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ABSTRACT Gram-positive bacteria produce small autoinducing peptides (AIPs), which
act to regulate expression of genes that promote adaptive traits, including virulence.
The Gram-positive pathogen Staphylococcus aureus generates a cyclic AIP that controls
expression of virulence factors via the accessory gene regulatory (Agr) system. S. aureus
strains belong to one of four Agr groups (Agr-l, -ll, -lll, and -IV); each group harbors
allelic variants of AgrD, the precursor of AIP. In a prior screen for S. aureus virulence fac-
tors, we identified MroQ, a putative peptidase. A AmroQ mutant closely resembled a
Aagr mutant and had significant defects in AIP production in an Agr-l strain. Here, we
show that expression of AgrD-l in a AmroQ mutant leads to accumulation of an AIP
processing intermediate at the membrane that coincides with a loss of secreted mature
AIP, indicating that MroQ promotes maturation of AgrD-l. MroQ is conserved in all Agr
sequence variants, suggesting either identical function among all Agr types or activity
specific to Agr-l strains. Our data indicate that MroQ is required for AIP maturation and
activity in Agr-l, -ll, and -IV strains irrespective of background. However, MroQ is not
required for Agr-lll activity despite an identifiable role in peptide maturation. Isogenic
Aagr and Aagr AmroQ strains complemented with Agr-I to -IV validated the critical role
of MroQ in the generation of active AIP-I, -Il, and -IV but not AIP-Ill. These findings were
reinforced by skin infection studies with mice. Our data substantiate the prevailing
model that MroQ is a mediator of cyclic peptide maturation.

KEYWORDS Agr, MroQ, Staphylococcus aureus, peptidase, peptide, pheromone,
quorum sensing, skin infection, virulence

n Gram-positive pathogens, quorum sensing occurs in response to small signaling pep-
tides called pheromones (1, 2). These pheromones must be processed and released by the
bacterium for signaling to occur (3, 4). Following transport outside the bacterial cell, the
peptide activates or inhibits gene expression, either upon import back into the bacterial cell
followed by direct interaction with a transcription factor or via binding of membrane-em-
bedded sensor kinases at the plasma membrane (5). Quorum sensing is an important means
of regulating the expression of a wide array of genes, including those related to virulence, Editor Victor J. Torres, New York University
biofilm formation, and motility (2-4, 6). Therefore, understanding how these peptides are School of Medicine
processed and transported and how they signal is imperative to better combating patho- Copyright © 2022 American Society for
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One class of pheromone, the cyclic autoinducing peptide (AIP), is central to the viru- falonzo@uic.edu.
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is produced by the accessory gene regulatory (Agr) system to control the expression of Received 29 June 2022
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virulence genes, including leukotoxins, hemolysins, and tissue-degrading enzymes (4,
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6-10). The agrBDCA operon encodes the components of the Agr system, which include Published 8 September 2022

AgrC and AgrA, a histidine kinase-response regulator pair, the protease AgrB, and the
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peptide AgrD, which is posttranslationally processed and exported as AIP to activate
AgrC-AgrA (11-13). AgrD contains an N-terminal amphipathic a-helical leader, fol-
lowed by AIP and a charged C-terminal tail (Fig. 1A). The N-terminal a-helix localizes
the precursor peptide to the membrane, where subsequent events in peptide matura-
tion occur (14). The first step in AgrD processing is cleavage of the C-terminal charged
tail by AgrB (15-19). This proteolytic event triggers thiolactone ring formation between
the C-terminal carbonyl and the sulfur atom of a conserved cysteine side chain (15, 16,
19). Thiolactone ring formation is required to activate AgrC (16, 19). The resulting inter-
mediate, consisting of the leader peptide linked to AIP, then undergoes N-terminal
proteolytic processing and export to give rise to mature AIP in the extracellular space
(15, 18, 19). These final steps in AIP maturation are yet to be fully understood. One
study proposed a role for the canonical signal peptidase, SpsB, in removal of the N-ter-
minal a-helix (20); however, recent publications support a role for additional proteases
in this process (21-23). The a-helical leader peptide is separated from the central AIP
by a conserved isoleucine/glycine (IG) helix breaker followed by a 3- to 5-amino-acid
linker region (Fig. 1), which may facilitate presentation of the peptide cleavage site to
the active site of a protease (20).

S. aureus isolates harbor one of four Agr variants on account of hypervariable
regions within the coding sequences of agrB, agrC, and agrD (4, 17, 24-30). Each Agr
variant produces a unique AIP that binds to and signals through its cognate histidine
kinase (31-34). Furthermore, each AIP inhibits the activity of noncognate Agr systems,
via competitive binding to peptide recognition sites on AgrC (13, 25, 26, 31, 34-36).
The exception to this phenomenon is AIP-I and AIP-1V, which differ by a single amino
acid at position 5 and have been shown to cross-activate AgrC-IV and AgrC-l, respec-
tively (25, 26, 34). AIP production and signaling kinetics vary among variants, with Agr-
l, -, and -IV undergoing activation much sooner than Agr-lll in broth culture (23, 26). S.
aureus strains containing any of the four Agr variants can cause disease, and at least
one study has suggested associations with disease outcome: type | variants are
enriched in cases of bacteremia, type Il variants are overrepresented in infective endo-
carditis, and type lll variants are increased in menstrual toxic shock syndrome (24, 25,
37). Strains with defective Agr systems are attenuated for pathogenicity, highlighting
the importance of the system to infectious disease (10, 38). Though there is an estab-
lished link between AIP signaling and S. aureus pathogenesis, gaps remain in our
understanding of the precise mechanisms behind AgrD processing among all allelic
variants.

Our previously published work and that of others identified MroQ as an important
mediator of S. aureus pathogenesis in strains harboring a type | Agr variant (21, 22, 39).
MroQ is annotated as a putative type Il CAAX protease, a family of multipass trans-
membrane proteins (21, 22, 39). A AmroQ mutant phenocopies a Aagr mutant for
reduced levels of secreted proteins, decreased toxin production, and attenuated skin
and soft tissue infection (21, 22). These shared phenotypes suggest a link between
MroQ function and Agr system activation. Furthermore, global transcriptome profiling
revealed that all Agr system genes were downregulated in a AmroQ mutant (22). We
found that loss of MroQ did not impact AgrC-AgrA signaling capacity but rather led to
accumulation of full-length C-terminal 6x-His-tagged AgrD in the bacterial cell, high-
lighting a possible link to AIP maturation (21). In accordance with its annotation as a
type Il CAAX protease, we observed loss of Agr system function upon mutation of pre-
dicted active-site residues E141, E142, and H180 to alanine, suggesting a requirement
for catalytic activity in MroQ-mediated AIP maturation (21). Indeed, recent work by
Zhao et al. showed that AgrD maturation required only AgrB, MroQ, and AgrD, sup-
porting the model that MroQ functions as a protease that cleaves AgrD (23).

In this work, we investigated the role of MroQ in the maturation and export of each
AgrD allelic variant. Furthermore, we examined the relevance of strain background to
MroQ activity and its relationship to virulence. We found that MroQ is required for not
only AgrD processing but also export or release from the plasma membrane in an Agr-I
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AgrB
Type I MNYEFDNKIDQFATYLOKRNNLDHIQFLOVRLGMQVLAKNIGKLIVMYTIAYILNIFLEFTL
Type II MNYFDNKIDQFATYLOKRNNLDHIQFLOQVRLGMQITIVGNFFKILVTYSISIFLSVFLETL

Type III MNYFDNKIDQFATYLOKRNNLDHIQFLOVRLGMQVLAKNIGKLIVMYTIAYILNIFIFTL
Type IV MNYFDNKIDQFATYLOKRNNLDHIQFLOVRLGMQVLAVNIGKLIVMYTIAYILNIFLETL

Type I ITNLTFYLIRRHAHGAHAPSSFWCYVESIILFILLPLVIVNFHINFLIMITILTVISLGVI
Type II VTHLSYMLIRYNAHGAHAKSSILCYIQSILTFVEVPYFLINIDINFTYLLALSIIGLISV
Type III ITNISFYLIRRYAHGAHAPSSFWCYIESITLFIVLPLLVLHFHINETLMMFLALISVGVV
Type IV ITNLTFYLIRRHAHGAHAPSSFWCYVESIFLFTLLPLILVNYHINFLIMTIMTVIAIGMI
Type I SVYAPAATKKKPIPVRLIKRKKYYAIIVSLTLFIITLIIKEPFAQFIQLGIIIEAITLLP
Type II VIYAPAATKKQPIPIKLVKRKKYLSIIMYLLVLILSLIIHPFYAQFMLLGILVESITLLP
Type III IKYAPAATKKKPIPARLVKOKRYFSIIISTILFIITLEVKEPYTQFIQLGIIIQAITLLP
Type IV IRYAPAATKKKPIPVRLIKRKRNYAIIVSLIFFIITLIIKEPFAQFMOLGIIIEAITLLP
Type I IFFIKEDLK
Type II IFFPKED—-
Type III  IYYSKED--
Type IV IFFVRRT--
AgrD : = -

g | Amphipathic Leader H AIP H Charged Tail |
Type I MNTLFNLFFDFITGILKNE@NIAA YSTCDFIM DEVEVPKELTQLHE
Type II MNTLVNMFFDFIIKLAKAEQIVG GVNACSSLF DEPKVPAELTNLYDK
Type III MKKLLNKVIELLVDFFNSEQYRAAY INCDFLL DEAEVPKELTQLHE
Type IV MNTLLNIFFDFITGVLKNEENVAS YSTCYFIM DEVEIPKELTQLHE

C

MroQ
Type I MTRLWASLLTVIIYILSQFLPLLIVKKLPFVQYSGIELTKAVIYIQLVLFLIAATTIILI
Type II MTRLWASLLTVIIYILSQFLPLLIVKKLPFVQYSGIELTKAVIYIQLVLFLIAATTIILI

Type III MTRLWASLLTVIIYILSQFLPLLIVKKLPFVQYSGIELTKAVIYIQLVLFLIAATTIILI
Type IV MTRLWASLLTVIIYILSQFLPLLIVTKLPFVQYSGIELTKAVIYIQLVLFLIAATTIILI

Type I NLKIKNPTKLELEVKEPKKYITIPWALLGFALVMIYQMVVSIVLTQIYGGQQVSPNTEKLI
Type II NLKIKNPTKLELEVKEPKKYITPWALLGFALVMIYQMVVSIVLTQIYGGQQVSPNTEKLI
Type III NLKIKNPTKLELEVKEPKKYITPWALLGFALVMIYQMVVSIVLTQIYGGQQVSPNTEKLI
Type IV NLKIKNPTKLELEVKEPKKYITIPWALLGFALVMIYQMVVSIVYTQIFGTQQTSPNTERLI

Type I ITARKIPIFIFFVSIIGPLLEEYVFRKVIFGELENAIKGNRIVAFITATTVSSLIFALAH
Type II ITARKIPIFIFFVSIIGPLLEEYVFRKVIFGELENAIKGNRIVAFITATTVSSLIFALAH
Type III ITARKIPIFIFFVSIIGPLLEEYVFRKVIFGELENAIKGNRIVAFITATTVSSLIFALAH
Type IV VIARKIPLFIFFVSIVGPLLEEYVFRKVIFGELFNATKGNRIVAFATATTVSSLIFALAH

Type I NDEFKFIPVYFGMGVIFSLAYVWTKRLAVPITIITHMLONGEVVIFQLLNPEALKKATEQANE
Type II NDEFKFIPVYFGMGVIFSLAYVWTKRLAVPITITHMLONGEVVIFQLLNPEALKKATEQANE
Type III NDEFKFIPVYFGMGVIFSLAYVWTKRLAVPITIITHMLONGEVVIFQLLNPEALKKATEQANE
Type IV NDYKFIPIYFGMGVIFSLAYVWTKRLAVPIITHMLONGEVVIFQLLNPEALKKATEQANE

Type I IYHIFIP
Type II IYHIFIP
Type III  IYHIFIP
Type IV IYHIFIP

FIG 1 MroQ is strongly conserved among S. aureus strains harboring Agr allelic variants. Comparison of the amino acid
sequences of AgrB (A) and AgrD (B) in LAC (type 1), SA502A (type Il), MW2 (type Ill), and RN4850 (type IV). An underlined “IG"

(Continued on next page)
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sequence variant. Furthermore, examination of the impact of an mroQ mutation on
Agr system activation in Agr-ll and Agr-lll variants showed reduced activity in Agr-Il
but not Agr-lll strains. In contrast, visualization of processing of 6x-histidine-tagged
AgrD-ll and AgrD-lll showed an accumulation of intermediates that closely resembled
AgrD-l intermediates and suggest a conserved role for MroQ in at least one step of AIP
maturation. However, the generation of isogenic strains harboring Agr-l, -ll, -lll, or -IV
demonstrated that while MroQ-mediated AIP maturation is required for the generation
of active AIP from Agr-l, -ll, and -IV strains, it does not seem to be required for Agr-Ill
system activation. These findings are largely recapitulated in skin and soft tissue infec-
tion models. Taken together, these findings lead us to suggest a requirement for MroQ
in at least one step of AgrD maturation that is uniform across all sequence variants and
is indispensable for the generation of active AIP in three of four variants in vitro. This
represents a remarkable conservation of function despite significant diversity among
the four Agr systems of S. aureus and may imply that similar conservation exists in
other bacteria with Agr peptide signaling systems.

RESULTS

MroQ is conserved among S. aureus strains harboring Agr variants. We and
others previously tested the hypothesis that MroQ is involved in promoting Agr system
activation and found that deletion of mroQ disrupted Agr activity, via a presumed
defect in peptide maturation that centered on AgrB and AgrD (21, 22). These studies
were conducted using S. aureus strain LAC, which contains an Agr-l allele. AgrB has
50% sequence identity among Agr types | to IV (Fig. 1A). The amino acid sequence of
AgrD is similarly hypervariable, with 26% identity among Agr types | to IV (Fig. 1B). In
contrast, the amino acid sequence of MroQ is well conserved among representative
strains harboring each Agr allele (LAC, SA502A, MW2, and RN4850) (Fig. 1C). Strains
LAC, SA502A, and MW2 had 100% identity, while strain RN4850 had 95% identity. Our
analysis of all sequenced S. aureus strains containing Agr-IV in the NCBI database fur-
ther indicated that MroQ is identical within these strains; however, all had 95% identity
relative to LAC, SA502A, and MW2. Thus, despite significant divergence among AgrB
and AgrD alleles, MroQ does not share a similarly hypervariable sequence.

A AmroQ mutant is defective for activation of Agr type | and Agr type IV sys-
tems. Given the conservation of MroQ among sequenced S. aureus strains but significant
variability among proteins in the Agr locus, we reasoned that the role of MroQ in promot-
ing Agr system activation might be restricted to Agr type | and Agr type IV, which share
the greatest sequence identity (Fig. 1A and B) (25, 26, 34). To test this hypothesis, we first
verified MroQ-dependent defects in Agr system activation in Agr type | strain LAC. LAC
(wild type [WT]), AmroQ, AmroQ + mroQ, (a LAC-derived strain with integrated pJC1112-
mroQ for complementation), Aagr:tet, and Aagr:tet AmroQ strains were evaluated for total
exoprotein secretion, leukotoxin production, and hemolytic activity on rabbit red blood
cells (RBCs). As expected, we observed reduced exoprotein abundance in a AmroQ mutant
compared to that in the WT or the AmroQ + mroQ complement strain (Fig. 2A) (21). The
decreased exoprotein production phenocopied Aagr:tet, and Aagr:tet AmroQ mutants,
validating a role for MroQ in Agr system function (Fig. 2A) (21). Immunoblot analysis of tri-
chloroacetic acid (TCA)-precipitated supernatant from a AmroQ mutant showed reduced
levels of a-hemolysin (Hla) and y-hemolysin (HIgC) in accordance with established Agr reg-
ulation patterns (Fig. 2B) (11, 40). In agreement with decreased hemolysin levels, a AmroQ
mutant had reduced hemolytic activity against rabbit RBCs (Fig. 2C). To further demon-
strate perturbation of Agr system function in a AmroQ mutant, we assessed agr P3 pro-
moter activity using the fluorescent transcriptional reporter plasmid pDB59-P3-GFP (41).
Mature AIP-I inhibits the activation of Agr-ll and Agr-lll but activates Agr-IV (25, 26, 34). We

FIG 1 Legend (Continued)

shows the conserved “helix breaker”; colored regions correspond to AlPs | to IV. Type | and IV AIPs peptides differ by 1 amino
acid. (C) Amino acid sequence alignments of MroQ from LAC (type 1), SA502A (type II), MW2 (type ), and RN4850 (type IV). Gray
shading shows regions of dissimilarity. Underlined amino acids correspond to conserved active-site residues in MroQ.
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FIG 2 MroQ contributes to Agr type | and IV activation. (A and B) TCA-precipitated exoproteins (A)
and Hla and HlgC immunoblots (B) from LAC, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ
strains. (C) Rabbit red blood cell lysis of cell-free culture filtrates derived from LAC, AmroQ, AmroQ +
mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (D) pDB59 reporter activity (relative fluorescence units
[RFUI/ODyy,) in SA502A (left) and MW2 (right) upon addition of conditioned medium from LAC,
AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (E) pDB59 reporter activity (RFU/
ODy,,) in RN4850 (type IV) upon addition of conditioned medium from LAC, AmroQ, AmroQ + mroQ,
Aagr:tet, and Aagr:tet AmroQ strains. Hemolysis and GFP reporter assay data are from one of at least
three experiments conducted in triplicate. Immunoblots and GelCode blue-stained gels are a
representative of at least four replicates. Means + SD are shown (n = 3). ****, P < 0.0001 by one-way
analysis of variance (ANOVA) with Tukey's posttest.

found that addition of cell-free supernatant from WT LAC (Agr-l) inhibited the activation of
pDB59-P3-GFP in an Agr-Il strain (SA502A) and Agr-lll strain (MW2), whereas supernatant
from a AmroQ mutant led to robust activation, as determined by green fluorescent protein
(GFP) fluorescence (Fig. 2D). Additionally, supernatant from WT LAC activated an Agr-IV
strain (RN4850) containing pDB59-P3-GFP, whereas supernatant from a AmroQ mutant did
not, suggesting that Agr-l and Agr-IV are likely to be impacted by MroQ in similar ways
(Fig. 2E) (25, 26, 34). Altogether, these data validate prior work indicating that Agr-l system
activation is defective in the absence of MroQ and established that the highly similar Agr-
IV system is activated by AIP- in a MroQ-dependent manner.

A AmroQ mutant is defective for AIP-l1 export and processing. Previous work sug-
gested a role for MroQ in the processing and/or export of AgrD to give rise to AIP (21). To
determine if loss of MroQ affects AgrD-l maturation or export, we expressed 6 x-His-AgrD-|
in the WT (LAC), AmroQ, and AmroQ + mroQ Agr type | strains and monitored the location
and generation of processing intermediates via immunoblotting. We observed species
which corresponded to AgrB-processed AgrD-l (leader-AlIP) and N-terminally processed
AgrD-l (leader peptide alone) in the membrane fraction of WT and the AmroQ + mroQ
complement strains (Fig. 3A). In addition, the cell-free supernatant contained significant
quantities of Leader peptide (Fig. 3A). In contrast, a AmroQ mutant showed accumulation
of species with molecular weights that approximate full-length AgrD-I and leader-AIP in
the membrane fraction and a complete loss of leader peptide in both the membrane and
supernatant fractions (Fig. 3A). Complementation of the AmroQ mutant fully restored AIP
maturation and release of the leader peptide, which correlated with activation of an Agr
type | reporter (AagrB + pDB59-P3-GFP) and was independent of the pOS1-6x-His-agrD-1
plasmid (Fig. 3B). The WT, AmroQ, and AmroQ + mroQ Agr type | strains containing the
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FIG 3 A AmroQ mutant is compromised for AIP-I export and processing. (A) Immunoblots of supernatant and membrane
fractions of LAC, AmroQ, and AmroQ + mroQ strains constitutively expressing 6x-His-AgrD-l (pOS1-P,,,-6x-His-agrD-I)
using anti-His monoclonal antibody. 6x-His-leader-AIP-I (AgrB processing intermediate) and 6x-His-leader-I (AgrD-l leader
peptide) were isolated from constitutively expressing S. aureus and are included as controls. (B) pDB59 reporter activity
(RFU/ODy,,) in LAC AagrB upon addition of conditioned medium from LAC, AmroQ, and AmroQ + mroQ strains or LAC,
AmroQ, and AmroQ + mroQ strains constitutively expressing 6x-His-AgrD-l. (C) Immunoblots of supernatant and
membrane fractions of AagrD, AmroQ AagrD, and AmroQ AagrD + mroQ strains constitutively expressing 6x-His-AgrD-|
(pOS1-P,, -6 x-His-agrD-I) using anti-His monoclonal antibody. (D) pDB59 reporter activity (RFU/ODy,,) in LAC AagrB upon
addition of conditioned medium from AagrD, AmroQ AagrD, and AmroQ AagrD + mroQ strains constitutively expressing
6x-His-AgrD-l. Reporter assay data are from one of at least three experiments conducted in triplicate. Immunoblots are
representative of at least three replicates. Means = SD are shown (n = 3). ****, P < 0.0001 by one-way ANOVA with
Tukey’s posttest.

6x-His-AgrD-I expression plasmid also produce AgrD from the native Agr operon. To rule
out the possibility that native AgrD might impact the analysis of 6 x-His-AgrD-I processing,
we generated an in-frame deletion of agrD in the WT, AmroQ, and AmroQ + mroQ strain
backgrounds. 6 x-His-AgrD-l processing and activation of the AagrB + pDB59-P3-GFP re-
porter were identical to those of the parental strains (Fig. 3C and D). These observations
support a role for MroQ in the processing and export of AgrD-l and are in keeping with
recent biochemical evidence for MroQ processing of AgrD (23).

MroQ function is conserved in an Agr-ll allelic variant. To test the role of MroQ
in Agr-ll peptide processing and export, we generated AmroQ, AmroQ + mroQ, Aagr:
tet, and Aagr:tet AmroQ mutants in the Agr type Il strain SA502A and assessed total
exoprotein secretion, production of leukotoxins, and hemolytic activity on rabbit RBCs.
We observed decreased exoprotein abundance in a AmroQ mutant, similar to the case
with Aagr and Aagr AmroQ mutants (Fig. 4A). Further, we saw defective production of
Hla and HIgC in AmroQ, Aagr, and Aagr AmroQ mutants (Fig. 4B). Consistent with these
observations, we observed decreased hemolytic activity against rabbit RBCs for super-
natant from a AmroQ mutant compared to culture supernatant from WT cells (Fig. 4C).
The AmroQ + mroQ complementation strain fully restored all mutant phenotypes (Fig.
4A to C). Agr-P3 reporter activity assays demonstrated inhibition of reporter activation
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FIG 4 A AmroQ mutant is defective for Agr type Il activation and AIP-Il maturation and export. (A) TCA-
precipitated exoproteins from SA502A, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (B)
Hla and HIgC immunoblots from SA502A, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains.
(C) Rabbit red blood cell lysis of cell-free culture filtrates derived from SA502A, AmroQ, AmroQ + mroQ,
Aagr:tet, and Aagr:tet AmroQ strains. (D) pDB59 reporter activity (RFU/ODy,,) of LAC (left) and MW2
(right) upon addition of conditioned medium from SA502A, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:
tet AmroQ strains. (E) Immunoblots of supernatant and membrane fractions from SA502A and AmroQ
strains constitutively expressing 6x-His-AgrD-Il  (pOS1-P,,, ,-6x-His-agrD-Il) using anti-His monoclonal
antibody. 6x-His-leader-AIP-I (AgrB processing intermediate) and 6x-His-leader-I (AgrD-l leader peptide)
were isolated from constitutively expressing S. aureus and were included as controls. Hemolysis and
reporter assay data are from one of at least three experiments conducted in triplicate. Immunoblots and
GelCode blue-stained gels are representative of at least four replicates. Means * SD are shown (n = 3).
***% P < 0.0001 by one-way ANOVA with Tukey's posttest.

by WT and the AmroQ + mroQ complement strains, whereas cell-free supernatant
from a AmroQ mutant led to activation of the Agr system in both Agr-l and Agr-Ill re-
porter strains (Fig. 4D). Furthermore, the expression of 6x-His-AgrD-Il in SA502A
showed leader peptide alone in both the membrane fraction and the secreted fraction
(Fig. 4E). In contrast, expression of 6x-His-AgrD-Il in a AmroQ mutant led to accumula-
tion of leader-AIP in the membrane fraction with no leader peptide in the membrane
or supernatant (Fig. 4E). We were unable to monitor 6x-His-AgrD-Il maturation in a
AmroQ + mroQ strain due to the plasmid required for complementation in this strain
background (see Materials and Methods). Taken together, these data indicate that
MroQ is required for the maturation and export of active AlP-II.

MroQ contributes to Agr-lll peptide processing but is not required for Agr sys-
tem activation. Given the conservation of MroQ function in Agr-, -Il, and presumably -IV
strains, we hypothesized that MroQ would also be required for Agr system activity in an
Agr-lll strain. We tested the role of MroQ in Agr system activity in two Agr type lll strains,
MW2 and RN3984. AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains were
generated in MW2, whereas AmroQ and Aagr:tet strains were generated from RN3984.
These strains were grown in broth and monitored for exoprotein production, leukotoxin
production, and rabbit RBC hemolysis. For strain MW2, we observed similar levels of exo-
proteins in WT, AmroQ, and AmroQ + mroQ strains, whereas exoprotein levels were
decreased in Aagr:tet and Aagr:tet AmroQ strains (Fig. 5A). Consistent with the similar exo-
protein production, we saw equivalent levels of Hla and HIgC secreted by WT, AmroQ, and
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FIG 5 MroQ is not required for Agr type Il activation. (A) TCA-precipitated exoproteins and (B) Hla and HIgC immunoblots from

MW2, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (C) Rabbit red blood cell lysis
derived from MW2, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr::tet AmroQ strains. (D) pDB59 reporter

of cell-free culture filtrates
activity (RFU/ODy,,) of LAC

(left) and SA502A (right) upon addition of conditioned medium from MW2, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet
AmroQ. (E) TCA-precipitated exoproteins from RN3984, AmroQ, and Aagr:tet strains. (F) Hla and HIgC immunoblots of from
RN3984, AmroQ, and Aagr:tet strains. (G) Rabbit red blood cell lysis of cell-free culture filtrates derived from RN3984, AmroQ, and
Aagr:tet strains. Hemolysis and reporter assay data are from one of at least three experiments conducted in triplicate.

Immunoblots and GelCode blue-stained gels are representative of at least four replicates. Means * SD are shown (n = 3).

P < 0.0001 by one-way ANOVA with Tukey's posttest.

AmroQ + mroQ strains (Fig. 5B). Furthermore, we noted identical hemolytic activity against
rabbit RBCs in the same strains (Fig. 5C). Conditioned medium from a AmroQ mutant fully
inhibited pDB59-P3-GFP promoter activation in Agr-l and Agr-ll reporter strains, whereas
addition of conditioned medium from a Aagr:tet or Aagr:tet AmroQ mutant to Agr-l or -l
reporter strains did not inhibit promoter activation (Fig. 5D). Similar results were obtained
with strain RN3984 (Fig. 5E to G). Together, these data indicate that MroQ is not required
for Agr-lll activation.

Given the observation that MroQ was not required for Agr-lll system activation in MW2
and RN3984, we surmised that MroQ may be dispensable for the generation of AlPs in an
Agr type Il strain background. To test this hypothesis, we generated MW2 Aagr:tet +
pJC1111-Agr-l and MW2 AmroQ Aagr:tet + pJC1111-Agr-I strains and monitored Agr sys-
tem function via exoprotein production, leukotoxin levels, and rabbit RBC hemolysis. We
observed decreased exoprotein production from the MW2 AmroQ Aagr:tet + pJC1111-
Agr-l strain compared to the MW2 Aagr:tet + pJC1111-Agr-l strain (Fig. 6A). The decreased
exoprotein production in the MW2 AmroQ Aagr:tet + pJC1111-Agr-l strain corresponded
with lower levels of toxins and loss of hemolytic activity against rabbit RBCs (Fig. 6B and C),
further suggesting that loss of MroQ in this background caused defective Agr-l system
activity. These data were corroborated using Agr reporter assays, which showed that condi-
tioned medium from Aagr:tet + pJC1111-Agr-l inhibited pDB59-P3-GFP expression in Agr-
Il and Agr-lil strains, whereas conditioned medium from AmroQ Aagr:tet + pJC1111-Agr-l
had robust GFP production (Fig. 6D). Thus, MroQ is still required for Agr-l activity when
expressed in strain MW2, and strain background presumably does not dictate the
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FIG 6 MroQ contributes to AIP-l processing in an Agr type Il strain. (A) TCA-precipitated exoproteins from
MW2 Aagr:tet + agr-l and MW2 Aagr:tet AmroQ + agr-l strains. (B) Hla and HIgC immunoblots from MW2
Aagr:tet + agr-l and MW2 Aagr:tet AmroQ + agr-I strains. (C) Rabbit red blood cell lysis of cell-free culture
filtrates derived from MW2 Aagr:tet + agr-l and MW2 Aagr:tet AmroQ + agr-l strains. (D) pDB59 reporter
activity (RFU/ODy,,) of SA502A (left) and MW2 (right) upon addition of conditioned medium from MW2 Aagr:
tet + agr-l and MW2 Aagr:tet AmroQ + agr-I strains. (E) Immunoblots of supernatant and membrane fractions
from MW2, AmroQ, and AmroQ + mroQ strains constitutively expressing 6x-His-AgrD-lll (pOS1-P,,,,-6 x-His-
agrD-Ill) using anti-His monoclonal antibody. Hemolysis and reporter assay data are from one of at least three
experiments conducted in triplicate. Inmunoblots and GelCode blue-stained gels are representative of at least
four replicates. Means = SD are shown (n = 3). ****, P < 0.0001 by a two-tailed t test.

requirement for MroQ in AgrD processing. Given this observation, we sought to further
explore if MroQ is required for any aspect of AIP-lll maturation. To this end, we monitored
the expression of 6x-His-AgrD-lll in WT, AmroQ, and AmroQ + mroQ MW?2 strains by im-
munoblotting and noted accumulation of a band that resembled leader-AIP in the mem-
brane fraction of the AmroQ strain, whereas WT and AmroQ + mroQ strains produced a
species that resembled the leader peptide in both the membrane and supernatant (Fig.
6E). Together, these data suggest that MroQ processes AIP in a manner that is independent
of strain background or Agr type, yet an active signaling peptide can be generated in the

absence of MroQ in Agr-lll strains.
MroQ is required for virulence in Agr-I strain LAC. Animals infected intradermally

with a AmroQ mutant of an Agr-I strain (LAC) have dramatic reductions in abscess pa-
thology and exhibit modest reductions in CFU (~5-fold) (21). To determine if MroQ is
required for skin and soft tissue infection of strains with Agr-Il and Agr-lll alleles, we
intradermally infected mice with WT, AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet
AmroQ mutants in LAC (Agr-l), SA502A (Agr-Il), and MW2 (Agr-Ill) and CFU and gross
pathology were assessed 96 h postinfection. For strain LAC, we observed no ruptured
abscesses after infection with AmroQ, Aagr:tet, and Aagr::itet AmroQ mutants, although
CFU remained high for most infected animals (Fig. 7A and B). Though we observed
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FIG 7 MroQ is important for S. aureus skin and soft tissue infection in Agr type | strains. (A)
Representative images of skin abscesses at 96 h after infection with LAC (WT), AmroQ, AmroQ +
mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (B) Bacterial burden in skin abscesses of mice at 96 h
after infection with LAC (WT) (n = 10), AmroQ (n = 10), AmroQ + mroQ (n = 10), Aagr:tet (n = 10),
and Aagr:tet AmroQ (n = 10) strains. (C) Representative images of skin abscesses at 96 h after
infection with SA502A (WT), AmroQ, AmroQ + mroQ, Aagr:tet, and Aagr:tet AmroQ strains. (D)
Bacterial burden in skin abscesses of mice at 96 h after infection with SA502A (WT) (n = 10), AmroQ
(n = 10), AmroQ + mroQ (n = 10), Aagr:tet (n = 10), and Aagr:tet AmroQ (n = 10) strains. (E)
Representative images of skin abscesses at 96 h after infection with MW2 (WT), AmroQ, AmroQ +
mroQ, Aagr:tet, and Aagr:tet AmroQ. (F) Bacterial burden in skin abscesses of mice at 96 h after
infection with MW2 (WT) (n = 10), AmroQ (n = 10), AmroQ + mroQ (n = 10), Aagr:tet (n = 10), and
Aagr:tet AmroQ (n = 10) strains. P values were determined by a nonparametric one-way ANOVA
(Kruskal-Wallis test) with Dunn’s posttest. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

dramatic reductions in pathology for animals infected with Aagr:tet, and Aagr:tet
AmroQ mutants from strain SA502A, there was little difference in CFU and abscesses
were ruptured and dermonecrotic in animals infected with the SA502A AmroQ strain
(Fig. 7C and D). In agreement with our in vitro assays, when animals were infected with
the MW2 AmroQ strain, we observed CFU and pathology similar to those in animals
infected with WT MW?2 (Fig. 7E and F). This contrasted with Aagr::tet and Aagr::tet
AmroQ mutants, which had no dermonecrosis and modest reductions in CFU (Fig.
7E and F). These data indicate that MroQ-mediated maturation of AIP is required
for virulence in an Agr-l strain but seems largely dispensable in an Agr-Il or Agr-lll
strain.

MroQ-mediated AIP maturation is required for Agr-l, -1l, and -1V activation but
not Agr-lll. As a complementary approach and to further rule out the possibility that
strain background drives dependence on MroQ for AIP maturation, we reconstituted
the entire Agr locus from each of the four Agr types into isogenic Aagr and Aagr
AmroQ mutants in strain LAC using the site-specific integrational plasmids pJC1111-
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FIG 8 MroQ is required for Agr activity of isogenic strains containing Agr-l, -Il, and -IV but not Agr-lll. (A) TCA-precipitated

exoproteins and Hla and HIgC immunoblots from Aagr:tet and Aagr:tet AmroQ strains in LAC (type 1) complemented with the
entire Agr locus from each Agr variant (+ agr-I, agr-ll, agr-lll, or agr-1V). (B) Rabbit red blood cell lysis of cell-free culture filtrates
derived from Aagr:tet and Aagr:tet AmroQ strains from LAC (type ) reconstituted with the entire Agr locus from each Agr variant
(+ agr-I, agr-ll, agr-ll, or agr-1V). (C) pDB59 reporter activity (RFU/ODy,,) of SA502A (type Il) or LAC (type I) upon addition of
conditioned medium from Aagr:tet and Aagr:tet AmroQ strains in LAC (type I) reconstituted with the entire Agr locus from each
Agr variant (+ agr-l, agr-ll, agr-lll, or agr-IV). Hemolysis and reporter assay data are from one of at least three experiments
conducted in triplicate. Inmunoblots and GelCode blue-stained gels are representative of at least four replicates. Means = SD are
shown (n = 3). ****, P < 0.0001 by a two-tailed t test.

Agr-l, pJC1111-Agr-ll, pJC1111-Agr-lll, and pJC1111-Agr-IV (26). To explore the conse-
quences of the AmroQ mutation in these strains, we assessed exoprotein levels, leuko-
toxin production, and hemolytic activity on rabbit RBCs. We observed decreased
exoprotein levels and corresponding reductions in Hla and HIgC abundance in the
Aagr AmroQ mutant + pJC1111-Agr-l, the Aagr AmroQ mutant + pJC1111-Agr-Il, and
the Aagr AmroQ mutant + pJC1111-Agr-IV but not the Aagr AmroQ mutant +
pJC1111-Agr-lll (Fig. 8A). In agreement with decreased hemolysin production, we also
observed a reduction in hemolytic activity on rabbit RBCs upon addition of superna-
tant from the Aagr AmroQ mutant + pJC1111-Agr-l, the Aagr AmroQ mutant +
pJC1111-Agr-ll, and the Aagr AmroQ mutant + pJC1111-Agr-IV but not the Aagr
AmroQ mutant + pJC1111-Agr-lll (Fig. 8B). These data suggest that MroQ is required
for Agr activity of Agr-l, -ll, and -IV variants but not Agr-Il variants, regardless of strain
background. This conclusion was further supported by data from Agr reporter inhibi-
tion assays which showed no reporter inhibition when conditioned media from the
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Aagr AmroQ mutant + pJC1111-Agr-l, the Aagr AmroQ mutant + pJC1111-Agr-Il, and
the Aagr AmroQ mutant + pJC1111-Agr-IV were added to noncognate reporter strains.
In contrast, conditioned medium from the Aagr AmroQ mutant + pJC1111-Agr-lll fully
inhibited Agr reporter activity (Fig. 8C).

DISCUSSION

In this work, we explored how the membrane peptidase MroQ promotes virulence
traits and maturation/export AIP in strains of S. aureus that harbor four allelic variants
of AgrD. Our data suggest a requirement for MroQ in at least one step of AgrD process-
ing among all four Agr variants. However, while MroQ-dependent AgrD maturation
was important for the generation of active AIP in Agr-l, -ll, and -IV strains, it was not
required for activation of the Agr-lll system. These observations were recapitulated in
vivo, where virulence was independent of MroQ in an Agr-lll strain. Overall, our data
argue that MroQ is a mediator of AIP processing and export that promotes quorum
sensing and virulence factor gene expression in S. aureus, with implications for MroQ-
like proteins in the function of Agr systems in other bacteria.

The final steps of AgrD processing and export have remained elusive. In this study,
through use of 6x-His-AgrD expression plasmids, we showed an accumulation of a leader-
AIP peptide intermediate in the membrane fraction and a corresponding loss of leader pep-
tide (reflecting reduced generation of mature AIP) in the supernatant fraction of AmroQ
strains of Agr-l, -Il, and -lll variants, suggesting that MroQ promotes these final steps of pep-
tide maturation and export (Fig. 3A and C, 4E, and 6E). However, despite an apparent defect
in peptide maturation as determined by immunoblotting, AmroQ mutant strains from MW2
(Agr-lll) and RN3984 (Agr-lll) maintained the ability to activate AgrC (Fig. 5A to G). This un-
usual observation suggests that either an AgrD-lll processing intermediate is sufficient to
activate the Agr system or the activity of MroQ can be bypassed by an alternative protease
to generate sufficient AIP-IIl for activity. In consideration of the first possibility, Zhao et al.
recently showed that recombinant AgrB, MroQ, and AgrD were sufficient for the generation
of mature AIP-l and AIP-IIl but not AIP-Ill, which contained an intermediate with an additional
N-terminal tyrosine (23). In addition, several prior reports established a requirement for a
precise AIP-Ill N-terminal tail length for efficient AgrC-lll activation (35, 42). The addition of
as little as a single N-terminal tyrosine to AIP-Ill caused inactivation of AIP-Ill (35). Thus, there
is unlikely to be an AgrD processing intermediate that is capable of efficiently activating
Agr-lil. In contrast to these biochemical assays, mass spectrometry (MS)-based peptide analy-
sis of supernatant of a AmroQ mutant from Agr-lll strain MW?2 identified significant amounts
of mature AIP-IIl (23). Thus, in keeping with our data, the work of Zhao et al. suggests that
MroQ can cleave AgrD-lll, yet it is not necessary for the generation of active AIP-lIl. Taking all
these points into consideration, we suspect that an alternative protease exists that is suffi-
cient to drive AIP-Ill maturation, possibly in conjunction with MroQ.

How and if MroQ contributes to AIP release are unknown. Our data demonstrate
that peptide processing intermediates accumulate at the S. aureus membrane and are
not appreciably released from the cell in AmroQ mutant strains. Translocation of AIP
must occur before or after the final N-terminal processing step, and MroQ could play a
direct or indirect role in this process. Though the translocation-first model has been
favored, the lack of an ATP-binding cassette in either AgrB or MroQ does not support a
role for active transport by either protein (20, 23, 27). Another possible mechanism of
release could involve the insertion of the N-terminal leader of AgrD into the membrane
in a way that positions the peptide for processing by an AgrB-MroQ complex, with sub-
sequent passive diffusion of AIP outside the cell. We favor this hypothesis, and work is
under way to interrogate the physical relationship between MroQ and AgrB and its
impact on the release of mature AIP.

While this work was being conducted, Zhao et al. provided evidence for a direct role of
MroQ in leader peptide cleavage to generate mature AIP-I and AIP-Il but not AIP-IIl (23).
This work successfully reconstituted the Agr quorum sensing circuit with purified compo-
nents and proposed a model for how MroQ generates mature AIP-I and AIP-Il via amino
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acid differences in the linker region between the a-helical leader peptide and AIP. Here,
we corroborate these findings by demonstrating that MroQ-mediated processing of AIP-I,
-Il, and -IV is required for Agr system activation, whereas MroQ-mediated AIP-Ill processing
is dispensable for Agr system activation in Agr-lll-containing strains (Fig. 2, 4, and 6). In
addition, we expand upon these studies by demonstrating MroQ-dependent impacts on
peptide processing and export within live bacteria (Fig. 2, 6, and 8). Furthermore, our work
highlights the impact of MroQ on the pathogenesis of Agr-I (LAC), Agr-Il (SA502A), and
Agr-lll (MW?2) strains. Infection of mice with a AmroQ mutant of strain LAC has substantially
reduced abscess pathology compared to that in animals infected with the parental WT
strain (Fig. 7A and B). This contrasts with what was seen for animals infected with a AmroQ
mutant from SA502A (Agr type Il) and MW2 (Agr type Ill), which exhibited pathology simi-
lar to that in animals infected with WT SA502A or MW2 (Fig. 7C to F). These data cement a
requirement for MroQ in the severity of Agr-mediated skin pathology for a type | Agr sys-
tem but not type Il or type lll. This observation suggests that despite decreased Agr system
activation of an SA502A AmroQ mutant in vitro, the strain has restored Agr activity in vivo,
possibly due to host protease-mediated maturation of AIP-Il or host-mediated induction of
S. aureus proteases capable of facilitating AIP-Il maturation. Of note, while we observed
similar modest reductions in CFU among animals infected with AmroQ and Aagr mutants
from the LAC strain background (21, 22), this was not true for all strains and infection con-
ditions, where CFU were largely unchanged. We surmise the contributions of Agr to
abscess pathology stem primarily from the well-established role for Hla and phenol-soluble
modulins (PSMs) in promoting tissue damage during skin infection, whereas impacts on
bacterial burden are less defined (43-46).

To interrogate if MroQ was sufficient for AIP-I-IV maturation in an isogenic strain back-
ground, we reconstituted Aagr:tet and Aagr:tet AmroQ mutants of LAC (Agr-l) with the
entire Agr locus from each variant. We observed a loss of Agr system activation in Aagr:tet
AmroQ mutant strains expressing the Agr-l, -ll, and -1V loci but not a Aagr:tet AmroQ mu-
tant expressing the Agr-lll locus, supporting a requirement for MroQ-mediated maturation
of AIP-I, -Il, and -IV but not AIP-IIl (Fig. 8). Additionally, reconstitution of a Aagr::tet mutant
from MW2 (Agr-lll) with the Agrl locus results in production of mature AIP-Il, whereas
reconstitution of a Aagr:tet AmroQ mutant with Agr-I does not, suggesting that MroQ is
active in Agr-lll-containing strains (Fig. 6A to C). The phenotypic similarities between iso-
genic mutants reconstituted with agr-I to -IV and native strains containing mroQ mutations
argues that MroQ function is conserved in all strain backgrounds. Furthermore, dispensabil-
ity of MroQ for maturation of AIP-Ill in strain LAC suggests that whatever alternative prote-
ase(s) or factors facilitate processing of AIP-Ill must also exist in an Agr-I strain background.

MroQ maintains remarkable sequence conservation across strains of S. aureus that har-
bor each Agr allelic variant, with 100% amino acid identity across Agr-l, -Il, and -lll-contain-
ing strains and 95% identity in Agr-IV-containing strains. The reduced conservation of
MroQ from Agr-IV strains represents 12 of 247 amino acids. It remains plausible that MroQ-
mediated maturation of AgrD-IV is impacted by these amino acid differences; however, our
isogenic reconstitution studies indicate that MroQ from a type | strain can promote matura-
tion of AIP-IV (Fig. 8). The catalytic residues E141, E142, and H180 remain conserved in the
sequence of MroQ from Agr-IV-containing strains (21). Further, three-dimensional (3D)
modeling revealed a predicted structure identical to that of the MroQ from Agr-I-, -Il-, and
-lll-containing strains, potentially indicating that this limited divergence in sequence iden-
tity is not critical for enzymatic activity or structural integrity.

Defining a conserved region or regions that confer MroQ specificity for Agr peptide
maturation could give insight into MroQ function in other AIP-containing Gram-positive
bacteria. Notable bacteria with Agr systems include Clostridioides difficile, Enterococcus fae-
calis, Staphylococcus epidermidis, and Listeria monocytogenes (47-53). Studies by Olson et
al. revealed a requirement for Agr in S. epidermidis skin infection models, highlighting the
relevance of this system across multiple species (54). AIP maturation is believed to occur in
a manner similar to that in S. aureus (54, 55). While AgrB has been implicated in this pro-
cess, whether other proteases facilitate AIP maturation in these bacteria is less clear (52—
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57). We have identified MroQ homologues in S. epidermidis (63% amino acid identity), L.
monocytogenes (37% amino acid identity), and E. faecalis (38% amino acid identity). Given
the ability of MroQ to exert a conserved function across widely divergent S. aureus AgrD
sequences, it is certainly feasible that this function could at least be maintained in S. epider-
midis and/or L. monocytogenes. Conservation of MroQ function across species would pro-
vide tremendous insight into peptide processing in Gram-positive organisms.

In conclusion, this work reinforces the prevailing model that MroQ mediates AIP proc-
essing and release in S. aureus. Furthermore, this work demonstrates a conservation of
function on a range of peptide precursors, a remarkable phenomenon considering the di-
vergent peptide sequence. Our studies add to the rapidly evolving knowledge of MroQ
and its role in Agr system activation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All bacterial strains used in this work are described in
Table 1. S. aureus LAC (AH-1263), SA502A, MW2, and RN3984 were used as WT strains for experiments in
this study. LAC (AH-1263) is an S. aureus USA300 clinical isolate that harbors a type | Agr system and is
cured of its resistance plasmid (58). SA502A (SA502A) is a clinical isolate that harbors a type Il Agr system
(59). MW2 is a clinical community-acquired methicillin-resistant isolate (60). RN3984 is a naturally occur-
ring toxic shock syndrome strain (61). RN4850 is a type IV Agr strain from an individual with scalded skin
syndrome (62). Most recombinant plasmids were maintained in Escherichia coli DH5« or BH10C before
transformation into S. aureus strains RN4220 and RN9011 (RN4220 + pRN7023) and subsequent electro-
poration or transduction into AH-1263, SA502A, MW2, RN3984, or their respective isogenic mutant deriv-
atives. All E. coli strains were grown in lysogeny broth (LB; Amresco), and S. aureus strains were grown in
either tryptic soy broth (TSB; Amresco) or RPMI medium (Corning) supplemented with 1% Casamino
Acids (Amresco) and 2.4 mM sodium bicarbonate (Amresco). When required, media were supplemented
with the following antibiotics: chloramphenicol (Cm; Amresco), 10 wg/mL; ampicillin (Amp; GoldBio) 100
ng/mL; erythromycin (Erm; Amresco) 5 ug/mL; tetracycline (Tet; Amresco), 2 ug/mL; and anhydrous tet-
racycline (AnTet; Acros Organics), 1 wg/mL. To select for pJC1111 transductants, cadmium chloride (Alfa
Aesar) was used at 0.1 to 0.3 mM. Bacterial growth was monitored by measuring optical density at
600 nm (ODy,,) using a Genesys 10S UV-visible spectrophotometer.

Genetic techniques. For isolation of genomic DNA from S. aureus, bacterial strains were grown over-
night in 5 mL of TSB at 37°C and 220 rpm. The next day, 1.5 mL of culture was centrifuged at 8,000 rpm for
10 min and the resulting pellet was resuspended in TSM buffer (50 mM Tris [pH 7.5], 0.5 M sucrose, 10 mM
MgCl,), followed by incubation with lysostaphin (2 mg/mL in 0.5 M Tris [pH 8.0]) for 15 min at 37°C to allow
for digestion of the cell wall. Cellular digests were centrifuged at 14,000 rpm for 2 min and supernatants
were discarded. Genomic DNA was isolated using the Wizard genomic DNA purification kit (Promega) or
DNeasy blood and tissue kit (Qiagen). PCR was performed using Q5 DNA polymerase, GoTaq DNA polymer-
ase, or DreamTaq DNA polymerase (Thermo) and deoxynucleoside triphosphates (Quanta BioSciences). All
PCRs were performed in a FlexID Mastercycler (Eppendorf) according to the manufacturer’s suggested proto-
cols. Oligonucleotides were purchased from Eurofins or Integrated DNA Technologies (IDT) and are listed in
Table 2. Electrophoresis of DNA samples was carried out in 0.8% or 2% agarose (Amresco) gels. The restriction
endonucleases Kpnl, Sacl, Pstl, and EcoRI (New England BioLabs) were used to perform DNA digestions. All
reactions were performed according to the manufacturer’s suggested protocol, and all digested plasmids
were further treated with shrimp alkaline phosphatase (Amresco). Ligations were performed with T4 DNA
ligase (New England Biolabs) and were incubated overnight at 16°C in a ThermoMixer (Eppendorf). DNA gel
extraction and PCR purification were performed using Qiagen QIAquick kits. Plasmids were isolated from E.
coli using a Qiagen miniprep kit. For plasmid isolation from S. aureus, strains were grown overnight in 5-mL
cultures at 37°C with shaking at 220 rpm. Bacterial cells were centrifuged at 3,900 rpm for 5 min, and the
resulting pellet was resuspended in TSM plus lysostaphin (2 mg/mL) and incubated for at least 10 min at
37°C. Following treatment, bacterial cells were centrifuged at 13,000 rpm for 2 min and the remaining mini-
prep was carried out using a Qiagen miniprep kit, with a 5-min incubation following addition of P1 and P2.
Plasmid concentrations were measured using a NanoDrop instrument (Thermo).

Generation of mroQ and agrD in-frame deletion mutants. The temperature-sensitive plasmid
pIMAY (63) was used to generate AmroQ in-frame deletion mutants. To amplify two fragments corre-
sponding to ~500 bp of sequence homology immediately upstream or downstream of mroQ, oligonu-
cleotides MroQ-1, MroQ-2, MroQ-3, and MroQ-4 were used (Table 2). MroQ-1 and MroQ-2 were designed
to amplify the region upstream of mroQ, while MroQ-3 and MroQ-4 were designed to amplify the region
immediately downstream. To join the fragments, splicing by overlap extension (SOE) PCR was performed
using the amplicons from the above-mentioned PCRs as the template along with primers MroQ-1 and
MroQ-4. The amplicon was subcloned into the multicloning site of pIMAY after digestion with Kpnl and
Sacl restriction endonucleases. Since mroQ and the regions immediately upstream and downstream of
the gene share sequence homology among Agr types | to lll, the same plasmid was used to generate in-
frame deletions in wild-type strains harboring these allelic variant Agr systems. To generate AagrD
mutants, primers AgrD-1, AgrD-2, AgrD-3, and AgrD-4 were used to amplify two fragments correspond-
ing to ~500 bp of sequence homology immediately upstream or downstream of agrD. The resulting
amplicons were used as the template for SOE PCR, which was performed using the primers AgrD-1 and
AgrD-4. The amplicon was subcloned into pIMAY as described above. In each case, mutagenesis was
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TABLE 1 Strains used in this study

Infection and Immunity

Reference or

Strain Description Designation source
AH-1263  S. aureus USA300 CA-MRSA strain LAC, type | Agr LAC 58
SA502A  S. aureus clinical isolate SA502A, type Il Agr SA502A 59
MW2 S. aureus CA-MRSA strain, type Il Agr MW2 61
RN3984 S. aureus clinical isolate, type Il Agr RN3984 61
RN4850 S. aureus clinical isolate, type IV Agr RN4850 62
BH10C E. coli strain that restricts plasmid copy no. for cloning of BH10C 66
mroQ
DH5«a E. coli strain used for cloning DH5«
RN4220 Restriction-negative S. aureus RN4220 67
RN9011 RN4220 with pRN7023 expressing the SaPI-l integrase RN9011 68
FA-S922  LAC with in-frame deletion of mroQ AmroQ 21
FA-S982  FA-S922 with integrated pJC1112-mroQ for complementation ~ AmroQ + mroQ 21
FA-S1008 LAC with gene replacement of agrBDCA with tetracycline Aagr:tet 21
resistance cassette
FA-S995  FA-S922 with gene replacement of agrBDCA with tetracycline  Aagr:tet AmroQ 21
resistance cassette
FA-S2733  SA502A with in-frame deletion of mroQ AmroQ This work
FA-S2764 FA-S2733 with pOS1-FLAG-GG-mroQ for complementation AmroQ + mroQ This work
FA-S2766  SA502A with gene replacement of agrBDCA with tetracycline  Aagr:tet This work
resistance cassette
FA-S2741  FA-S2733 with gene replacement of agrBDCA with Aagr::tet AmroQ This work
tetracycline resistance cassette
FA-S2441  MW?2 with in-frame deletion of mroQ AmroQ This work
FA-S2454  FA-S2441 with integrated pJC1112-mroQ for AmroQ + mroQ This work
complementation
FA-S2735 MW?2 with gene replacement of agrBDCA with tetracycline Aagr:tet This work
resistance cassette
FA-S2738 FA-S2441 with gene replacement of agrBDCA with Aagr:tet AmroQ This work
tetracycline resistance cassette
FA-S2730  RN3984 with in-frame deletion of mroQ AmroQ This work
FA-S2734  RN3984 with gene replacement of agrBDCA with tetracycline  Aagr:tet This work
resistance cassette
FA-S949  LAC with P3-GFP reporter plasmid pDB59 LAC + pDB59 69
FA-S1972  AH-1263 with an in-frame deletion of agrB and P3-GFP AagrB + pDB59 21
reporter plasmid pDB59
FA-S1881 SA502A with P3-GFP reporter plasmid pDB59 SA502A + pDB59 69
FA-S2347 MW?2 with P3-GFP reporter plasmid pDB59 MW?2 + pDB59 69
FA-S2767  RN4850 with P3-GFP reporter plasmid pDB59 RN4850 + pDB59 69
FA-S2005 AH-1263 containing pOS1-P,,,,-50dpgs-6 % -His-GG-agrD-I LAC pOS1-P,,,,-50dps5-6 X -His-GG-agrD-I This work
FA-S2010 FA-S922 containing pOS1-P,,, ,-50dy-6 X -His-GG-agrD-I AmroQ pOS1-P,,,,-50dss-6 % -His-GG-agrD-I This work
FA-S2008 FA-5982 containing pOS1-P,,,,-50dggs-6 X -His-GG-agrD-I AmroQ + mroQ pOS1-P,,,,-50dpgs-6 X -His-GG-agrD-I This work
FA-S2422  SA502A containing pOS1-P,, ,-50dgss-6 X -His-GG-agrD-Il SA502A pOS1-P,,,,-50dgss-6 X -His-GG-agrD-II This work
FA-S2746  FA-S2733 containing pOS1-P,,, ,-s0dgss-6 X -His-GG-agrD-Il AmroQ pOS1-P,,,,-50dgs-6 % -His-GG-agrD-II This work
FA-S2383 MW?2 containing pOS1-P,,,,-50dgss-6 % -His-GG-agrD-Ill MW?2 pOS1-P,,, ,-50dps5-6 X -His-GG-agrD-1ll This work
FA-S2452  FA-S2441 containing pOS1-P,, ,-50dss-6 X -His-GG-agrD-Ill AmroQ pOS1-P,,,,-50dgs-6 % -His-GG-agrD-IlI This work
FA-S2762  FA-S2454 containing pOS1-P,, ,-50dz-6 X -His-GG-agrD-Ill AmroQ + mroQ pOS1-P,,,,-50dgss-6 X -His-GG-agrD-Ill This work
FA-S2028 FA-S1008 with integrated pJC1111-agr-I Aagr:tet + agr-1 This work
FA-S2030 FA-S995 with integrated pJC1111-agr-/ Aagr::tet AmroQ + agr- This work
FA-S2032 FA-S1008 with integrated pJC1111-agr-Il Aagr:tet + agr-Il This work
FA-S2034 FA-5995 with integrated pJC1111-agr-Il Aagr:tet AmroQ + agr-Il This work
FA-S2036 FA-S1008 with integrated pJC1111-agr-lil Aagr:tet + agr-ll This work
FA-S2038 FA-S995 with integrated pJC1111-agr-/Il Aagr:tet AmroQ + agr-Ill This work
FA-S2040 FA-S1008 with integrated pJC1111-agr-IV Aagr:tet + agr-1IV This work
FA-S2042  FA-S995 with integrated pJC1111-agr-IV Aagr::tet AmroQ + agr-IV This work
FA-S2728 FA-S2735 with integrated pJC1111-agr-I MW2 Aagr:tet + agr-1 This work
FA-S2750 FA-52738 with integrated pJC1111-agr-/ MW?2 Aagr:tet AmroQ + agr- This work
FA-S2530 LAC with an in-frame deletion of agrD AagrD This work
FA-S2564 FA-S922 with an in-frame deletion of agrD AmroQ AagrD This work
FA-S2718 FA-5982 with an in-frame deletion of agrD AmroQ AagrD + mroQ This work
FA-S2526  FA-S2530 containing pOS1-P,, ,-50dyss-6 X -His-GG-agrD-1 AagrD pOS1-P,,,,-50dss-6 X -His-GG-agrD-1 This work
FA-S2577  FA-S2564 containing pOS1-P,,, ,-50d,z-6 X -His-GG-agrD-I AmroQ AagrD pOSI-P,,, ,-50dzss-6 X -His-GG-agrD-1 This work
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TABLE 1 (Continued)

Reference or

Strain Description Designation source
FA-S2772  FA-S2718 containing pOSI-P,,,,-50dgs-6 X -His-GG-agrD-I AmroQ AagrD + mroQ pOSI-P,,,,-s0dgss-6 % -His-GG-agrD-I ~ This work
FA-S2525 FA-S2530 containing pOS1-P,,,,-50d,,s-6 X -His-GG-Leader-I AagrD pOS1-P,,,,-50dss-6 X -His-GG-Leader-| This work

FA-S2583 FA-S2564 containing pOS1-P,, ,-50dpss-6 X -His-GG-Leader-AIP-I ~ AmroQ AagrD pOS1-P, ,,-50dyss-6 X -His-GG-Leader-AlP-| This work

performed according to previously published protocols and mutations were confirmed by PCR and
Sanger sequencing (21, 39).

Bacteriophage-mediated generalized transduction. Transduction was used to transfer stably
integrated complementation plasmids between strains and to mobilize marked mutations within the
S. aureus chromosome. In this study, S. aureus-specific bacteriophages ¢ 11, 80«, and ¢85 were used.
Donor strains were grown overnight in TSB-LB (1:1) supplemented with 5 mM CaCl, and 5 mM MgSO,,
diluted 1:100 in TSB-LB, and grown for 2.5 to 3 h at 37°C and 220 rpm until the OD,, reached approxi-
mately 0.3 to 0.9. To package donor DNA, 100 uL of serially diluted bacteriophage stock in TMG buffer
(10 mM Tris [pH 7.5], 5 mM MgCl,, 0.1% [vol/vol] gelatin) was incubated with 500 uL of bacterial cul-
ture in microcentrifuge tubes for 30 min at room temperature. Melted and cooled CY top agar (3 g/L
of Casamino Acids, 3 g/L of yeast extract, 6 g/L of NaCl, 7.5 g/L of agar) supplemented with 5 mM
CaCl, and 5 mM MgSO,, was added to the bacterium-phage mixture and immediately poured onto pre-
warmed tryptic soy agar (TSA) plates. Plates were incubated at 30°C overnight. The following day,
phages were harvested from two to four plates with confluent plaques. Phage stocks were stored at
4°C. To transduce plasmids and marked mutations, recipient strains grown overnight in 20 mL of TSB-
LB (1:1) supplemented with 5 mM CaCl, were centrifuged at 3,900 rpm for 15 min and the resulting
pellet was resuspended in 3 mL of TSB-LB plus 5 mM CaCl,. Recipient bacteria were diluted 1:1, 1:10,
and 1:100 in fresh TSB-LB plus 5 mM CaCl, in a final volume of 500 uL. A total of 100 uL of phage stock
was added to each bacterial dilution and incubated at room temperature for 30 min, with inversion of
the tubes to mix every 10 min. After 30 min, each mixture was supplemented with sodium citrate to a
final volume of 40 mM and incubated at room temperature for another 30 min, with inversion every
10 min. Bacterium-phage mixtures were centrifuged at 14,000 rpm for 5 min, and the resulting pellet
was washed two times in TSB-LB plus 40 mM sodium citrate and then resuspended in 100 uL of TSB-
LB plus 40 mM sodium citrate and plated on TSA plates with 10 mM sodium citrate and any antibiotics
necessary for selection. Plates were incubated at 37°C overnight, and any potential transductants were
screened for antibiotic resistance and acquired mutations using PCR and DNA sequencing.

Construction of Aagr::tet mutants. To generate Aagr:tet mutants, a marked deletion mutant of
agrBDCA was transduced into AH-1263, SA502A, MW2, and RN3984 by bacteriophage-mediated trans-
duction as described above.

TABLE 2 Oligonucleotides used in this study

Name Sequence

MroQ-1 CCC-GGTACC(Kpnl)-CCATAAATGATAAACCTCCAT

MroQ-2 GTGTGATTCGTTTTTTTTATTA-GGCGCC(Kasl)-CATAATTTTCCTCCAAATATT

MroQ-3 AATATTTGGAGGAAAATTATG-GGCGCC(Kasl)-TAATAAAAAAAACGAATCACAC
MroQ-4 CCC-GAGCTC(Sacl)-ATTTTTAGCCTTGGCAAATG

MroQFwd ATGACAAGATTATGGGCATCAT

MroQRev TTATGGAATAAAAATGTGATAT

pOS1UniSOE1 CCC-CTGCAG(Pstl)-CTGATATTTTTGACTAAACCAA

P4 4-500s5-6 <X -His-GG-agrD-SOE2 ACCACCGTGATGGTGATGGTGATGGCTGCTGCCCAT-AAATAATCATCCTCCTAAGGT

P, ora-500gs5-6 % -His-GG-agrDI-SOE3 ATGCATCACCATCACCATC-CCTTAGGAGGATGATTATTT

P, o, 4-50dgs5-6 X -His-GG-agrDI-SOE4 ATAT-GAATTC(EcoRI)-TTATTCGTGTAATTGTGTTAAT

P, 4r4-500s5-6 % -His-GG-agrDII-SOE3 ATGGGCAGCAGCCATCACCATCACCATCACGGTGGT-AATACACTTGTTAATATGTTTTTT
P, o450 gss-6 % -His-GG-agrDII-SOE4 CCC-GAATTC(EcoRI)-CTATTTGTCGTATAAATTCGTT

P, o, 4-50dgss-6 X -His-GG-agrDIII-SOE3 CATCACCATCACCATCACGGTGGT-AAAAAATTACTCAACAAAG

P, o 4-5055-6 X -His-GG-agrDIlI-SO4 CCC-CCATGG(Ncol)-TTATTCGTGTAATTGAGTTAATT

AgrD-1 AAA-GGTACC(Kpnl)-TCCATTTTACTAAGTCACCG

AgrD-2 CTCTCTATTTAAATTATTCGTGATTCATTTTAAGTCCTCCTTA

AgrD-3 TAAGGAGGACTTAAAATGAATCACGAATAATTTAAATAGAGAG

AgrD-4 AAA-GAGCTC(Sacl)-TCGGGTATTTCGATACTAAT

T1LeaderREV AAA-GAATTC(EcoRI)-TTAAGCTGCGATGTTACCAATGT

T1Leader-AIPREV AAA-GAATTC(EcoRI)-TTACATTATGAAGTCACAAGT

FLAG-GG-MroQSOE1 CCC-CTGCAG(Pstl)-CTGATATTTTTGACTAAACCAA

FLAG-GG-MroQSOE2 ACCACCCTTGTCGTCATCGTCTTTGTAGTCGCTGCTGCCCAT-AAATAATCATCCTCCTAAGGT
FLAG-GG-MroQSOE3 ACAAGATTATGGGCATCATT-ATGGGCAGCAGCGACTACAAAGACGATGACGACAAGGGTGGT
FLAG-GG-MroQSOE4 CCC-GAATTC(EcoRI)-TTATGGAATAAAAATGTGATATA
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Generation of complementation strains. To generate single-copy chromosomal complementation
strains expressing mroQ under the control of its native promoter, the integrative plasmid pJC1112 was
used to generate pJC1112-mroQ as previously described (21, 39). Complementation of the AmroQ muta-
tion in SA502A with pJC1112-mroQ under the control of its native promoter was unsuccessful presum-
ably because of altered expression patterns in this strain. To overcome this limitation, we expressed
FLAG-GG-mroQ under the control of the constitutive P_,, promoter in plasmid pOS1 (64). To generate
this plasmid, the P, promoter linked to the S. aureus superoxide dismutase (sod) ribosomal binding
site was fused to the coding sequence for mroQ with an N-terminal FLAG tag and diglycine linker. To
amplify P,,,,-50dgss, primers FLAG-GG-MroQSOE1 and FLAG-GG-MroQSOE2 were used. FLAG-GG-mroQ
was generated using FLAG-GG-MroQSOE3 and FLAG-GG-MroQOE4. Amplicons were spliced together
using SOE PCR with primers FLAG-GG-MroQSOE1 and FLAG-GG-MroQSOE4 and cloned into pOS1 using
Pstl and EcoRl restriction endonucleases. The resulting plasmid was transformed into E. coli BH10C and
electroporated into S. aureus RN4220. The complementation vector was then transduced into an
SA502A AmroQ mutant as described above. To generate complementation strains harboring Agr loci
under the control of their native promoters, the integrative plasmid pJC1111 was used. Integrated com-
plementation vectors were transduced into AmroQ (pJC1112-mroQ), Aagr (pJC1111-agrl-1V), or Aagr
AmroQ (pJC1111-agrl-IV) as defined above. Complement strains were verified using PCR and DNA
sequencing. Primers are listed in Table 2.

Construction of P3-gfp reporter strains. Plasmid pDB59 harboring the Agr-regulated P3 promoter

driving the expression of gfp was isolated from E. coli, passaged through RN4220, and electroporated
into all indicated strains (21, 41, 65).
Construction of pOS1-P_,,,-6 X -His-GG-agrD expression plasmid. A 6x-His-GG-agrD expression plas-
mid for each Agr type was generated by fusing the P, promoter linked to the S. aureus superoxide dismutase
(sod) ribosomal binding site with the coding sequence for AgrD containing an N-terminal 6x-His tag and digly-
cine linker. To amplify P,,,-50dzs primers pOS1uniSOET and P, ,-50d -6 x -His-GG-agrD-SOE2 were used. 6x-
His-GG-AgrD-| was amplified using P,,,-50dzz-6%-His-GG-agrDIFSOE3 and  P,,,,-50d -6 % -His-GG-agrDI-SOE4.
6x-His-GG-AgrD-Il was amplified using P,,,-500ss-6 % -His-GG-agrDI-SOE3 and P, ,-50d -6 % -His-GG-agrDII-SOEA.
6x-His-GG-Agr-lll was amplified using P,,,-50dgs6% -His-GG-agrDIlI-SOE3  and P, ,-50 -6 x -His-GG-agrDIll-
SOE4. SOE PCR was used to splice AgrDI to -lll to P,-s0d,,s using the resulting amplicons from the
above-described PCRs as the template with primers pOS1uniSOE1 and P, ,-s0d,<-6 % -His-GG-agrDI-SOE4, P, -
50056 % -His-GG-agrDI-SOE4, and P, ,-50d -6 % -His-GG-agrDIlI-SOE4. The resulting fusion products were cloned
into pOS1 using Pstl and EcoRl restriction endonucleases. These products were transformed into DH5«, passaged
through RN4220, and electroporated into wild-type, AmroQ, and AmroQ + mroQ isogenic strains for LAC and
MW2 and wild-type and AmroQ isogenic strains for SA502A. To generate leader and leader-AIP peptide controls
for Agr type |, the primers pOS1uniSOE1 and P, ,-50d,,-6 % -His-GG-agrD-SOE2 were used to amplify P, ,-50dzgs.
P, 4500 -6 X -His-GG-agrDI-SOE3 and T1LeaderREV or T1Leader-AIPREV were used to amplify leader or leader-
AIP, respectively. SOE PCR was used to splice the leader or leader-AIP to P, ,-s0dg,s using the above-described
amplicons as the template with primers pOS1uniSOE1 and T1LeaderREV or T1Leader-AIPREV. All primers are
listed in Table 2.

Analysis of 6 X-His-AgrD maturation by immunoblotting. Five-milliliter overnight cultures of 6x-
His-GG-agrD-expressing strains were subcultured 1:100 in 50 mL to 400 mL of RPMI or TSB at 37°C and
220 rpm for 8 h or overnight. Bacterial cells were centrifuged at 3,900 rpm for 20 min, and superna-
tants were removed and filter sterilized using a 0.22-um filter before addition of imidazole (10 mM)
and phenylmethylsulfonyl fluoride (PMSF; 1.2 mM), followed by overnight incubation with preequili-
brated nickel-nitrilotriacetic acid (Ni-NTA). Bound 6 x-His-AgrD was washed two times with 1 mL of 6
M urea buffer, followed by addition of 100 uL of 4x SDS sample buffer and boiling for 10 min. For iso-
lation of membrane fractions, bacterial pellets were resuspended in 10 mL of phosphate-buffered sa-
line (PBS) and treated with lysostaphin for 30 min at 37°C, followed by sonication using a Sonifier soni-
cator (Branson) at 30% power with 20 s on and 20 s off for a total of 2 min. Cellular debris was
removed by centrifugation at 12,000 rpm for 15 min at 4°C. Lysates were ultracentrifuged at
20,000 rpm for 70 min at 4°C, and the resulting pellet was solubilized in PBS plus 1 M NaCl,, 6 M urea,
and 1% n-doceyl-B-D-maltoside (DDM) overnight. Equilibrated Ni-NTA was added to the DDM-solubi-
lized samples, which were incubated for 3 h to allow for binding. Bound 6 x-His-AgrD was washed two
times with 1 mL of 6 M urea buffer and boiled in 4x SDS sample buffer as described above. Samples
were resolved on 16% Tris-Tricine gels containing 6 M urea for 2 h at 30 V to allow for migration into
the gel and then overnight at 90 V. Proteins were transferred to 0.2-um-pore-size polyvinylidene diflu-
oride (PVDF) membranes (Immobilon; Roche) in 20% methanol transfer buffer at 100 V for 30 min.
Membranes were blocked for 1 h in Tris-buffered saline (TBS)-Tween 20 (TBST; 0.1% Tween 20
[Amresco] in TBS [Corning]) containing 5% bovine serum albumin (BSA; GoldBio), incubated with anti-
His6 monoclonal mouse antibody (1:5,000 dilution) (ab18184; Abcam) overnight, and washed three
times in 10 to 20 mL of TBST for 5 min each. Blots were then incubated with goat anti-mouse 1gG
(H+L) conjugated to alkaline phosphatase (Thermo) for 1 h, followed by three washes in 10 to 20 mL
of TBST for 5 min each and development using 5-bromo-4-chloro-3-indoyl-phosphate-nitroblue tetra-
zolium (BCIP/NBT) substrate (GoldBio/VWR).

Exoprotein preparations. Bacterial strains were subcultured 1:100 in 5 mL of TSB or RPMI for 8 h at
37°C and 220 rpm. The OD,, was measured, cell suspensions were centrifuged at 3,900 rpm for 15 min, and
supernatants were removed and filter sterilized through a 0.22-um filter. A total of 1.3 mL of supernatant
was collected in a 1.5-mL microcentrifuge tube, and 150 uL of 100% trichloroacetic acid (TCA) was added.
Mixtures were incubated overnight at 4°C, centrifuged at 12,000 rpm for 15 min to pellet precipitated pro-
teins, incubated with 1 mL of 100% ethanol or acetone for at least 30 min at 4°C, and centrifuged again at
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12,000 rpm for 15 min. The resulting pellets were allowed to air dry at room temperature, followed by addi-
tion of TCA-SDS sample buffer (4% SDS plus 0.5 M Tris-HCl mixed 1:1 with 2x SDS loading buffer) and boiling
for 10 min. Samples were stored at —20°C. OD,,,-normalized exoprotein preparations were resolved by SDS-
PAGE using 12% acrylamide gels at 120 V in a Quadra minivertical PAGE/blotting system (CBS Scientific). Gels
were fixed in a solution containing methanol-acetic acid-H,O (50:10:4) for 25 min before washing with 10 mL
of water three times for 5 min each. Following fixation, gels were stained in Gel-Code blue stain reagent
(Pierce) for 1 h at room temperature and subsequently washed in 10 to 20 mL of H,O for 2 to 3 h to allow for
destaining.

Immunoblot analysis for secreted virulence factors. SDS-PAGE-separated proteins were trans-
ferred to a 0.2-um-pore-size PVDF membrane as described above. Membranes were blocked with
TBST plus 5% BSA for 1 h before addition of human IgG (Sigma) (1:2,000) in TBST for 1 h to block protein
A, followed by washing three times with 10 mL of TBST for 15 min each before addition of Rb-anti-HIgC
(1:5,000) or Ms-anti-Hla (1:5,000) antibodies overnight. The following day, membranes were washed
three times with 10 mL of TBST and incubated with alkaline phosphatase conjugated goat anti-mouse
19G (H+L) or goat anti-rabbit IgG (H+L) (Invitrogen) for 1 h. Membranes were washed three times with
10 mL of TBST and then developed using BCIP/NBT reagent as described above.

AIP inhibition assays. Bacterial strains were subcultured 1:100 in TSB or RPMI for 5 h at 37°C and
220 rpm. Cell suspensions were centrifuged at 3,900 rpm for 5 min, and supernatants, designated “condi-
tioned media (CM),” were filter sterilized through a 0.22-um filter. Overnight cultures of P3-GFP reporter
strains were then subcultured 1:100 in 50% CM and allowed to grow for 5 h at 37°C and 220 rpm. Following
incubation, 100-uL aliquots were pelleted at 3,900 rpm for 5 min, washed three times with PBS, and resus-
pended in a final volume of 100 uL of PBS. GFP fluorescence and ODy,, were measured using a SpectraMax
ID3 plate reader (Molecular Devices). Relative fluorescence was calculated by normalizing fluorescence units
to ODyqq.

AIP activation assay. Bacterial strains were subcultured 1:100 in 5 mL of TSB for 5 to 8 h at 37°C and
220 rpm. Cell suspensions were centrifuged at 3,900 rpm for 5 min, and supernatants from test strains were
collected and filter sterilized through a 0.22-um filter, whereas bacterial pellets from reporter strains were
retained for later application of conditioned medium. The reporter strain pellets were resuspended in 5 mL
of fresh TSB, and 250 uL of this resuspension was mixed with 500 L of test strain supernatant. A total of 200
L of the suspension was added in triplicate to a v-bottom plate and incubated for 3 h at 37°C and 220 rpm.
Cell suspensions were centrifuged at 3,900 rpm for 5 min, followed by 2 washes and resuspension in 200 uL
of PBS. GFP fluorescence and ODy,, were measured as described above.

Rabbit RBC lysis assay. Bacterial strains were subcultured 1:50 in 150 uL of TSB or RPMI in a 96-well
plate for 6 h for strains LAC, SA502A, MW2 Aagr:tet + pJC1111-Agr-l, and MW2 Aagr:tet AmroQ +
pJC1111-Agr-I and 16 h for strains from MW2 and RN3984 at 37°C and 220 rpm. Cell suspensions were
centrifuged at 3,900 rpm for 5 min, and ODg,,-normalized cell-free supernatants were serially diluted 1:1
in PBS in a round-bottom 96-well plate followed by 1:1 addition of defibrinated rabbit red blood cells
(RBCs; Colorado Serum Company) diluted to 2% packed-cell volume (PCV). Following incubation for 1 h
at 37°C, samples were centrifuged at 1,500 rpm for 5 min and supernatants were transferred to flat-bot-
tom 96-well plates followed by measurement of RBC lysis at OD,,.

Murine skin and soft tissue infection. Bacterial strains were grown overnight in TSB (Criterion) at
37°C and 220 rpm and subcultured 1:100 in 15 mL of TSB for 3 h. Strains were washed three times
with 5 mL of PBS then normalized to an OD,,, of 0.32 to 0.33 (1 x 10® CFU) followed by mixing 1:1
with sterile Cytodex microcarrier beads (Sigma-Aldrich). Mice were anesthetized with 2,2,2-tribro-
moethanol (Avertin; Sigma) via intraperitoneal injection (250 mg/kg of body weight), and 200 uL of
the bacterium-Cytodex bead mixture (1 x 107 CFU) was injected intradermally into each side of the
shaved flank region of anesthetized mice. After 4 days, mice were euthanized and abscesses were
harvested, homogenized, and plated on TSA for enumeration of CFU. Images of representative
abscesses were captured and are displayed in Fig. 7 and 8.

Ethics statement. All animal experiments followed the ethical standards outlined by the Institutional
Animal Care and Use Committee (IACUC) and institutional biosafety committee at Loyola University
Chicago, Health Sciences Division. Loyola University Chicago is registered by the USDA (33-R-0024 through
24 August 2023), approved by the Public Health Service (PHS; A3117-01 through 28 February 2026), and
fully accredited by AAALAC International (000180 through November 2022). All animal experiments were
performed following USDA and PHS policy guidelines on the humane care and use of animals and were
carried out in biosafety level 2 facilities with IACUC-approved protocols under the guidance of the Office
of Laboratory Animal Welfare (OLAW).

Statistical analysis. All experiments were repeated at least 3 independent times. For AIP reporter
assays, statistical significance was analyzed using GraphPad Prism (version 9.0) with representative data
from experiments conducted in triplicate at least three independent times. Statistical tests are specified
in the figure legends. For animal studies, statistical analysis was performed by Kruskal-Wallis test with
Dunn'’s post hoc test for multiple comparisons.
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