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Surface proteins of Staphylococcus aureus fulfill many important roles during the pathogenesis of human
infections and are anchored to the cell wall envelope by sortases. Although the chemical linkage of proteins to
cell wall cross bridges is known, the mechanisms whereby polypeptides are distributed on the staphylococcal
surface have not been revealed. We show here that protein A, the ligand of immunoglobulin, is unevenly
distributed over the staphylococcal surface. Upon removal with trypsin, newly synthesized polypeptide is
deposited at two to four discrete foci. During subsequent growth, protein A appears to be slowly distributed
from these sites. When viewed through multiple focal planes by laser scanning microscopy, protein A foci are
arranged in a circle surrounding the bacterial cell. This pattern of distribution requires the LPXTG sorting
signal of protein A as well as sortase A, the transpeptidase that anchors polypeptides to cell wall cross bridges.
A model is presented whereby protein A deposition at discrete sites coupled with cell wall synthesis enables
distribution of protein A on the staphylococcal surface.

The envelope of gram-positive bacteria is comprised of
murein sacculi (44). These rigid exoskeletal organelles with a
diameter of 50 to 100 nm prevent osmotic lysis of bacteria in
host tissues and function as a scaffold for the immobilization of
protein, carbohydrate, and teichoic acid (12, 34). Murein is
synthesized from precursor molecules in the bacterial cyto-
plasm, tethered to lipid carrier, and translocated across the
plasma membrane (53). Penicillin binding proteins polymerize
peptidoglycan precursors into linear glycan strands that are
cross-linked with neighboring strands, thereby generating a
single large murein macromolecule (23, 46, 53). Staphylococcus
aureus peptidoglycan is composed of N-acetylmuramoyl-(L-Ala-
D-iGln-L-Lys(Gly5)-D-Ala)-(�1–4)-N-acetylglucosamine (7, 13,
14, 32). Polymerization of repeating disaccharide units, N-acetyl-
muramoyl-(�1–4)-N-acetylglucosamine (MurNAc-GlcNAc),
generates the glycan strands (3, 8). Amide bond formation
between pentaglycine cross bridges (Gly5) and D-Ala of neigh-
boring wall peptides provides for the formation of the three-
dimensional murein network (54, 55).

Staphylococcal cell wall carbohydrate and teichoic acid are
tethered to glycan strands (15, 31, 45), whereas covalently
bound surface proteins such as protein A are linked to penta-
glycine cross bridges (48, 56). The N-terminal portion of pro-
tein A with its five immunoglobulin (Ig) binding domains is
located on the staphylococcal surface (17, 20, 51), while its
C-terminal threonine residue is amide-linked to the murein
sacculus (35). Protein A is synthesized in the cytoplasm as a
precursor carrying an N-terminal signal peptide for initiation
into the secretory pathway and a C-terminal sorting signal for
incorporation into the envelope (49, 50). Sortase A cleaves the
sorting signal between threonine and glycine of its LPXTG
motif (29, 33, 58). Cleaved polypeptide is captured as a thio-
ester-linked intermediate at the active site thiol of sortase (58).

Nucleophilic attack of lipid II [C55-MurNAc-(L-Ala-D-iGln-L-
Lys(Gly5)-D-Ala-D-Ala)-(�1–4)-GlcNAc] at this bond resolves
the acyl enzyme (38, 43). Surface protein linked to peptidogly-
can precursor is then incorporated into the cell wall envelope
via transpeptidation and transglycosylation reactions (57, 60).

Fluorescence microscopy has been used to study the depo-
sition of proteins on the surface of Streptococcus pyogenes (6,
18). Following removal of surface proteins with trypsin, the use
of fluorophore-labeled antibodies and microscopy revealed the
deposition of newly synthesized M proteins near the cell divi-
sion sites of this chain-forming microbe (18). Upon further
bacterial growth, the continuous deposition of M proteins over
2 h led to their distribution over the streptococcal surface (18).
Recent studies that employed similar technologies corrobo-
rated that M protein deposition occurs near the cell division
sites of S. pyogenes (4). However, protein F, another polypep-
tide that is also thought to be anchored to the cell wall enve-
lope, is deposited at the old poles, opposite sites of new cell
growth and division (4). Other investigators employed trans-
mission electron microscopy of thin-sectioned streptococci and
immunogold-labeling techniques, thereby revealing discrete
accumulation sites of Sec machinery components, folding fac-
tors, and secretion substrates in transit (41, 42). Together,
these studies suggest that, at least in S. pyogenes, the secretion
and deposition of surface proteins may occur at discrete, per-
haps even distinct, locations in the envelope. Thus, studies on
the molecular nature of protein secretion or deposition into
murein sacculi represent an important frontier for this re-
search field.

Microscopic analysis of protein deposition in the envelope of
gram-positive bacteria can take advantage of the rigid exoskel-
etal nature of murein sacculi (6). Once embedded within the
three-dimensional network of murein, surface proteins are
thought to be immobilized permanently (34). Thus, micro-
scopic detection of newly synthesized and deposited surface
protein should reveal the subcellular sites of protein secretion.
Here, we sought to develop microscopy techniques for the
study of protein deposition in the envelope of S. aureus. Pre-
vious work on staphylococci revealed enzymatic reactions for
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surface protein anchoring and molecular architectures of an-
chor structures; however, the secretion or distribution of pro-
teins on cell surfaces has thus far not been considered. Unlike
streptococci, where cell division planes lie parallel, S. aureus
divides perpendicular to previous division planes (61, 63). Due
to incomplete separation of cell walls under many growth con-
ditions, staphylococci appear as grape-like clusters of cells
(16), and this has hindered microscopic analysis of cell division
and protein deposition on bacterial surfaces.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. S. aureus strains RN4220,
Newman, and N315 were grown in tryptic soy broth (TSB) at 37°C. Erythromycin
and chloramphenicol were used at 10 �g � ml�1 when necessary. The spa mutant
strain SEJ2 and the srtA mutant strain SKM1 have been described previously (1,
52). Plasmids pSPA and pSPA�LPETGE were transformed into strain SEJ2 by
electroporation.

Trypsinization, fixation, and immunofluorescence microscopy. S. aureus
RN4220 was grown in TSB to mid-log phase (optical density at 660 nm [OD660]
of 0.6), and 10 ml of culture was centrifuged for 5 min at 8,000 � g. The bacterial
cell sediment was washed twice with 10 ml of phosphate-buffered saline (PBS; 10
mM sodium phosphate) and suspended in 5 ml of PBS containing 0.2 mg � ml�1

trypsin. Cells were incubated at 37°C for 1 h, washed twice with 10 ml of PBS, and
suspended in 5 ml of TSB containing 1 mM phenylmethylsulfonyl fluoride. Cells
were sonicated for 15 s, and 500-�l aliquots were removed and immediately fixed
with 2.5% paraformaldehyde and 0.006% glutaraldehyde in 30 mM PBS (pH 7.4)
for 20 min at room temperature. Cells were washed three times with 1 ml of PBS
and suspended in 300 �l of PBS with 0.025% sodium azide. Remaining cells were
incubated at 37°C, and 500-�l aliquots were removed and fixed after 5, 10, 15, 30,
or 60 min. Cell suspensions (30 �l) were applied to L-polylysine-coated coverslips
for 5 min, washed three times with 60 �l of PBS to remove nonadherent cells,
and allowed to dry. Cells were rehydrated with 60 �l of PBS for 5 min and
blocked with 3% bovine serum albumin in PBS for 45 min, followed by a 1-h
incubation in the dark with Cy3-conjugated goat anti-rabbit IgG (1:1,000). Cells
were then washed 15 times with 60 �l of PBS, and slides were prepared. Slides
were viewed with an Olympus AX-70 fluorescence microscope, and images were
captured with a charge-coupled-device (CCD) camera. Images were analyzed
with ImageJ software, and data were assembled in Adobe Photoshop.

S. aureus strains RN4220, Newman, N315, RN4220, SEJ2, and SKM1 were
grown in TSB to mid-log phase (OD660 of 0.6). Cells were prepared for immu-
nofluorescence microscopy as described above. Protein A was stained with Cy3-
IgG (Invitrogen) (1:1,000), fluorescein isothiocyanate (FITC)-IgG (Invitrogen)
(1:25), or Alexa Fluor 647-IgG (Invitrogen) (1:50 or 1:250 dilution). Fluorophore
conjugates to Ig preparations were goat anti-rabbit IgG.

Immunoblotting. S. aureus strains RN4220, Newman, N315, SEJ2, and SKM1
were grown in TSB (with appropriate antibiotics as necessary) to mid-log phase
(OD660 of 0.6). Two 1-ml aliquots of each strain were collected, centrifuged for
3 min at 8,000 � g, and washed with 1 ml of PBS or 1 ml of TSM (50 mM
Tris-HCl [pH 7.5], 0.5 M sucrose, 10 mM MgCl2) and suspended in 1 ml of the
same buffer containing 0.1 mg � ml�1 of lysostaphin. Following incubation at
37°C for 20 min, samples were centrifuged for 3 min at 8,000 �g, and superna-
tants were removed (cell wall fractions). Both the lysate (total cell fraction) and
supernatants (cell wall) were precipitated with 7.5% trichloroacetic acid. Protein
sediment was suspended in 50 �l of loading buffer and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
immunoblot analysis with monoclonal antibody SPA-27 (Sigma) or polyclonal
antisera raised against either SrtA or L6 (cytoplasmic protein).

Confocal fluorescence microscopy. S. aureus strain RN4220, SEJ2 (spa), SKM1
(srtA), SEJ2 (pSPA), or SEJ2 (pSPA�LPETGE) was grown in TSB (with ap-
propriate antibiotics as necessary) to mid-log phase (OD660 of 0.6), whereas
S. aureus Newman cells were grown to late log phase (OD660 of 1.0). Cells
were fixed and prepared for confocal microscopy as described above. Protein
A was labeled with Alexa Fluor 647-IgG (1:250), and the cell wall was stained
with 1 �g � ml�1 vancomycin-BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
conjugate (Invitrogen). Cells were viewed with a Leica SP5 AOBS spectral
2-photon confocal microscope. More specifically, cells were viewed with a Leica
DMI6000 inverted microscope with conventional fluorescence (100-W Hg lamp)
and differential interference contrast (DIC) optics under a 63� oil objective
(numerical aperture, 1.4) with automatically optimized confocal pinhole aper-
tures and images captured by three chilled photomultiplier tube fluorescence

detectors (digital spectral definition in 1-nm increments) plus one transmitted
light detector with 12-bit output and 15� digital zoom (effective pixel size, 30
nm). Fluorescence Z-scans were captured sequentially with a 488-nm line argon
laser followed by a 633-nm line (10 mW) HeNe laser. Resonant scanning galva-
nometer mirrors (scan rate, 8,000 Hz) were used to collect frame-averaged (n �
64) z-series scans sampled in 50- to 60-nm steps. Captured images were analyzed
with ImageJ software, and three-dimensional distribution was reconstructed.

RESULTS

Deposition of newly synthesized protein A on the staphylo-
coccal surface. Initial experiments established conditions to
generate suspensions of single, nonclustered staphylococcal
cells. Prior to microscopy, staphylococci were sedimented by
centrifugation, washed in PBS, and dispersed by sonication.
This protocol did not affect bacterial growth and viability.
Following incubation with Cy3-IgG, staphylococcal display of
surface protein was detected via binding of protein A to the Fc
termini of Cy3-IgG in a fluorescence microscopy experiment.
Fluorescence and merged fluorescence-DIC images for wild-
type S. aureus detected the display of protein A on the bacterial
surface (Fig. 1A).

To reveal surface deposition of newly synthesized protein A,
staphylococci were incubated with 200 �g � ml�1 trypsin for 60
min. Cells were washed in PBS and suspended in tryptic soy
broth with protease inhibitor to quench all further proteolysis.
At timed intervals, staphylococci were fixed with glutaralde-
hyde, and deposition of protein A was revealed by fluorescence
microscopy (Fig. 1B). Cells that were fixed immediately fol-
lowing treatment with trypsin (0 min) did not reveal Cy3-IgG
staining, indicating that the protease had removed all protein
A from the staphylococcal surface (Fig. 1B). Within 5 min of
incubation, as revealed by microscopy images, cells contained
two to four discrete surface spots of Cy3-IgG staining. Upon
incubation for 10 to 20 min, these areas of Cy3-IgG surface
staining increased in size, and after 40 to 60 min, fluorescent
signals covered most of the staphylococcal surface (Fig. 1B).

Trypsin removal of protein A from the staphylococcal sur-
face was also examined by immunoblotting with monoclonal
antibody anti-Spa27 (Fig. 1C). Prior to trypsin treatment, a
spectrum of protein A molecules linked to different sizes of
peptidoglycan fragments was detected by immunoblotting. A
sortase A mutant strain (srtA) accumulated only small amounts
of P2 precursor species, i.e., protein A without signal peptide
but with an uncleaved C-terminal sorting signal (28). As ex-
pected, a protein A (spa) mutant strain did not generate mono-
clonal antibody Spa-27-specific immune-reactive signals (Fig.
1C). Following trypsin treatment, almost all protein A im-
mune-reactive species disappeared, consistent with the view
that protease treatment had removed surface proteins. Immu-
noblotting with sortase-specific antibodies (anti-SrtA) revealed
that the transpeptidase, which resides in staphylococcal mem-
branes, had not been removed by treatment of staphylococci
with trypsin (Fig. 1C). As a control, trypsin treatment also did
not affect the abundance of ribosomal subunit L6, a polypep-
tide that resides in the bacterial cytoplasm. Together, these
results suggest that, upon protease-mediated removal of sur-
face proteins but not of sortase, the deposition of newly syn-
thesized protein A is at least initially restricted to two to four
discrete sites. Continuous deposition of protein A near these
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sites may eventually provide for the distribution of anchored
polypeptide over the bacterial surface.

Distribution of protein A on staphylococcal surfaces. We
entertained a model whereby surface protein deposition into
murein sacculi occurs in the immediate vicinity of a few dis-
crete sites whose subcellular location may be altered upon
expansion of the staphylococcal envelope. If so, immobilized
protein A on bacterial surfaces should be highly abundant in
the vicinity of its deposition sites and low or even absent where
these sites are not or have not been. Simply put, it is unlikely
that the molecular mechanisms sustaining such a model could
achieve a uniform distribution of protein A on the bacterial
surface. Thus, if uniform distribution of protein A on staphy-
lococcal surfaces were observed, such an argument would al-
low us to reject the hypothesis of localized deposition.

In previous work, we used IgG labeled with FITC and Cy3 to
detect protein A staining (28, 50). In captured images of FITC-
IgG-labeled cells, the distribution of protein A on the bacterial
surface appears generally uniform (Fig. 2A). For Cy3-IgG-
labeled bacteria, we observed both uniform as well as uneven
distributions of protein A (Fig. 2A). Prompted by these obser-
vations as well as by wavelength-dependent differences in op-
tical parameters such as signal-to-noise ratio and resolution,
we used a third fluorophore for protein A labeling experi-
ments. FITC (�518) emits green light, whereas Cy3 (�570)
emits light with an orange spectrum. Compared to these flu-
orophores, Alexa Fluor 647 (�668) displays a much higher
signal-to-noise ratio and fluorescence emission with far-red
spectral properties (25). Alexa Fluor 647-IgG labeling and
fluorescence microscopy, indeed, revealed a remarkably irreg-

FIG. 1. Deposition of newly synthesized protein A on the staphylococcal surface. (A) Protein A on the surface of S. aureus RN4220 cells was
stained with Cy3-IgG, and DIC or fluorescence images were captured with an Olympus AX-70 fluorescence microscope and Himamatsu CCD
camera. (B) Staphylococci were treated with trypsin to remove surface proteins, and the deposition of newly synthesized protein A on the cell
surface at indicated times was visualized by staining with Cy3-IgG. DIC and fluorescence images were captured with a CCD camera. (C) Staph-
ylococcal lysates before and after trypsin treatment were precipitated with trichloroacetic acid, washed in acetone, and separated on SDS-PAGE.
Samples were subjected to immunoblotting with antibodies against sortase A (	-SrtA), protein A (	-Spa27), or ribosomal protein L6 (	-L6).
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ular surface distribution of protein A (Fig. 2A). Thus, consid-
ering that staphylococci are small, round cells with a diameter
of 0.7 to 0.9 �M, FITC-IgG or Cy3-IgG labeling, with a low
signal-to-noise ratio, may mask the uneven distribution of pro-
tein A, which was observed with Alexa Fluor 647-IgG labeling.

Both Alexa Fluor 647-IgG and Cy3-IgG labeling specifically
detected the surface display of protein A, as staphylococcal
mutants lacking the structural gene for protein A (spa) did not
generate fluorescence under these experimental conditions
(Fig. 2A). FITC-IgG labeling generated background fluores-

FIG. 2. Distribution of protein A on the surface of staphylococcal strains. (A) S. aureus RN4220 (wild type) and isogenic spa and srtA mutants
were incubated with Alexa Fluor 647-IgG, FITC-IgG, or Cy3-IgG, and DIC or fluorescence images were captured with a Olympus AX-70
fluorescence microscope and Himamatsu CCD camera. As a control for protein A distribution on human clinical isolates, S. aureus Newman and
N315 strains were analyzed with the same technology. (B) Total cell extracts or cell wall fractions generated by degradation of murein sacculi with
lysostaphin obtained from S. aureus RN4220 (wild-type [wt]) and isogenic spa and srtA mutants or from strains Newman and N315. Samples were
separated by SDS-PAGE and then analyzed by immunoblotting with monoclonal antibody specific for protein A (	-Spa27) or with polyclonal
antiserum raised against purified L6 ribosomal protein.
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cence in spa mutants, indicating that most, but certainly not all,
of the signal intensity in images captured with this fluorophore
were generated by Ig binding to protein A (Fig. 2A).

To determine whether the distribution of protein A over the
staphylococcal surface requires its anchoring to the cell wall
envelope, S. aureus sortase mutants (srtA) were examined by
fluorescence microscopy. Captured images revealed either no
staining for protein A or small, punctuate fluorescence signals
with FITC-IgG, Cy3-IgG, or Alexa Fluor 647-IgG. These data
indicate that sortase-mediated anchoring of protein A to the
cell wall envelope facilitates its distribution over the staphylo-
coccal surface.

S. aureus RN4220, a laboratory strain for molecular genetic
experiments, harbors mutations in the virulence gene regula-
tors agr and sigB, which increase expression of surface proteins
while reducing the abundance of exotoxins (21, 36). As the
preceding experiments were conducted with strain RN4220, we
sought to subject clinical strains to fluorescence microscopy
and selected two human isolates, S. aureus strains Newman and
N315 (9, 22), for our study. As expected, fluorescence signals
generated via binding of IgG conjugates to protein A were
significantly reduced for S. aureus Newman and N315 com-
pared to S. aureus RN4220 (Fig. 2A). FITC-IgG or Cy3-IgG
generated diffuse fluorescent signals emanating from the sur-

FIG. 3. Protein A localization in a dividing S. aureus RN4220 cell. Laser scanning confocal microscopy images (z series with 50-nm increments)
of S. aureus RN4220. Protein A was labeled with Alexa Fluor 647-IgG (red fluorescence), and cell wall pentapeptide was stained with BODIPY-
vancomycin (green fluorescence). Central regions of intense green fluorescence reveal the cross wall, the cell wall layer separating two daughter
cells. Each display item is derived from merged images of confocal scans of separate laser line channels. Aggregate data were used to build a
three-dimensional model of protein A deposition in the cell wall, which is shown as a diagram in the lower right corner.
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face of S. aureus Newman or N315, whereas Alexa Fluor 647-
IgG binding produced a much more irregular and punctuate
staining. Thus, it appears that the uneven surface distribution
of protein A is similar in both laboratory and clinical strains.

As a measure for protein A abundance and anchoring,
murein sacculi of staphylococci were digested with lysostaphin,
a glycyl-glycine endopeptidase that liberates cell wall-anchored
protein A (47, 48). Following centrifugation and separation of
sedimented protoplasts from cell wall lysate, samples of both
fractions were subjected to immunoblotting with monoclonal
antibody (anti-Spa27) (Fig. 2B). Lysostaphin cleavage solubi-
lized protein A from the murein sacculi of S. aureus RN4220,
Newman, and N315 strains. As expected, protein A (which
differs in molecular size and SDS-PAGE mobility between
staphylococcal strains) was more abundant in the cell wall
fraction of S. aureus RN4220 than in the Newman or N315
strains. Immunoblotting revealed the P2 precursor in total cell
extracts and envelope preparations of the srtA mutant. As
expected, samples derived from the spa mutant strain did not
generate immune-reactive species. As a control for proper
fractionation, ribosomal L6 protein was detected in the total
cell fractions but not in cell wall lysates (Fig. 2B).

Localization of protein A with laser scanning confocal mi-
croscopy. To map deposition sites of protein A on the surface
of the spherical S. aureus cell, we sought to reveal the division
site within this orb and wondered whether this might be
achieved by analyzing clusters of incompletely separated cells.
For example, in streptococci, where spherical cells divide in
parallel to previous division planes, the incomplete separation
of cells and their chain-like appearance allow accurate predic-
tions of future division planes and mapping of surface protein
deposition sites (10). However, S. aureus divides perpendicular
to previous division sites, and future division sites may be
positioned in two different geometric planes of cell spheres,
both of which lie perpendicular to the previous division plane
(61, 63). However, the position of cell division sites cannot be
predicted by simply viewing contours of cells in clusters of
incompletely separated staphylococci.

Fluorophore conjugates of vancomycin, a glycopeptide an-
tibiotic that binds with high affinity to D-Ala-D-Ala (62), have
been used to reveal the location of peptidoglycan pentapeptide
precursors (lipid II) in the murein sacculus and have revealed
the “cross wall,” a layer of newly synthesized cell wall that
separates dividing staphylococcal daughter cells (16, 39, 40).
Labeling of staphylococci with vancomycin-BODIPY conju-
gate and sequential laser scanning confocal microscopy in op-
tical planes separated by 50 to 60 nm along the z axis generated
series of images that were used to reconstruct a three-dimen-
sional fluorescence pattern of the murein sacculus. In dividing
cells, both the murein sacculus and cross wall can be visualized,
the latter of which separates two daughter cells. We used only
images of dividing cells for topological mapping of the surface
distribution of protein A in S. aureus RN4220. Figure 3 shows
a series of images for a representative staphylococcal cell that
was labeled with vancomycin-BODIPY conjugate and Alexa
Fluor 647-IgG. Reconstruction of fluorescence signals into a
three-dimensional spherical orb revealed the murein sacculus
and cross wall. Abundant protein A staining occurred at two
discrete sites, herein named foci, that were positioned in close
proximity but juxtaposed on opposite sites of the cross wall

(Fig. 3). More diffuse and weaker protein A staining was ob-
served in a ring-like structure around the murein sacculus that
traversed the cross wall in the vicinity of protein A foci. Out-
side of the ring-like staining pattern for protein A, very little or
no fluorescence was observed, suggesting that large surface
areas of the murein sacculus had not been decorated with this
surface protein.

We used fluorescence microscopy to analyze 75 dividing
cells that had been treated with trypsin and observed staphy-
lococci without foci (57 cells) and with two (16 cells), three (1
cell), or four (1 cell) foci 5 min after protease quenching (data
not shown). In staphylococci that had not been treated with
trypsin, analysis of 77 cells labeled with Alexa Fluor 647-IgG
revealed 2 cells with zero foci, 36 cells with two foci, 25 cells
with three foci, and 14 cells with four foci (data not shown).
Thus, most cells harbor two to four foci of protein A staining
on their surfaces, and almost all cells displayed a ring-like
structure of diffuse surface protein staining. These results sug-
gest that the absolute number of foci per cell may not impact
the distribution of protein A on the cell surface. To test
whether a similar pattern of protein A distribution occurred in
other staphylococcal strains, the human clinical isolate S. au-
reus Newman was subjected to vancomycin-BODIPY conju-
gate and Alexa Fluor 647-IgG labeling followed by sequential
laser scanning confocal microscopy. We observed a similar
pattern of ring-like distribution of protein A over cell surfaces
marked by two to four foci of abundant surface protein staining
(Fig. 4). These foci were again positioned in the immediate
vicinity and on opposite sites of the cross wall separating the
two daughter cells. Taken together, these data suggest that the
observed ring-like distribution of protein A occurs in labora-
tory stains and in clinical isolates.

Protein A distribution in spa and srtA mutant staphylococci.
To establish an experimental system that may be perturbed by
intra- and extragenic mutations, we first asked whether all
Alexa Fluor 647-IgG-generated signals in laser scanning con-
focal microscopy experiments required the presence of the
structural gene for protein A. Deletion of the structural pro-
tein A gene (24) (spa) in S. aureus RN4220 generated strain
SEJ2, which failed to react with Alexa Fluor 647-IgG (Fig. 5A).
BODIPY-vancomycin staining of murein sacculi was indistin-
guishable between wild-type parent and spa mutant strains,
indicating that all Alexa Fluor 647-IgG-generated fluorescent
signals must be derived from its binding to protein A (Fig. 5A).

Covalent attachment of protein A to cell wall peptidoglycan
occurs via a transpeptidation reaction that is catalyzed by sor-
tase A (srtA) (28). When cells were analyzed by vancomycin-
BODIPY conjugate and Alexa Fluor 647-IgG staining, fewer
than 20% of the cells generated during growth of an srtA
mutant strain revealed a very faint, ring-like distribution of
protein A (Fig. 5B). Foci of abundant protein A staining in
these cells were either absent or greatly reduced in size and
signal intensity. More than 80% of staphylococci lacking the
srtA gene failed to react with Alexa Fluor 647-IgG (Fig. 2).

Protein A distribution requires a functional sorting signal.
Transformation of spa mutant staphylococci with a plasmid
encoding wild-type spa not only complemented the observed
expression defect but also restored protein A deposition to its
ring-like distribution pattern with two to four foci. Protein A
anchoring to the cell wall envelope absolutely requires the
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presence of an LPXTG motif sorting signal at the C-terminal
end of the polypeptide (49), which is cleaved by sortase and
then incorporated into the amide bond that tethers surface
proteins to pentaglycine cross bridges (29). We sought to de-
termine whether the surface distribution of protein A required
its anchoring to the cell wall envelope. S. aureus mutants lack-
ing spa were transformed with a plasmid encoding the protein
A variant (SPA�LPXTG) without the LPXTG motif (50). Be-
cause SPA�LPXTG harbors the remainder of the sorting signal
including its hydrophobic domain and charged tail, this variant
is retained in staphylococcal membranes but not linked to the
cell wall envelope (50). Transformation of spa mutant staphy-
lococci with pSPA�LPXTG failed to restore protein A expres-
sion and surface deposition to wild-type levels. Instead, we
observed cells with markedly reduced (0.06% of wild-type)
protein A staining and without foci (Fig. 6B). When present,
surface distribution of SPA�LPXTG occurred in a ring-like man-
ner that lacked the apparent foci for more abundant protein A
staining that were observed in wild-type cells (Fig. 6B).

DISCUSSION

Protein A, a virulence factor of S. aureus strains that binds to
the Fc portion of Igs and to von Willebrand factor during host
infection (11, 19, 30), has been used as a model system to
understand surface protein anchoring to the cell wall envelope
of gram-positive bacteria (26). Following translocation across
the cytoplasmic membrane and signal peptide cleavage of P1
precursors, the protein A P2 intermediate is retained in the
secretory pathway and cleaved by sortase A between the threo-
nine and the glycine of its LPXTG motif sorting signal (28, 33).
Subsequent amide bond formation between the C-terminal
threonine and the pentaglycine cross bridge of lipid II gener-
ates the P3 intermediate, which is finally incorporated into
murein sacculi via the transpeptidation and transglycosylation
reactions of cell wall biosynthesis (27, 59, 60).

S. aureus, which has spherical gram-positive cells that divide
perpendicular to previous cell division planes, is thought to
synthesize peptidoglycan de novo at the cross wall, a newly

FIG. 4. Protein A localization in a dividing S. aureus Newman cell. Laser scanning confocal microscopy images (z series with 50-nm increments)
of S. aureus Newman. Protein A was labeled with Alexa Fluor 647-IgG (red fluorescence), and cell wall pentapeptide was stained with
BODIPY-vancomycin (green fluorescence). Protein A and cell wall images of pentapeptide precursors were collected as described in the legend
of Fig. 3. Aggregate data were used to build a three-dimensional model of protein A deposition in the cell wall, which is shown as a diagram in
the lower right corner.
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FIG. 5. Protein A distribution in dividing S. aureus cells requires sortase A. Laser scanning confocal microscopy images (z series with 50-nm
increments) of S. aureus mutants lacking the protein A gene (spa) (A) or the sortase A gene (srtA) (B). Protein A was labeled with Alexa Fluor
647-IgG (red fluorescence), and cell wall pentapeptide was stained with BODIPY-vancomycin (green fluorescence). Protein A and cell wall images
of pentapeptide precursors were collected as described in the legend of Fig. 3. Aggregate data were used to build three-dimensional models of
protein A deposition in the cell wall, which are shown as diagrams in the lower right corners of the panels.
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FIG. 6. Protein A distribution in dividing S. aureus cells requires a functional LPXTG sorting signal. S. aureus mutants lacking the protein A
gene (spa) were transformed with plasmid encoding wild-type protein A (Spa) (A) or a variant lacking the LPXTG motif (Spa�LPXTG) (B). Laser
scanning confocal microscopy images (z series with 50-nm increments) of S. aureus mutants lacking the protein A gene (spa) or the sortase A gene
(srtA). Protein A and cell wall images of pentapeptide precursors were collected as described in the legend of Fig. 3. Aggregate data were used
to build three-dimensional models of protein A deposition in the cell wall, which are shown as diagrams in the lower right corners of the panels.
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formed peptidoglycan layer that eventually separates daughter
cells (16, 39, 40). Upon separation of the cross wall at its
midline, the hemispherical portions of newly synthesized
murein sacculi are thought to expand and assume their final
shape. Here, we asked the question, Where is protein A incor-
porated into the murein sacculi of S. aureus cells? Using plain
and confocal scanning fluorescence microscopy, foci of protein
A secretion and deposition into the cell wall envelope were
observed. These foci were arranged into a ring-like structure
that encircled the bacterial surface with diffuse staining con-
necting all foci. Compared to the circular cross wall, the pro-
tein A ring is located in its vicinity but tilted at an angle,
thereby positioning protein A deposition sites and areas of de
novo cell wall synthesis in the vicinity of one another. This
surprising result implies that protein A is not deposited into
murein sacculi in a random fashion all over the bacterial sur-
face. Rather, protein A secretion and incorporation into
murein sacculi seem to occur in a well-organized manner that
orchestrates cell wall synthesis and protein targeting. Prelimi-
nary work with two other surface proteins suggests that these
molecules may also be distributed and anchored to the cell wall
of S. aureus as is reported here for protein A (A. C. DeDent
and O. Schneewind, unpublished data). Our results should not,
however, be interpreted to mean that sortase A must also be
specifically localized to the foci of surface protein assembly.
Currently, we do not know the distribution of sortase A, as the
transpeptidase is not accessible to either protease or antibody
on the bacterial surface. Green fluorescent protein fusions to
the N terminus of type I transmembrane proteins such as
sortase A can give rise to proteolytic cleavage and aggregation,
causing the derived location of membrane proteins to inaccu-
rately reflect their physiological distribution. Depending on the
genetic background of S. aureus strains, sortase A recognizes
17 to 21 different surface protein substrates, and future work
will need to accomplish a comprehensive analysis of substrate
and sortase localization.

Previous work used antibodies raised against streptococcal
M protein to study the deposition of proteins on the surface of
gram-positive bacteria (5). This experimental system has one
considerable advantage: streptococci divide in parallel to pre-
vious cell division planes (6). Thus, simple inspection of strep-
tococcal chains reveals the future cell division sites. By using
trypsin to remove M proteins and FITC-labeled antibodies to
reveal new protein on the bacterial surface, previous studies

observed deposition of newly synthesized M protein at cell
division sites (18). During further growth, surface areas of the
cell wall envelope that had been decorated with M proteins
continued to expand, suggesting that the continued incorpora-
tion of polypeptide into growing murein sacculi ensures that
most, or perhaps all, bacterial surfaces are decorated with
protein (18). Recent work demonstrated the genetic require-
ment of sortase A in group A streptococci for cell wall anchor-
ing of M protein (2), even though the chemical nature of
anchoring, the cell wall anchor structure, and peptidoglycan
substrates for this reaction are still unknown. Further studies
revealed that protein F, a surface protein lacking the YSIR(K
/G)S motif found in the M protein signal peptide, is anchored
not only at cell division sites but also at the old poles of
streptococcal chains (4). Other experiments suggest that sur-
face protein deposition at this unique site is governed by the
presence of specific signal peptides (4). Genome sequences of
S. aureus strains encode 18 to 23 different surface proteins (37).
Some, but not all, of these harbor signal peptides with a YSI
R(K/G)S motif (1). It is not yet known whether these signal
peptides control the fate of protein deposition on staphylococ-
cal surfaces.

Electron microscopy and fluorescence microscopy have not
yet revealed a ring-like structure or foci of M protein deposi-
tion in streptococci. We think it is highly likely that the ob-
served zones of M protein deposition near the streptococcal
cross wall form a ring around these spherical cells (4, 18).
However, we cannot predict whether these technologies may
also reveal foci of M protein deposition. Microscopy work on
some secreted streptococcal proteins, HtrA and SpeB, suggests
that these molecules may be secreted at a single defined focus,
named the ExPortal (41, 42). Further, foci of protein secretion
were also defined as sites of secretion machinery (SecA) local-
ization (41, 42). The latter aspect of this model has recently
been challenged, as other investigators observed a more even
distribution of secretion machinery components in the plasma
membrane (4).

It is certainly tempting to speculate that the observed foci of
protein A deposition on staphylococcal surfaces may surround
designated protein secretion sites, perhaps the equivalent of
the ExPortal in S. aureus. However, current technologies can-
not yet define the molecular nature of these sites. In our
model, the deposition sites for protein A are defined as foci in
murein sacculi, a notable distinction from the ExPortal, which

FIG. 7. Diagram to illustrate a hypothesis on the deposition of protein A in the cell wall envelope of S. aureus. The cross wall, a thick layer of
newly synthesized peptidoglycan, separates two newly formed daughter cells and is indicated as a green ring structure. Two to four foci of protein
A staining (red dots) mark sites for the secretion and deposition of newly synthesized surface protein into murein sacculi. As cells grow and the
cross wall expands, surface protein deposition forms a ring-like structure that traverses areas of cell wall synthesis. Once cell wall synthesis and
separation as well as surface protein ring formation have been completed, new cross walls and foci of protein A deposition are formed
perpendicular to previous planes of division and surface protein anchoring.
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defines localized secretion as a site in the cytoplasmic mem-
brane (41). Future work will need to reveal the molecular
nature of protein A deposition sites or of membrane ExPortals,
thereby providing the frontier in this field with mechanistic
insight on protein secretion and surface distribution.

In summary, we propose that protein A first emerges on the
cell surface at discrete locations, with at least two but not more
than four foci that encircle spherical cells (Fig. 7). In dividing
cells, protein A rings do not align with the cross wall (septum),
which suggests that they are positioned in a different plane,
possibly representing future division sites. As dividing daugh-
ter cells grow and expand, peptidoglycan as well as protein A
incorporation at the cross wall may be increased, generating a
more diffuse pattern of protein deposition. Finally, as cells set
up new division planes, new protein A deposition foci may
evolve in a ring positioned perpendicular to the previous plane,
thereby generating broader areas of surface decoration with
protein A (Fig. 7).
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