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Gram-positive pathogenic bacteria dis-
play proteins on their surface that

may interact with host cells and tissues and
play a role in virulence. How these pro-
teins are targeted through the unique
cytoplasmic membrane and the thick pep-
tidoglycan to the cell surface and how they
remain associated with the cell surface are
challenging issues of both clinical and
economic relevance. Indeed, a knowledge
of the molecular sorting mechanisms may
help to identify targets for new therapeu-
tic agents, so urgently needed for Gram-
positive bacteria. In this issue of PNAS,
Schneewind and colleagues (1) have
brought definitive evidence that sortase,
an enzyme involved in the covalent link-
age of some surface proteins of Staphylo-
coccus aureus to the peptidoglycan, plays a
key role in the display of surface proteins
and in the virulence of this important
human pathogen.

To date, five major mechanisms for
displaying proteins at the surface of
Gram-positive bacteria have been de-
scribed (Fig. 1). Each mechanism is char-
acterized by specific structural features
that can be identified in the sequence of
the proteins and are involved in their
specific properties. The LPXTG pro-
teins, exemplified by protein A of S.
aureus (2), are the only surface proteins
known to be covalently linked to the cell
wall. The covalent linkage is dictated by
a sorting signal made of a LPXTG motif
followed by a hydrophobic domain made
of about 20 amino acids and a tail of
positively charged amino acids (for a
review see ref. 3 and Fig. 2). This mech-
anism has been reported in many Gram-
positive bacteria. In contrast, Streptococ-
cus pneumoniae has evolved a mecha-
nism unique to this organism to associate
proteins with the cell wall (4): some S.
pneumoniae proteins such as LytA bind
to choline-substituted teichoic acids
(TA), or lipoteichoic acids (LTA) by
means of 20-amino acid repeats (TA and
LTA are polymers that traverse the cell
wall of Gram-positive bacteria). This
mechanism is totally different from that
of InlB and other proteins of Listeria
monocytogenes that associate directly

with LTA. Association of these latter
proteins to LTA is mediated by 80-amino
acid tandem repeats starting with the
dipeptide GW (GW repeats) present in
the C-terminal part of the protein (5, 6).
Finally, some surface proteins are mem-
brane proteins. Anchoring to the mem-
brane can be achieved, as in ActA, by the
presence of a hydrophobic stretch of
about 20 amino acids followed by posi-
tively charged amino acids acting as a
stop-transfer signal, at the C terminus of
the protein (7). Alternatively, membrane
proteins can be lipoproteins (8). In that
case, as in Gram-negative bacteria, cleav-
age of a characteristic signal peptide
generates a N-terminal cysteinyl residue
that becomes lipoylated. The lipid moi-
ety tethers the protein to the bacterial
membrane.

Two main observations pointed to the
role of the LPXTG motif in anchoring
proteins to the cell surface. First, treat-
ment of Streptococcus pyogenes with tryp-
sin and then muramidase released a tryp-

sin-resistant, cell-wall-embedded frag-
ment of the M protein. Amino acid
analysis revealed that this fragment lacked
the C-terminal 19 hydrophobic amino ac-
ids and the charged tail encoded by the
corresponding emm gene (9, 10). These
results demonstrated that a posttransla-
tional event generates the mature form of
M protein. Second, a conserved LPXTGX
hexapeptide preceding the hydrophobic
domain and charged tail and present in 11
surface proteins of streptococci and
staphylococci was detected by Fischetti
and colleagues (11). This list has since
dramatically expanded, and the now so-
called LPXTG motif has been detected in
more than 60 published protein sequences
from various Gram-positive bacteria,
including lactococci, enterococci, and
Listeria (3).

See companion article on page 5510.
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Fig. 1. Major types of surface proteins in Gram-positive bacteria. Protein A, an immunoglobulin-binding
protein, is covalently linked to the cell wall and exposed on the cell surface. The amidase LytA is loosely
attached to choline (CH) residues decorating teichoic acid (TA) and lipoteichoic acid (LTA) in Streptococcus
pneumoniae (4). The actin-polymerizing protein ActA of Listeria monocytogenes is membrane-anchored
and exposed to the medium (7). The b-lactamase BlaZ encoded by the resistance plasmid PI258 of
Staphylococcus aureus is associated to the membrane and partially released into the medium (8). InlB of
L. monocytogenes is loosely attached to LTA (5, 6). It is weakly exposed on the cell surface.
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The model that has been most used to
study anchoring of LPXTG proteins to the
cell wall is protein A of Staphylococcus
aureus. Fractionation experiments estab-
lished that mature protein A, like M pro-
tein, is in the cell wall fraction (2). Dele-
tion experiments revealed that both the
complete charged tail and the LPXTG
motif are necessary for cell wall anchoring.
As early as 1992, Olaf Schneewind and
colleagues proposed that ‘‘Protein A is
first led into the export pathway by its
signal sequence. The charged tail is re-
quired to prevent secretion of the
polypeptide into the medium. The reten-
tion of protein from the secretory pathway
allows proteolytic cleavage near the C-
terminal end of the polypeptide chain and
a concerted cell wall linkage possibly at
the LPXTG motif’’ (2). Amazingly, over
the years, the Schneewind group has
elucidated key events and components
supporting their hypothesis. Swapping
experiments using sorting domains from
different bacteria demonstrated the uni-
versality and thus the evolutionary con-
servation of the cell wall anchoring motif,
and also showed that this mechanism re-
sults in the most efficient attachment of
proteins to the bacterial surface (12).
Schneewind’s group then showed that
cleavage occurs between the threonine
(T) and the glycine (G) residues in the
LPXTG motif (13). The next break-
through in the field and the definitive
establishment of the role of the LPXTG
motif was the determination of the fine
structure of the cell wall anchor by using a
combination of molecular biology and
mass spectrometry techniques. After
cleavage between threonine and glycine
residues of the conserved LPXTG motif,
the carboxyl of threonine is amide-linked

to the free amino group of pentaglycine
cross-bridges in the staphylococcal cell
wall (14). These pentaglycine bridges are
covalently linked to the «-amino group of
lysine residues. Note that other Gram-
positive bacteria do not have the same cell
wall structure. For example, Streptococcus
pyogenes has two alanine residues in place
of the pentaglycine bridge, and the T of
LPXTG proteins is predicted to be linked
to a two-alanine bridge. Listeria monocy-
togenes has a meso-diaminopimelic acid
(m-Dpm) in place of the lysine residue in
the peptidoglycan and no amino acid in
the bridge. As recently demonstrated,
LPXTG proteins are indeed directly at-
tached to m-Dpm (15).

After establishment of the anchor
structure, the next issue to address was
the identification of the enzyme(s) in-
volved. A so-called ‘‘sortase’’ had long
been predicted (14). Would this enzyme
be able to perform the peptide cleavage
and the transpeptidation? Would these
enzymatic activities be harbored by a
single protein or a multimeric complex?
By using a genetic approach, a small
ORF, srtA (surface protein sorting A, or
sortase) that complemented a mutant
unable to mature a reporter LPXTG
protein was identified (16). Sortase is a
206-amino acid protein with a potential
N-terminal signal peptide that could act
as a membrane anchor. It also has a
unique cysteine at position 184, consis-
tent with the observation that the cell
wall sorting reaction is sensitive to re-
agents that modify sulfhydryl groups (17)
and later shown to be critical for sortase
activity (18). srtA homologs have been
detected in several Gram-positive bacte-
ria, including Bacillus subtilis, although
no LPXTG protein has been character-

ized in this organism. All srtA homologs
display absolute conservation of the cys-
teine codon at position 184. Sortase has
been purified and shown to catalyze the
formation of an hydroxylamine-sensitive
acyl enzyme intermediate which, in the
presence of peptidoglycan precursors, al-
lows a transpeptidation reaction to pro-
ceed (18, 19). Sortase thus possesses both
protease and transpeptidase activities.
Fractionation experiments and Western
blotting experiments using antibodies to
recombinant sortase antibodies have
shown that sortase is a membrane-
associated protein (1).

Since several LPXTG proteins of staph-
ylococci (e.g., protein A, clumping factor,
fibronectin-binding proteins) contribute
to the virulence of S. aureus (20), it was of
the utmost interest to test whether incor-
rect surface presentation due to inactiva-
tion of the sortase gene would have an
effect on virulence. These experiments
are presented in the paper of this issue of
PNAS (1). Display of known LPXTG pro-
teins was evaluated by immunofluores-
cence or other techniques. Clearly, the
sortase mutation abrogates exposure on
the cell surface, predicting a strong effect
of the sortase mutation on the virulence of
the bacteria. A mouse model was used to
test the effect of the mutation. After peri-
toneal infection, the LD50 (lethal dose 50,
i.e., the dose at which half of the inocu-
lated animals die) of mutants is 100 times
higher than that of the wild type. These
data provided convincing evidence that
cell wall anchoring of surface proteins is
an important parameter in the develop-
ment of a staphylococcal infection. Staph-
ylococci are extracellular pathogens that
can lead to severe human infections, in
particular endocarditis. However, the an-
imal model and the inoculation protocol
chosen by Schneewind and colleagues
were not appropriate to test for a role of
sortase in such infections. Further work
will be needed to really appreciate the role
of sortase in the various infections gener-
ated by staphylococci. It will also be very
interesting to test the role of sortase in
infections generated by Streptococcus
pneumoniae and other Gram-positive bac-
teria for which excellent animal models
exist. It is possible that even higher effects
of the sortase mutation may be observed
in the case of bacteria that have fewer
toxins and secreted factors compared with
staphylococci. Sortase appears to be a
very promising target for identifying
inhibitors that could be of general
use in therapeutics against Gram-positive
bacteria.

We thank Patrick Stragier for critical reading of
this manuscript.

Fig. 2. Steps involved in the mechanism of covalent anchoring to the cell wall (adapted from refs. 13 and
14). MurNac, N-acetylmuramic acid.
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