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Protein A Is Released into the Staphylococcus aureus Culture
Supernatant with an Unprocessed Sorting Signal

Dara P. O’Halloran,® Kieran Wynne,® Joan A. Geoghegan?®

Department of Microbiology, Moyne Institute of Preventive Medicine, School of Genetics and Microbiology, Trinity College Dublin, Dublin, Ireland?; Proteomics Core
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The immunoglobulin binding protein A (SpA) of Staphylococcus aureus is synthesized as a precursor with a C-terminal sorting
signal. The sortase A enzyme mediates covalent attachment to peptidoglycan so that SpA is displayed on the surface of the bacte-
rium. Protein A is also found in the extracellular medium, but the processes involved in its release are not fully understood.
Here, we show that a portion of SpA is released into the supernatant with an intact sorting signal, indicating that it has not been
processed by sortase A. Release of SpA was reduced when the native sorting signal of SpA was replaced with the corresponding
region of another sortase-anchored protein (SArE). Similarly, a reporter protein fused to the sorting signal of SpA was released to
a greater extent than the same polypeptide fused to the SdrE sorting signal. Released SpA protected bacteria from killing in hu-

man blood, indicating that it contributes to immune evasion.

S taphylococcus aureus is an important opportunistic pathogen
causing serious invasive infections in the community and
health care setting (1). Almost all clinical isolates of S. aureus ex-
press the major virulence factor, staphylococcal protein A (SpA)
(2). Protein A is located both on the surface of the bacterium and
in the extracellular medium (3-6) and comprises four or five re-
peated immunoglobulin-binding domains (IgBDs) (7, 8). The
IgBDs of SpA (Fig. 1) adopt a triple helical structure and can bind
to the Fcregion of IgG via helices I and II (9) and to the Fab region
of human IgM of the subclass V43 via helices IT and III (10). The
binding of SpA to Fc and Fab domains contributes to S. aureus
virulence in a mouse model of systemic infection (11). The inter-
action of SpA with IgM Fab triggers the proliferation and deple-
tion of B cells (12), suppressing the development of adaptive im-
mune responses. Thus, infection with SpA-expressing bacteria
does not provide protection against subsequent S. aureus infection
(11). Protein A also inhibits phagocytic killing of S. aureus in hu-
man and mouse blood (11, 13). This process is likely to be depen-
dent on the interaction of SpA with IgG Fc since S. aureus express-
inga variant of SpA lacking the ability to recognize IgG Fc survives
poorly in mouse blood, akin to an SpA-deficient mutant (11). The
IgBDs of SpA also promote inflammation through their interac-
tion with tumor necrosis factor receptor 1 (14). The hypervariable
Xr region of SpA (Fig. 1) comprises variable numbers of octapep-
tide repeats that contribute to inflammation by activating inter-
feron-P signaling in airway epithelial and immune cells (15).
Protein A is synthesized as a precursor with an N-terminal
signal sequence and C-terminal sorting signal (Fig. 1). The signal
sequence is cleaved by signal peptidase during translocation of the
precursor across the cytoplasmic membrane by the general secre-
tory (Sec) pathway (16). The sorting signal comprises an LPETG
motif, a hydrophobic membrane-spanning domain, and, at the
extreme C terminus, a stretch of positively charged residues (Fig.
1). The last two elements delay secretion across the membrane and
facilitate recognition and cleavage by sortase A (17). Sortase A
cleaves between threonine and glycine of the LPETG motif, form-
ing an acyl-enzyme intermediate capturing the C-terminal car-
boxyl group of the protein with its active-site cysteine thiol (18).
Acyl intermediates are relieved by the nucleophilic attack of the
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amino group of the pentaglycine cross-bridge of lipid II (19). Fol-
lowing transglycosylation and transpeptidation, SpA becomes co-
valently anchored to peptidoglycan and is displayed on the surface
of the bacterium (20).

A substantial amount of SpA is found in the extracellular me-
dium (3-6). Released SpA can be detected in the skin lesions of
mice infected with a USA300 strain of community-associated me-
thicillin-resistant S. aureus (MRSA) and in fluids recovered from
patients with S. aureus infection (21). However, the processes in-
volved in SpA release are not completely understood. Becker et al.
(4) described a mechanism whereby SpA is shed from the cell
envelope of strain Newman into the culture medium following
cleavage of the pentaglycine cross-bridge of peptidoglycan by the
S. aureus glycyl-glycine endopeptidase LytM. The murein hydro-
lase LytN cleaves the amine bonds between N-acetylmuramic acid
and the tetrapeptide side chains of peptidoglycan so that pepti-
doglycan fragments linked to SpA lack amino sugars (4). This is
hypothesized to allow released SpA to avoid activating nucleotide-
binding and oligomerization domain-containing protein 2
(NOD2) invivo (4). The release of SpA is not completely inhibited
in an lytM-deficient mutant of strain Newman, indicating that
LytM activity is not the only factor involved in the release of SpA
(4). Here, we identify a previously undescribed mode of SpA re-
lease by the USA300 strain LAC. We show that when this is inter-
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Release of Protein A by S. aureus
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FIG 1 Schematic representation of the domain organization of protein A. Protein A consists of an N-terminal signal sequence (S) followed by up to five
IgG-binding domains (E to C), an antigenic variable region (Xr), and a cell wall-spanning region (Xc). The Xc region harbors an LysM domain which can mediate
noncovalent binding of proteins to peptidoglycan. The sorting signal comprises an LPETG motif, a hydrophobic membrane-spanning region (M), and a

positively charged tail region (+).

rupted, there is a significant reduction in the level of SpA release.
We also investigate the biological significance of SpA release by
studying the ability of extracellular SpA to promote S. aureus sur-
vival in human blood.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. aureus was grown on tryptic
soy agar (TSA; Oxoid) or in brain heart infusion (BHI) broth (Difco) at
37°C. Escherichia coli was grown on Luria agar or broth (Difco). Cultures
were supplemented with ampicillin (100 pwg/ml; Melford Laboratories) or
chloramphenicol (10 pg/ml), as required. Bacteria were diluted 1:200,
washed in BHI broth, and allowed to grow to the optical density at 600 nm
(ODgyp) required. Strains harboring the pPRMC2 expression vector were
grown to an ODy,, of 0.3 and induced with anhydrotetracycline (ATc)
until an ODg, of 1.2 was reached. Broth, where indicated, was supple-
mented with V8 protease (1 U/ml) and 3,4-dichloroisocoumarin (DCI;
200 wM). Unless otherwise stated, all reagents were obtained from Sigma.

Plasmid and strain construction. All strains and plasmids are listed in
Table 1. Strain LAC* spa was constructed by transduction of spa::Kan" by
phage 85 into strain LAC*. LAC* spa sbi was constructed by transduction
of sbizEm" into strain LAC* spa::Kan'. Primer sequences are listed in
Table S1 in the supplemental material. Cloning was carried out using the
sequence- and ligation-independent cloning (SLIC) procedure as de-
scribed by Li and Elledge (22). Primers for amplifying insert sequences
contained 5" extensions with homology to the target vector. The complete
spa gene from strain Newman (100% amino acid sequence identity to the
spa gene from LAC*) was amplified from genomic DNA by PCR using
primers SpAF and SpAR (see Table S1). Plasmid pRMC2 (23) was used as
the template for inverse PCR with primers pSLF and pSLR. Both am-
plimers were joined using SLIC to generate the plasmid pSpA, where spa is
cloned between the Sacl and EcoRI sites of pRMC2.

DNA encoding the sorting signal of SdrE was amplified by PCR using
primers RESF and RESR using genomic DNA from strain Newman as the
template. Plasmid pSpA was used as the template for inverse PCR with
primers dSSF and dSSR. The amplimers were joined using SLIC to gener-
ate pSpAQSdrESS.

Similarly, to generate plasmids pD3D4-SpASS and pD3D4-SdrESS,
PCR was performed using primers dSSF and DWrR and plasmid pRMC2-
sbi AD1D2 (13) as the template. DNA encoding the SpA sorting signal was
amplified using primers DSpF and SpAR and plasmid pSpA as the tem-
plate. DNA encoding the SdrE sorting signal was amplified using primers
DSdF and RESR and plasmid pSpA{QSdrESS as the template. PCR prod-
ucts were joined by SLIC to generate pD3D4-SpASS and pD3D4-SdrESS.

Plasmid pSpAQSdrESS-DS was generated by amplifying 538 bp of
DNA located downstream of the spa gene using primers SpADSF and
SpADSR and genomic DNA from S. aureus LAC* as the template and
using primers pSLF and pSRER to amplify plasmid pSpAQSdrESS. The
PCR products were joined by SLIC so that the 538-bp fragment was in-
corporated into plasmid pSpAQSdrESS directly downstream of the stop
codon.

All plasmids were transformed into E. coli strain DC10B (24). Plasmids
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were isolated from DC10B, verified by DNA sequencing (Source Biosci-
ence) using primers SEQF and SEQR, and transformed (5 pg) into S.
aureus that was made electrocompetent as previously described (25).

Deletion of the lytM gene was achieved by allelic exchange using
PIMAY (24). Primers lytM-A and lytM-B were designed to amplify 509 bp
of DNA located upstream, and primers lytM-C and lytM-D amplified 512
bp of DNA located downstream of the IytM gene (see Table S1 in the
supplemental material). The upstream and downstream PCR products
were denatured and allowed to reanneal via the complementary sequences
in primers lytM-B and IytM-C, and this was used as the template in a
second PCR using primers lytM-A and lytM-D. The amplimer was cloned
into pIMAY (24) between the Kpnl and Sacl restriction sites, and the
resulting plasmid (pIMAY::AlytM) was transformed into E. coli DC10B
(24) and verified by DNA sequencing. The plasmid was transformed into
S. aureus strains LAC* spa sbi, LAC* sbi, and Newman sbi that were made
electrocompetent, and deletion of the lytM gene was achieved by allelic
exchange as previously described (24). The resulting LytM-deficient mu-
tants were confirmed by DNA sequencing of a PCR amplimer. The mu-
tants were phenotypically identical to the parent strains in terms of growth
rate and hemolysis on sheep blood agar (data not shown).

Strains LAC* sbi [SpAQSdrESS], LAC* sbi lytM [SpAQSdrESS], and
Newman sbi [SpAQSdrESS] were constructed by allelic exchange using
pIMAY. Plasmid pIMAY (24) was used as the template for PCR with
primers pIMAYF and pIMAYR. Primers pIREF and pIRER were used to
amplify DNA encoding the SdrE sorting signal and 521 bp of DNA up-
stream and 538 bp of DNA downstream using plasmid pSpA{)SdrESS-DS
as the template. The PCR amplimers were joined by SLIC and trans-
formed into E. coli DC10B (24). The resulting plasmid (pIMAY::
SpAQSdrESS) was transformed into S. aureus strains LAC* sbi, LAC* sbi
lytM, and Newman sbi that were made electrocompetent, and replace-
ment of DNA encoding the SpA sorting signal with DNA encoding the
sorting signal of SArE on the chromosome was achieved by allelic ex-
change as previously described (24). The resulting mutants were pheno-
typically identical to their respective parent strains in terms of growth rate
and hemolysis on sheep blood agar (data not shown). The mutation was
confirmed by DNA sequencing of a PCR amplimer.

Western immunoblotting. To extract cell wall-associated proteins,
cultures of S. aureus were harvested, washed in phosphate-buffered saline
(PBS), and resuspended to an ODy, of 5 or 10 in lysis buffer (50 mM
Tris-HCl, 20 mM MgCl,, pH 7.5) supplemented with raffinose (30%,
wt/vol) and complete protease inhibitors (40 pl/ml; Roche). Cell wall
proteins were solubilized by incubation with lysostaphin (100 pg/ml;
Ambi, NY) for 8 min at 37°C. Protoplasts were removed by centrifugation
at 16,000 X g for 5 min, and the supernatant containing solubilized cell
wall proteins was aspirated and boiled for 10 min in final sample buffer.
For supernatant fractions, bacteria were removed from cultures by cen-
trifugation at 4,000 X gfor 5 min, and the supernatant was passed through
a 0.2-pm-pore-size filter. Following this, supernatant samples, where in-
dicated in the figure legends, were concentrated using a 30,000-molecu-
lar-weight-cutoff spin column (Millipore).

Proteins were separated on 7.5%, 10%, or 12.5% (wt/vol) polyacryl-
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TABLE 1 Bacterial strains and plasmids used in this study

Reference
Strain or plasmid Description or source
Strains
S. aureus LAC* Erythromycin-sensitive derivative of MRSA strain LAC; clonal complex 8 29
LAC* spa Derivative of LAC* deficient in protein A; spa:Kan" This study
LAC* sbi Derivative of LAC* deficient in Sbi; sbi::Em" 13
LAC* spa sbi Derivative of LAC* deficient in protein A and Sbi; spa::Kan" sbi::Em" This study
LAC* PD Protease-deficient derivative of LAC*; Aaur AsspAB Ascp spl:Em" 46
LAC* sbi lytM Derivative of LAC* sbi deficient in LytM; AlytM This study
LAC* spa sbi lytM Derivative of LAC* spa sbi deficient in LytM; AlytM This study
LAC* sbi [SpAQSdrESS] Derivative of LAC* sbi where the SpA sorting signal has been replaced with the sorting signal of SdrE by This study
allelic exchange
LAC* sbi lytM [SpAQSdrESS]  Derivative of LAC* sbi lytM where the SpA sorting signal has been replaced with the sorting signal of SdrE This study
by allelic exchange
Newman sbi Derivative of S. aureus strain Newman, NCTC 8178, clonal complex 8, deficient in Sbi; sbi::Em* 13
Newman spa sbi Derivative of Newman deficient in protein A and Sbi; spa::Kan" sbi::Em" 13
Newman sbi lytM Derivative of Newman sbi deficient in LytM; AlytM This study
Newman sbi [SpAQSdrESS] Derivative of Newman sbi where the SpA sorting signal has been replaced with sorting signal of SdrE by This study
allelic exchange
E. coli DC10B dam™ Adem AhsdRMS endAl recAl 24
Plasmids
pRMC2 Anhydrotetracycline-inducible expression vector; Amp" Cm" 23
pSpA Plasmid pRMC2 containing the full-length spa gene This study
PSpAASS Plasmid pSpA lacking DNA encoding the SpA sorting signal (residues 474 to 508) This study
pSpAQSdrESS Plasmid pSpA where DNA encoding the SpA sorting signal (residues 474 to 508) has been replaced with This study
DNA encoding the SdrE sorting signal (residues 1117 to 1154)
pRMC2-sbi AD1D2 Plasmid pRMC2 containing DNA encoding the Sbi signal sequence (residues 1 to 40) and the D3D4 13
domains (residues 153 to 253)
pD3D4-SpASS Plasmid pRMC2 containing an in-frame fusion between DNA encoding Sbi D3D4 domains (residues 153 to  This study
253) and DNA encoding the SpA sorting signal (residues 474 to 508)
pD3D4-SdrESS Plasmid pRMC2 containing an in-frame fusion between DNA encoding Sbi D3D4 domains (residues 153 to  This study
253) and DNA encoding the SdrE sorting signal (residues 1117 to 1154)
pSpAQSdrESS-DS Plasmid pSpAQSdrESS containing 538 bp of sequence downstream of the spa gene This study
pIMAY Temperature-sensitive vector for allelic exchange; Cm" 24
pIMAY::AlytM Plasmid for creating a lytM deletion mutant; carries 509 bp of DNA from upstream and 512 bp of DNA This study
from downstream of the lytM gene amplified from LAC
pIMAY::SpAQSdrESS Plasmid for replacing DNA encoding the sorting signal of SpA with DNA encoding the sorting signal of This study

SdrE on the chromosome of LAC*

amide gels, transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Roche), and blocked in 10% (wt/vol) skimmed milk proteins.
Blots were probed with horseradish peroxidase (HRP)-conjugated rabbit
anti-mouse IgG (1:2,000 or 1:500; Dako) to detect SpA. Alternatively,
blots were probed with polyclonal rabbit anti-SdrE IgG (1:2,000) (26),
rabbit anti-V8 serum (1:250) (a gift from Martin McGavin), or rabbit
anti-D3D4 IgG (1:500) (13), and bound antibodies were detected using
goat anti-rabbit IgG-HRP (1:2,000) or HRP-conjugated protein A (1:
500). Biotin-labeled fibronectin (Fn) was used in ligand affinity blots.
Human fibronectin (0.5 mg/ml; Calbiochem) was incubated with biotin
(2 mg/ml) for 20 min at room temperature. The reaction was stopped by
addition of NH,Cl (10 mM). Excess biotin was removed by dialysis
against PBS overnight at 4°C. Blots were probed with biotin-labeled hu-
man fibronectin (15 wg/ml; Calbiochem) and HRP-conjugated streptavi-
din (0.5 pg/ml; Genscript). Reactive bands were visualized using Lumi-
GLO reagent and a peroxide detection system (Cell Signaling
Technology). Band quantification was performed using ImageQuant TL
software (GE Healthcare).

Flow cytometry. Cultures of S. aureus were washed once with PBS and
once in a solution of bovine serum albumin ([BSA] 0.1%, wt/vol) and
then adjusted to an ODg, of 0.3 in PBS. Bacteria were incubated with an
equal volume of fluorescein isothiocyanate (FITC)-conjugated rabbit an-
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ti-mouse IgG (1:800 or 1:3,200; Dako) for 30 min. Unbound antibody was
removed by one wash in PBS. Bacteria were resuspended in formaldehyde
(2%, vol/vol), and bound IgG was detected using flow cytometry. Bacteria
were gated on the basis of forward and side scatter. The fluorescence
intensity of 20,000 bacteria was analyzed, and the mean fluorescence was
calculated.

Purification of SpA from S. aureus culture supernatants by affinity
chromatography. S. aureus strain LAC* sbi was grown in BHI broth for 16
h to stationary phase. Bacteria were removed by centrifugation at 4,000 X
g for 10 min, and the supernatant was passed through a 0.2-pm-pore-size
filter. A total of 150 ml of filtered supernatant was allowed to pass through
a gravity feed column packed with a 4-ml bed volume of IgG-Sepharose
(GE Healthcare). Briefly, the column was equilibrated with 16 ml of elu-
tion buffer (0.5 M acetic acid [HAc]), followed by at least 20 ml of Tris-
saline-Tween 20 (TST; 50 mM Tris buffer, pH 7.6, 150 mM NaCl, and
0.05% Tween 20) until the column eluate was at neutral pH. The column
was washed with 40 ml of TST and 10 ml of ammonium acetate ([NH,Ac]
5 mM; pH 5.5), and SpA was eluted with 12 ml of elution buffer. The
purified SpA was dialyzed against PBS at 4°C overnight. Protein purity was
assessed by SDS-polyacrylamide gel electrophoresis (PAGE) and Western
immunoblotting, and the protein concentration was determined with a
bicinchoninic acid (BCA) protein assay kit (Pierce). For N-terminal se-
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quencing, samples were transferred to PVDF, and sequencing was carried
out by Abingdon Health Laboratory Services, United Kingdom.

Trypsin digestion. Purified SpA (2 pg) was resuspended in a solution
containing urea (6 M) and dithiothreitol (4 mM). The solution was heated
at 60°C for 60 min. The sample was allowed to cool before iodoacetamide
(15 mM) was added and incubated for 30 min at 37°C. A solution (120 .I)
containing NH,HCO; (50 mM; pH 7.8) and CaCl, (1 mM) was added to
dilute the urea concentration to below 1 M. Sequencing-grade modified
trypsin was added (1 pg; Promega), and the samples were incubated at
37°C overnight. Prior to mass spectrometry (MS) analysis, the samples
were cleaned using ZipTips (Millipore).

Liquid chromatography and tandem mass spectrometry (LC-MS/
MS). The samples were run on a Thermo Scientific Q Exactive mass spec-
trometer connected to a Dionex Ultimate 3000 (RSLCnano) chromatog-
raphy system. Peptides were resuspended in formic acid (0.1%). Each
sample was loaded onto a Biobasic Picotip emitter (120-mm length;
75-pm inside diameter [i.d.]) packed with ReproSil-Pur C,¢ (1.9 pm)
reverse-phase medium and was separated by an increasing acetonitrile
gradient over 37 min at a flow rate of 250 nl/min. The mass spectrometer
was operated in positive ion mode with a capillary temperature of 220°C
and with a potential of 2,000 V applied to the frit. All data were acquired
with the mass spectrometer operating in automatic data-dependent
switching mode. A high-resolution (70,000) MS scan (300 to 2,000 m1/z)
was performed using the Q Exactive to select the 12 most intense ions
prior to MS/MS analysis using higher-energy collisional dissociation with
stepped normalized collision energy.

Database search. The raw data were de novo sequenced and searched
against the Homo sapiens subset of the UniProt Swiss-Prot database (to
which the full-length amino acid sequence of SpA from strain LAC* was
added) using the search engine Peaks Studio 7 (Bioinformatics Solutions)
for peptides cleaved with trypsin. Each peptide used for protein identifi-
cation met specific Peaks parameters; i.e., only peptide scores that corre-
sponded to a false discovery rate (FDR) of =1% were accepted from the
Peaks posttranslational modification (PTM) database search. The Peaks
de novo results were filtered using an average local confidence (ALC) of
=50% and a peptide score of [—10 log, (P value)] of =15.

ELISA. Microtiter plates (Nunc MaxiSorp) were coated with chicken
anti-protein A polyclonal IgY (1 pg/ml; GenScript) diluted in coating
buffer (100 mM NaHCO;, 34 mM Na,COs;, pH 9.6) at 4°C overnight.
Wells were washed five times with PBS and blocked with 100 pl of BSA
(5%, wt/vol; Fisher Scientific) at 37°C for 2 h. Supernatant samples were
diluted (1:8 or 1:50), and 100 .l of each was added into the appropriate
well and incubated with shaking at room temperature for 1 h and at 37°C
with no shaking for 1 h. Wells were washed five times with PBS; 100 wl of
mouse monoclonal biotin-conjugated anti-protein A-IgG (1 pg/ml; Gen-
Script) was added and incubated at 37°C for 1 h. Wells were washed five
times with PBS, and 100 pl of HRP-conjugated streptavidin (0.5 mg/ml;
GenScript) was added and incubated at 37°C for 40 min. Wells were
washed five times with PBS, and 100 pl of 3,3,5,5-tetramethylbenzidine
liquid substrate solution was applied and incubated at room temperature
with shaking for 10 min. The reaction was stopped by the addition of 50 pl
of H,SO, (2 M), and absorbance was read at 450 nm in an enzyme-linked
immunosorbent assay (ELISA) plate reader. Wells incubated with super-
natants from LAC* spa sbi, LAC* spa sbi(pRMC2), or Newman spa sbi
were included to account for background, and absorbance readings for
these wells were subtracted from the values obtained from the sample
wells.

Whole-blood survival assay. The ability of S. aureus to survive in
whole human blood was studied as previously described (27). Bacteria
were grown to an ODg, of 1.2 in BHI broth and washed twice in RPMI
medium before being diluted to give 5 X 10> CFU/ml. Blood was obtained
from healthy volunteers and treated with 50 pg/ml of the anticoagulant
hirudin (Refludan; Pharmion). Twenty-five microliters of bacteria was
added to 475 pl of blood. Immediately, 100 pl of each sample was added
to 900 pl of ice-cold endotoxin-free water, and 100 wl was plated out on
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TSA in triplicate to calculate the number of input CFU. Tubes were incu-
bated at 37°C with shaking (200 rpm) for 3 h. Following this, 100 pl of
each sample was added to 900 pl of ice-cold endotoxin-free water, and 100
wl of each was plated out on TSA in triplicate to calculate the number of
recovered CFU. The percentage increase in CFU counts was determined
by dividing the mean CFU count after 3 h by the corresponding mean
input CFU count. Three independent experiments were performed using
blood from three different donors. Ethical approval for the use of human
blood was obtained from the Trinity College Dublin (TCD) Faculty of
Health Sciences ethics committee.

Statistical analysis. Statistical analysis was performed using Prism
GraphPad, version 5, software. P values were calculated using Student’s ¢
test.

RESULTS

Release of protein A by S. aureus strain LAC*. Surface-displayed
SpA becomes linked covalently to the S. aureus cell wall by sortase
A (18, 28). Protein A is also released into culture supernatants
(3-5). This study set out to investigate mechanisms of SpA release
using an erythromycin-sensitive derivative of the USA300 strain
LAC (LAC*) (29). Strain LAC expresses SpA at high levels (30, 31)
and produces an additional Ig-binding protein (staphylococcal
binder of immunoglobulin, Sbi) which associates with lipo-
teichoic acid in the cell envelope (32). Sbi is also found extracel-
lularly (13).

In order to determine if LAC* releases SpA, proteins solubi-
lized from the cell wall by lysostaphin treatment during protoplast
formation (cell wall extract, CW) and culture supernatants (SN)
were analyzed by Western immunoblotting probing with HRP-
conjugated rabbit IgG (Fig. 2A). To distinguish between Sbi and
SpA, isogenic spa and sbi mutants and a double mutant (LAC* spa
sbi) were used. A single band corresponding to SpA was detected
in cell wall extracts from LAC* and LAC* sbi and was absent in
extracts from LAC* spa and the LAC* spa sbi mutant (Fig. 2A).
Consistent with previous findings, Sbi was not detected in cell wall
extracts (Fig. 2A) since it is not solubilized by lysostaphin during
protoplast formation (13).

Culture supernatants from LAC* and LAC* sbi contained a
band corresponding to released SpA, and this was absent from
LAC* spa and LAC* spa sbi (Fig. 2A). As a control, the same cell
wall extracts and supernatants were probed for SdrE, a cell
wall-associated protein (Fig. 2B), and V8, a secreted protease
(Fig. 2C). The SdrE protein was detected only in the cell wall
fraction (Fig. 2B), and V8 was detected only in supernatant
samples, indicating purity of the samples and equal loading of
protein (Fig. 2B and C).

A band corresponding to extracellular Sbi was detected in su-
pernatants from LAC* and LAC* spa (Fig. 2A). Therefore, to study
the release of SpA, it was important to use the LAC* sbi mutant to
avoid interference from extracellular Sbi in culture supernatants.
In order to determine the proportion of total SpA that is released
during growth of LAC* sbi in brain heart infusion (BHI) broth,
bands on a Western blot corresponding to SpA in cell wall extracts
and supernatants were quantified using densitometry (Fig. 2D).
Released SpA was expressed as a percentage of total SpA associated
with the cell wall and supernatant. Released SpA represented 6.5%
of total protein A from cultures grown to early exponential phase
(ODgq 0f0.3) and 7.3% of total protein A from cultures grown to
an ODyg, of 1.2 (Fig. 2D).

Previously Becker et al. (4) reported that the S. aureus endo-
peptidase LytM promotes the release of SpA by cleaving within the
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A LAC* LAC* sbi LAC* spa LAC* spa sbi
M 1 T 1 f 1
CW SN CwW SN CW SN
— Rabbit IgG
B LAC* LAC* sbi LAC* spa LAC* spa sbi
I 1 I 1 I 1 | 1
CW SN CW SN CW SN CW SN
l . - a-SdrE
C LAC* LAC* sbi LAC* spa LAC* spa sbi
[ 1 [ 1 f 1 [ 1
40 CW SN cw SN CW SN CwW SN
e 3,:‘:3 — wve

D cw SN CW SN
70 — 70 —
55 —| - Rabbit IgG
55 —|
40 — 40 —|
ODgy = 0.3 ODgyo = 1.2

FIG 2 Staphylococcus aureus LAC* releases SpA. S. aureus was grown to an
ODg, of 1.2. Cell wall extracts (CW) were diluted 1:5 prior to loading on the
gel, and supernatant samples (SN) were not diluted. Protein A was detected
using HRP-conjugated rabbit IgG (A), SArE was detected using anti-SdrE IgG
(B), and V8 was detected using anti-V8 serum (C). S. aureus LAC* sbi was
grown to an ODy,, 0f 0.3 or 1.2 as indicated (D). Cell wall extracts were diluted
1:20, and supernatant samples were not diluted. Size markers are indicated
(kDa).

pentaglycine cross-bridge of peptidoglycan. The amount of SpA
released into culture supernatants was reduced in an lytM-defi-
cient mutant of strain Newman (4). In order to determine if re-
lease of SpA by LAC* is promoted by LytM, S. aureus culture
supernatants from LAC* sbi and a LAC* sbi lytM mutant were
examined by Western immunoblotting. Less released SpA was de-
tected in the supernatant of the LAC* sbi lytM mutant (Fig. 3A and
B). The amounts of SpA on the bacterial surface and in culture
supernatants of an IytM-deficient mutant (LAC* sbi lytM) were
quantified (Fig. 3C and D). Bacteria were incubated with FITC-
labeled rabbit IgG to detect surface-located SpA by flow cytom-
etry. There was no significant difference in the amounts of SpA
displayed on the surface of LAC* sbi and LAC* sbi lytM strains
grown to the same optical densities (OD, 0f 0.3 or OD, 0f 1.2)
(Fig. 3C). However, there was a 34% reduction in the amount of
SpA released by LAC* sbi lytM compared to that from LAC* sbi
when supernatants were harvested from bacteria grown to an
ODyy of 0.3 (Fig. 3D). LAC* sbi lytM grown to an ODg, of 1.2
released 11% less SpA than LAC* sbi grown to the same optical
density (Fig. 3D). These results show that LytM contributes to the
release of SpA by LAC¥, similar to results with strain Newman (4)
(see Fig. S1 in the supplemental material). Given that released SpA
constitutes 7% of total SpA (Fig. 2), a 34% reduction in release
would result in an undetectable change (~2%) in the amount of
surface-exposed SpA.
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Extracellular proteases are not required for the generation of
released protein A. In agreement with studies performed by
Becker et al. (4) using strain Newman, we found that release of
SpA by the USA300 strain LAC* is partially dependent on the
endopeptidase LytM (Fig. 3D). However, SpA release was not
completely inhibited in an lytM-deficient mutant of LAC*, indi-
cating that an alternative mechanism for the generation of re-
leased SpA exists. In order to investigate if the generation of extra-
cellular protein A in LAC* requires the activity of proteases, the
amounts of SpA on the surface of LAC* and an isogenic mutant
(LAC* PD) lacking all extracellular proteases of S. aureus (V8,
SplABCDEF, ScpA, SspB, and aureolysin) were compared. Sur-
face-located SpA was detected with FITC-labeled IgG using flow
cytometry. The amounts of SpA on the bacterial surface did not
differ between LAC* and LAC* PD at any of the growth phases
tested (Fig. 4A). Cell wall extracts were prepared from the same
cultures and analyzed by Western immunoblotting. A band cor-
responding to SpA was detected in the cell wall of all cultures (Fig.
4B). In order to study the generation of released SpA by LAC* and
LAC* PD, culture supernatants were examined by Western im-
munoblotting. Released SpA was detected in the culture superna-
tants of bacteria at all stages of growth (Fig. 4C). Less SpA was
detected in the culture supernatant of an LytM-deficient mu-
tant compared to the level in the wild-type LAC* under the
same conditions (Fig. 3A). No major alterations in the level of
released SpA were observed when supernatants from LAC*
were compared to those of LAC* PD, indicating that extracel-
lular proteases of S. aureus are not responsible for the generation
of released SpA (Fig. 4C).

A study of Karlsson et al. (33) implicated the S. aureus serine
protease V8 in the cleavage of SpA from the surface of the bacte-
rium. However, McGavin et al. (34) could not replicate these find-
ings. Since LAC* PD is deficient in the sspA gene encoding V3§, it
seemed unlikely that V8 protease was responsible for the genera-
tion of released SpA by LAC*. In order to determine if the addition
of purified V8 protease could promote the release of SpA, the
LAC* PD strain was grown in broth with or without added V8.
The concentration of V8 used for this experiment was previously
shown to be sufficient to remove fibronectin binding proteins A
and B (FnBPs) from the surface of S. aureus (34). As a control for
V8 activity, the same samples were probed with biotin-labeled
fibronectin to detect FnBPs. Very faint bands corresponding to
FnBPs were detected in cell wall extracts from bacteria grown in
broth containing V8, confirming that the protease was active un-
der the conditions used (Fig. 4D). The effect of V8 was inhibited
by the serine protease inhibitor 3,4-dichloroisocoumarin (DCI),
confirming that the serine protease activity of V8 is responsible for
removing FnBPs from the surface of S. aureus. In order to deter-
mine if V8 promotes the release of SpA, the same cell wall extracts
were probed with HRP-conjugated rabbit IgG in Western immu-
noblotting. The integrity or abundance of cell wall-associated and
released SpA (Fig. 4E) was not affected by incubation with V8,
indicating that V8 does not promote the removal of SpA from the
surface of S. aureus.

Identification of a protein A precursor with an unprocessed
sorting signal in S. aureus culture supernatants. Extracellular
proteases were not involved in the release of SpA by S. aureus
LAC* (Fig. 4) while the glycyl-glycine endopeptidase LytM pro-
moted some SpA release (Fig. 3). Since the release of SpA was not
completely inhibited in an LytM-deficient mutant (Fig. 3D) (4)
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FIG 3 LytM contributes to release of protein A by LAC*. (A and B) Culture supernatants from LAC* sbi and LAC* sbi lytM grown to the ODy, indicated were
probed with HRP-labeled rabbit IgG in Western immunoblotting. Supernatants harvested at an ODy, of 0.3 were concentrated 8-fold before being loaded on
a gel, and supernatants harvested at an ODy, of 1.2 were concentrated 2-fold. Size markers are indicated (kDa). (C) Protein A on the surface of LAC* sbi and
LAC* sbi lytM was detected using FITC-labeled rabbit IgG, and the fluorescence intensity was measured by flow cytometry. Values are plotted as a percentage of
the mean fluorescence intensity measured for LAC* sbi grown to an ODj, of 0.3. Bars represent the mean values, and error bars indicate the standard errors of
the means of three independent experiments. (D) Protein was captured from culture supernatants using chicken anti-SpA polyclonal IgY and detected using
biotin-conjugated mouse monoclonal anti-SpA IgG followed by streptavidin-HRP in an ELISA. Values are expressed as a percentage of total released SpA
measured for LAC* sbi grown to an ODy,, of 0.3. Bars represent the mean percent release from four independent experiments. Error bars represent the standard

errors of the means. **, P = 0.006; ***, P = 0.0003; ns, not significant (P > 0.05).

another mechanism of release must exist (4). In order to identify
additional factors involved in SpA release, extracellular SpA was
purified from the culture supernatant of strain LAC* sbi using
affinity chromatography on IgG-Sepharose. The purified protein
was analyzed using liquid chromatography tandem mass spec-
trometry (LC-MS/MS). The sequences of eight of the peptides
identified mapped to the extreme C terminus of SpA (Table 2).
One peptide terminated with four successive glycines following
the sequence LPET. This was consistent with it originating from
peptidoglycan-linked SpA and being released by LytM cleavage
(4). Interestingly, seven unique peptides with an intact LPETG
motif were identified (Table 2), indicating that the preprotein had
not been processed by sortase A. This suggested that the protein
did not derive from the cell wall and was not released by LytM-
mediated cleavage of the pentaglycine cross-bridge of peptidogly-
can and implied that SpA can be released by S. aureus prior to
becoming covalently anchored to the peptidoglycan. The five N-
terminal residues of purified extracellular SpA were identified as
7, AQHDE,, by N-terminal sequencing, demonstrating that the
signal peptide (residues 1 to 36) had been removed by signal pep-
tidase. In agreement with this, none of the peptides identified by
LC-MS/MS originated from the signal sequence (data not shown).
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Thus, extracellular SpA is processed by signal peptidase so that the
N-terminal signal sequence is removed. A single band corre-
sponding to total released SpA was detected by SDS-PAGE or
Western blotting (see Fig. S1 in the supplemental material). Un-
processed SpA with an intact sorting signal has a predicted molec-
ular weight of 51,928.9 while SpA released from the cell wall by
LytM is linked to fragments of peptidoglycan of different lengths,
with the most abundant forms having predicted molecular masses
of between 52,555.4 and 54,151 (4). These different forms of ex-
tracellular SpA cannot be distinguished since they comigrate on
an SDS-PAGE gel.

Replacing the SpA sorting signal with the sorting signal of
SdrE reduces release of SpA. The identification of SpA with an
intact sorting signal in LAC* culture supernatants indicated that
SpA can be released from the bacterium without being sorted to
the cell wall. This strongly suggested a release mechanism inde-
pendent of LytM activity. The sorting signal of cell wall-anchored
surface proteins is essential for covalent linkage to cell wall pepti-
doglycan (17, 35). Since some released SpA harbors an unpro-
cessed sorting signal (Table 2), we set out to determine if altering
the sorting signal of SpA might influence release of the protein.
The sorting signal from SdrE, another cell wall-anchored protein
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FIG 4 Extracellular proteases are not required for the release of protein A. (A) Protein A on the surface of LAC* and LAC* PD was detected using FITC-labeled
rabbit IgG, and the fluorescence intensity was measured by flow cytometry. Values are expressed as a percentage of the mean fluorescence intensity measured for
LAC* harvested at an ODy,, of 0.3. Bars represent the mean values, and error bars indicate the standard errors of the means of three independent experiments.
ns, not significant (P > 0.05). (B and C) Cell wall extracts (CW) and culture supernatants (SN) from LAC* and LAC* PD grown to the ODy, indicated were
probed with HRP-labeled rabbit IgG in a Western immunoblot. Supernatants harvested atan OD, of 0.3 were concentrated 8-fold, those at an OD, of 0.6 were
concentrated 4-fold, and those at an ODy,, of 1.2 were concentrated 2-fold before being loaded on a gel. (D) LAC* PD was grown to an ODy,, 0f 0.8 in broth alone
or in broth supplemented with V8 (1 U/ml) and DCI (200 uM), and cell wall extracts were probed with biotin-labeled fibronectin in a ligand affinity blot. Bound
fibronectin was detected using streptavidin-HRP. (E) The same cell wall extracts and supernatants from the same cultures were probed with HRP-conjugated

rabbit IgG to detect protein A. Size markers are indicated (kDa).

of S. aureus, was exchanged with the SpA sorting signal to generate
a chimera, SpA-SdrESS. The SdrE protein is located exclusively in
the cell wall fraction of S. aureus, and, in contrast to SpA, very little
is detected in culture supernatants from LAC* (Fig. 2B).

In order to facilitate the manipulation of spa, the full-length
spa gene was cloned into the anhydrotetracycline (ATc)-inducible
expression vector pPRMC2 to generate plasmid pSpA. A variant
was constructed where DNA encoding the SpA sorting signal was

replaced with DNA encoding the sorting signal from SdrE
(pSpAQSdrESS). Both plasmids were introduced into the LAC*
spa sbi mutant. The level of SpA displayed on the surface of the
bacteria was detected using FITC-conjugated rabbit IgG, and flu-
orescence was measured using flow cytometry. Fluorescence was
not detected in the absence of ATc, indicating that the promoter is
tightly repressed when no inducer is present and SpA is not ex-
pressed (Fig. 5A). The amount of SpA displayed on the surface of

TABLE 2 Peptides identified by liquid chromatography tandem mass spectrometry

No. of peptides Peptide Position
Peptide sequence® identified score” Mass (Da) m/z (aa)”
KAQALPETGEENPFI 1 44.48 1,401.6411 701.8262 470-484
KAQALPETGEENPFIGTT 1 40.83 1,704.7842 853.3968 470-487
KAQALPETGEENPFIGTTVFG 1 39.57 2,019.9789 1,010.9971 470-490
KAQALPETGEENPFIGTTVEGG 1 40.09 2,077.0002 1,039.5046 470-491
KAQALPETGEENPFIGTTVFGGL 1 36.39 2,151.0483 1,076.5337 470-492
KAQALPETGEENPFIGTTVFGGLSL 2 47.19 2,351.1646 1,176.5889 470-494

47.76 2,372.0847 791.7029 470-494

KAQALPETGGGG 1 47.56 956.4563 479.2358 470-478
@ According to Peaks 7 user manual (Bioinformatic Solutions), calculated as —10 log, (P value).
b 32, amino acids.
¢ Sorting signal residues are underlined.
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FIG 5 Release of protein A into S. aureus culture supernatants can be inhibited by altering the sorting signal. (A) Protein A on the surface of LAC* spa sbi(pSpA)
(black bars) and LAC* spa sbi(pSpAQSdrESS) (white bars) was detected using FITC-labeled rabbit IgG, and the fluorescence intensity was measured using flow
cytometry. Values are expressed as a percentage of the mean fluorescence intensity measured for LAC* spa sbi(pSpA) grown in broth supplemented with ATc
(312.5 ng/ml). Bars represent the mean of three independent experiments. Error bars represent the standard errors of the means. ns, not significant (P > 0.05).
(B) LAC* spa sbi(pSpA) and LAC* spa sbi(pSpAQSdrESS) were grown in broth supplemented with ATc (312.5 ng/ml), and culture supernatants were probed
with HRP-conjugated rabbit IgG. Size markers are indicated (kDa). (C) Quantification of SpA in culture supernatants of LAC* spa sbi(pSpA) and LAC* spa
sbi(pSpAQSdrESS) by ELISA. Bacteria were grown in broth supplemented with ATc (312.5 ng/ml), and SpA was captured from culture supernatants using
chicken anti-SpA polyclonal IgY. Bound SpA was detected using biotin-labeled mouse monoclonal anti-SpA IgG and HRP-conjugated streptavidin in an ELISA.
The absorbance at 450 nm was measured, and readings from wells incubated with culture supernatants from LAC* spa sbi(pRMC2) were subtracted from the
mean readings for LAC* spa sbi(pSpA) and LAC* spa sbi(pSpA€QSdrESS) to account for background. Values for LAC* spa sbi(pSpA SdrESS) are expressed as
a percentage of the values measured for LAC* spa sbi(pSpA). Bars represent the mean of three independent experiments, and error bars represent the standard

errors of the means. ***, P < 0.0001.

S. aureus increased with increasing inducer concentration (Fig.
5A), and the level of SpA expressed by S. aureus carrying plasmid
pSpA was identical to that of S. aureus carrying pSpAQSdrESS at
each ATc concentration tested (Fig. 5A). This indicated that
replacing the SpA sorting signal with the sorting signal from
SdrE did not alter the levels of SpA displayed on the surface of
S. aureus. To study released SpA, culture supernatants from LAC*
spa sbi(pSpA) and LAC* spa sbi(pSpAQSdrESS) were examined
by Western immunoblotting probing with HRP-conjugated rab-
bit IgG (Fig. 5B). Densitometric analysis of relative band intensi-
ties indicated that the LAC* spa sbi strain carrying plasmid
PSpAQSArESS released less protein A, i.e., approximately 65% as
much as LAC* spa sbi carrying plasmid pSpA (Fig. 5B). The rela-
tive amounts of released SpA in culture supernatants were then
quantified by ELISA (Fig. 5C). The amount of SpA released by
bacteria carrying the plasmid pSpAQSdrESS was reduced to ap-
proximately 62% of the amount released by bacteria carrying
pSpA (Fig. 5C). These data indicated that the release of SpA by S.
aureus is reduced when the SpA sorting signal is replaced with the
sorting signal of the wall-associated protein SdrE.

The C-terminal sorting signal of SpA allows release of cell
wall-anchored proteins from the surface of S. aureus. The C-ter-
minal sorting signal comprises an LPXTG motif followed by a
hydrophobic domain and a positively charged tail (Fig. 1) and is
essential for efficient anchoring of proteins to peptidoglycan (35).
Since the release of SpA was reduced when the SpA sorting signal
was replaced with the sorting signal of the wall-associated protein
SdrE, we hypothesized that the sequence of the sorting signal
might influence the release of SpA. Rather than replacing the na-
tive SArE sorting signal with the sorting signal from SpA, we in-
stead generated chimeric proteins where the SpA or SdrE sorting
signal was linked to a reporter protein. The advantage of this was
that it allowed us to study the influence of the sorting signal alone
on protein release. Chimeric proteins were generated where the
D3D4 domains of Sbi were linked to the sorting signal of SpA or
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SdrE (Fig. 6A). Sbi is an envelope-associated protein which does
not become anchored to cell wall peptidoglycan (13). Plasmids
pD3D4-SpASS and pD3D4-SdrESS each carried DNA encoding
the Sbi signal sequence and D3D4 domains and the sorting signal
from either SpA and SdrE, respectively. Cell wall extracts and su-
pernatants were prepared from cultures of LAC* spa sbi carrying
plasmids pD3D4-SpASS and pD3D4-SdrESS and analyzed by
Western immunoblotting using anti-D3D4 IgG. Both D3D4-
SpASS and D3D4-SdrESS were detected in cell wall extracts (Fig.
6B), indicating that they had been sorted to the cell wall pepti-
doglycan. Less D3D4 protein was detected in culture supernatants
from LAC* spa sbi(pD3D4-SdrESS) (43% reduction as estimated
by densitometry) than from LAC* spa sbi(pD3D4-SpASS) (Fig.
6C). These data demonstrate that the release of a protein into S.
aureus culture supernatants depends on the sequence of its sorting
signal.

Therelease of SpA by LAC* is mediated by both LytM and the
native SpA sorting signal. Taken together, our data suggested that
both the SpA sorting signal and the activity of the glycyl-glycine
endopeptidase LytM contribute to release of SpA by S. aureus. In
order to study the relative contribution of these factors, the sorting
signal from SdrE was exchanged with the SpA sorting signal on the
chromosome of LAC* sbi and LAC* sbi lytM by allelic exchange
to yield strains LAC* sbi [SpAQSdrESS] and LAC* sbi lytM
[SpAQSArESS], respectively. Protein A displayed on the surface of
the bacteria was detected using FITC-conjugated rabbit IgG. The
level of SpA expressed by LAC* sbi [SpAQSdrESS] and LAC* sbi
IytM [SpAQSdrESS] was identical to the level expressed by LAC*
sbi at each stage of growth tested (ODgs 0f 0.3 and 1.2) (Fig. 7A).
The relative amount of released SpA in culture supernatants was
quantified by ELISA. The amount of SpA released by S. aureus
LAC* sbi [SpAQSArESS] grown to an ODg, of 0.3 was 21% less
than the amount released by LAC* sbi grown to an equal optical
density (Fig. 7B). At an ODg, of 1.2, LAC* sbi [SpAQSdrESS]
released 42% less SpA than LAC* sbi (Fig. 7B). When the sorting
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signal of SArE replaced the SpA sorting signal in an LytM-deficient  the same optical density (Fig. 7B). These data demonstrate that the
mutant (LAC* sbi lytM [SpAQSdrESS]), the amount of SpA was  release of SpA by S. aureus is influenced by both the sorting signal
reduced by 63% and 62% for bacteria grown to ODg,s of 0.3 and  and LytM activity and that together these factors account for up to
1.2, respectively, compared to the amount in LAC* sbi grown to  63% of released SpA in strain LAC*. Similar results were obtained
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FIG 7 Replacing the SpA sorting signal with the sorting signal from SdrE reduces release of SpA by LAC*. (A) Protein A on the surface of LAC* sbi, LAC* sbi
[SPAQSArESS], and LAC* sbi lytM [SpAQSdrESS] was detected using FITC-labeled rabbit IgG, and the fluorescence intensity was measured using flow
cytometry. Values are expressed as a percentage of the mean fluorescence intensity measured for LAC* sbi grown to an ODy, of 0.3. Bars represent the mean
values, and error bars indicate the standard errors of the means of three independent experiments. (B) Protein A was captured from culture supernatants using
chicken anti-SpA polyclonal IgY and detected using biotin-conjugated mouse monoclonal anti-SpA IgG followed by streptavidin-HRP in an ELISA. The absorbance at
450 nm was measured, and the mean reading from wells incubated with culture supernatants from LAC* spa sbi were subtracted from the readings for all other wells to
account for background. Values are expressed as a percentage of total released SpA measured for LAC* sbi grown to an ODg, of 0.3. Bars represent the mean of four
independent experiments. Error bars represent the standard errors of the means. **, P = 0.007; ***, P < 0.0001; ns, not significant (P > 0.05).
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using strain Newman sbi and Newman sbi [SpAQSdrESS] (see Fig.
S2 in the supplemental material).

Both cell wall-anchored and released SpA contribute to the
survival of LAC* in whole human blood. Protein A contributes to
the pathogenesis of invasive infection by protecting S. aureus from
killing in blood (11, 13). Surface-located SpA inhibits bacterial
uptake by neutrophils (13, 36, 37), but the ability of released SpA
to promote S. aureus survival in blood has not been examined.

Previously, Malachowa et al. (38) demonstrated that transcrip-
tion of the spa gene is highly upregulated when LAC is incubated
in human blood. To investigate if SpA contributes to the ability of
LAC* to resist killing in human blood, LAC* sbi and an LAC* spa
sbi strain were incubated in blood, and viable counts were used to
determine bacterial survival. The LAC* spa sbi mutant demon-
strated a reduced ability to survive in whole blood (143% of input
inoculum recovered) compared to that of LAC* sbi (356% of in-
put inoculum recovered) (Fig. 8), showing that SpA protects LAC
from phagocytic killing.

LAC* sbi expresses both cell wall-associated and released
SpA (Fig. 2). To investigate if the unprocessed form of released
SpA increases the growth of S. aureus in blood, LAC* sbi
[SpAQSArESS] was studied. This strain expresses similar levels of
surface-associated SpA but less released SpA than LAC* sbi (Fig.
7). LAC* sbi [SpAQSdrESS] grew significantly better in human
blood than LAC* spa sbi (227% of input inoculum recovered),
indicating that released SpA enhances the ability of S. aureus to
survive and grow in blood (Fig. 8). The effect of LytM-mediated
SpA release on blood survival was not examined here since LytM is
proposed to contribute to the release of all proteins linked to the
pentaglycine cross-bridge of peptidoglycan (4). Many of these
proteins are important immune evasion factors and contribute to
bacterial survival in blood (13, 39), and so the effects of LytM-
released SpA could not be studied in isolation. In summary, these
data indicate that released as well as cell wall-associated SpA pro-
tects S. aureus from killing in human blood.
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DISCUSSION

Protein A is a virulence factor in murine models of S. aureus kid-
ney abscess formation, skin infection, pneumonia, sepsis, and sep-
tic arthritis (15, 40—43). S. aureus produces both cell wall-associ-
ated and released forms of SpA. Protein A becomes covalently
linked to peptidoglycan by the action of sortase A. Here, we dem-
onstrate that SpA with an intact sorting signal is found in the
culture supernatant, indicating that a portion of the protein can be
released without being processed by sortase A.

Becker et al. (4) previously showed that the glycyl-glycine en-
dopeptidase LytM cleaves within the pentaglycine cross-bridge of
peptidoglycan to release SpA. An lytM mutant of strain Newman
released less SpA than wild-type bacteria (4). In this study, we
demonstrate that LytM also contributes to the release of SpA by
strain LAC*. Culture supernatants from an lytM-deficient mutant
contained 34% less SpA than supernatants from wild-type LAC*
grown to an ODy,, 0f 0.3 and 11% less SpA at an ODy,, of 1.2 (Fig.
3D). Thus, it appears that LytM may have a greater influence on
SpA release at early points in the growth phase.

We demonstrate that extracellular proteases of S. aureus do not
mediate the release of SpA (Fig. 4). Despite conflicting evidence in
the literature (34), it has been assumed that the S. aureus serine
protease V8 cleaves SpA from the surface of S. aureus (44). How-
ever, this assumption was based on a single study with an unchar-
acterized strain (33). Our data demonstrate that V8 does not me-
diate SpA release. However, a previous study showed that there
was a 2.1-fold increase in the amount of SpA in the cell wall of
LAC* PD compared to that in wild-type LAC* (44) when the
surface proteome of stationary-phase cultures (15 h of growth)
was examined. Thus, it is likely that V8 can affect the stability of
SpA on the S. aureus surface to some degree.

The factors promoting SpA release reported in this study and
by Becker et al. (4) do not account for all released SpA. Replacing
the SpA sorting signal with that of SdrE in an LytM-deficient mu-
tant of LAC* reduced the amount of released SpA by up to 63%
(Fig. 7B). As proposed by Becker et al. (4), it is possible that an
unidentified autolysin or another factor might be involved. A por-
tion of SpA is released into the culture supernatant without being
processed by sortase. Replacing the native sorting signal from SpA
with the sorting signal of SArE reduced the release of SpA. Why is
a protein with the SpA sorting signal released abundantly into the
S. aureus culture supernatant while a protein with the SdrE sorting
signal is released to a lesser extent? Schneewind et al. (35) demon-
strated that removing the charged tail of the sorting signal of SpA
resulted in the release of the protein into the culture medium
instead of it becoming linked to the cell wall. Substitution of two
arginine residues with serine in the charged tail region resulted in
a dramatic reduction in the sorting of SpA to the cell wall (17). The
spacing of the LPETG motif and positively charged tail was also
important since reducing the number of residues in the hydro-
phobic domain of the sorting signal from 25 to 23 resulted in less
protein being released into culture supernatants (17). The SdrE
sorting signal contains more positively charged residues at the C
terminus (five rather than three) and has a slightly longer hydro-
phobic domain (one residue longer) than the sorting signal from
SpA (Fig. 5A). Thus, it seems reasonable to hypothesize that this is
the reason why less protein is released when the native SpA sorting
signal is replaced with the sorting signal from SdrE. Released SpA
can protect S. aureus from killing in human blood (Fig. 8). There-
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fore, the release of SpA is likely to contribute to the ability of S.
aureus LAC* to survive in the human bloodstream. The mecha-
nism by which released SpA protects bacteria from killing in blood
warrants further investigation. Surface-located SpA has long been
assumed to protect bacteria from opsonophagocytosis through its
ability to bind to the Fc region of IgG. However, recent work by
Nordenfelt et al. (45) suggested that the majority of IgG is likely to
be bound to SpA via the Fab region when bacteria are in the blood-
stream. Falugi et al. (11) showed that a variant of SpA lacking the
ability to recognize IgG Fc survived poorly in mouse blood. There-
fore, the ability of SpA to bind to IgG or to another ligand which
shares the same binding site on SpA can protect bacteria from
killing in blood. Further study will allow the mechanisms involved
to be elucidated fully.

The release of SpA by S. aureus is likely to contribute to the
ability of S. aureus to interfere with adaptive immunity through its
binding to the Fab region of human IgM on B cells. Becker et al.
(4) proposed that the removal of the amino sugars from cell wall-
derived SpA is necessary so that released SpA will not be recog-
nized by NOD2. If this is the case, then the release of SpA with an
unmodified C terminus (intact sorting signal) represents a second
strategy for the production of a soluble form of SpA that will not
trigger host innate immune responses.

In summary, we report that a portion of released SpA does not
originate from the cell wall and is released following processing by
signal peptidase but prior to cleavage by the sortase A enzyme.
Released SpA protects S. aureus from killing in human blood, and
the bacterium employs at least two independent strategies to en-
sure that SpA will be released into the culture supernatant.
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