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Many surface proteins of pathogenic gram-positive bacteria are linked to the cell wall envelope by a
mechanism requiring a C-terminal sorting signal with an LPXTG motif. Surface proteins of Streptococcus
pneumoniae harbor another motif, YSIRK-G/S, which is positioned within signal peptides. The signal peptides
of some, but not all, of the 20 surface proteins of Staphylococcus aureus carry a YSIRK-G/S motif, whereas those
of surface proteins of Listeria monocytogenes and Bacillus anthracis do not. To determine whether the YSIRK-
G/S motif is required for the secretion or cell wall anchoring of surface proteins, we analyzed variants of
staphylococcal protein A, an immunoglobulin binding protein with an LPXTG sorting signal. Deletion of the
YSIR sequence or replacement of G or S significantly reduced the rate of signal peptide processing of protein
A precursors. In contrast, cell wall anchoring or the functional display of protein A was not affected. The fusion
of cell wall sorting signals to reporter proteins bearing N-terminal signal peptides with or without the
YSIRK-G/S motif resulted in hybrid proteins that were anchored in a manner similar to that of wild-type
protein A. The requirement of the YSIRK-G/S motif for efficient secretion implies the existence of a specialized
mode of substrate recognition by the secretion pathway of gram-positive cocci. It seems, however, that this
mechanism is not essential for surface protein anchoring to the cell wall envelope.

Signal peptide-bearing precursor proteins are initiated into
the secretory pathway and translocated across the plasma
membranes of bacterial cells (3, 5, 46). All signal peptides
comprise a string of 13 to 20 hydrophobic amino acids, which
are necessary and sufficient for the recognition and transport
of precursor proteins by the secretion machinery (1, 6, 17).
Two modes of precursor translocation have been described.
During posttranslational translocation, cytoplasmic chaper-
ones, for example, Escherichia coli SecB (24), bind newly syn-
thesized precursors, which are subsequently initiated into the
secretion pathway (42, 43). SecA, an ATPase that binds sig-
nal peptide-bearing precursors (16, 37), pushes polypeptides
through the membrane translocon (11). The translocon can be
viewed as a channel-forming membrane protein complex and is
composed of SecY, SecE, and SecG (13, 18, 47). SecD, SecF,
and YajC represent other components of the secretion ma-
chinery that are required for in vivo secretion but are dis-
pensable for in vitro translocation of precursors; the precise
function of these factors is still unknown (10, 12, 40). Signal
peptides initiate some precursor proteins into the signal rec-
ognition particle (SRP)-mediated cotranslational translocation
pathway (68). Binding of the SRP to nascent polypeptides
leads to the binding of ribosome-SRP complexes first to the
SRP receptor and then to ribosomes docking on the translocon
(4, 69). In this manner, translation and translocation of a por-
tion of nascent polypeptides seem coupled as the ribosomes
extrude polypeptides into the translocon channel.

Although all signal peptide-bearing proteins are by default
translocated across the plasma membrane, the subsequent fate
of precursors can be modified by the presence or absence of

specific cleavage sites for signal peptidases (7). Type I signal
peptides comprise a cleavage site for signal (leader) peptidase,
and the mature polypeptides are released from the membrane
(8). Type II signal peptides are the substrate for covalent mod-
ification with thioether-linked diacylglycerol (15). After cleav-
age by type II signal peptidases (59), the resulting lipoproteins
can traffic to the plasma (inner) or outer membranes of gram-
negative bacteria (72). Prepilin signal peptides are cleaved by
prepilin signal peptidases (36), enzymes that remove an N-
terminal sequence tag from signal peptides, which is followed
by methylation of the amino group of phenylalanine at the N
termini of mature pilins (55). Prepilin signal peptidases use
signal peptide-bearing precursors and S-adenosylmethionine
as substrates and act in the bacterial cytoplasm, i.e., prior to
translocation (36). The mature polypeptides retain their sig-
nal peptide function for subsequent translocation by the Sec
pathway (55). Translocated pilins are assembled into pilus
structures that penetrate through a protein pore in the outer
membrane onto the bacterial surface. Although it has been
speculated that pilins may be translocated by the Sec pathway
at designated locations, the presumed assembly sites of pili, all
available experimental evidence supports the notion that signal
peptide-bearing precursors are transported by Sec machineries
without consideration for the final destination of mature poly-
peptides (56). In this view of protein trafficking, all modifica-
tion and targeting steps involving translocated polypeptides
occur subsequently to and independently of the activation of
the Sec machinery (41).

Rosenstein and Götz first noticed the presence of a signal
peptide motif in staphylococcal lipases (44). The same motif,
YSIRK-G/S, was also identified during genome sequence anal-
ysis of Streptococcus pneumoniae and was found within signal
peptides of proteins bearing C-terminal cell wall sorting signals
with an LPXTG motif (58). Those authors proposed that the
signal peptide motif may be required for the anchoring of
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surface proteins to the cell wall envelope (58). Although this
mechanism has been studied only in Staphylococcus aureus and
in a few other microbes, it is assumed that all gram-positive
bacteria anchor surface proteins bearing C-terminal sorting
signals by a universal process involving five steps (30, 33).
Precursor proteins are initiated into the secretory pathway by
their N-terminal signal peptides and translocated, and their
signal peptides are cleaved (step 1) (51). The C-terminal sort-
ing signal first retains polypeptides within the secretory path-
way (step 2) (50) and then allows cleavage of the peptide bond
between the threonine (T) and the glycine (G) of a conserved
LPXTG motif (step 3) (32). The carboxyl group of threonine is
subsequently amide linked to the amino group of the pentag-
lycine crossbridge within lipid II precursor molecules (step 4)
(39, 49). The sorting intermediate of surface protein linked to
lipid II is incorporated into the cell wall via the transpeptida-
tion and transglycosylation reactions of peptidoglycan synthe-
sis (step 5), thereby tethering the C termini of surface proteins
to the cell wall envelope (34, 60, 62). Thus, in contrast to signal
peptides, which act in the bacterial cytoplasm and prior to
translocation (3), sorting signals function immediately after,
but not during, the translocation of polypeptides. If a specific
involvement of signal peptides in surface protein anchoring is
assumed, one could entertain a model in which signal peptides
with YSIRK-G/S motifs initiate proteins into a dedicated se-
cretion pathway.

It is shown here that the YSIRK-G/S motif plays a role in the
efficiency of the secretion of protein A, a cell wall-anchored
surface protein of S. aureus. The YSIRK-G/S motif is, how-
ever, dispensable for the cell wall anchoring of surface pro-
teins. Several models are discussed to account for the existence
of two classes of signal peptides in gram-positive cocci.

MATERIALS AND METHODS

Bacterial strains. S. aureus strains RN4220 (wild-type protein A) (23) and OS2
(spa::ermC) (51) were used as hosts for plasmid constructs and for protein-
targeting experiments. E. coli DH5� was used for recombinant-DNA experi-
ments (14).

Plasmids and mutagenesis. Plasmids pSPA and pSPA1-519 were used as tem-
plates for generating mutations of the YSIRK-G/S motif (51). Each mutagenesis
was carried out with a QuickChange XL site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s recommendations. To delete the YSIR
sequence, the oligonucleotides spa-dSSM-1 (GAAAAAGAAAAACATTAAAC
TAGGTGTAGGTATTGC) and spa-dSSM-2 (GCAATACCTACACCTAGTT
TAATGTTTTTCTTTTTC) were used as primers for DNA polymerization. Ala-
nine substitutions for glycine and serine residues were carried out with the
oligonucleotides G/A-spa-F (TTCGTAAACTAGGTGTAGCTATTGCATCTG
TAACTTT) and G/A-spa-R (AAAGTTACAGATGCAATAGCTACACCTAG
TTTACGAA) and with the oligonucleotides S/A-spa-F (TAGGTGTAGGTAT
TGCAGCTGTAACTTTAGGTACATT) and S/A-spa-R (AATGTACCTAAA
GTTACAGCTGCAATACCTACACCTA) as primers for DNA polymeriza-
tion, respectively. To replace both the glycine and serine residues with alanine,
GS/AA-spa-F (TAAACTAGGTGTAGCTATTGCAGCTGTAACTTTAGGT
ACA) and GS/AA-spa-R (TGTACCTAAAGTTACAGCTGCAATAGCTACA
CCTAGTTTA) were used as primers. All mutations were confirmed by DNA
sequence analysis and electroporated into S. aureus OS2. pSEB and pSEB-CWS
have previously been reported (50). To construct the pSPASP-SEB plasmid, an
seb fragment lacking the coding sequence for the N-terminal signal peptide was
amplified from chromosomal DNA of S. aureus S6 by PCR amplification with the
primers SEB-2 (AAGGATCCAGATCCTAAACCAGATGAGT) and SEB-3
(AAATATGAAGAGTTAGTAATTAAGGATCCTT). The resulting product
was cut with BamHI and then ligated with pSPA digested with BclI and BamHI.
To generate pSPASP-SEB-CWS, the seb gene was amplified with the primers
SEB-2 and SEB-4 (TGAAGTTTATCTTACGACAAAGAAAGCTTTT) and
cut with BamHI and HindIII. The spa fragment containing the sorting signal was

cut from pSPA by HindIII/BamHI digestion. The two DNA fragments were
mixed and ligated with pSPA digested with BclI and BamHI.

Cell fractionation, immunoblotting, and pulse-chase analysis. Cells were
grown in tryptic soy broth (TSB) to log phase (optical density at 600 nm [OD600],
0.5 to 1.0), and an aliquot corresponding to 1 ml of cells with an OD600 of 1 was
collected by centrifugation. The cells were washed twice with TSB prewarmed to
37°C and suspended in 0.5 ml of the prewarmed TSB. After incubation at 37°C
for 15 min, the cells were collected by centrifugation and 450 �l of the super-
natant was removed (medium fraction). The cell pellet was suspended in 0.5 ml
of TSM (50 mM Tris HCl [pH 7.5], 0.5 M sucrose, 10 mM MgCl2) containing 0.1
mg of lysostaphin per ml and incubated at 37°C for 15 min. The sample was
centrifuged, and 450 �l of the supernatant was removed (cell wall fraction). The
pellet was suspended in 500 �l of lysis buffer (50 mM Tris HCl [pH 7.5], 0.15 M
sodium chloride) and subjected to repeated freezing and thawing in a dry ice-
ethanol bath, and the cell lysate was centrifuged in an Optima Max Ultracentri-
fuge (Beckman) for 35 min at 100,000 � g for 35 min. The supernatant (450 �l)
was removed (cytoplasmic fraction), and the pellet was suspended in 500 �l of 0.1
M Tris-HCl (pH 7.5)–0.8% sodium dodecyl sulfate (SDS) (membrane fraction).
Subsequently, an aliquot (5 �l) of each fraction was subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) followed by immunoblotting analysis. For
immunoblotting of protein A, the monoclonal antibody clone SPA-27 (Sigma)
and peroxidase-conjugated goat immunoglobulin G (IgG) (Pierce) were used as
primary and secondary antibodies, respectively. To visualize staphylococcal en-
terotoxin B (SEB) fusion proteins, anti-SEB antibody (Sigma), and goat anti-
rabbit IgG antibody (Cell Signaling Tech) were used. Pulse-labeling experiments
with [35S]methionine were performed as previously described (51). Immunopre-
cipitated protein A species were separated by SDS-PAGE, and radioactive sig-
nals were quantified by PhosphorImager analysis. The acquired data for P1 and
P2 precursor species as well as mature protein A were analyzed with ImageQuant
1.1 software (Molecular Dynamics) and plotted against sampling times. Regres-
sion curves were calculated and used for precursor half-life predictions.

Immunofluorescence microscopy. Cells were grown in TSB to mid-log phase
(OD600, 0.5), and 1 ml of the culture was centrifuged for 5 min at 13,000 � g. The
bacterial sediment was washed with 1 ml of phosphate-buffered saline (PBS; 10
mM sodium phosphate [pH 7.2], 0.15 M sodium chloride) and suspended in 1 ml
of PBS. An aliquot of the cell suspension (100 �l) was mixed with 20 �l of 5%
bovine serum albumin in PBS and incubated at room temperature for 15 min.
Then 5 �l of Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch)
was added, and the mixture was incubated at room temperature for 1 h in the
dark. After the bacteria were washed with 200 �l of PBS, the cells were
suspended in 100 �l of PBS and viewed with an Olympus AX-70 fluorescence
microscope and the images were captured with a charge-coupled-device cam-
era.

FACS analysis. During fluorescence-activated cell sorter (FACS) analysis,
solutions were filtered through 0.22-�m-pore-size filters and reactions were
carried out at room temperature. Staphylococci were grown to mid-log phase,
collected by centrifugation for 5 min at 13,000 � g, washed twice with 1 ml of
PBS, and then suspended in 1 ml of PBS. An aliquot of the cell suspension (100
�l) was mixed with 20 �l of 5% bovine serum albumin in PBS and incubated for
15 min. Then 4.8 �l of Cy5-conjugated goat anti-rabbit IgG (Jackson Immu-
noResearch) was added and the mixture was incubated for 1 h in the dark. To
stain bacterial cells, 120 �l of Live/Dead BacLight reagent (Molecular Probes)
was added and the solution was incubated for 15 min. Cells were washed with 200
�l of PBS, suspended in 1 ml of PBS, and then analyzed with an LSR flow
cytometer (BD Biosciences), with recordings being taken at wavelengths of 488
and 633 nm.

RESULTS

YSIRK-G/S motif in signal peptides of surface proteins from
gram-positive bacteria. To determine whether the YSIRK mo-
tif is present within signal peptides of surface proteins from
gram-positive bacteria, we inspected the predicted amino acid
sequences of surface proteins deposited in GenBank or genes
identified by BLAST homology searches in which the LPXTG
motif sorting signals were used as queries (29, 33). YSIRK-G/S
motifs were found in surface proteins of streptococci (S. pneu-
moniae, Streptococcus pyogenes, Streptococcus gordonii, Strepto-
coccus agalactiae, and Enterococcus faecalis) and staphylococci
but were absent from surface proteins of listeriae, bacilli (Ba-
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cillus anthracis and Bacillus halodurans), clostridia, corynebac-
teria, Streptomyces spp., and Actinomyces spp. (data not shown).
Table 1 shows a list of YSIRK-G/S motifs found within the
predicted signal peptides of staphylococcal open reading
frames. Some, but not all, of the surface proteins bearing a
C-terminal sorting signal with an LPXTG motif harbor the
YSIRK-G/S motif. Furthermore, YSIRK-G/S was found in
four predicted precursor proteins that are likely secreted into
the extracellular medium (Table 1).

Signal peptide mutants of protein A. The YSIRK-G/S motif
of staphylococcal protein A, an immunoglobulin binding sur-
face protein (19), is located at amino acid position 7 of the
precursor species (64). Spacers of 3 and 6 amino acids separate
the lysine residue (K) of the YSIRK-G/S motif from the con-
served glycine (G) and serine (S) residues, respectively (Fig.
1A). To analyze the function of the signal peptide motif, we
employed S. aureus strain OS2 with an insertion of the ermC
resistance gene upstream of the protein A coding sequence
(51). The defect in the protein A expression of strain OS2 is
complemented by plasmid-encoded wild-type protein A (SPA)
and by various mutant alleles that are summarized in Fig. 1A.
SPA�YSIR carries a deletion of the YSIR sequence; the lysine
residue (K) of the YSIRK-G/S motif was not deleted, as we
feared that the removal of two positively charged residues
might have a general impact on signal peptide function (67).
The variants SPA15A and SPA18A harbor single amino acid
substitutions replacing glycine 15 and serine 18 with alanine,
respectively. SPA15,18A carries both alanine substitutions,

whereas SPA�YSIR/15,18A combines the two amino acid substi-
tutions with a deletion of the YSIR sequence.

To analyze the expression of various protein A alleles and
the subcellular locations of their protein products, cultures of
staphylococci harboring various plasmids were fractionated
into the medium, cell wall envelope, membrane, and cytoplas-
mic compartments (51). Proteins were suspended in sample

FIG. 1. Cellular locations of protein A mutants. (A) The diagram
displays wild-type protein A (SPA) with the N-terminal signal peptide,
the LPXTG motif, the C-terminal hydrophobic domain (black bar),
and the charged tail (�). The amino acid sequence of the signal
peptide is shown below the diagram, in which the YSIRK-G/S se-
quence is underlined. The mutations in the YSIRK-G/S motif are
shown above the diagram. The lines in the sequences indicate a dele-
tion of amino acids (AA), while boldfaced A’s indicate alanine substi-
tutions. The precursor (P1) and mature species of protein A (M) are
indicated below the diagram. (B) Cell fractionation of S. aureus OS2
expressing protein A mutants. Bacteria were grown to mid-log phase,
and the cultures were fractionated into medium (MD), cell wall (W),
membrane (M), and cytoplasmic (C) compartments. TCA-precipitated
samples were subjected to SDS–10% PAGE, and protein A was de-
tected by immunoblotting with monoclonal antibody.

TABLE 1. Staphylococcal surface proteins and secreted proteins
carrying the YSIRK-G/S motif

Genea LPXTGb

motif
YSIRK-G/Sc

motif Sequence Reference

clfA � � HAIRKKSIGVAS 31
clfB � � YSIRRFTVGTTS 35
fnbA � � YGIRKHKLGAAS 52
fnbB � � YGIRKHKLGAAS 21
mrp � � FSIRKFNVGIFS 70
pls � � YSIRRFTVGTAS 30
sdrC � � FSIRKYSVGTAS 22
sdrD � � FSIRKYTVGTAS 22
sdrE � � FSIRKYTVGTAS 22
spa � � YSIRKLGVGIAS 64
sasC � � YSIRKYKVGIFS 30
sasE � � SAMKKITMGTAS 30
sasG � � YSIRKFTVGTAS 30
sasI � � YSIRKSTLGVAS 30
sasJ � � YSIRKSSLGVAS 30
cna � � 38
sasA � � 30
sasF � � 30
sasH � � 30
sasK � � 30
sasL � � 30
sasM � � 30
geh1 � � YSIRKYSIGVVS 44
geh2 � � YSIRKFSVGASS 44
embB � � FSIRKYTVGTFS 25
lytN � � YSIRKVSIGILS 25

a Sas denotes S. aureus surface protein (29).
b Sortase cleavage site. L, leucine; P, proline; X, any amino acid; T, threonine;

G, glycine. Sortase cleaves between T and G.
c (F/Y)SIRKXXXGXXS. F, phenylalanine; Y, tyrosine; S, serine; I, isoleucine;

R, arginine; K, lysine; X, any amino acid; G, glycine.
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buffer and analyzed by SDS-PAGE and immunoblotting. We
chose immunoblotting over immunoprecipitation of pulse-la-
beled protein, as the former technique permits analysis of the
steady-state distribution of precursors and mature products in
the cell, whereas the latter reveals only the final destination of
the mature product. As reported previously, wild-type protein
A is located in the cell wall compartment (51, 53). Signal
peptide processing of protein A occurs very rapidly (see be-
low), since P1 precursors, which bear an N-terminal signal
peptide and a C-terminal sorting signal, cannot be detected by
immunoblotting of membrane fractions. Deletion of the YSIR
sequence did not affect the subcellular location of mutant
protein A compared to that of wild-type SPA. Replacement of
serine 18 with alanine, either alone or in combination with a
glycine 15 replacement and YSIR deletion, affected the pro-
cessing of signal peptides, as some of SPA18A appeared in the
membrane and cytoplasmic compartments and migrated as a
P1 precursor. Further, the cytoplasmic compartment of staph-
ylococci expressing protein A variants with replacements of
serine 18 revealed a small amount of immunoreactive species
that migrated faster than P1 and more slowly than the mature,
cell wall-anchored product. This observation is consistent with
the hypothesis that some P1 precursor of SPA18A may be de-
graded in the cytoplasm without initiation into the secretory
pathway.

Cell wall anchoring of protein A signal peptide mutants. To
solubilize anchored surface proteins, the cell wall envelope of
S. aureus must be cleaved with enzymes that attack the pepti-
doglycan macromolecule (51). Lysostaphin (Fig. 2) is a glycyl-
glycine endopeptidase that cleaves the pentaglycine cross-
bridge (48), the anchoring point of surface proteins bearing
sorting signals with an LPXTG motif (49). Mutanolysin, an
N-acetylmuramidase (Fig. 2) (71), cleaves the glycan strands
and is known to release a spectrum of protein A molecules with
linked peptidoglycan fragments of various sizes (34). To assess
the cell wall anchoring of protein A variants to the peptidogly-
can, the cell wall envelope of S. aureus OS2 strains expressing
various protein A mutants was isolated and digested with ly-
sostaphin or muramidase and analyzed by SDS-PAGE and
immunoblotting. Removal of the YSIR sequence or replace-
ment of glycine 15 or serine 18 did not affect the cell wall
anchoring of protein A, as all variants migrated upon SDS-
PAGE with the characteristic lysostaphin and muramidase pat-
tern observed for wild-type protein A (Fig. 2B).

Signal peptide mutants of protein A truncated at the C
terminus. Deletion of the C-terminal charged tail of the sort-
ing signal abolishes the cell wall anchoring of mutant protein A
(51). The charged tail is thought to act as a signal for retaining
the P2 precursors of surface proteins (signal peptide cleaved,
sorting signal present) within the secretory pathway (50). This
mechanism is a prerequisite for LPXTG substrate recognition
by sortase (SrtA) (27, 28), the transpeptidase that anchors
surface proteins to the peptidoglycan precursor lipid II (61). In
fact, SPA511 (hereinafter referred to as 511), the variant lack-
ing the C-terminal charged tail, cannot advance in the sorting
pathway and is secreted as a P2 precursor species (51). Muta-
tions in the signal peptide of 511 therefore provide an exper-
imental advantage over full-length protein A mutants, as one
can determine signal peptide precursor processing as a mea-
sure of protein secretion without considering its further pro-

cessing by the cell wall-anchoring pathway. 511�YSIR carries a
deletion of the YSIR sequence in truncated protein A (Fig. 3).
511�YSIR/15,18A combines the amino acid replacements of gly-
cine and serine with a deletion of the YSIR sequence. Staph-
ylococcal cultures expressing protein A variants were fraction-
ated into the medium, cell wall envelope, membrane, and
cytoplasmic compartments and analyzed by immunoblotting.

Signal peptide processing of the protein A variant 511 occurs
very rapidly, as only small amounts of the P1 precursor were
detected during immunoblotting of membrane fractions. Equal
amounts of 511 were detected in the cell wall and extracellular
medium fractions (Fig. 3AB). Cell wall anchoring of 511 did
not occur, however, as cell wall treatment with lysostaphin or
muramidase did not affect the migration of 511 upon SDS-
PAGE (Fig. 3C). Deletion of the YSIR sequence caused an

FIG. 2. Anchoring of protein A mutants to the cell wall. (A)
YSIRK-G/S motif and mutant sequences of protein A and its variants.
The lines in the sequences indicate a deletion of amino acids (AA),
while boldfaced A’s represent alanine substitutions. (B) S. aureus OS2
cells expressing protein A mutants were treated with either lysostaphin
(L) or N-acetylmuramidase (N). The digested cell wall components
were subjected to SDS–10% PAGE, and protein A mutants were de-
tected by immunoblotting with monoclonal antibody. Cleavage prod-
ucts of specific enzymes are indicated. (C) Structure of the cell wall of
S. aureus and cleavage sites for lysostaphin and N-acetylmuramidase.
Protein A anchored to the peptidoglycan is drawn as a curved line, and
the LPET sequence is tethered to the pentaglycine cell wall cross-
bridge (cleaved and anchored LPXTG motif).
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increased amount of 511�YSIR to appear as the P1 precursor
in the membrane and cytoplasmic compartments (Fig. 3B).
Unlike 511, which bears the wild-type signal peptide, the P1
precursor of 511�YSIR/15,18A could be detected by immuno-
blotting. Thus, although the intrabacterial concentration of
511�YSIR/15,18A was not significantly increased over that of 511,
the P1 precursor of the signal peptide mutant accumulated in
the cytoplasm and membrane fractions.

Signal peptide processing and secretion of protein A mu-
tants. Bacterial type I and II signal peptidases are positioned
on the trans side of the plasma membrane. Thus, signal peptide
cleavage is a measure for the translocation of precursor pro-
teins by the Sec machinery. We wondered whether the YSIRK-
G/S motif is required for the efficient secretion of protein A
and measured the rate of signal peptide processing. S. aureus
OS2 carrying plasmids that encode protein A variants was
suspended in minimal medium, and newly synthesized poly-
peptides were pulse-labeled by the addition of [35S]methi-
onine. One minute after the addition of radioactive amino
acid, an excess of nonradioactive methionine was added to
quench all further incorporation of [35S]methionine. At timed
intervals during or after the pulse, signal peptide processing
and secretion were stopped by trichloroacetic acid (TCA) pre-
cipitation. Staphylococci were digested with lysostaphin, and
protein A molecules were analyzed by immunoprecipitation
followed by SDS-PAGE and PhosphorImager analysis (Fig. 4).

The P1 precursor of wild-type protein A was rapidly pro-
cessed (half-life, 0.6 min) to generate the mature anchored
polypeptide lacking both the N-terminal signal peptide and the
C-terminal sorting signal (Fig. 4). We failed to detect the P2
intermediate (signal peptide cleaved and sorting signal pres-
ent) of protein A (data not shown). During our previous work,
the P2 precursor of the cell wall sorting pathway could be
detected only in SEB-cell wall sorting signal (CWS) hybrids
and not in protein A (50). It appears that signal peptide pro-
cessing of protein A may be the rate-limiting step of the sorting
pathway, whereas the sortase-catalyzed cleavage of sorting sig-
nals does not influence the rate of anchoring. Replacement of
glycine 15 with alanine showed the least effect on secretion or
signal peptide processing (half-life, 1.8 min). In contrast, the
mutant carrying deletions of YSIR and alanine substitutions at
glycine 15 and serine 18 displayed the most significant reduc-
tion (half-life, 21 min) in the rate of protein A secretion and
signal peptide processing. All other mutants also showed sig-
nificantly delayed precursor processing (half-life, 2.8 to 8.8
min).

We wished to measure signal peptide processing and secre-
tion of the C-terminally truncated protein A (511) and its
variants, as these mutants are not linked to the cell wall enve-
lope (Fig. 5). Thus, cleavage of the P1 precursor is a direct
measure of signal peptide processing and secretion, without
consideration of cell wall sorting. The signal peptide of protein
A 511 is rapidly processed (half-life, 0.8 min). Deletion of the
YSIR sequence caused a significant reduction in the processing
of P1 precursors (half-life, 5.3 min). These results are consis-
tent with the hypothesis that the YSIRK-G/S motif plays a role
in the efficient secretion of protein A.

Surface display and function of protein A mutants. Our
experimental scheme to determine the role of signal peptide
motifs sought to measure surface protein display and function.
Previous work revealed that protein A is distributed uniformly
over the bacterial surface, presumably involving a mechanism
of peptidoglycan growth beginning at defined assembly sites
and spreading laterally over the protoplast surface (33). If so,
is the YSIRK-G/S motif required for the uniform distribution
of protein A on the bacterial surface? Furthermore, are cell
wall protein A molecules folded and functional? To answer
these questions, we measured the nonimmune binding of pro-

FIG. 3. YSIRK-G/S motif mutants of C-terminally truncated pro-
tein A. (A) Diagram of the truncated protein A and sequences of
YSIRK-G/S motif mutants. The diagram shows the cleavage site for
signal peptidase as well as the LPXTG motif and the C-terminal
hydrophobic domain (black bar). The P1 and P2 precursors (cleavage
products of signal peptidase) are shown below the diagram. AA, amino
acid. (B) S. aureus OS2 cells expressing protein A variants were grown
to mid-log phase, and cultures were fractionated into medium (MD),
cell wall (W), membrane (M), and cytoplasmic (C) compartments. The
samples were subjected to SDS–10% PAGE, and protein A was de-
tected by immunoblotting with monoclonal antibody. The migration of
P1 and P2 precursors is indicated. (C) S. aureus OS2 cells expressing
protein A mutants were treated with either lysostaphin (L) or N-
acetylmuramidase (N). The digested cell wall components were sub-
jected to SDS–10% PAGE, and protein A was detected by immuno-
blotting with monoclonal antibody.
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tein A to the C terminus of Cy3-labeled immunoglobulins.
Binding was detected in a fluorescence microscopy experiment
(Fig. 6). Wild-type S. aureus bound Cy3-labeled IgG and
coated the entire bacterial surface with the protein A ligand. In
contrast, S. aureus OS2 (spa::ermC) failed to bind Cy3-labeled
IgG. Transformation of S. aureus OS2 with pSPA encoding
wild-type protein A and plasmid selection with chloramphen-
icol restored the ability of the mutant strain to bind immuno-
globulin in a manner similar to that of strain RN4220 (Fig. 6).
Transformation of S. aureus OS2 with plasmid encoding pro-
tein A signal peptide variants also restored the binding of
Cy3-labeled IgG to staphylococci (Fig. 6).

Fluorescence microscopy of staphylococci provides an assay
for protein A ligand binding; however, only a limited number

of bacterial cells are assessed. To determine whether signal
peptide mutations caused an effect on surface protein function
in larger populations of cells, a FACS experiment was per-
formed. Staphylococci were incubated with Cy5-labeled IgG,
and nucleic acids were stained with a mixture of SYTO 9, a
green fluorescent dye that stains all bacteria, and propidium
iodide, a red fluorescent dye that penetrates only bacteria with
damaged membranes. In this condition, only cells with intact
membranes are stained green. Binding of Cy5-labeled IgG to
protein A was measured by plotting the number of green flu-
orescent cells that also emit the Cy5 signal (Fig. 7). Wild-type
cultures harbor a large population of double-stained bacteria,
whereas S. aureus OS2 cultures contained very few double-
positive cells. S. aureus OS2 expressing either wild-type protein
A or signal peptide variants displayed similar increases in the
surface display of protein A molecules that are functional in
binding Cy5-labeled IgG. Thus, the signal peptide mutations

FIG. 4. Precursor processing of YSIRK-G/S mutants of protein A.
S. aureus cultures were pulse-labeled with [35S]methionine, and label-
ing was quenched with nonradioactive methionine. Aliquots of the
culture were precipitated with TCA to stop protein processing at 0, 1,
or 5 min after the conclusion of the pulse. Staphylococci were digested
with lysostaphin, and proteins were again precipitated with TCA. Pro-
teins were solubilized in hot SDS, immunoprecipitated with polyclonal
antibody, and subjected to SDS–10% PAGE and PhosphorImager
analysis. The logarithmic ratio of the concentration of the P1 precursor
([P1]) to the sum of the P1 precursor and mature protein A ([P1] �
[M]) was calculated and plotted against time. The half-life of each P1
species was calculated by using regression curves.

FIG. 5. Precursor processing of a YSIRK-G/S mutant of C-termi-
nally truncated protein A. S. aureus was pulse-labeled with [35S]me-
thionine, and the labeling was quenched with nonradioactive methio-
nine. Aliquots of the culture were precipitated with TCA to stop
protein processing 0, 1, or 5 min after the pulse. Staphylococci were
digested with lysostaphin, and proteins were again precipitated with
TCA. Proteins were solubilized in hot SDS, immunoprecipitated with
polyclonal antibody, and subjected to SDS–10% PAGE and Phos-
phorImager analysis. Because C-terminally truncated protein A is not
subject to sortase-mediated cleavage and anchoring at the LPXTG
motif, signal peptide processing generates only the P2 precursor. The
logarithmic ratio of the concentration of the P1 precursor ([P1]) to the
sum of the P1 precursor and the P2 precursor of protein A ([P1] �
[P2]) was calculated and plotted against time. The half-life of each P1
species was calculated by using regression curves.
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described here do not affect the surface display and functional
folding of protein A.

If protein A signal peptide mutations affect the rate of pre-
cursor processing, one would expect this to cause downstream
defects, either in the amount of cell wall-anchored surface
protein or in the functional assembly of surface receptors. As
the immunofluorescence experiments revealed no defect in the

functional assembly of protein A, we wondered whether the
total amount of anchored surface protein was reduced in vari-
ants with signal peptide mutations. To test this, we measured
the overall concentration of wild-type protein A (SPA) and a
signal peptide mutant (SPA�YSIR) in staphylococcal cells or
purified cell walls by calibrated immunoblotting experiments.
Compared to the amount of the wild-type species, the total
amounts of SPA�YSIR in whole cells (56%) and in isolated cell

FIG. 6. Surface display of protein A mutants as examined by im-
munofluorescence microscopy. Cells were grown to mid-log phase, and
surface-displayed protein A was stained with Cy5-conjugated goat IgG.
Samples were viewed by fluorescence microscopy, and images were cap-
tured with a charge-coupled-device camera. The S. aureus RN4220 strain
(spa�) was used as a positive control. Note that all plasmids are trans-
formed into strain OS2 (spa::ermC), which does not express protein A.

FIG. 7. Measurements of the surface display of protein A in staph-
ylococcal populations by FACS analysis. Staphylococci were grown to
mid-log phase, stained with Cy5-conjugated goat IgG and SYTO 9, and
analyzed with a FACS. The S. aureus RN4220 strain (spa�) was used
as positive control, while the OS2 strain (spa::ermC) (no plasmid) was
used as a negative control. Note that all plasmids are transformed into
strain OS2 (spa::ermC), which does not express protein A.
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wall compartments (31%) were reduced. In contrast, the rate
of polypeptide synthesis, assessed by immunoprecipitating ra-
diolabeled protein A after a 1-min pulse with [35S]methionine
followed by an immediate quenching with TCA, was increased
for the SPA�YSIR mutant (121%) compared to that of wild-
type protein A. Together, these results suggest that the dele-
tion of the YSIR sequence caused not only a reduction in
protein A signal peptide processing but also a reduction in the
amount of anchored polypeptide.

Secretion and cell wall anchoring of enterotoxin B. SEB is
synthesized as a signal peptide-bearing precursor without the
YSIRK-G/S motif, and the mature polypeptide is secreted
across the plasma membrane into the extracellular medium
(63). We wondered what would be the effect of introducing the
YSIRK-G/S motif in SEB and replaced its signal peptide with
that of protein A (SPASP-SEB). Expression and secretion of
SEB was measured by immunoblotting. As expected, SEB was
secreted into the extracellular medium (63) (Fig. 8B, blot 1). A
small but significant amount of the SEB precursor was located
in the membrane fraction. SPASP-SEB was also secreted into
the extracellular medium. However, in contrast to that of SEB,
the signal peptide motif-bearing precursor of SPASP-SEB
could not be detected in the membrane fraction and only
mature protein was found (Fig. 8B, lane M of blot 2). These
data are consistent with the notion that the YSIRK-G/S motif
containing the SPASP initiates SEB more efficiently into the
secretory pathway. Fusions of the LPXTG motif containing the
sorting signal to the C terminus of SPASP-SEB or SEB led to
the cell wall targeting of hybrid polypeptides. Both SPASP-
SEB-CWS and SEB-CWS were covalently linked to peptido-
glycan, as cell wall digestion with muramidase released the
characteristic spectrum of immunoreactive SEB species (Fig.
8C).

DISCUSSION

In this study, we examined the function of the recently iden-
tified YSIRK-G/S signal peptide motif using staphylococcal
protein A as a model system. Both deletion of the YSIR se-
quence and/or replacements of the G and S residues signifi-
cantly reduced signal peptide processing and the secretion of
protein A. In contrast, mutational changes in the YSIRK-G/S
motif did not affect the cell wall anchoring or the functional
assembly of protein A.

The hypothesis that signal peptides contain information
other than that for the default initiation into the secretory
pathway has been previously examined. Unlike eukaryotic
cells, where the SRP pathway is responsible for the initiation of
all polypeptides into the secretory pathway, bacteria such as
E. coli use the SRP pathway for the initiation of a set of inner
membrane proteins (65). Presecretory proteins, i.e., precursors
destined for secretion into the periplasm or the outer mem-
brane, use a SecB or DnaK chaperone-mediated initiation
mechanism (9). If signal peptides contain other information,
how does the SRP distinguish between the two classes of
proteins? Photochemical protein cross-linking and in vitro
translocation experiments suggest that trigger factor, a ribo-
some-associated peptidyl-prolyl isomerase (54), binds to pre-
secretory proteins and prevents their association with the SRP
(2). Lee and Bernstein reported that the hydrophobic proper-

ties of signal peptides determine the initiation of membrane
proteins into the SRP pathway (26). The first transmembrane
segment is significantly more hydrophobic than signal peptides
of presecretory proteins and, as determined by the reciprocal
replacement of these elements, dictates the requirement for
the chaperone or SRP-mediated pathway (26). Both models
predict the existence of different classes of signal peptides with
discrete signals (trigger factor or SRP binding). The YSIRK-
G/S motif can be viewed as a signal that plays a role in the

FIG. 8. Cell wall sorting of enterotoxin B fusions. (A) The diagram
displays SEB and SPASP-SEB fusion proteins. The signal peptide of
SEB does not harbor the YSIRK-G/S motif and is represented by a
white block. SPASP does encompass the YSIRK-G/S motif and is shown
as a gray block. The LPXTG motif, the C-terminal hydrophobic do-
main (black bar), and the charged tail (�) of SPA are indicated in the
drawing. (B) Cellular locations of the SPA-SEB fusion proteins. Cells
were grown to mid-log phase and fractionated into medium (MD), cell
wall (W), membrane (M), and cytoplasm (C) compartments. The sam-
ples were subjected to SDS–12% PAGE and analyzed by immunoblot-
ting with polyclonal anti-SEB antibody. (C) Cells at mid-log phase
were treated with either lysostaphin (L) or N-acetylmuramidase (N) in
the presence of 0.5 M sucrose. The digested cell wall components were
collected, subjected to SDS–12% PAGE, and then analyzed by immu-
noblotting with anti-SEB antibody.
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efficient secretion of protein A but that is not absolutely es-
sential for precursor protein translocation.

Why would bacterial cells distinguish between different
classes of signal peptides when all substrates for protein trans-
location are moved through the same SecYEG pore? The
recent characterization of YidC provides one example to an-
swer to this question, as YidC is required for membrane pro-
tein insertion but is dispensable for the translocation of pres-
ecretory proteins (45). Thus, E. coli SRP and YidC can be
viewed as modifiers of the secretory pathway and are dedicated
to the translocation of a subset of substrates (57, 66). If this is
true, do precursor proteins with YSIRK-G/S motifs represent
a subset of secretion substrates that require dedicated factors
for efficient translocation? Some gram-positive bacteria, for
example, streptococci, listeriae, and staphylococci, harbor secA
and secY paralog genes in the chromosome (30). While secA1
and secY1 are essential for staphylococcal growth, secA2 and
secY2 are not (20). Preliminary results suggest that S. aureus
cells do not require secA2 and secY2 for the efficient secretion
of protein A or other surface proteins (T. Bae and O Schnee-
wind, unpublished information). Thus, we suspect that hitherto
unknown factors act on the YSIRK-G/S motif of signal pep-
tides in streptococci and staphylococci.
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