residue structure makes the S. epider-
midis AIP-1I the largest staphylococcal AIP identified to date.

The AIP identification approach described for S. epidermidis
AIP-II was also applied to the other S. epidermidis agr systems. For
the agr type I system, the clinical isolate 4804 was tested, and an
ion matching the peptide DSVCASYF, m/z 873.3453 [M+H]"
(calculated for C5oH53NgO,;S™, 873.3447; 0.8 ppm mass accu-
racy), was detected (Fig. 3A). This is consistent for the sequence
previously proposed for S. epidermidis AIP-1 (16). For the agr type
III system, we tested clinical isolate 5794 and detected an ion at
m/z 1,296.6011, consistent with the predicted mass of the proto-
nated form of the peptide NAAKYNPCASYL (measured,
1,296.6011; calculated for CssHggN,50,,5", 1,296.6041; 2.3 ppm
mass accuracy) (Fig. 3C). AIP-III likewise is an unusually large
structure, similar in size to the AIP peptide detected in the spent
medium of S. epidermidis AIP-I1.

To confirm the AIP identification, the proposed AIP-II peptide
was synthesized and used in verification studies. The retention
time (Fig. 4A) and MS-MS fragmentation pattern (Fig. 4C) of
synthetic AIP-II matched those of the putative AIP-II ion from S.
epidermidis AIP-1I strains (Fig. 4B and D). Synthetic AIP-II was
also used to quantify the levels of AIP-II in the spent medium, and
it was determined that strain 1457 produced 1 pM AIP-II in sta-
tionary phase after 19 h of growth in TSB. Finally, the synthetic
AIP-II was added to the 1457 agr reporter strain, and it accelerated
activation kinetics in a manner that mirrored those in 1457 spent
medium (Fig. 4E), indicating that the proposed AIP-II structure is
functional. Collectively, the data presented in this section demon-
strate that the fractionation-and-MS approach was effective for
accurately identifying the biologically active AIP signals from S.
epidermidis.

S. epidermidis agr cross talk. Considering the large size of
AIP-II and AIP-III (12 residues) versus the smaller AIP-I (8 resi-
dues), we reasoned that agr cross talk between S. epidermidis
strains might occur, as has been observed with S. aureus (37). To
evaluate this, agr reporters in type I and III strains were con-
structed and validated, similar to what was done with the type II
strain (Fig. 2). To assess interference, spent medium from selected
agr type I, II, and III strains was collected and added to cultures of
the agr type I reporter (Fig. 5A), type Il reporter (Fig. 5B), and type
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III reporter (Fig. 5C). In agr type I, the addition of spent medium
containing AIP-I minimally enhanced output, while the addition
of AIP-II or AIP-III markedly repressed GFP production (Fig.
5A). The weak positive feedback from the cognate signal is not
unusual. The closely related S. aureus agr system does not respond
strongly to exogenous signal addition unless specific growth con-
ditions are used (38). In S. epidermidis agr type 11, the addition of
spent medium containing AIP-II significantly enhanced output,
supporting our previous observations (Fig. 2), while AIP-I re-
pressed GFP production (Fig. 5B). Interestingly, AIP-III neither
enhanced nor repressed agr output. In agr type III, similar obser-
vations were made, with spent medium containing AIP-III en-
hancing GFP expression (Fig. 5C), and the medium containing
AIP-Tinhibiting it. The AIP-II signal had no significant impact on
the agr type III reporter. Taken together, these data demonstrate
that agr interference does occur among S. epidermidis strains. Spe-
cifically, interference occurs between the agr type I and II/III sys-
tems but not between the type II and III systems (Fig. 5D).

S. epidermidis agr mutant profiling. To assess the regulatory
profile of the agr system in S. epidermidis, an RNAIII allelic re-
placement mutant was constructed in strain 1457 (the region re-
placed with the dhfr cassette is shown in Fig. 1). Microarray tran-
scriptional profiling was performed on the Arnalll::dhfr mutant
and revealed 21 genes that were downregulated compared to the
WT (Fig. 6A). These results included 8-toxin, which was expected
given that this toxin is encoded in the RNAIII transcript. The
PSMP, agrC, and geh genes were also identified as being down-
regulated, confirming a previous study that demonstrated the ex-
pression of these genes to be agr dependent (11). The cysteine
proteinase, Ecp, was identified as one of the most significantly
regulated genes (19-fold reduction in the mutant), which is also in
line with previous studies (11). The staphostatin EcpB, which is
encoded in a dicistronic operon with Ecp, showed a similar level of
downregulation (Fig. 6A).

Subsequent to AIP identification, we sought to confirm some
of the regulatory observations from the transcriptional profiling
using reverse transcriptase PCR (RT-PCR) and exogenous addi-
tion of synthetic AIP-II. The downregulation of the PSMf and ecp
transcripts was confirmed by using gyrB as a reference (Fig. 6B).
For the signal addition experiment, 40 nM AIP-II was added to
broth cultures of 1457, and medium was harvested at 21 and 24 h
of growth. 8-Toxin accumulation in the medium was assessed by
protein immunoblotting, and as anticipated, the addition of
AIP-II to the medium led to increased production of 8-toxin (Fig.
6C). The ArnallI::dhfr mutant, which does not produce 8-toxin,
was included as a negative control.

agr regulation of the cysteine protease Ecp. Based on our ecp
regulatory findings, we analyzed Ecp activity to assess the impact
of the agr system on the extracellular proteome. We recently de-
veloped assays for S. aureus staphopain A based on the CXCR2
receptor (33, 39), and we tested whether these assays could trans-
late to S. epidermidis. 1457 spent medium containing Ecp cleaved
the CXCR2 substrate (data not shown), and this activity was in-
hibited with E-64, as expected for this protease (40). We have
adapted the CXCR2 cleavage substrate to a smaller FRET peptide
(39), and 1457 spent medium containing Ecp also cleaved this
substrate (Fig. 7A). In support of the transcriptional profiling,
spent medium from the 1457 Arnalll::dhfr mutant showed an
8.6-fold reduction in Ecp activity. As a control, a 1457 Aecp mu-
tant was constructed, and this mutant did not possess activity
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against the FRET substrate (Fig. 7A), demonstrating that no other
proteases contributed to the activity measurements. To further
assess the role of quorum-sensing regulation in Ecp regulation,
spent-medium cross talk tests were performed using information
gleaned from the results outlined in Fig. 5. For each S. epidermidis
agr system, spent medium from that agr type added back to the
same strain induced Ecp activity (Fig. 7B). In contrast, spent me-
dium from a known interfering strain inhibited activity, resulting
in significantly reduced Ecp activity. Taken together, these Ecp
findings support the agr transcriptional reporter (Fig. 5) and mi-
croarray results (Fig. 6).

S. epidermidis colonizes pig skin in an agr-dependent man-
ner. We hypothesized that S. epidermidis retains the agr system
because it facilitates successful colonization of the host. Using a
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previously developed skin colonization model (34), we compared
the ability of WT 1457 and the Arnalll::dhfr mutant to colonize
freshly isolated porcine skin for 2 days. At this time point, a sig-
nificant defect in the ability of the Arnalll::dhfr mutant to colonize
was observed (Fig. 8), indicating that S. epidermidis does require
the agr system for optimal growth during skin colonization.

DISCUSSION

S. epidermidis is the most frequent cause of device-related infec-
tions (6). One of the important regulators that control the pro-
duction of S. epidermidis virulence factors is the agr quorum-sens-
ing system. Despite the significance of agr, key molecular details
about this system have remained unknown, and in this work, we
addressed some of these open questions. Using a mass spectrom-
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etry approach, we elucidated the structures of AIP-II and AIP-III
and confirmed the previous deduction of AIP-1. We also discov-
ered that agr interference occurs between the three S. epidermidis
agr systems and, through transcriptional profiling, discovered
striking regulation of the cysteine protease Ecp. Finally, we dem-
onstrated that S. epidermidis retains the agr system for optimal
skin colonization.

The mass spectrometry assignment of AIP-II and AIP-III indi-
cated that both of these structures are 12 residues in length, mak-
ing them the largest staphylococcal AIPs identified to date (14).
The reason for this large AIP size is not clear. Both AIP sequences
start on the C-terminal side of the highly conserved IG motif,
which is found in most AgrD sequences (Fig. 1), and this junction
could be important for release of AIP from the cytoplasmic mem-
brane. The housekeeping type I signal peptidase is known to re-
lease S. aureus AIP-I in this manner (41), but it is possible that
other resident proteases have this function among the staphylo-
cocci. Considering that the identical sequence is present at the S.
epidermidis cleavage site in AgrD-1I and AgrD-III (VIG | NA), it
seems likely that the same protease is responsible for the release.
While this is not a typical type I signal peptidase cleavage site, these
residues are in the allowed wobble for signal peptidase recognition
(42). The AgrD-I cleavage site is also C-terminal to a similar se-
quence with a glycine residue (VAG |, DSV), and it may be that
release of AIP is due to the same peptidase in these S. epidermidis
strains.

Our mass spectrometry approach confirmed the structure of
AIP-I. This structure was previously identified using a systematic
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approach that tested synthetic AIP-Is with various possible
lengths of the N-terminal extension. Through process of elimina-
tion, it was determined that DSVCASYF was the most active; thus,
it was inferred that it was the correct structure (16). In the present
study, the AIP was purified from agr type I spent medium and
demonstrated to have the identical structure (Fig. 3A). Using an
alternative approach and medium collected directly from S. epi-
dermidis, our analysis converged on the same structure, support-
ing the initial AIP-I report.

This is the first study to identify cross talk between the S. epi-
dermidis agr systems. The phenomenon of agr interference was
first identified in S. aureus and works as cross-inhibition between
the agr type L, II, and III systems (37), while the similarities be-
tween type [ and IV signals make them essentially interchangeable
(14). By constructing agr reporters in each S. epidermidis system,
we determined that agr interference also occurs in this species.
There is strong interference between the agr type I and II systems
and between the type I and I1I systems (Fig. 5). In some studies, the
type I strains were the most frequently identified in S. epidermidis
infections (19, 21, 22), and perhaps these interference properties
give these strains a competitive advantage. However, the high
prevalence of agr type I strains is not universal, as a recent large
study of 200 S. epidermidis isolates from hospitalized patients in
Germany found over two-thirds to be agr type II and IIT (23).

We did not observe interference between the agr type IT and II1
systems. Although these signals are similar, they do not signifi-
cantly cross-activate the agr type III and type II systems, respec-
tively (Fig. 5D). The reason for this is not clear, but it is known that
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signal activation is more difficult to achieve than inhibition in
staphylococcal agr systems (14). With an activating signal, there is
specificity built into the AgrC receptor for proper interactions
with the AIP structure to initiate the cascade, and the few residue
differences between these S. epidermidis AIP-1I and AIP-I11 signals
may contain the necessary structural information for activation.
With this lack of both cross-activation and inhibition, the AgrC
receptor in a type Il strain is essentially signal blind to AIP-III, and
a similar conclusion could be made for AgrC type III interacting
with AIP-II. Thus, the only significant S. epidermidis cross talk is
between the agr type I and II/111 systems.

Given that colonization and biofilm formation are key aspects
of S. epidermidis pathogenesis, it is surprising that some reports
indicate that agr-defective strains are better biofilm formers (9,
43) and adhere more effectively to human skin epithelia (43).
However, time course studies indicate that agr is necessary in cer-
tain biofilm developmental stages (12), and our findings indicate
that agr is necessary for optimal skin colonization (Fig. 8), sug-
gesting that the contributions of the agr system are likely more
important than originally projected. In part, this could be due to
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the fact that proteases are important for processing the accumu-
lation-associated protein (Aap) (8). Aap is a critical player in as-
pects of S. epidermidis biofilm development, but the expression of
this protein appears to be agr independent. The study reported
here and others (11, 12) demonstrate that proteases are under agr
quorum-sensing control, and it is possible that these proteases
modulate biofilm structure in some capacity. Of the major extracel-
lular proteases produced, Esp protease was found to be important in
polymicrobial interactions with S. aureus (44), demonstrating that
S. epidermidis needs to produce extracellular proteases to effec-
tively compete during colonization. The importance of the S. epi-
dermidis agr system in evasion of innate immunity has also been
demonstrated (11), and the metalloprotease SepA was shown to
inactivate the antimicrobial peptide dermcidin (45). Taken to-
gether, these observations highlight a clear need for pathogenic S.
epidermidis strains to retain an active agr system, which would
make quorum sensing inhibition through agr interference an ef-
fective competition strategy. This could explain in part the evolu-
tion of intraspecies quorum-sensing inhibition that we identified
in this study (Fig. 5). The S. aureus agr system is a prime target for
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development of antivirulence therapeutics (46—48), and a similar
strategy could be applied to S. epidermidis.

Our regulation studies revealed that the cysteine protease Ecp
is one of the most highly regulated factors under the control of the
S. epidermidis agr system. In support of this observation, expres-
sion of the ecp gene was observed in a previous array study (11).
Surprisingly, our microarray analyses did not reveal regulation of
the serine protease Esp or the metalloprotease SepA, although
there are previous reports that these enzymes are agr regulated
(11,12). The reason for these differences are not clear and could be
due to the nature of the agr mutations used or to strain-dependent
variances. In this study, only the RNAIII transcript was disrupted,
while in other studies, complete agr deletions were used. Interest-
ingly, the Ecp homolog in S. aureus, staphopain A, was recently
shown to have a dramatic impact on biofilm structure (39), sug-
gesting that the effect Ecp has on S. epidermidis biofilms warrants
further investigation.

The knowledge gained from our study will aid interpretation of
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FIG 8 S. epidermidis agr is required for optimal skin colonization. WT 1457
and 1457 Arnalll::dhfr were cultured on pig skin biopsy specimens for 48 h.
Recovered CFU were enumerated, and the values were plotted as means and
standard errors of the means (***, P < 0.001).
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results from reported and ongoing investigations. For instance,
cross talk between staphylococci has been observed in the nasal
colonization environment (44, 49), and the availability of AIP
structural information and defined interference patterns could
improve our understanding of these observations. In terms of
treatment approaches, it is known that a functional agr system is
important for hematogenous spread of S. epidermidis in device
infections (13), and the addition of synthetic AIPs could be used to
modulate these phenotypes in a manner similar to those used in
previous S. aureus studies (50, 51). While S. epidermidis and other
CoNS do not garner as much attention as S. aureus, the clinical
burden of these infections is significant, and this new information
on the S. epidermidis agr system provides important insights for
future studies.
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