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Structure of the Cell Wall Anchor of Surface
Proteins in Staphylococcus aureus

Olaf Schneewind,” Audree Fowler, Kym F. Faull

Many surface proteins are anchored to the cell wall of Gram-positive bacteria and are
involved in the pathogenesis of these organisms. A hybrid molecule was designed that,
when expressed in Staphylococcus aureus, was anchored to the cell wall and could be
released by controlled enzymatic digestion. By a combination of molecular biology and
mass spectrometry techniques, the structure of the cell wall anchor of surface proteins
in S. aureus was revealed. After cleavage of surface proteins between threonine and
glycine of the conserved LPXTG motif, the carboxyl of threonine is amide-linked to the

free amino group of the pentaglycine crossbridge in the staphylococcal cell wall.

Human infections caused by Gram-posi-
tive bacteria present an increasing thera-
peutic challenge because of the recent ap-
pearance of antibiotic-resistant strains (1).
Proteins displayed on the surface of Gram-
positive bacteria contribute in many differ-
ent ways to the pathogenesis of these infec-
tions (2). For example, surface proteins of
the Gram-positive organism Staphylococcus
aureus interact with specific host molecules,
thereby either concealing the bacterial sur-
face from the defense system or promoting
adhesion of the pathogen to host tissues (3).

Staphylococcal protein A binds avidly
to the complement-fixing part of immuno-
globulins that cover the bacterial surface
during infection (4). The NH,-terminal im-
munoglobulin-binding domains of protein
A are displayed on the cell surface, whereas
the COOH-terminal end is anchored to the
bacterial cell wall (5-7). This ability to
anchor to the cell wall requires a 35-residue
sorting signal that is located at the predict-
ed COOH-terminus of protein A (7) and
consists of an LPXTG motif, followed by a
COOH-terminal hydrophobic domain and
a tail of mostly positively charged residues
(8). Homologous sequences have been
found in surface proteins of many different
Gram-positive species (9), and several of
these sequences also function to anchor
fusion proteins to the bacterial cell wall (8).
Cell wall-anchored molecules of Gram-pos-
itive bacteria have similar topologies in that
the NH,-terminal domains are displayed on
the cell surface, whereas the COOH-termi-
nal anchor structures are buried in the thick
peptidoglycan layer where it has been diffi-
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cult to elucidate their structure (10).

To identify the chemical linkage be-
tween surface proteins and the staphylococ-
cal cell wall, we designed a hybrid molecule
(Fig. 1A). Our experimental scheme relies
on the fact that maltose binding protein
(MalE) of Escherichia coli is an exportable

and protease-resistant molecule (11), which

Fig. 1. (A) Deduced primary A
structure of cell wallan-
chored MalE-Cws. The hybrid
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allows for the specific removal and charac-
terization of NH,- and COOH-terminal fu-
sion peptides by means of engineered tryp-
sin cleavage sites. The mature part of MalE
was fused between NH,-terminal staphylo-
coccal enterotoxin B sequences, including
the signal (leader) peptide as well as the six
additional residues ESQPVP, and the
COOH-terminal cell wall sorting signal of
protein A (12). When expressed in S. au-
reus, this hybrid protein (MalE-Cws) was
anchored to the cell wall and could only be
solubilized by enzymatic digestion of the
peptidoglycan. Muramidase cleavage of the
glycan strands in the staphylococcal cell
wall (13) solubilized MalE-Cws as a spec-
trum of fragments with increasing mass as a
result of a variable number of linked cell
wall units (8). In contrast, lysostaphin cut
the cell wall close to the anchoring point of
surface proteins at the pentaglycine cross-
bridge (14) and released MalE-Cws as a
single uniform species of 43 kD that migrat-
ed faster on SDS—polyacrylamide gel elec-
trophoresis (PAGE) than the muramidase-
solubilized counterparts (Fig. 1B).
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(closed triangle) cleavage sites are indicated. The experimentally determined molecular masses for the
lysostaphin-solubilized MalE-Cws molecule and for its trypsin cleavage fragments (arrows) are displayed.
The scale of the drawings is not proportional to the length or mass of the protein sequences. (B) Structure
of the cell wall of S. aureus and of the cleavage sites for lysostaphin (L) and muramidase (M) (25). GIcNAc,
N-acetylglucosamine; MurNAc, N-acetyimuramic acid. The Coomassie-stained SDS-PAGE (10%) shows
MalE-Cws purified after lysostaphin (fane 1) or muramidase (lane 2) solubilization of the staphylococcal cell
wall. The molecular sizes of standard proteins are indicated to the right in kilodaltons. (C) An mpHPLC
chromatogram of affinity-purified MalE-Cws; the inset shows the Coomassie-stained SDS-PAGE (10%) of
aliquots of HPLC fractions at retention times of 54 (lane 1), 56 (lane 2), 58 (lane 3), and 60 (lane 4) min. The
molecular sizes of standard proteins are indicated to the right in kilodaltons.
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We purified lysostaphin-released MalE-
Cws by affinity chromatography and re-
versed-phase high-performance liquid chro-
matography (rpHPLC) (Fig. 1C) (15). Pu-
rified MalE-Cws was subjected to Edman
degradation, which confirmed that the sig-
nal (leader) sequence had been cleaved.
Electrospray mass spectrometry of MalE-
Cws gave a mass of 43446.96 with an esti-
mated experimental error of *4 (0.01%).
This mass cannot be explained on the basis
of the predicted protein sequence of the
hybrid molecule. The result must be ac-
counted for by the mass of the MalE-Cws
protein plus the cell wall component to
which it is linked.

Trypsin-treated MalE-Cws migrated fast-
er on SDS-PAGE than the untreated coun-
terpart (Fig. 2A), indicating that part of the
hybrid protein was sensitive to proteolysis
(16). Sequencing of the NH,-terminus re-
vealed that trypsin treatment had removed
seven residues, ESQPVPK, from MalE-Cws.
After the trypsin-treated MalE-Cws mole-
cule was purified by rpHPLC (Fig. 2B), its
mass was determined to be 41,799.51 (Fig.
3B). This observation is consistent with the
calculated mass of the polypeptide chain
spanning residues 8 to 387 (41,797.55), in-
dicating that trypsin cleavage also occurred
near the COOH-terminal end of MalE-Cws,

three residues upstream of the LPXTG motif
after Lys>®” (Fig. 1A).

Subtraction of the mass of trypsin-treated
MalE-Cws (41,799) from that of the untreat-
ed molecule (43,447) yields the combined
mass of the NH,- and COOH-terminal
cleavage products after addition of two water
molecules that are required for proteolysis
[(43,447 + 36 = 43,483) — 41,799 = 1684].
Subtracting the known mass of the NH,-
terminal tryptic fragment (784) from the
combined mass suggests a mass of 900 for the
COOH-terminal peptide containing the cell
wall anchor (1684 — 784 = 900). We have
previously shown that during cell wall an-
choring of surface proteins the sorting signal
is proteolytically cleaved between the threo-
nine and the glycine of the LPXTG motif
(17). The fact that lysostaphin cleavage of
the pentaglycine crossbridge solubilized
MalE-Cws as a single uniform species rather
than as a spectrum of differently sized frag-
ments suggests that this crossbridge is direct-
ly involved in the anchor structure of surface
proteins. The free amino group of the pen-
taglycine crossbridge could form an amide
bond with the carboxyl of threonine, thus
anchoring surface proteins. We therefore
asked how many glycines linked to the
threonyl of the LPXTG motif would give a
mass of 900 and found one combination with
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massie-stained SDS-PAGE (10%) of aliquots of HPLC fractions containing trypsin-truncated MalE-Cws
at retention times of 58 (lane 1), 60 (lane 2), 62 (lane 3), and 64 (lane 4) min. The molecular sizes of
standard proteins are indicated to the right in kilodaltons. (C) Chromatogram of rpHPLC on a C18 column
of pooled fraction 1 from (B) containing the NH,- and COOH-terminal tryptic peptides. Fractions corre-
sponding to individual chromatographic peaks were analyzed by mass spectrometry, and the arrows
indicate peaks containing the NH,-terminal peptide of mass 784.3 (fraction 24) and the COOH-terminal

peptide of mass 900.5 (fraction 27).
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three linked glycine residues and a mass of
900.44 (AQALPETGGG).

We used liquid chromatography mass
spectrometry (LC-MS) to scan portions of
pooled HPLC fractions of trypsin-treated
MalE-Cws for the NH,- and COOH-termi-
nal cleavage fragments, and peptides with
masses of 784.3 and 900.5 were identified in
the first pooled fraction (18) (Fig. 2B). The
remainder of this sample was therefore pu-
rified by rpHPLC, and the collected frac-
tions were again analyzed by electrospray
mass spectrometry (18) (Fig. 2C). The two
peptides with masses of 784.3 and 900.5
were identified in separate fractions, both of
which were subjected to Edman degrada-
tion (Fig. 3). The sequence of the peptide
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Fig. 3. Typical electrospray mass spectra for
MalE-Cws and its trypsin cleavage fragments.
Stars indicate measurements used for average
mass calculations. (A) MalE-Cws lysostaphin-sol-
ubilized from the staphylococcal cell wall; the cal-
culated average mass for a molecule with three
glycines amide-linked to the threonyl of the
LPXTG motif is 43,445.36, and the observed av-
erage mass is 43,446.96. (B) Trypsin-cleaved
MalE-Cws spanning residues 8 to 387; the calcu-
lated average mass is 41,797.55, and the ob-
served average mass is 41,799.51. (C) NH,-ter-
minal trypsin cleavage fragment of MalE-Cws (ES-
QPVPK); the calculated monoisotopic mass is
784.42 (protonated form), and the observed mass
is 784.3. (D) COOH-terminal trypsin cleavage
fragment of MalE-Cws (AQALPETGGG); the cal-
culated monoisotopic mass is 900.44 (protonated
form), and the observed mass is 900.5. A second
ion of mass 843.4 corresponds to the calculated
mass of a peptide with the sequence AQALP
ETGG (843.42, protonated form).



with mass 784.3 was ESQPVPK, corre-
sponding to the NH,-terminal protein se-
quence of MalE-Cws. The sequence
AQALPETGG(G) was determined for the
COOH-terminal peptide with a mass of
900.5 (19). Electrospray mass spectrometry
of this sample revealed two ions: a strong
signal at a mass-to-charge ratio (m/z) of
900.5 (AQALPETGGG) and a second
weaker ion at m/r 843.4, an observation
which is consistent with the calculated
mass of the peptide sequence AQAL-
PETGG (Fig. 3D). These results can be
explained either by the presence of two
different peptides with similar chromato-
graphic behavior in the same sample or by
the fragmentation of the larger peptide with
mass 900.5 (AQALPETGGG) during mass
spectrometry. The latter explanation is
more likely because the mass measurements
of lysostaphin-solubilized MalE-Cws are
consistent with the presence of three gly-
cines amide-linked to the threonyl of the
LPXTG motif (Fig. 3).

When tested with a synthetic pentagly-
cine peptide, lysostaphin cleaves randomly
between any of the four glycyl-glycine pep-
tide bonds (20); however, the same may not
be true when purified staphylococcal pepti-
doglycan is used as a substrate (21). Mass
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measurements of MalE-Cws and of its puri-
fied COOH-terminal peptides indicate that
lysostaphin cleavage occurred almost exclu-
sively between the third and fourth glycine
of the pentaglycine crossbridge, a selectivity
which could be the result of steric hin-
drances imposed by the proximity of both
the anchored surface protein and the linked
cell wall peptide.

Our data demonstrate that MalE-Cws is
linked to the staphylococcal cell wall
through an amide bond between the
COOQOH-terminal carboxyl of threonine and
the amino of the pentaglycine crossbridge.
Conservation of both the LPXTG motif in
sorting signals (9) and the free amino
groups in peptidoglycan crossbridges (13)
suggests that cell wall sorting in Gram-
positive bacteria occurs by a general mech-
anism. A model for an amide bond ex-
change mechanism in which surface pro-
teins are linked to the crossbridges of sev-
eral different bacterial peptidoglycans is
proposed in Fig. 4. Surface proteins are first
exported by means of an NH,-terminal sig-
nal (leader) peptide. Secretion of the
polypeptide chain into the surrounding me-
dium is prevented by a COOH-terminal
retention signal, which consists of several
positively charged residues (8). Retention is
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Fig. 4. Diagram showing the structure of the cell wall anchor of surface proteins in S. aureus and in other
Gram-positive bacteria. (A) Cell wall sorting of surface proteins consists of four distinct steps, which lead
to the proteolytic cleavage of the polypeptide chain between threonine and glycine of the LPXTG motif.
The carboxyl of threonine is subsequently amide-linked to the free amino group in the pentaglycine
crossbridge of the staphylcoccal cell wall (24, 25). The cell wall linkage of surface proteins in S. aureus (B)
is compared with that proposed for other Gram-positive bacteria such as Streptococcus pyogenes (C)

and Listeria monocytogenes (D).
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followed by the proteolytic cleavage of sur-
face proteins between threonine and gly-
cine of the LPXTG motif (17). The carbox-
yl of threonine is subsequently amide-
linked to the free amino of the peptidogly-
can crossbridge, pentaglycine in S. aureus.

Although peptidoglycan crossbridges
display much chemical variation among
Gram-positive bacteria, the presence of a
free amino group is a common feature (22).
As a result of extensive cross-linking by
means of transpeptidation (23), assembled
staphylococcal peptidoglycan contains few
free amino groups (24). Therefore, it is
likely that surface proteins are linked to the
free amino groups of the pentaglycine cross-
bridge before the final cross-linking is com-
pleted (25). Although cell wall anchoring
of surface proteins in staphylococci is ex-
tremely efficient (8), some of these mole-
cules can also be found in culture superna-
tants (26). This phenomenon may be
caused by the physiological turnover and
release of peptidoglycan fragments with
linked surface proteins into the culture me-
dium (27). The enzyme responsible for the
cell wall linkage of surface proteins in
Gram-positive bacteria has not been thus
far identified, but its specific inhibition
could represent a novel target for antibac-
terial therapy.
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Antigen-Specific Development of Primary and
Memory T Cells in Vivo

Michael G. McHeyzer-Williams and Mark M. Davis

The expansion and contraction of specific helper T cells in the draining lymph nodes of
normal mice after injection with antigen was followed. T cell receptors from purified
primary and memory responder cells had highly restricted junctional regions, indicating
antigen-driven selection. Selection for homogeneity in the length of the third comple-
mentarity-determining region (CDR3) occurs before selection for some of the character-
istic amino acids, indicating the importance of this parameter in T cell receptor recognition.
Ultimately, particular T cell receptor sequences come to predominate in the secondary
response and others disappear, showing the selective preservation or expansion of

specific T cell clones.

Antigen-specific primary and memory
helper T cell responses are central to the
establishment of protective immunity (I).
Tracking the fate of these antigen-specific
helper T cells in vivo has been a significant
technical problem, mainly because of their
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very low frequencies in normal animals.
Whereas ligand binding can be monitored
directly in the B cell compartment (2), this
has not been possible for T cells because of
their relatively low affinities (3). To over-
come this problem, we used the mouse T
cell antigen pigeon cytochrome ¢ (PCC),
which is restricted by I-EX (4). T cells that
respond to this antigen express a uniform
type of af T cell receptor (TCR) het-
erodimer (VQIIVB3) (5). By staining cells
with antibodies specific for these V regions






