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Proteins harboring a C-terminal cell wall sorting signal are covalently linked to pentaglycine acceptors
within the staphylococcal peptidoglycan. This pentaglycine was modified when the lysostaphin immunity factor
(Lif) of Staphylococcus simulans was expressed in Staphylococcus carnosus, likely by the exchange of two glycine
residues for serine residues. A reporter protein was efficiently linked to the modified acceptor, indicating that
the sorting reaction is not strictly dependent on the wild-type structures of the acceptors.

Proteins covalently anchored to the cell wall of gram-posi-
tive bacteria contain, in addition to a cleavable N-terminal
signal peptide, a C-terminal cell wall sorting signal, starting
with the conserved LPXTG sequence motif, followed by a
hydrophobic region and a charged tail (13). A postulated sort-
ing machinery cleaves the surface protein between the threo-
nine and the glycine residues of the LPXTG sequence motif
(8). In Staphylococcus aureus, the carboxyl group of the thre-
onine is subsequently amide linked to the acceptor, the pen-
taglycine of a branched anchor peptide [NH,-Ala-y-GlIn-Lys-
(NH,-Glys)-Ala-COOH], which in turn is linked to the glycan
backbone of the peptidoglycan (18). The branched anchor
peptides appear not to be substituted at their C-terminal D-
alanine, and this seems to be their only structural difference
from the branched wall peptides that cross-link the peptidogly-
can via their interpeptide chains (18).

A number of point mutations within the cell wall sorting
signal have been described as affecting cell wall sorting of
surface proteins (13, 14). Previous work left unanswered
whether the sorting machinery displays a similar specificity to
the acceptors of surface proteins. To address this question, we
sought a way to modify the pentaglycine of branched anchor
peptides. In S. aureus, Staphylococcus simulans, Staphylococcus
carnosus, and other staphylococci, the interpeptide chains are
composed of five glycine residues (10, 11). This pentaglycine is
the target of lysostaphin (1), which cleaves between the third
and fourth glycine residues (12). Lif, the lysostaphin immunity
factor of S. simulans bv. staphylolyticus, causes the incorpora-
tion of two serine residues into the interpeptide chains, thereby
conferring lysostaphin resistance (17). The branched wall pep-
tides and the branched anchor peptides are thought to be
synthesized in the same way (18). We therefore assumed that
Lif would not only cause selective serine incorporation into the
interpeptide chains but would also alter the acceptors of sur-
face proteins. In this work, the effect of Lif on the pentaglycine
of branched anchor peptides, on secretion, and on cell wall
anchoring of surface proteins was studied in S. carnosus.

Bacterial strains, culture conditions, and cell wall lytic en-
zymes. The wild-type strain S. carnosus TM300 (4) was trans-
formed (5) and cultivated at 30°C in basic broth (BB) (15).
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When appropriate, BB was supplemented with chloramphen-
icol (10 mg liter ') or tetracycline (25 mg liter '). Genes of
interest were expressed under the control of the xylose pro-
moter-repressor system of Staphylococcus xylosus (19) and
were induced as described previously (15). Muramidase Ch (6)
was a generous gift of J. Hash, Nashville, Tenn. The lyso-
staphin preparation used in this study was purified to homo-
geneity and showed no contaminating proteins in Coomassie
blue-stained polyacrylamide gels.

Lif does not interfere with secretion or with cell wall an-
choring of proteins in S. carnosus. Expression of /if from plas-
mid pCXlif renders the interpeptide chains of S. carnosus re-
sistant to lysostaphin (17). To study whether these changes
influence secretion or cell wall anchoring of proteins, two dif-
ferent reporter enzymes were used (Fig. 1A): (i) authentic
Staphylococcus hyicus lipase, a secreted enzyme encoded on
plasmid pTX15 (9), and (ii) ProLipFnBPB, a hybrid protein
consisting of S. hyicus lipase fused to the C-terminal region of
S. aureus fibronectin binding protein B (7), which is covalently
anchored to the cell wall in an enzymatically active conforma-
tion (15). ProLipFnBPB is encoded on plasmid pTX30, which
was constructed by inserting a BamHI-Narl fragment from
pCX30 (15) into the respective restriction sites of pTX15. To
first test the influence of the reporter enzymes on the lyso-
staphin-resistant phenotype of cells expressing /if, S. carnosus
TM300 and cells producing S. Ayicus lipase or proLipFnBPB in
the presence or absence of Lif (pCXlif) were washed and
resuspended in lysostaphin buffer (0.15 M NaCl, 50 mM Tris-
HCI, pH 7.9) to an optical density of 0.50 (at 590 nm). Cells
that did not harbor pCXIlif were lysed by lysostaphin (10 ng
ml '), and the optical density at 590 nm decreased to about 0.1
in 10 min at 30°C. In contrast, the optical density of cells that
carried pCXIif did not decrease, indicating that coexpression
of the lipase or proLipFnBPB did not compromise the Lif-
mediated lysostaphin resistance of S. carnosus.

The influence of Lif on secretion and cell wall anchoring of
proteins was studied by determining the distribution of the
lipase activity between the cell surface and the culture super-
natants in clones producing S. hyicus lipase or proLipFnBPB.
Cultures were separated into cell pellets and culture superna-
tants by centrifugation. The pellets were washed three times
and resuspended in BB. Dilutions of the culture supernatants,
the resuspended cells, or the proteins released by lysostaphin
treatment (80 pwg ml~' in BB; 30 min at 37°C) from the walls
of cells harboring only pTX30 were mixed with reaction buffer
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FIG. 1. Structures of reporter proteins and the staphylococcal peptidoglycan. (A) Schematic diagrams showing the domains of the S. Ayicus lipase and proLipFnBPB, a
reporter enzyme for cell wall anchoring, consisting of the cleavable signal peptide (SP), the propeptide (Pro), and the catalytic domain (Lipase) of S. hyicus lipase fused
to the C-terminal region of the S. aureus fibronectin binding protein B (FnBPB'). FnBPB’ comprises the complete cell wall-spanning region and the cell wall sorting
signal of the binding protein. (B) Structure of staphylococcal peptidoglycan with a C-terminally processed surface protein attached to the lysostaphin-sensitive wild-type
pentaglycine acceptor of a branched anchor peptide. Cleavage sites of cell wall lytic enzymes used in this study are indicated (modified after references 16 and 18).

(10 mM CacCl,, 0.1% Triton X-100, and 20 mM Tris-HCI, pH
8.5, containing 5 mM of the chromogenic lipase substrate p-
nitrophenyl caprylate [Sigma]). The hydrolysis of the substrate
was monitored in a reaction volume of 100 wl at 405 nm for 10
min at 30°C with a SpectraMax 340 microplate reader (Molec-
ular Devices) against the respective samples derived from wild-
type S. carnosus TM300. All lipase activities were determined
in quintuplicate in four independent experiments. Due to
steric hinderance the specific activity of cell wall-immobilized
proLipFnBPB is lower than that of proLipFnBPB released
from the cells (15). A correction factor (1.25), determined by
comparing the specific lipase activity of cell wall-immobilized
and lysostaphin-solubilized proLipFnBPB in cells that did not
express /if, was also used to correct the activity of proLipFnBPB
anchored to the walls of /if-expressing cells.

Cells harboring pTX15 secreted 99.2% of the total lipase
activity into the culture supernatant, compared to 99.1% se-
creted by cells containing pTX15 and pCXIif. In contrast, cells
carrying pTX30 displayed 85.1% of the total lipase activity at
their surfaces, compared to 84.5% in cells harboring pTX30
and pCXlif. Thus, /if expression does not interfere with the
secretion of the lipase or the covalent anchoring of prolipFnBPB.

Effect of Lif on the branched anchor peptides. Branched
anchor peptides that tether surface proteins to the staphylo-
coccal cell wall do not contribute to the cross-linking of the
peptidoglycan (18). Therefore, a possibility remained that the
branched anchor peptides of lif-expressing cells were still
equipped with wild-type, i.e., lysostaphin-sensitive, pentagly-
cine acceptors. Incubation of washed cells in the presence of
lysostaphin (80 wg ml~" in BB; 30 min at 37°C) released 8% of
the lipase activity from cells producing both proLipFnBPB and
Lif, whereas the same procedure released 100% of lipase ac-
tivity from cells producing only proLipFnBPB. These results
indicated that in /if-expressing cells at least some of the surface
proteins were attached to acceptors that were sensitive to ly-
sostaphin, probably because they had retained the wild-type
pentaglycine structure.

To exclude the possibility that proLipFnBPB was nonco-
valently anchored to the cell wall of /if-expressing cells, we
employed a strategy based on the sequential use of murami-
dase Ch and lysostaphin. Muramidase Ch hydrolyzes the B-1,4
linkage of N-acetylmuramic acid and N-acetylglucosamine
(Fig. 1B) (3). It cleaves at some distance from the anchoring
points of surface proteins, thereby solubilizing those proteins
attached to cell wall fragments of variable length (13). In con-
trast, surface proteins that are noncovalently anchored to the
cell wall are solubilized by muramidase Ch with a uniform

molecular mass (13). Pellets derived from 500 pl of a culture
were washed three times in water and precipitated with tri-
chloroacetic acid (7%, wt/vol) for 20 min on ice. After centrif-
ugation, the precipitates were washed twice in acetone and
dried under vacuum. The precipitates were resuspended in 170
ul of BB containing muramidase Ch (100 wg ml~') and incu-
bated for 3 h at 37°C. The samples were centrifuged, and each
supernatant was divided into two aliquots of 80 pl. Prior to
incubation for 30 min at 37°C, either 20 wl of water or 20 pl of
lysostaphin stock solution (400 pg ml~!) was added to each
aliquot. Subsequently, the samples were concentrated, and the
aliquots were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblotting.
Muramidase Ch released prolipFnBPB efficiently from the cell
wall of S. carnosus, regardless of whether lif was expressed
or not. In both cases, a spectrum of lipase-specific signals
was visualized as a smear in immunoblots (Fig. 2). When pro-
lipFnBPB was released with muramidase Ch and digested with
lysostaphin prior to immunoblotting, the attached cell wall
fragments of variable lengths were quantitatively removed only
in samples derived from cells that did not express /if, trans-
forming the smear into a signal of a uniform molecular mass.
In contrast, surface proteins released from /if-expressing cells
were not sensitive to lysostaphin (Fig. 2).

S. carnosus releases surface proteins linked to cell wall frag-
ments into the culture supernatant. When proLipFnBPB was
expressed from low-copy-number plasmid pCX30, about 5% of
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FIG. 2. Lysostaphin sensitivity of branched anchor peptides solubilized with
muramidase Ch from the cell wall of S. carnosus. Cells synthesizing proLipFnBPB
encoded on plasmid pTX30 in the presence (+) or absence (—) of Lif (pCXlif)
were washed, trichloroacetic acid-precipitated, and digested with muramidase
Ch. Subsequently, the solubilized hybrid proteins were incubated with (+) or
without (—) lysostaphin prior to Tricine~SDS-PAGE (10% acrylamide) and
immunoblotting with prolipase-specific antiserum as described previously (15).
The molecular masses of standard proteins (in kDa) are indicated on the left.
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FIG. 3. Lysostaphin sensitivity of proLipFnBPB naturally released by S. car-
nosus into the culture supernatant during growth. Culture supernatants derived
from clones synthesizing proLipFnBPB (pTX30) in the presence (+) or absence
(—) of Lif (pCXlif) were collected and incubated with (+) or without (—)
lysostaphin. As a reference, proLipFnBPB released with lysostaphin from the
cell wall of S. carnosus harboring only pTX30 was included. Proteins were
separated by Tricine-SDS-PAGE (10% acrylamide) and immunoblotted with
prolipase-specific antiserum. The molecular masses of standard proteins (in
kDa) are indicated on the left.

total lipase activity was found in the culture supernatant (15).
In contrast, 15% was released from cells expressing proLipFn-
BPB from medium-copy-number plasmid pTX30 (see above).
Coexpression of unrelated surface proteins did not increase
this natural release of lipase activity (data not shown), exclud-
ing the possibility that a gene dosage effect, i.e., saturation of
the sorting machinery, was responsible for the phenomenon.
Concentrated culture supernatants of cells harboring plasmid
pCXlif and/or pTX30 were collected, concentrated, and ana-
lyzed by immunoblotting to study further the molecular basis
of the release of lipase activity by cells producing proLipFn
BPB. ProLipFnBPB released with lysostaphin from the pepti-
doglycan of cells harboring only plasmid pTX30 was included
as a reference in this analysis. In addition to degradation prod-
ucts which had electrophoretic mobilities higher than the ref-
erence, smears of lipase-specific signals were observed in the
culture supernatants (Fig. 3). Incubation with lysostaphin (80
pg ml~' in BB; 30 min at 37°C) prior to SDS-PAGE and
immunoblotting had an effect only on the patterns found in the
culture supernatants of cells that did not express /if. In this
case, the smear of lipase-specific signals was transformed into
a distinct band that migrated at the same electrophoretic mo-
bility as the reference. The lipase-specific signals in the culture
supernatant of cells synthesizing Lif and proLipFnBPB were
not influenced by lysostaphin (Fig. 3). These findings indicate
that release of proLipFnBPB occurred after its covalent link-
age to the (modified) acceptors, suggesting that the release was
caused—predominantly involving a muramidase activity—by
natural cell wall turnover, a process widespread among gram-
positive bacteria (2).

Conclusion. This work demonstrates that in S. carnosus the
acceptor of surface proteins, the pentaglycine of branched an-
chor peptides, has a modified amino acid composition when Lif
is expressed. Branched anchor peptides are thought to origi-
nate from the same pool of peptidoglycan precursors as the
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branched wall peptides that cross-link the peptidoglycan via
pentaglycine interpeptide chains (18). The fact that Lif confers
lysostaphin resistance on both structures strongly suggests that
the acceptors acquire the same modification as the interpep-
tide chains, which has previously been shown to be the ex-
change of two glycine residues for two serine residues (17).
Since surface proteins were linked to modified acceptors as
efficiently as to wild-type acceptors, the cell wall sorting reac-
tion seems not to be strictly dependent on their wild-type
pentaglycine structures.
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