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Surface proteins in gram-positive bacteria are frequently required for virulence, and many are attached to
the cell wall by sortase enzymes. Bacteria frequently encode more than one sortase enzyme and an even larger
number of potential sortase substrates that possess an LPXTG-type cell wall sorting signal. In order to
elucidate the sorting pathways present in gram-positive bacteria, we performed a comparative analysis of 72
sequenced microbial genomes. We show that sortase enzymes can be partitioned into five distinct subfamilies
based upon their primary sequences and that most of their substrates can be predicted by making a few
conservative assumptions. Most bacteria encode sortases from two or more subfamilies, which are predicted
to function nonredundantly in sorting proteins to the cell surface. Only �20% of sortase-related proteins are
most closely related to the well-characterized Staphylococcus aureus SrtA protein, but nonetheless, these
proteins are responsible for anchoring the majority of surface proteins in gram-positive bacteria. In contrast,
most sortase-like proteins are predicted to play a more specialized role, with each anchoring far fewer proteins
that contain unusual sequence motifs. The functional sortase-substrate linkage predictions are available online
(http://www.doe-mbi.ucla.edu/Services/Sortase/) in a searchable database.

Pathogenic bacteria display an array of surface proteins to
adhere to a site of infection, invade host cells, and evade the
immune response. Many surface proteins are covalently at-
tached to the cell wall by membrane-associated transpepti-
dases, called sortases (reviewed in references 18, 45, 48, and
53). The archetype sortase is the SrtA protein from Staphylo-
coccus aureus, which anchors proteins that contain a C-termi-
nal cell wall sorting signal (CWS) consisting of an LPXTG
motif, followed by a hydrophobic domain and a tail of mostly
positively charged residues (see Fig. 1A). An N-terminal se-
cretion signal enables the precursor surface protein to be trans-
located across the membrane, where SrtA cleaves it in between
the threonine and glycine residues of the LPXTG motif (47).
SrtA then catalyzes the formation of an amide link between the
carboxyl-group of the threonine and the cell wall precursor
lipid II (57, 61), which is subsequently incorporated into the
peptidoglycan via the transglycosylation and transpeptidation
reactions of bacterial cell wall synthesis (66). An analysis of
bacterial genomes indicates that this anchoring mechanism is
conserved in gram-positive bacteria, since nearly all species
encode SrtA homologs and proteins bearing a CWS (34, 55).
Sortases may be excellent targets for new antimicrobial agents,
since pathogens deficient in these enzymes exhibit reduced
virulence (11, 12, 23, 35, 43, 46).

A large number of proteins are related to SrtA, but their
functions have yet to be determined (55). Consistent with play-
ing a role in surface protein chemistry, all SrtA homologs
contain appropriately positioned active site residues (SrtA res-
idues H120 and C184) (32) and transmembrane segments, and

their genes are frequently clustered with genes encoding CWS-
containing proteins. Moreover, several homologs have been
shown to be directly involved in protein anchoring, since their
elimination prevents the display of surface proteins (11, 23, 26,
54). Although the SrtA protein recognizes the sequence
LPXTG within its substrates, this motif is widely varied, and a
second S. aureus sortase, called SrtB, processes proteins bear-
ing the sequence NPQTN (46). Different types of sortases may
be able to attach proteins to distinct positions within the cell
wall, since recent studies have shown that the cross-linked
protein products of SrtA and SrtB exhibit distinct electro-
phoretic mobilities after cell wall digestion (44).

Many bacteria encode as many as seven sortases and 40
CWS-containing proteins. The large number of SrtA-related
proteins has led to the suggestion that many perform functions
other than protein anchoring and has made it difficult to pre-
dict the cognate sortase or sortases responsible for displaying
many surface proteins. It is also not known whether these
enzymes act nonredundantly to selectively sort proteins to the
cell surface or whether they have degenerate functions. This is
of major importance, because antimicrobial compounds tar-
geted towards a particular sortase could prove ineffective if the
enzymes have redundant functions or drug-resistant strains
could readily evolve by horizontal gene transfer. We analyzed
72 microbial genomes and were able to conservatively predict
the cognate sortase responsible for processing �77% of the
CWS-containing proteins. Our results suggest that sortase en-
zymes nonredundantly sort proteins to the cell surface by se-
lectively recognizing distinct sequence motifs within the CWS.

MATERIALS AND METHODS

Identification of sortase homologs and clustering into families. The sequences
of 241 bacterial genomes, representing 96 species of bacteria, were searched
using PSI-BLAST (2) for sequence homologs of SrtA and SrtB from S. aureus
(NCBI BLAST with microbial genomes: www.ncbi.nlm.nih.gov/sutils/genom
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_table.cgi). In addition, the genomes of Streptococcus sobrinus (The Institute for
Genomic Research: tigrblast.tigr.org/ufmg/index.cgi?database�s_sobrinus|seq)
and Streptomyces avermitilis (National Institute of Technology) were searched.
After four iterations of PSI-BLAST, proteins that had e-values less than 0.0001
were retained. Each sequence was inspected to verify that it contained appro-
priately positioned catalytic cysteine and histidine residues and an N-terminal
signal peptide (SignalP, version 2.0) (49, 50). Table 2 lists the completely se-
quenced genomes found to encode at least one sortase-related protein. The
homologs were then clustered into subfamilies using a matrix of BLAST scores
describing the relationship of each homolog with respect to all the other sortases.
For inclusion, each member of a subfamily had to have an expectation cutoff
value of at least 10�20, 30% sequence identity, and an alignment overlap length
of at least 100 amino acids to every other member of the subfamily. A hidden

Markov model (HMM) was then constructed for each subfamily using HMMER
(20) to quantify and validate the partitioning and to classify additional sortase
homologs. For inclusion into a subfamily, a sortase homolog had to have an
HMM score of at least 150 with respect to the subfamily model. The HMM
profiles for each subfamily are provided in the database and can be used with the
program HMMER (http://hmmer.wustl.edu) to classify sortases.

Identification of sortase substrates. In order to search for CWS-containing
proteins, a database of protein-coding genes was constructed from the genomic
data (60). First, 4,700 potential CWS-containing proteins were identified for the
following reasons: (i) they had a suitable signal peptide sequence within their first
70 amino acids (49, 50) (SignalP score, �0.6), (ii) they had a potential trans-
membrane segment within 50 amino acids of their C terminus (TMPred) (28),
and (iii) they had at least one basic residue (arginine or lysine) within their last

FIG. 1. (A) Diagram illustrating a CWS-containing protein. It is composed of an N-terminal signal peptide and a C-terminal sorting signal that
has a conserved LPXTG motif followed by a hydrophobic stretch of amino acids and positively charged residues at the C terminus. (B) A flowchart
illustrating how functional linkages between sortase homologs and CWS-containing proteins were established. Three methods were used to make
“simple” predictions: (i) single sortase, genome only contains a single sortase; (ii) single cluster, genome contains a gene cluster with a single
sortase and a single CWS-containing protein; (iii) SrtA-SrtB, genome contains only SrtA and SrtB homologs. Two additional methods extended
the initial predictions. With substrate sequence homology, a new functional link was made when a CWS-containing protein in one genome shared
significant sequence homology (�30%) to a previously assigned CWS-containing protein in another genome and both organisms encoded closely
related sortases (see the text). With unique sorting signals, additional CWS-containing proteins were linked to their cognate sortase by examination
of their sorting signal motif (subfamily-4 and subfamily-5 enzymes process the motifs LPXTA and LAXTG, respectively).
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eight residues. Each of these proteins was then examined for the presence of
conserved five- to six-amino-acid motifs immediately preceding the putative
transmembrane sequence. In a second complementary approach, all protein
sequences were searched for the patterns [FILMPSVY][AP]X[ATS][GAKNS]
(for LPXTG-like motifs) and NPX[ST][DGNS] (for SrtB substrates) positioned
17 to 45 residues from the C terminus (34). Combined these approaches yielded
892 potential sortase substrates. It should be noted that a large number of
proteins contain sequences related to LPXTG elsewhere in their primary se-
quences, and we have elected to consider only those proteins that possess all of
the known features of a sortase substrate (a cell wall sorting signal consisting of
an LPXTG-like motif, hydrophobic domain, and charged tail).

Additional CWS-containing proteins were identified in 26 other species. How-
ever, the genomes of these organisms have not been completely sequenced and
were therefore not used in our analysis. Bacteria with partially sequenced ge-
nomes encoding a CWS-containing protein include the following: Actinomyces
naeslundii, Actinomyces viscosus, Arcanobacterium pyogenes, Arthrobacter sp., Ba-
cillus sp., Clostridium septicum, Desulfitobacterium hafniense, Erysipelothrix rhu-
siopathiae, Lactobacillus leichmannii, Lactobacillus paracasei, Lactobacillus
reuteri, Listeria grayi, Listeria seeligeri, Peptostreptococcus magnus (Finegoldia
magna), Staphylococcus carnosus, Staphylococcus lugdunensis, Staphylococcus
saprophyticus, Staphylococcus warneri, Staphylococcus xylosus, Streptococcus con-
stellatus, Streptococcus criceti, Streptococcus downei, Streptococcus dysgalactiae,
Streptococcus intermedius, Streptococcus parasanguinis, Streptococcus salivarius,
and Streptococcus thermophilus.

RESULTS

Overall strategy. We analyzed 72 sequenced microbial ge-
nomes that contained at least one sortase homolog in order to
functionally link sortase enzymes to their protein substrates
(the CWS-containing proteins that it presumably anchors to
the extracellular surface). First, we performed a comprehen-
sive search to identify all proteins that are related to the S.
aureus SrtA and SrtB proteins, as well as all proteins harboring
a CWS. We then clustered the sortase-like proteins into dis-
tinct subfamilies based upon their primary sequences and sys-
tematically analyzed how members of each subfamily and po-
tential substrates were distributed in different microbes.

Identification of sortase homologs and clustering into sub-
families. Sequenced microbial genomes were searched with
the program PSI-BLAST using the S. aureus SrtA and SrtB
genes as seeds (2). Seventy-two genomes, representing 49 bac-
terial species (44 gram positive and 5 gram negative), were
found to encode a total of 176 sortase homologs that share
greater than 21 and 32% sequence identity with the SrtA and

SrtB proteins, respectively. Forty-five genomes encode two or
more enzymes, with the largest number found in Bacillus cereus
(strain ATCC 10987), Streptomyces coelicolor, and Enterococ-
cus faecium, which each encode seven homologs.

The homologs were clustered into subfamilies using a matrix
of BLAST scores, and then a HMM was constructed for each
subfamily to quantify and validate the partitioning. A HMM is
a statistical description of the consensus sequence of each
subfamily and enables a rigorous evaluation of the relatedness
of a particular homolog to each subfamily. As shown in Table
1, 145 of the 176 homologs can be reliably clustered into six
subfamilies (one subfamily of sortases from gram-negative bac-
teria and five subfamilies from gram-positive bacteria). Fol-
lowing the convention established by Schneewind (42, 46), two
of the gram-positive subfamilies are called SrtA and SrtB, since
their members have primary sequences that are most closely
related to the well-characterized SrtA and SrtB proteins from
S. aureus. The remaining gram-positive subfamilies are num-
bered 3, 4, and 5, whereas the gram-negative subfamily is also
known as subfamily 6. As has been previously noted, the mem-
bers of a subset of SrtA family sortases (20) are distinguished
by their genomic proximity to the gene encoding DNA gyrase
subunit A (found in the genera Lactococcus and Streptococcus)
(37, 54). Table 2 lists how members of each subfamily are
distributed in the 49 species of bacteria analyzed in this study.
Additional sortases have also been identified in A. naeslundii,
A. viscosus (41), Streptococcus oralis, and Streptococcus sangui-
nis, for which complete genomic information is lacking.

Linking sortase homologs to their substrates: simple pre-
dictions. Two different search protocols detected 892 CWS-
containing proteins encoded in the sequenced genomes that
also encoded a sortase (see Materials and Methods). A large
number of substrate-sortase linkages could readily be made
using three distinct methods (Fig. 1B). First, 27 of the 72
genomes encode only a single sortase enzyme. These organ-
isms also encode 153 CWS-containing proteins (17.1% of the
total) that can be functionally assigned to their solitary ho-
molog (called single sortase predictions) (Table 3). Second, in
many organisms a single sortase gene is positioned next to a
gene encoding a CWS-containing protein (called single cluster

TABLE 1. Matrix of HMM scores for sortase subfamilies

Sortase
subfamilya

HMM score for sortase subfamilyb

SrtA SrtB 3 4 5 Gram
negative

SrtA 150–610c �110d �79 �56 �56 �146
SrtB �155 548–674 �215 �141 �182 �176
3 �10 �146 150–547 �42 �68 �87
4 �103 �158 �72 281–460 �35 �55
5 �72 �163 �143 7 380–672 �87
Gram negative �134 �184 �154 �13 �95 347–630

a Six subfamilies of sortases homologs as clustered by sequence homology. The sortase subfamilies SrtA, SrtB, 3, 4, 5, and gram-negative contain 42, 17, 54, 13, 14,
and 15 homologs, respectively.

b A HMM for each sortase subfamily was constructed using HMMER. A HMM score was calculated for every sortase homolog to each subfamily HMM and is
indicative of the similarity between a homolog and the consensus sequence of the given sortase subfamily (the higher the score is, the more similar a sortase homolog
is to a subfamily HMM).

c The range of HMM scores (in boldface) exhibited by sortase homologs within a subfamily to the HMM of the same subfamily. The range of scores is indicative
of the similarity of these sortase homologs to the consensus sequence and hence to one another.

d One score is given when a comparison is made between a set of sortase homologs within a subfamily to the HMM of a different subfamily. The score is the highest
score that a sortase homolog within a given subfamily has to the HMM of a different subfamily.
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TABLE 2. Phylogenetic distribution of sortase homologs and CWS-containing proteins

Species Sourcea

No. of homologs in sortase subfamilyb CWS substratesc

A B 3 4 5

Unclassifiedd

No. in
genome

No.
assign.Clustered Not

clustered

Actinobacteria (high-G�C gram-positive bacteria)
Corynebacterium diphtheriae Sanger 5 1 16 13
Corynebacterium efficiens 51 4 1 8 4
Corynebacterium glutamicum 31 1 1 1
Tropheryma whipplei Twist 9 1 1 1
Tropheryma whipplei TW08/27 9 1 1 1
Streptomyces avermitilis 30 4 13 13
Streptomyces coelicolor 8 2 5 13 13
Thermobifida fusca DOE 1 1 1
Bifidobacterium longum DJ010A DOE 2 1 10 4
Bifidobacterium longum NCC2705 62 2 1 13 5

Chloroflexi (green nonSulfur bacteria)
Chloroflexus aurantiacus DOE 4 4 0

Firmicutes (gram-positive bacteria)
Bacillus

Bacillus anthracis A2012 33 1 1 1 9 5
Bacillus anthracis Ames 58 1 1 1 10 4
Bacillus anthracis KrugerB TIGR 1 1 1 11 4
Bacillus anthracis WesternNA TIGR 1 1 1 11 4
Bacillus cereus ATCC 10987 TIGR 1 1 4 1 19 11
Bacillus cereus ATCC 14579 33 1 1 1 2 13 9
Bacillus halodurans 68 1 2 3 8 8
Bacillus subtilis 39 1 1 2 2
Geobacillus stearothermophilus OU 1 1 1
Oceanobacillus iheyensis 69 2 3 3

Listeria
Listeria innocua 24 1 1 35 35
Listeria monocytogenes 4b TIGR 1 1 40 40
Listeria monocytogenes EGD-e 24 1 1 38 38

Staphylococcus
Staphylococcus aureus COL TIGR 1 1 21 21
Staphylococcus aureus MRSA252 Sanger 1 1 20 20
Staphylococcus aureus MSSA476 Sanger 1 1 22 22
Staphylococcus aureus MW2 4 1 1 22 22
Staphylococcus aureus Mu50 40 1 1 20 20
Staphylococcus aureus N315 40 1 1 21 21
Staphylococcus aureus NCTC 8325 OU 1 1 18 18
Staphylococcus epidermidis RP62A TIGR 1 11 11
Staphylococcus epidermidis ATCC 12228 CNHGC 1 1 11 8

Enterococcus
Enterococcus faecalis 56 1 1 1 29 13
Enterococcus faecium DOE 5 2 15 7

Lactobacillaceae
Lactobacillus gasseri DOE 1 13 13
Lactobacillus plantarum 38 1 10 10
Pediococcus pentosaceus DOE 1 3 3

Leuconostocaceae
Leuconostoc mesenteroides DOE 2 3 0
Oenococcus oeni MCW DOE 1 1 1

Streptococcaceae
Lactococcus lactis subsp. Lactis 13 1 1 8 3
Streptococcus agalactiae 2603V/R 70 1 5 23 11
Streptococcus agalactiae A909 TIGR 1 4 19 9
Streptococcus agalactiae NEM316 25 1 4 35 14
Streptococcus equi Sanger 1 1 27 15
Streptococcus gordonii TIGR 1 22 22
Streptococcus mitis TIGR 1 14 14
Streptococcus mutans 1 1 6 6
Streptococcus pneumoniae R6 29 1 14 14
Streptococcus pneumoniae TIGR4 71 1 3 15 11
Streptococcus pneumoniae 23F Sanger 1 13 13
Streptococcus pneumoniae 670-6B TIGR 1 3 11 9
Streptococcus pyogenes MI GAS 22 1 1 1 15 10
Streptococcus pyogenes MGAS315 10 1 1 16 13

Continued on following page
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predictions). A total of 31 CWS-containing proteins (3.5% of
the total) in 16 organisms can be assigned using this approach.
Finally, functional linkages were made based upon the well-
characterized sorting pathways in S. aureus, which encodes two
sortases, SrtA- and SrtB-like enzymes, which anchor proteins
bearing the sequence LPXTG or NPQTN, respectively, within
their CWSs (46). For example, the CWS-containing proteins in
Listeria innocua and Listeria monocytogenes can readily be as-
signed, because these bacteria also encode only SrtA- and
SrtB-type sortases and putative surface proteins that possess
the appropriate sequence motif. Assuming behavior similar to
that for S. aureus, the cognate sortase for 257 CWS-containing
proteins can be predicted (28.8% of the total, called SrtA-SrtB
predictions). Combined, these three straightforward ap-
proaches enabled 433 CWS-containing proteins (48.5% of the
total) to be reliably assigned to their cognate sortases (Table
3).

Extended predictions based on sequence homology between
substrates. We reasoned that sortase enzymes that are related
to one another at the primary sequence level would have or-
thologous functions, such that they would anchor CWS-con-
taining proteins that were also conserved at the primary se-
quence level. We therefore determined whether any of the
remaining unassigned CWS-containing proteins shared pri-
mary sequence homology with a previously assigned protein
(greater than 30% sequence identity). If a match was found, we
checked if the assigned CWS-containing protein was processed
by a sortase enzyme assigned to one of the subfamilies, and if

so, whether the organism encoding the unassigned CWS-con-
taining protein also encoded a single sortase from the same
subfamily. When this condition was satisfied, a new functional
linkage was made. Using this strategy, 163 new CWS-contain-
ing proteins were linked to their cognate sortases, extending
the total number of predictions to 596 (66.8% of 892). Impor-
tantly, this method cross-validated the initial set of predictions.
Specifically, 65, 16, and 173 of the linkages made using the
aforementioned single-sortase, single-cluster, and SrtA-SrtB
approaches were also made by analyzing substrate sequence
homology.

Extended predictions based on distinct sequence motifs
within the sorting signals. We analyzed the CWSs of the pre-
viously assigned protein substrates (596 CWS-containing pro-
teins) to ascertain whether sortases within a given subfamily
processed distinct sorting signals (Fig. 2). As expected, the
substrates of the SrtA subfamily contain the LPXTG motif,
and SrtB subfamily substrates contain the distinct sequence
NPX[TS] (24). Subfamily-5 sortases appear to process the
novel sorting signal LAXTG, which is completely conserved in
their predicted substrates. Since all of the remaining unas-
signed LAXTG CWS proteins are also present in genomes that
encode a subfamily-5 sortase, an additional 16 functional link-
ages can be made (Table 3). The subfamily-4 sortases in bacilli
are predicted to process CWS-containing proteins with the
sequence motif LPXTA[ST]. This is consistent with the finding
that the genes encoding subfamily-4 sortases are genomically
clustered with genes containing this motif and the finding that

TABLE 2—Continued

Species Sourcea

No. of homologs in sortase subfamilyb CWS substratesc

A B 3 4 5

Unclassifiedd

No. in
genome

No.
assign.Clustered Not

clustered

Streptococcus pyogenes MGAS8232 65 1 1 15 12
Streptococcus pyogenes Manfredo Sanger 1 1 15 14
Streptococcus pyogenes SSI-I GIRC 1 1 15 13
Streptococcus sobrinus TIGR 1 12 12
Streptococcus suis Sanger 1 4 20 9
Streptococcus uberis Sanger 1 9 9

Clostridia
Clostridium acetobutylicum 52 1 2 2
Clostridium botulinum Sanger 1 1 1
Clostridium difficile Sanger 1 7 7
Clostridium perfringens ATCC 13124 TIGR 1 1 1 12 3
Clostridium perfringens 13 64 1 1 1 14 3
Clostridium tetani 15 1 3 3
Ruminococcus albus TIGR 1 2 2

Gram-positive, totale 42 17 54 13 14 17 14 887 684

a Either the reference for the genome sequence is given when available or the source of the preliminary sequence data: CNHGC (Chinese National Human Genome
Center), DOE (U.S. Department of Energy Joint Genome Institute), GIRC (Genome Information Research Center), OU (University of Oklahoma Advanced Center
for Genome Technology), Sanger (Sanger Institute), and TIGR (The Institute for Genomic Research).

b Sortase homologs are clustered into subfamilies according to sequence homology using BLAST profiles and HMMs.
c C-terminal sorting signal (CWS)-containing proteins. The first column is the total number of CWS-containing proteins identified as encoded in each respective

genome, whereas the second column is the number of CWS-containing proteins that can be linked to a sortase homolog.
d The sortase homolog is not readily classified into a subfamily based on sequence homology. The first column, “clustered�, denotes that these sortases can

nevertheless be linked to a CWS-containing protein by genomic positioning. The second column denotes that these unclassified sortases are not genomically adjacent
to a CWS-containing protein.

e For proteobacteria (purple bacteria and relatives—gram negative), each of the following has one sortase homolog, with one CWS-containing protein encoded in
the genome and one CWS-containing protein that can be linked to a sortase homolog (abbreviations for sources, given in parentheses, are explained in footnote a):
Bradyrhizobium japonicum (36), Colwellia psychrerythraea (TIGR), Microbulbifer degradans (DOE), Shewanella oneidensis (27), and Shewanella putrefaciens (TIGR). This
brings the total for both gram-negative and gram-positive bacteria to 892 encoded CWS-containing proteins and 689 CWS- containing proteins linked to a sortase
homolog.
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LPXTA[ST]-containing proteins are always encoded in ge-
nomes with a subfamily-4 sortase. The subfamily-3 sortases are
predicted to process a signal similar to that recognized by the
SrtA subfamily, but they are distinguished by the prevalence of
a glycine residue immediately following the LPXTG motif (in
83.3% of the 54 sorting signals) and by their membrane topol-
ogy (discussed below). Finally, 37 additional CWS-containing
proteins could be tentatively linked to their substrates because
their genes were immediately adjacent to a single sortase gene
(Table 3).

Unassigned CWS-containing proteins. The aforementioned
approaches predicted the sortase homolog responsible for pro-
cessing 77.2% of the CWS-containing proteins. Functional
linkages for the remaining proteins were hindered because
several species encode multiple sortases that are predicted to
have degenerate CWS specificities (for example, Streptococcus
agalactiae, Streptococcus equi, and B. cereus encode both sub-
family-3 and SrtA-type proteins). In addition, several species
contain unclassifiable sortase homologs whose CWS sequence
preference is not known (Enterococcus faecalis and E. fae-
cium).

DISCUSSION

Gram-positive bacteria encode sortase-related proteins that
in S. aureus and other pathogens anchor virulence determi-
nants to the cell surface. Because many bacteria encode more
than one sortase-related protein with no known function, we
performed a bioinformatics analysis. First, 176 proteins that
are related to the S. aureus SrtA and SrtB proteins, as well as

892 potential protein substrates harboring a CWS, were iden-
tified. Using a combination of methods, the cognate sortase
responsible for processing 77% of the CWS-containing pro-
teins was then predicted. Based upon their primary sequences,
there are five subfamilies of sortases. These include the SrtA
and SrtB subfamilies, which contain proteins most closely re-
lated to the S. aureus SrtA and SrtB proteins, respectively, and
three previously uncharacterized groups of related homologs,
called subfamilies 3, 4, and 5. The greatest number of ho-
mologs is found in the SrtA subfamily and subfamily 3, while
the remaining subfamilies are of nearly equal size (Fig. 3A).
Interestingly, the majority of bacteria analyzed in this study
contain homologs from at least two of the five subfamilies, with
several containing multiple copies of sortases from subfamilies
3, 4, and 5 (Table 2). In addition to their primary sequences,
members of each subfamily are distinguished by their mem-
brane topology, genomic positioning, and specificity for amino
acid sequence motifs within the CWSs of their predicted sub-
strates. There is no commonly agreed-upon nomenclature for
sortase enzymes. We have therefore provided in the database
a conversion table that lists sortase genes that have been char-
acterized biochemically and their corresponding name in the
database.

The SrtA subfamily. Several lines of evidence suggest that
members of this subfamily play a housekeeping role in the cell,
anchoring a large number of diverse proteins to the cell wall.
First, the majority of surface proteins (a total of 511) are
predicted to be anchored by SrtA-type sortases (Fig. 3B),
which are distributed in a wide range of bacterial genera (Ba-
cillus, Enterococcus, Lactobacillus, Lactococcus, Listeria, Staph-

TABLE 3. Results of sortase-substrate predictions

Prediction methoda or category
No. of predicted
sortase-substrate

linkagesb

% of total
substrates

Single sortasec 145 (153) 17.1
Single sortase A–single sortase Bd 257 (257) 28.8
Single sortase–single substrate genomic clustere 23 (31) 3.5
Single sortase and single sortase–single substrate genomic cluster 8 (8) �1.0
Sequence homologyf 163 (411) 46.0
Subfamily-4 sorting signal specificity—LPXTA CWSg 14 (24) 2.7
Subfamily-5 sorting signal specificity—LAXTG CWS 42 (46) 5.2

Subtotal 652 73.0

Genomic cluster with single sortase and multiple substratesh 37 (52) 5.8

Subtotal 689 77.2

Unassigned substrates 203 22.8

Total no. of CWS-containing proteins 892 100

a General description of method used to link a CWS-containing substrate to a sortase homolog.
b First number is the sum of nonredundant linkages; i.e., linkages predicted exclusively from this method. Number in parentheses is the sum total of linkages made

by prediction method, which might include predictions made by more than one method.
c Genome has only one sortase homolog.
d Genome has only one sortase A homolog and one sortase B homolog.
e Genome has one sortase homolog genomically clustered with one CWS-containing protein.
f Predictions of sortase-substrate linkages are based on sequence homology between a CWS-containing protein in one species and a CWS-containing protein(s) that

has been assigned by one of the above three methods.
g Predictions of sortase-substrate linkages are based on the sorting signals of the CWS-containing proteins. Subfamily-4 sortases are predicted to process CWS-

containing proteins with an LPXTA motif, whereas subfamily-5 sortases are predicted to process CWS-containing proteins with a LAXTG motif.
h Genome has only one sortase homolog that is genomically clustered with two or more CWS-containing proteins (number of predictions excludes SrtB genomic

clusters and subfamily-5 substrate in C. diphtheriae).
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ylococcus, and Streptococcus). Second, bacteria always encode
only a single SrtA-type homolog, which on average is predicted
to anchor a large number of proteins (�12 substrates per SrtA
homolog). Third, a Pfam analysis of their predicted substrates
indicates that they are functionally diverse (7). Fourth, genes
encoding SrtA-type proteins are never proximal to genes en-
coding potential substrates. This is in contrast with other sor-
tases, whose genes are typically clustered with a limited num-
ber of CWS-bearing substrates and thus appear to play a more
specialized role in the cell. An analysis of their predicted sub-
strates suggests that SrtA-type sortases are specific for the

sequence LPXTG (Fig. 2). However, our predictions also sug-
gest that SrtA-type proteins can process proteins in which the
threonine residue is replaced by an alanine, compatible with
results in recent biochemical studies (59). Assuming that mem-
bers of this subfamily behave like the archetypical S. aureus
SrtA protein, their substrates will be anchored to the cell wall
cross-bridge.

Subfamily-3 sortases. This is the largest subfamily, but its
members play a more specialized role, anchoring far fewer
proteins than the SrtA-type proteins. Interestingly, the SrtA
and subfamily-3 enzymes are predicted to process proteins

FIG. 2. Sorting signals categorized by subfamily type. The figure shows the position-specific frequency of amino acids within the sorting signals
of different types of sortases. The one-letter symbol for the amino acid residue is given for each position in the six-residue motif. The font size of
each letter is proportional to the frequency with which an amino acid occurs. If an amino acid appears in fewer than 8% of the substrates, then
the letter does not appear in the figure. When one type of amino acid is completely conserved at a particular position of the sorting signal motif
or when one type of amino acid occurs in more than 92% of the CWS-containing proteins, then only one letter is present in a position. When no
amino acid type is predominant in a given position of the motif, then the amino acid types found in the motif are given in brackets.
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harboring similar sorting signals (Fig. 2), and many bacterial
genomes encode both SrtA and subfamily-3 homologs (Table
2). Do these enzymes serve redundant functions in the cell, or
do they differentially process proteins bearing related CWSs?
Studies of Streptococcus pyogenes are consistent with the latter,
because its SrtA and subfamily-3 homologs have been shown to
selectively sort proteins bearing related LPXTG motifs (6). In
order to account for this finding, the authors suggested that the
SrtA and subfamily-3 enzymes recognized an expanded motif
in which an acidic or glycine residue immediately follows the
canonical LPXTG motif (6). Our results are generally consis-
tent with this conclusion, since 53% of the predicted SrtA
substrates contain the sequence LPXTG[DE], while 83% of
the predicted subfamily-3 substrates contain the sequence
LPXTGG. The N-terminally located sequence YSIRK has
been shown to control the efficiency of export of S. aureus SrtA
substrates (5), but it does not appear to be a determinant of
specificity for this protein family because it is poorly conserved
in the predicted SrtA-type substrates. Intriguingly, two other
features of the subfamily-3 proteins may contribute to their
substrate specificity. First, the expression of subfamily-3 en-
zymes and their potential substrates may be coordinately reg-
ulated, since their genes are always adjacent to one another.
Second, the SrtA and subfamily-3 enzymes appear to be posi-
tioned in the membrane differently. Subfamily-3 enzymes con-
tain hydrophobic amino acids at both their N and C termini,
suggesting that they are type I membrane proteins (C-terminal
end embedded in the membrane). In contrast, SrtA-type pro-
teins contain only an N-terminal stretch of hydrophobic amino
acids and are therefore presumably type II membrane proteins
(N-terminal end embedded into the membrane). It is conceiv-
able that their distinct membrane topology enables subfamily-3
enzymes to recognize other, as of yet undetermined features of
their substrates. Many of the predicted substrates of the sub-
family-3 enzymes may be involved in cell adhesion, since they

contain domains associated with collagen binding, including
the Cna protein B-type, DUF11, and von Willebrand factor
type A domains (17, 19, 67).

The SrtB subfamily. In contrast to the SrtA and subfamily-3
proteins, the remaining subfamilies (SrtB and subfamilies 4
and 5) are expected to process novel sorting signals (Fig. 2).
Homologs most closely related to the well-characterized S.
aureus SrtB protein (the SrtB subfamily) constitute a minor
pathway involved in heme-iron acquisition (46). In addition to
S. aureus, a single srtB gene is found in bacteria from the
genera Bacillus and Listeria, and in all cases, it is proximal to a
single substrate that contains an unusual sequence motif
(NPQTN in S. aureus; NPKSS in Listeria; and NPKTG,
NPKTD, and NPQTG in Bacillus). All SrtB proteins appear to
be involved in iron metabolism, since their prospective sub-
strates contain the NEAT domain, implicated in iron transport
(3). Assuming that members of this sortase subfamily behave
like the S. aureus SrtB protein, they can be expected to attach
proteins to the cell surface (46).

Subfamily-4 sortases. The subfamily-4 sortases process a
unique sorting signal and constitute a specialized sorting path-
way found in bacilli. This subfamily is predicted to process
proteins bearing the motif LPXTA[ST] (and in B. subtilis a
single protein containing the sequence LPDTSA) and is fre-
quently found in bacteria that also contain SrtA, SrtB, and
subfamily-3 proteins (Table 2). The unique placement of an
alanine at position five in their recognition motif suggests that
they operate nonredundantly with these other sortases (Fig. 2).
The substrate selectivity of the subfamily-4 enzymes may be
further enhanced by coexpression with their substrates, since
their genes are typically adjacent to the genes of their pre-
dicted substrates. Although many of the predicted subfamily-4
substrates have yet to be annotated, a Pfam analysis reveals
that they are predominantly enzymes (5� nucleotidases, glyco-
syl hydrolase, and subtilase).

FIG. 3. (A) Pie chart showing the distribution of sortase homologs in gram-positive bacteria. A total of 176 sortase homologs were identified
in gram-positive bacteria: 42 SrtA sortases, 17 SrtB sortases, 54 subfamily-3 sortases, 13 subfamily-4 sortases, and 14 subfamily-5 sortases. (B) Pie
chart showing the fraction of CWS-containing proteins that are anchored by different types of sortases. A total of 203 CWS-containing proteins
were not assigned to a specific sortase. However, several lines of evidence suggest that these remaining proteins are processed by members of the
SrtA subfamily (94 of the remaining 203). First, several of the unassigned substrates contain the N-terminal motif YSIRK (5). Second, they
frequently contain the sequence LPXTG followed by an acidic amino acid, which appears to be an expanded recognition motif for SrtA-type
enzymes (Fig. 2). Finally, most are not genomically adjacent to another sortase, similar to nearly all SrtA substrates.

VOL. 72, 2004 DISTINCT SORTING PATHWAYS IN GRAM-POSITIVE BACTERIA 2717



TABLE 4. Genomic clusters of sortases and CWS-containing proteins

Species

Sortase subfamilies
in genomic clustera Distribution of sortases and CWS-substrates in genomic clusterb

Sortase Substratec
1 sortase 2 sortases 3 sortases

1 sub. 2 sub. 3 sub. 4 sub. 1 sub. 2 sub. 3 sub. 0 sub. 3 sub.

Actinobacteria (high-G�C gram-positive bacteria)
Corynebacterium diphtheriae 3 3/5d ●

3 3/5 ●
3 3 ●

Corynebacterium efficiens 3 3/5 ●
3 3/5 ●

Bifidobacterium longum DJ010A 3 3 ●
Bifidobacterium longum NCC2705 3 3 ●

Firmicutes (gram-positive bacteria)
Bacillus

Bacillus anthracis A2012 B B ●
4 4 ●

Bacillus anthracis Ames B B ●
4 4 ●

Bacillus anthracis KrugerB B B ●
4 4 ●

Bacillus anthracis Western NA B B ●
4 4 ●

Bacillus cereus ATCC 10987 3 3 ●
3 3 ●
B B ●
4 4 ●
3 3 ●

Bacillus cereus ATCC 14579 B B ●
4 4 ●
3 3 ●

Bacillus halodurans Xe X ●
X X ●
X X ●
B B ●
4 4 ●

Bacillus subtilis 4 4 ●
Geobacillus stearothermophilus 4 4 ●
Oceanobacillus iheyensis 4 4 ●

Listeria
Listeria innocua B B/A ●
Listeria monocytogenes 4b B B/A ●
Listeria monocytogenes EGD-e B B/A ●

Staphylococcus
Staphylococcus aureus COL B B/A ●
Staphylococcus aureus MRSA252 B B/A ●
Staphylococcus aureus MSSA476 B B/A ●
Staphylococcus aureus MW2 B B/A ●
Staphylococcus aureus Mu50 B B/A ●
Staphylococcus aureus N315 B B/A ●
Staphylococcus aureus NCTC 8325 B B/A ●

Enterococcus
Enterococcus faecalis 3 3 ●

X X ●
Enterococcus faecium 3 3 ●

3 3 ●
3 3 ●
X X ●

Leuconostocaceae
Leuconostoc mesenteroides 3 3 ●

Streptococcaceae
Lactococcus lactis 3 3 ●
Streptococcus agalactiae 2603V/R 3 3 ●

3 3 ●
Streptococcus agalactiae A909 3 3 ●

3 3 ●
Streptococcus agalactiae NEM316 3 3 ●

3 3 ●
Streptococcus equi 3 3 ●

Continued on following page
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Subfamily-5 sortases. Several high-G�C gram-positive bac-
teria have replaced SrtA enzymes with subfamily-5 homologs
that recognize a nonstandard sorting signal, LAXTG (Fig. 2).
Similar to the case with SrtA, it seems likely that the subfam-
ily-5 proteins play a housekeeping role in the cell because their
genes are never positioned adjacent to their predicted sub-
strates and SrtA and subfamily-5 proteins are never found in
the same organism (Table 2). Biochemical studies have shown
that position two in the LPXTG motif is critical for protein
sorting (63). The placement of an alanine at this position in the
subfamily-5 substrates suggests that in Actinobacteria these en-
zymes and the subfamily-3 sortases nonredundantly sort pro-
teins to the cell surface. Although the existence of an LAXTG
sorting signal in Actinobacteria has been previously noted (55),
our comparative genome analysis reveals that this motif is
processed by subfamily-5 sortases and it predicts their cognate
sortase, even in bacteria that encode more than one enzyme
(Corynebacterium diphtheriae, Corynebacterium efficiens, and
Bifidobacterium longum). The functions of LAXTG-containing
proteins remain to be elucidated, although many appear to
bind carbohydrates or to be involved in aerial hyphae forma-
tion in Streptomyces (16, 21).

Different protein sorting pathways intersect at sortase-sub-
strate gene clusters. Sortase genes are frequently clustered
with genes encoding potential substrates (Table 4). The ma-
jority of the clusters (80%) contain a single sortase homolog

and one to three genes encoding a CWS-containing protein.
Although most gene clusters pair a sortase with its predicted
substrates, several are points at which distinct sorting pathways
intersect. These “mixed” gene clusters contain a sortase and its
predicted substrates but also genes for an additional sub-
strate(s) that is not processed by the sortase in the cluster.
Schneewind and colleagues were the first to identify a mixed
gene cluster in S. aureus and Listeria that contains a single srtB
gene, a gene for its substrate, and two genes encoding sub-
strates for the distantly located SrtA protein (46). In addition
to this well-characterized case, our analysis reveals several
other mixed clusters that have yet to be demonstrated exper-
imentally (Table 4). For example, C. diphtheriae and C. efficiens
each contain two mixed clusters that pair subfamily-3 sortases
with their own substrates and substrates of a distally located
subfamily-5 homolog. As in the aforementioned SrtA-SrtB
mixed clusters, the ability of the subfamily-3 and -5 enzymes to
discriminate between the substrates in the cluster is readily
explained by the distinct CWS specificities of these enzymes
(Fig. 2). An intriguing mixed cluster has recently been discov-
ered in Streptococcus suis (54) which contains two subfamily-3
genes and three genes encoding CWS-proteins. Consistent
with our predictions, one of the substrates in the cluster is
attached to the cell surface by a distantly located SrtA-type
protein. Interestingly, recent results suggest that the SrtA- and
SrtB-type sortases attach proteins to the cell surface but that

TABLE 4—Continued

Species

Sortase subfamilies
in genomic clustera Distribution of sortases and CWS-substrates in genomic clusterb

Sortase Substratec
1 sortase 2 sortases 3 sortases

1 sub. 2 sub. 3 sub. 4 sub. 1 sub. 2 sub. 3 sub. 0 sub. 3 sub.

Streptococcus pneumoniae 670-6B 3 3 ●
Streptococcus pneumoniae TIGR4 3 3 ●
Streptococcus pyogenes M1 GAS X/3 X ●
Streptococcus pyogenes MGAS315 X X ●
Streptococcus pyogenes MGAS8232 X X ●
Streptococcus pyogenes Manfredo X X ●
Streptococcus pyogenes SSI-I X X ●
Streptococcus suis 3 3/A ●

Clostridia
Clostridium acetobutylicum X X ●
Clostridium botulinum X X ●
Clostridium perfringens ATCC 13124 3 3 ●

X X ●
Clostridium perfringens 13 3 3 ●

X X ●
Clostridium tetani X X ●
Ruminococcus albus 3 3 ●

Proteobacteria (purple bacteria and relatives—
gram-negative)

Bradyrhicobium japonicum 6 6 ●
Colwellia psychroerythraea 6 6 ●
Microbulbifer degradans 6 6 ●
Shewanella oneidensis 6 6 ●
Shewanella putrefaciens 6 6 ●

Total no. of clusters 31 10 18 2 1 3 8 1 3

a Sortase homologs are clustered into subfamilies according to sequence homology using BLAST profiles and HMMs.
b Numbers of sortase homologs and CWS-containing proteins that are genomically adjacent in a “genomic cluster” are given in column heads. sub., substrate(s).
c The subfamily of the sortase(s) and the CWS-containing protein(s) in the genomic cluster.
d Shill indicates that genomic cluster encodes sortases and/or CWS-containing proteins from more than one sortase subfamily.
e Sortase homolog(s) in the genomic cluster is not readily classified into a subfamily based on sequence homology and therefore is designated as belonging to

“subfamily X.” There are 15 genomic clusters of these unclassified sortase homologs and CWS-containing proteins.
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the extent of branching of these muropeptides is varied (44).
The srtA-srtB mixed gene cluster may therefore enable the
coordinated placement of distinctly positioned surface proteins
to achieve a desired biological outcome, heme iron acquisition
in this case. Further evidence that sortases are specific for
acceptor groups on the cell wall comes from studies of S.
aureus and S. pyogenes. In vitro, the SrtA-type sortases in these
bacteria both proteolyze LPSTG peptides, but the S. pyogenes
enzyme does not catalyze transpeptidation to NH2-Gly, a
mimic of the S. aureus cell wall peptide that is readily used by
the S. aureus protein (peptidoglycan cross-links in S. pyogenes
are mediated via alanine residues) (61). By extension, the clus-
ters identified in this study suggest that the SrtA and subfam-
ily-3 sortases in S. suis and the subfamily-3 and subfamily-5
sortases in Actinobacteria may operate to place proteins at
distinct sites within the cell wall.

Five species of gram-negative bacteria encode a single sor-
tase homolog and a single CWS-containing substrate: Colwellia
psychrerythraea, Microbulbifer degradans, Bradyrhizobium ja-
ponicum, Shewanella oneidensis, and Shewanella putrefaciens.
These sortases are closely related to one another (Table 1) and
are positioned adjacent to a single CWS-containing substrate
bearing the motif LP[QK]T[AS]T (Fig. 2). The predicted sub-
strates for these enzymes contain a von Willebrand factor type
A domain that is often associated with ligand binding in eu-
karya (17), and they may be attached to murein lipoproteins
(14, 55). The function of these substrates is specialized, be-
cause other organisms with completely sequenced genomes
from the same subphyla (	-proteobacteria and 
-proteobacte-
ria) do not encode a sortase homolog.

In conclusion, we have shown that the majority of sortase-
related proteins in gram-positive bacteria can be partitioned
into five distinct subfamilies based upon their primary se-
quences. Most bacteria encode sortases from two or more of
these subfamilies, which are predicted to function nonredun-
dantly in sorting proteins to the cell surface. Approximately
20% of sortase homologs are most closely related to the S.
aureus SrtA protein and play a housekeeping role, anchoring a
large number of functionally unrelated CWS-containing pro-
teins to the cell surface. In contrast, the majority of sortase
homologs have a more specialized role, anchoring on average
far fewer proteins that frequently contain unusual sequence
motifs in their sorting signals. It has been suggested that many
sortase-related proteins perform tasks other than cell wall
protein anchoring; however, using only a few conservative as-
sumptions, the majority of sortases are predicted to process
CWS-containing proteins. The functional sortase-substrate
linkages are completely compatible with all available biochem-
ical data. They are available online (http://www.doe-mbi.ucla
.edu/Services/Sortase/) in a searchable database that should
prove useful in deciphering the many sorting pathways present
in bacteria.
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