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Abstract

Bacterial surface proteins constitute a diverse group of molecules with important functions, such as adherence, invasion, signaling and
interaction with the host immune system or the environment. In Gram-positive bacteria, many surface proteins are anchored to the cell wall
envelope by an enzyme named sortase, which recognizes a conserved carboxylic sorting motif. The sequence of the prototype staphylococc:
SrtA has been widely used to identify homologs in bacterial genomes, revealing a profusion of sortases in almost all Gram-positive bacteria,
often with more than one sortase-like protein per genome [M.J. Pallen, A.C. Lam, M. Antonio, K. Dunbar, Trends Microbiol. 9 (2001)
97-102]. In light of increasing reports on the identification and/or characterization of paralogous sortase genes, a classification of sortases
now appears necessary. This report provides an analysis of sixty-one sortases from complete Gram-positive genomes, and suggests tt
existence of four structural groups of sortases. We propose the classification of sortases into 4 classes designated A, B, C and D. This
classification should help to discriminate between sortases in the future.
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1. Introduction proximity with histidine 120, suggesting a model whereby
sortase forms a thiolate—imidazolium ion pair for cataly-

Sortase A (SrtA) is a membrane-bound thiol transpepti- sis [15,33]. Recehtly, a con_sc_erved argini_ne residue has been
dase that cleaves LPXTG proteins between threonine angShown to be required for efficient catalysis of sortase A [21].
glycine of the LPXTG motif (for reviews see [24] and [28]). The sequence of the prototype staphylococcal SrtA has
It catalyzes the formation of an amide bond between the car-P&€n widely used to identify homologs in the genomes of
boxyl group of threonines and the amino group of cell-wall Many Gram-positive bacteria. Using PSI-BLAST analysis,
peptidic cross-bridges, thereby anchoring the protein to the Pallen et al. have identified sortases in almost all Gram-

peptidoglycan [32,34]. SrtA oftaphylococcus aureus is a positive bacteria, with often more than one sortase-like pro-
206-amino acid polypeptide harboring an N-terminal seg- tein per genome [27]. Three other reports mentioned the

ment of hydrophobic amino acids that is believed to function existence of different types of sortases based on sequence

as both a signal peptide for secretion and a stop transferalnaIySis [5.8,15].

signal for membrane anchoring [22]. The three-dimensional With the pleth.ora. of studies reporting the identification
structure of SrtA revealed a unique B-barrel structure in and/or characterization of one or several paralogous copies

which the catalytic site residue cysteine 184 is in close of sortase genes [2,6,17,19,26,35], a cla55|f|(_:at|on of sor
tases now appears necessary. Based on detailed analysis of

sixty-one sortases from complete Gram-positive genomes,
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2. Phylogenetic analysis of sortases definesfour clusters an EF2524 encoding gene (unpublished results). Indeed,
Paulsen et al. mentioned that the region (EF2512-2542) is an
The availability of complete genome sequences enabledintegrated plasmid remnant that encodes a cell wall surface
us to identify sixty-one sortases originating from 22 Gram- protein (EF2525) and a sortase (EF2524), which explains
positive bacterial species. In some cases, we noticed sewhy EF2524 is not present in dll. faecalis strains and rep-
guencing and/or annotation errors that were corrected beforeresents an example of lateral gene transfer [29].
further analysis (for details, see legend of Fig. 1).
The sixty-one sortases were aligned using the Clustal X 3.2. The sortase B class
program [31] and subjected to phylogenetic analyses us-
ing the neighbor-joining method [30]. This analysisrevealed  The sortase B class, which includes the prototype SrtB
four major clusters which defined the sortases: classes A,from S. aureus, is the smallest group with 7 members from
B, C and D (Fig. 1). Multiple sequence alignments revealed a few low GC% Gram-positive bacilli and cocci (Fig. 1).
the presence of three conserved domains (D1, D2 and D3)The SrtB ofS. aureusis required for anchoring IsdC, a sur-
(Fig. 2). As expected, the three amino acid residues thoughtface protein with a NPQTN motif in place of the LPXTG
to be involved in the formation of the catalytic site were con- motif [25]. The genes encoding SrtB and its target I1sdC re-
served in domains D2 (Hp) and D3 (Gss4, Rig7) of all side in the same operon involved in iron acquisition [23].
sixty-one sequences (numbering is according toShau- Sequence analysis revealed the presence of sortases B in a
reus SrtA sequence). Each class of sortases also possessesmall number of Gram-positive bacteria, suct.aswonocy-
a specific pattern of conserved amino acids (supplementarytogenes, Bacillus anthracis, Bacillus cereus, S. pyogenesand
material S1-S4). All sixty-one sortases possessed a signalClostridium perfringens (Fig. 1, cluster B; [5]). All sortases
peptide that was sometimes missing in the genome anno-B class contain an N-terminal signal peptide/transmembrane
tations. Remarkably, only sortases of class C displayed adomain, three amino acid segments (B1, B2 and B3) not
C-terminal hydrophobic domain (Figs. 2 and 3). present in SrtA enzymes and the catalytic TLXTC motif, in
which X is usually a serine (Fig. 2). Secondly, asSrau-
reus, the genes encoding SrtB and its putative targets are

3. Description of the four classes of sortases often part of the same locus. This has recently been shown
in L. monocytogenes, in which two genes encoding the SrtB
3.1. Thesortase A class targets reside in the'tB operon [4]. The organization of the

srtB—isd locus of S aureus appears partially conserved in
From last year to date, the role of sortase A in anchoring Listeriainnocua, B. anthracisandB. cereus, as well as in the
LPXTG-bearing proteins to the cell wall has been confirmed Gram-positive extremophil®acillus halodurans (Fig. 4).

in many low GC% Gram-positive bacteria suchlasteria Lastly, SrtB does not anchor LPXTG proteins and recog-
monocytogenes [5,12], Streptococcus pyogenes [2], Srepto- nizes a novel type of sorting signal, which is NPQTN in
coccus pneumoniae [17], Streptococcus suis [26], Srepto- S aureus [25]. The other putative SrtB recognition motifs
coccus gordonii [6], Streptococcus mutans [19], and Strep- are: NAKTN (or NPKSS) ir.. monocytogenes, NPQTG and
tococcus agalactiae (Lalioui et al., submitted). NSKTA in B. haloduransand NPKTG and NSKTA iB. an-

The sortase A class, which includes the prototype SrtA thracis and B. cereus [4] (Fig. 4). No obvious substrates
from S aureus, is constituted of unique SrtA represen- for the SrtB of S pyogenes and C. perfringens could be
tatives from nearly all low GC% Gram-positive bacteria found in the genome (see below). Although the genomes of
with the exception ofEnterococcus faecalis strain V583 8 enterococcal—streptococcal-lactococcal species have been
where two SrtAs have been found (EF3056 and EF2524) sequenced, onl pyogenes (all 4 sequenced strains M1,
(see below). All SrtAs harbor the N-terminal signal pep- MGAS315, MGAS8232 and SSI-1) appears to encode a
tide/transmembrane domain and, at the C-terminus, the cat-SrtB. Moreover, a SrtB encoding gene is presenS.iau-
alytic TLXTC signature sequence, in which X is often a reusgenomes but absent from thoseSoépidermidis ATCC
valine, an isoleucine or a threonine (Fig. 2); SrtA is a 12228, which suggests a recent acquisition of this genetic
broad-range enzyme required for anchoring the majority or system and a role in pathogenesis [16].
all of the LPXTG-containing proteins of a given bacteria
[4,5,25,26]. The gene encoding SrtA is generally not clus- 3.3. The sortase C class
tered with any of its substrates.

In E. faecalis strain V583, twosrtA genes have been The sortase C class is the largest group, with 24 sortases
found (coding for EF3056 and EF2524). However, a PCR originating from high GC% (corynebacteria) and low GC%
analysis for the presence of these two genes in vaEofze- Gram-positive bacteria (bacilli, clostridia, enterococci, and

calis strains (JH2.2, V583, UM4, NEM776, NEM786 and streptococci) often present in several copies per genome. As
three clinical vancomycin-resistant strains) showed that all shown in Figs. 2 and 3, this group of sortases is character-
strains possessed a gene coding for EF3056 whereas onlyzed by the presence of a C-terminal hydrophobic domain

two vancomycin-resistant strains, V583 and UM4, harbored that could serve as a membrane anchor (type Il membrane
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