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The AgrD N-Terminal Leader Peptide of Staphylococcus aureus Has
Cytolytic and Amyloidogenic Properties

Kelly Schwartz, Matthew D. Sekedat, Adnan K. Syed, Brendan O’Hara, David E. Payne, Abigail Lamb, Blaise R. Boles*
Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan, USA

Staphylococcus aureus virulence is coordinated through the Agr quorum-sensing system to produce an array of secreted mole-
cules. One important class of secreted virulence factors is the phenol-soluble modulins (PSMs). PSMs are small-peptide toxins
that have recently been characterized for their roles in infection, biofilm development, and subversion of the host immune sys-
tem. In this work, we demonstrate that the signal peptide of the S. aureus quorum-sensing signal, AgrD, shares structural and
functional similarities with the PSM family of toxins. The efficacy of this peptide (termed N-AgrD) beyond AgrD propeptide
trafficking has never been described before. We observe that N-AgrD, like the PSMs, is found in the amyloid fibrils of S. aureus
biofilms and is capable of forming and seeding amyloid fibrils in vitro. N-AgrD displays cytolytic and proinflammatory proper-
ties that are abrogated after fibril formation. These data suggest that the N-AgrD leader peptide affects S. aureus biology in a
manner similar to that described previously for the PSM peptide toxins. Taken together, our findings suggest that peptide cleav-
age products can affect cellular function beyond their canonical roles and may represent a class of virulence factors warranting

further exploration.

taphylococcus aureus is a common constituent of the human

microflora, living commensally on the skin or in the anterior
nares of approximately one-third of the population (1, 2). Despite
this typically innocuous relationship, S. aureus can cause diseases
ranging from benign skin conditions to fatal systemic infections
(3—6). The severity of an S. aureus infection is partially attributed
to toxins produced by the infecting strain, which include superan-
tigens, alpha-toxin, leukocidins, and other small-peptide toxins,
such as phenol-soluble modulins (PSMs) (7-12). PSMs are of par-
ticular interest because they perform multiple roles in pathogen-
esis. These short peptides compound pathogenicity by activating
host receptor-mediated inflammatory responses (12-17), lysing
red and white blood cells (16, 18, 19), altering biofilm develop-
ment (20-23), and acting as antimicrobial agents against niche-
occupying organisms in the host (24-27).

Our group has reported previously that PSMs enhance S. au-
reus biofilm structures, likely through coordinated aggregation
into amyloid structures (22). Amyloid aggregates are robust fibril
structures produced through the self-seeded autoaggregation of
monomeric units. Mature amyloid fibrils display a characteristic
cross-3-sheet structure and are strongly resistant to chemical and
enzymatic degradation (28, 29). Biofilms that produced PSM fi-
brils were resistant to dispersal by matrix-degrading enzymes, sur-
factants, and mechanical disruption. Soluble PSMs dispersed bio-
films, while preaggregation of PSMs into amyloid fibrils abolished
this dispersal activity (22).

The S. aureus accessory gene regulatory (Agr) quorum-sensing
system is associated with toxin production during aggressive acute
infections, while in several animal models, agr mutants are less
virulent (3, 5, 10, 30-32). Agr directly regulates the expression of
all three PSM types characterized (PSMal-4, PSMB1-2, and
delta-toxin) (13, 33). The agrBDCA operon encodes the core com-
ponents of the quorum-sensing system, while the divergently
transcribed RNAIII is a regulatory RNA and the primary effector
of the agr regulon. Briefly, the Agr quorum-sensing circuit func-
tions through the AgrCA two-component sensory complex,
which detects and responds to the autoinducing peptide (AIP)
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signal derived from AgrD (30, 31, 34). AgrA binds to promoters P2
and P3 to upregulate the production of the Agr machinery and the
RNAIII response element. It was thought that P2 and P3 were the
exclusive targets of AgrA until it was demonstrated that AgrA
binds to promoters upstream of the PSMa and PSMf operons
(33). Thus, Agr and the PSMs are linked through their shared
transcriptional regulation.

AgrD is translated as a propeptide composed of three parts: an
N-terminal amphipathic leader, a middle region of 8 residues that
is processed into the final AIP structure, and a charged C-terminal
tail (see Fig. 1F) (31). The N-terminal region of AgrD is essential
for directing the propeptide to the cell membrane (35), where the
integral membrane endopeptidase AgrB removes the C-terminal
tail, catalyzes thiolactone ring formation, and transports the AgrD
AIP intermediate across the cell membrane (34, 36). Once this
intermediate peptide is secreted from the cell, the SpsB signal pep-
tidase cleaves the N-terminal peptide to release the active form of
AIP, leaving the leader peptide associated with the cytoplasmic
membrane (37, 38). Thus, the current model of AIP processing
suggests that the N-terminal leader fragment is essential for tar-
geting the propeptide to the cell membrane, but the fate of the
peptide after AIP processing is unknown.

Here, for the first time, we provide evidence that the N-termi-
nal amphipathic leader of the AgrD propeptide (termed N-AgrD)
has multiple properties that are similar to those of the PSM pep-
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tides. N-AgrD is present in S. aureus amyloid fibrils during biofilm
growth and is capable of autoaggregation and of seeding the am-
yloid polymerization of PSM peptides in vitro. Soluble N-AgrD is
cytolytic against human cells and displays proinflammatory activ-
ity. These findings demonstrate a novel biological role for a leader
peptide beyond trafficking and may provide additional context for
the biological functions of staphylococcal PSMs.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. aureus strain LAC (methicil-
lin-resistant S. aureus [MRSA] strain USA300-0114) was the wild-type
strain used in this study (39). The construction of the pAgrBD plasmid has
been described previously (40). Plasmid pAgrBD and an empty vector,
pEPSAS5, were transformed into an S. aureus LAC agr mutant by electro-
poration to create strains BB2933 (LAC agr pAgrBD) and BB2945 (LAC
agr pEPSAS).

Strains were routinely grown in tryptic soy broth (TSB) incubated at
37°C with shaking at 200 rpm unless otherwise noted. The carbon-limited
growth medium (CLM) for the detection of N-AgrD in culture superna-
tants consisted of glucose (75 mM), ammonium sulfate (7.5 mM), potas-
sium phosphate (33 mM), and dipotassium phosphate (60 mM) supple-
mented with NaCl (11 mM), KCI (2 mM), Casamino Acids (0.5%; BD
Biosciences), MgSO,, (0.1 mM), and the vitamins nicotinamide (500 g/
liter), thiamine (500 pg/liter), pantothenate (500 pg/liter), and biotin
(0.3 pg/liter) (40).

Biofilm experiments, amyloid fibril isolation, mass spectrometry,
and microscopy. Drip flow biofilms were grown in 3.3 g/liter peptone, 2.6
g/liter NaCl, and 3.3 g/liter glucose (PNG medium) as described previ-
ously (22, 41). Amyloid fibrils were collected after 5 days of growth.
Briefly, biofilms were scraped into 3 ml of potassium phosphate buffer (50
mM; pH 7) and were homogenized (TissueMiser; Fisher) to shear fibrils
from the cell walls. Supernatants were clarified by repeated centrifugation
at 13,000 rpm for 2 min to remove cells. The cell-free supernatant was
incubated in 200 mM NaCl, and the fibrils were isolated using Millipore
Amicon Ultra centrifugal filter units with a pore size of 100 kDa.

Fibril protein components were identified by liquid chromatography
(LC)-tandem mass spectrometry (MS-MS) after digestion with pepsin
(MS Bioworks, Ann Arbor, MI) as described previously (22). The value
for the abundance measurement is the normalized spectral abundance
factor (NSAF).

Transmission electron microscopy (TEM) was performed using a
Philips CM12 transmission electron microscope. Samples prepared for
TEM imaging were spotted onto Formvar-coated copper grids, incubated
for 5 min, washed with sterile double-distilled water (ddH,0), and nega-
tively stained with 2% uranyl acetate for 60 s.

To detect the presence of N-AgrD in culture supernatants, cultures
were grown in 100 ml CLM for 24 h at 37°C, and cells were removed by
centrifugation and passage of the supernatant through a 0.22-pm filter.
The supernatant was then concentrated 1,000-fold by trichloroacetic acid
(TCA) precipitation and was resuspended in water. Following trypsin
digestion, samples were analyzed by nano-LC-MS-MS (MS Bioworks,
Ann Arbor, MI).

PSM polymerization experiments. The N-AgrD and PSMa 1 peptides
were synthesized by LifeTein (South Plainfield, NJ); they were assayed and
found to be >90% pure by high-performance LC (HPLC). Synthetic pep-
tides were prepared and assayed as described previously to eliminate large
aggregates from lyophilization prior to the assay (22, 42). The amino acid
sequence of the N-AgrD peptide was MNTLENLFFDFITGILKNIGNIAA;
the sequence of the scrambled N-AgrD peptide was LGAAFNMNLINFD
FTGIEFNKLTII; and the sequence of the PSMa1 peptide was MGITAGIIK
VIKSLIEQFTGK. Each lyophilized peptide stock was dissolved directly
into hexafluoroisopropanol (HFIP) to a concentration of 0.5 mg/ml and
was briefly vortexed. Peptide stocks were aliquoted into microcentrifuge
tubes, and the HFIP solvent was removed by a SpeedVac system at room
temperature. Dried peptide stocks were stored at —80°C.
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All amyloid dye-binding assays were performed in 96-well black
opaque polystyrene tissue culture (TC)-treated plates (Costar 3603;
Corning). Immediately prior to the assay, dried peptide stocks were
thawed and were dissolved in dimethyl sulfoxide (DMSO) to a concentra-
tion of 10 mg/ml. Freshly dissolved peptides were diluted in sterile ddH,O
containing 0.2 mM thioflavin T (ThT) and were assayed at room temper-
ature. Fluorescence was measured every 10 min after shaking by a Tecan
Infinite M200 plate reader at an excitation wavelength of 438 nm and an
emission wavelength of 495 nm. ThT fluorescence during polymerization
was corrected by subtracting the background intensity of an identical
sample without ThT. Assays were repeated at least twice.

Congo red (CR) absorbance scans were performed on peptides that
had been allowed to polymerize for 24 h in ddH,0. Samples were incu-
bated in 0.001% (wt/vol) CR in ddH,O for 30 min prior to an assay on a
Tecan Infinite M200 plate reader. CR scans were corrected by subtracting
the background intensity of the identical sample before the addition of the
dye. Assays were repeated at least twice.

CD spectroscopy. Treated peptide stocks were thawed, dissolved in
HFIP to a concentration of 10 mg/ml, and incubated on ice for 20 min.
Samples of 15 uM peptide were made by diluting the dissolved peptide in 500
wl sterile ddH,O immediately prior to assay. Far-UV circular dichroism (CD)
measurements were performed with a Jasco J-810 spectropolarimeter using
quartz cells with a 0.1-cm path length. CD spectra between 190 and 260 nm
were recorded in millidegrees and converted to molar ellipticity. The average
of the results of five scans was recorded at 25°C using a 2-nm bandwidth with
a scanning speed of 20 nm min ', CD scans were performed over the course
of 20 h. Triplicate samples showed similar ellipticity patterns.

Hemolysis assays. The collection of blood from human subjects was
approved by the University of Michigan Institutional Review Board (ap-
proval number IRB00001995). Human whole blood was washed in phos-
phate-buffered saline (PBS) and was diluted to a final concentration of
1:25 (vol/vol) in PBS. One hundred microliters of blood was then placed
in individual wells of a flat-bottom 96-well microtiter plate (Costar 3596;
Corning).

Synthetic PSMal and N-AgrD peptides resuspended in DMSO were
added directly to the wells at the concentrations indicated in the figures,
and the mixtures were incubated for 60 min at 37°C. After incubation,
plates were centrifuged at 500 X g for 10 min, and an aliquot of the
supernatant (100 pl) was transferred to a separate microtiter plate for the
measurement of hemoglobin absorbance at 450 nm on a Tecan Infinite
M200 plate reader. The assays were repeated in triplicate.

Overnight cultures of S. aureus containing plasmid pAgrBD or
pESPAS were diluted 1:100 in 5 ml of TSB containing the levels of xylose
indicated in Fig. 4. The cells were grown by shaking at 37°C to an optical
density 0of 2.00 at 600 nm. The supernatants were then prepared by passage
through 0.22-pm filters. Ten microliters of the supernatant was then
added to 100 pl of blood, and the mixture was incubated for 60 min at
37°C. After incubation, the plates were centrifuged at 500 X g for 10 min,
and an aliquot of the supernatant (optical density, 2.00) was transferred to
a separate microtiter plate for the measurement of hemoglobin absor-
bance at 450 nm on a Tecan Infinite M200 plate reader.

Lysis of human neutrophils. Venous blood was collected from healthy
human volunteers (approved by the University of Michigan Institutional Re-
view Board; approval number IRB00001995) by using 0.2% EDTA as an
anticoagulant. Neutrophils were isolated by sequential centrifugation in Fi-
coll Paque Plus (GE Healthcare), and hypotonic lysis of erythrocytes was
carried out as described previously (12, 18). Briefly, 3.7 uM either PSMa1 or
N-AgrD synthetic peptide was added to the wells of a 96-well microtiter plate
containing 10° neutrophils, and plates were incubated at 37°C for 2 h. The
level of neutrophil lysis was determined by quantitating the release of lactate
dehydrogenase (LDH) (cytotoxicity detection kit; Roche Applied Sciences).
The assays were repeated in triplicate.

Measurement of IL-8 production and neutrophil chemotaxis. Neu-
trophil chemotaxis in the presence of 2 uM N-AgrD or PSMa1 synthetic
peptide was analyzed using a QCM chemotaxis assay kit (3 wm; ECM504;
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FIG 1 S. aureus USA300 strain LAC displays robust amyloid fibril formation. Fibrils extracted from biofilms contained high levels of phenol-soluble modulins
and the N-terminal region of AgrD (N-AgrD). (A) TEM illustrating fibril formation (indicated by arrow) by S. aureus strain LAC after 5 days of biofilm growth.
Bar, 500 nm. (B) TEM of purified fibrils subjected to MS analysis. Bar, 500 nm. (C) Peptide species identified in duplicate samples of isolated fibrils via MS analysis
and their relative abundance factors within the samples (NSAF). (D) ClustalW sequence alignment illustrating the similarity of the primary structures of the
N-terminal region of AgrD and PSMa1. Residues in AgrD type I that are conserved among Agr types are shown in lightface. (E) Predicted arrangement of N-AgrD
residues in an a-helical wheel showing amphipathy that is typical of PSMs (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py). (F) Graphic illustration
of AgrD propeptide domains, including the amphipathic leader sequence, the autoinducing peptide (AIP), and the C-terminal charged tail.

Millipore). Briefly, isolated human neutrophils were subjected to a brief
hypotonic shock with pyrogen-free water (Sigma), washed, and sus-
pended at 5 X 10° cells/ml in Hanks balanced salt solution (HBSS) con-
taining 0.05% human serum albumin. Chemotaxis of neutrophils was
determined by using fluorescently labeled neutrophils that migrated
through a membrane fitted into an insert of a 24-well microtiter plate
transwell system containing a prewetted 3-pm-pore-size polycarbonate
filter. The production of interleukin 8 (IL-8) in human neutrophils after
exposure to 6 uM N-AgrD or PSMal synthetic peptide was measured by
using a commercial enzyme-linked immunosorbent assay (ELISA) kit
(R&D Systems) according to the manufacturer’s instructions. Statistical
analysis was performed using a 1-way analysis of variance (ANOVA).

RESULTS

The N-AgrD peptide is present in purified amyloid fibrils. Our
previous work demonstrated that the S. aureus laboratory strain
SH1000 produced amyloid fibrils composed primarily of PSMs
(22). In the current study, we sought to investigate whether a
clinical isolate produced amyloid fibrils with a composition dif-
ferent from that for our common lab strain. For this work, we
utilized the community-associated (CA)-MRSA USA300 strain
LAC, which exhibits robust Agr activity producing high levels of
PSMs (12, 43). As observed by transmission electron microscopy
(TEM), LAC biofilms also produced substantial quantities of ex-
tracellular fibrils that were readily isolated from cells (Fig. 1A and
B). LC-MS-MS analysis of LAC biofilm fibrils confirmed that
PSM species were associated with the amyloid fibrils, but we also
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detected substantial quantities of the AgrD N-terminal leader
peptide in our isolated fibrils (Fig. 1C and F) (22). This finding
prompted our investigation to determine the relevance of the N-
terminal AgrD peptide in S. aureus biofilms.

N-AgrD displays amyloid-like characteristics. An alignment
of the N-AgrD amino acid sequence to the PSMa1 sequence showed
distinct similarity to PSMal (Fig. 1D). N-AgrD has also been pre-
dicted to adopt an amphipathic a-helical structure that is similar to
those of the PSMs (12, 38) (Fig. 1E). These striking primary and
secondary structural similarities, combined with the observation that
N-AgrD is associated with fibrils in biofilms, led us to speculate that
N-AgrD may contribute to amyloid formation.

The cross-B-sheet architecture of mature amyloid fibrils can be
detected using several biochemical assays, including amyloid-spe-
cific dyes and circular dichroism (28, 29, 44, 45). To test whether
N-AgrD could form amyloids, we assayed the synthetic N-AgrD
peptide for its ability to autoaggregate using an in vitro thioflavin
T (ThT) fluorescence assay (46). Amyloid aggregation generally
occurs in two phases: (i) a lag phase, during which monomers
associate into oligomeric nuclei, and (ii) an exponential polymer-
ization phase, during which mature amyloid fibrils are formed (a
shift in ThT fluorescence occurs as ThT binds to amyloid fibrils,
and fluorescence levels will increase over time as more monomers
adopt the amyloid fold in solution) (46, 47). Over a 12-h time
course, synthetic N-AgrD displayed an initial lag phase followed
by a concentration-dependent increase in the level of ThT fluores-
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FIG 2 N-AgrD possesses amyloid-like characteristics. (A) ThT assay monitoring amyloid polymerization kinetics with the synthetic N-AgrD peptide. Normal-
ized fluorescence intensity is shown for N-AgrD at 37.3 uM, 7.46 uM, or 3.73 uM, and for a no-peptide control, incubated with 2 mM ThT. (B) TEM of 37.3 .M
N-AgrD after 24 h in solution. Bar, 500 nm. (C) A scrambled version of the N-AgrD peptide (labeled sN-AgrD) does not display amyloid ThT fluorescence, in
contrast to intact N-AgrD. Peptides were assayed at a concentration of 37.3 pM. (D) TEM of 37.3 uM sN-AgrD after 24 h in solution. Bar, 500 nm. (E) CR
absorbance of the N-AgrD peptide. A characteristic concentration-dependent increase in absorbance at 515 nm over that with Congo red only was seen with 370
M or 185 wM N-AgrD. (F) CD spectroscopy of 15 wM N-AgrD peptide transitioning to a 3-sheet conformation over time.
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cence, indicative of amyloid assembly (Fig. 2A) (46). We verified
the presence of amyloid aggregates at the end of the time course by
taking TEM images of N-AgrD 24 h postinoculation. We observed
fibrils with a diameter of ~12 pm, consistent with amyloid fibril
morphology (Fig. 2B). A scrambled-peptide control (sN-AgrD)
failed to display ThT fluorescence and to form fibrils, indicating
that amyloid aggregation is sequence dependent (Fig. 2C and D).

To further demonstrate that the fibrils observed were amy-
loids, we incubated N-AgrD fibrils with another amyloid-binding
dye, Congo red (CR). A characteristic “red shift” in absorbance at
~515 nm was observed relative to the absorbance with a buffer
control, a finding indicative of the cross-B-structure of amyloid
fibrils (Fig. 2E) (48). To confirm that N-AgrD was adopting a
B-sheet conformation after aggregation, we used circular dichro-
ism (CD) to assay the secondary structural changes of synthetic
N-AgrD over time. As predicted, freshly dissolved peptide dis-
played a change in peak absorbances consistent with a transition
to an increased [3-sheet content over time (Fig. 2F).

Considering the sequence similarity between N-AgrD and
PSMal (Fig. 1), these observations suggest a potential role for
both peptides in biofilms. These biochemical and biophysical data
were consistent with our hypothesis that N-AgrD is capable of
forming amyloid fibrils (Fig. 2). We next aimed to investigate the
biological relationship between N-AgrD and the PSM amyloids.

N-AgrD is capable of seeding PSM amyloid polymerization.
Autoaggregation of amyloid proteins is rate-limiting, but aggre-
gation is accelerated with the addition of oligomers or preformed
fibrils called “seeds” (49, 50). We asked whether polymerized N-
AgrD could seed its own amyloid formation or seed the aggrega-
tion of PSM peptides (Fig. 3). The addition of 5% (wt/vol) N-
AgrD fibrils (seeds) to freshly resuspended soluble N-AgrD
reduced the lag phase and increased the relative ThT fluorescence
intensity (Fig. 3A). The use of 5% N-AgrD seeds alone displayed
negligible fluorescence throughout the duration of the experi-
ment. A similar reduction in the lag phase was observed when
N-AgrD seeds (5%) were added to freshly resuspended PSMal
(Fig. 3B). These findings demonstrate that N-AgrD can seed in
vitro amyloid formation in both N-AgrD and PSMa.

Soluble N-AgrD has cytolytic activity against human cells.
PSMs are cytolytic against several host cell types, a quality that
contributes to S. aureus infection (12, 18). Cytotoxicity is attrib-
uted to PSM peptides found as soluble species in the supernatants
ofliquid cultures (51, 52). Thus, we used LC-MS-MS to verify that
N-AgrD is also found in culture supernatants. Indeed, we detected
N-AgrD (full length [MNTLENLFFDFITGILKNIGNIAA] and
two fragments [FITGILKNIGNIAA and ILKNIGNIAA]) in cell-
free supernatants from S. aureus LAC grown in a minimal me-
dium to late-stationary phase (data not shown).

We next tested the synthetic N-AgrD peptide for cytolytic activity
(Fig.4). Usingan LDH assay as an indicator of cell lysis, we found that
exposure of neutrophils to 3.7 uM N-AgrD or PSMa1 induced neu-
trophil lysis after a 90-min incubation (Fig. 4A). N-AgrD also lysed
human red blood cells, resulting in 64% hemoglobin release (Fig. 4B).
To determine whether amyloid formation abrogated this effect, we
compared the lytic activities of N-AgrD and PSMa1 fibrils. Interest-
ingly, these fibrils displayed pronounced reductions in cytolysis
against neutrophils and red blood cells from that for freely soluble
peptides (Fig. 4A and B). Taken together, these findings suggest that
N-AgrD may act as a virulence factor by lysing human cells and that
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FIG 3 N-AgrD amyloid fibrils are capable of seeding amyloid formation. (A)
ThT polymerization assay of 15 wM synthetic N-AgrD peptide in the presence
or absence of 5% (wt/vol) sonicated N-AgrD seeds. (B) ThT polymerization
assay of the PSMal peptide at 4.5 pM in the presence or absence of 5%
(wt/vol) sonicated N-AgrD seeds.

this activity can be modulated by the ordered aggregation of N-AgrD
and PSMs into amyloid fibrils.

To test the cytotoxicity of N-AgrD in a biological context, we
overexpressed AgrD from a plasmid containing an agrBD con-
struct on a xylose-inducible promoter in an agr mutant back-
ground (strain BB2933). agrB was included in this construct be-
cause it is necessary for the proper processing and secretion of the
AgrD propeptide to release the N-terminal leader peptide (34, 53).
agrBD expression resulted in increased lysis of red blood cells over
that with the empty-vector control (Fig. 4C).

N-AgrD displays proinflammatory properties. PSMs can in-
duce proinflammatory responses by neutrophils, such as neutro-
phil chemotaxis and IL-8 cytokine release (12—14). Since N-AgrD
displayed cytolytic activity against host cells (Fig. 4), we examined
the proinflammatory response to N-AgrD peptides. Human neu-
trophils displayed similar chemotactic responses upon exposure
to soluble N-AgrD and PSM peptides, including both PSMa1 and
delta-toxin (Fig. 5A). However, polymerization of the N-AgrD
and PSMa peptides prior to the assay abrogated this neutrophil
chemotactic activity (Fig. 5A).

Next, we assayed the production of the cytokine IL-8 in human
neutrophils after exposure to the N-AgrD and PSM peptides. We
observed robust induction of IL-8 production in response to soluble
N-AgrD and PSMal that was significantly reduced in polymerized
peptide samples (Fig. 5B). These findings suggest that N-AgrD pro-
motes a proinflammatory response similar to that induced by known

jai.asm.org 3841


http://iai.asm.org

Schwartz et al.

>
©
(=]

% PMN lysis
N
2

PSMa1IN-AgrD |PSMa1IN-AgrD

+—— soluble —— —— fibril ———

% RBC lysis

“PSMa1IN-AgrD [PSMaTIN-AgrD

+—— soluble ———] ——— fibril ———

o
8

% RBC lysis

54

0-

xylose: o 0.1% 1%

0.1% 1% 0
strain: —BB2933— | ——BB2945—

FIG 4 Soluble N-AgrD possesses cytolytic activity against human cells. (A and
B) Lysis of polymorphonuclear leukocytes (PMN) (A) or red blood cells (RBC)
(B) by 3.7 .M N-AgrD or PSMal after a 90-min exposure. For both assays,
N-AgrD and PSMa1 were analyzed in both the soluble and polymerized states.
(C) Lysis of RBC cells after exposure to cell-free supernatants from S. aureus
strain BB2933 (agr pAgrBD) or BB2945 (agr pEPSAS5) (empty vector).

PSMs and further promote the idea that N-AgrD should be consid-
ered a PSM-like peptide in structure and activity.

DISCUSSION
PSM peptides are major determinants of S. aureus virulence that
possess cytolytic and immune-modulating activities (12, 14, 15,
52). The high levels of PSMs produced by CA-MRSA strains such
as USA300 are thought to contribute to the increased virulence of
these strains (43). We demonstrated previously that under certain
growth conditions, PSMs are capable of forming amyloid fibrils
that protect S. aureus biofilms from disassembly (22). In the pres-
ent study, we identify the N-terminal secretion signal peptide of
AgrD as a PSM-like peptide and a supplementary component of
the amyloid fibrils produced in clinically relevant CA-MRSA bio-
films.

The N-AgrD peptide displays structural and functional simi-
larity to the canonical PSM family of peptides (Fig. 1 and 2). We
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FIG 5 N-AgrD and PSMa1 display proinflammatory activity. (A) Chemotaxis of
human neutrophils. Peptides were applied at a concentration of 2 uM. Error bars,
standard errors of the means. An asterisk indicates a significant difference
(P, <0.01) between samples and the RPMI medium control. (B) Secretion of IL-8
by neutrophils after treatment with N-AgrD or PSMal at a concentration of 6
WM. Lipopolysaccharide (LPS) was used at 10 ng/ml. Error bars, standard errors of
the means. An asterisk indicates a significant difference (P, <0.01) between sam-
ples and the DMSO control. For both assays, N-AgrD and PSMa1 were analyzed
in both the soluble and polymerized states.

have found that N-AgrD can autoaggregate to form fibrils and that
preaggregated N-AgrD can seed amyloid formation by both solu-
ble PSMal and N-AgrD (Fig. 2 and 3). N-AgrD is present in both
the biofilms and the planktonic supernatants of S. aureus LAC
bacterial cultures and also shares many biophysical characteristics
with the PSMs and other amyloid proteins (Fig. 1 to 3) (22, 28).
Amyloid toxicity is often attributed to the presence of reactive inter-
mediate species (54, 55), and here we present evidence that the cyto-
toxic activities of N-AgrD and PSMal can also be modulated
through amyloid aggregation (Fig. 4). We observed high levels of
cytolytic and proinflammatory activity from soluble forms of
N-AgrD and PSMa peptides; this activity was inhibited after aggre-
gation (Fig. 4 and 5). Because of the striking similarities in form and
function between PSMal and N-AgrD, we propose that N-AgrD
should be considered a new member of the PSM family.

Aside from its role in cellular trafficking, no other activity has
been associated with N-AgrD. Like many signal peptides, it was
considered a waste product that was simply discarded into the
extracellular milieu or was associated with the cellular membrane
(38, 56, 57). We provide evidence that the N-terminal signal pep-
tide is not a waste product derived from AIP processing but in-
stead appears to possess qualities similar to those of other peptide
virulence factors known to be beneficial for the S. aureus life cycle.

The functions of other N-terminal leader peptides have been
described in the literature. The N-terminal region of the Panton-
Valentine leukocidin (PVL) was found to promote the adhesion of
S. aureus cells to extracellular matrix components such as heparan
(58). Enterococcus spp. utilize a distinctive set of sex signaling
pheromones that are derived from the signal peptides of lipopro-
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teins (59, 60). In eukaryotic systems, signal peptides processed at
the endoplasmic reticulum (ER) promote calmodulin signaling
(61) and the inflammatory response (62). Many viruses, including
hepatitis C virus, cytomegalovirus, and foamy viruses, utilize
cleaved signal peptides to assist in cellular targeting and virus mat-
uration (63—-65). Signal peptides are being considered as novel
targets for vaccine development, owing to their unique biology
(66). There is even evidence that signal peptides can sequester
misfolded proteins at the ER membrane to prevent toxicity (67),
suggesting a potential role for N-AgrD in seeding amyloid fibril
aggregation at the S. aureus cellular membrane.

On the basis of these published accounts, we speculate that
N-AgrD, like other leader peptides previously thought only to
direct protein trafficking, may also play additional roles outside of
the organism after processing at the cellular membrane.
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