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The interaction of Streptococcus pyogenes (group A streptococcus [GAS]) with its human host requires several
surface proteins. In this study, we isolated mutations in a gene required for the surface localization of protein
F by transposon mutagenesis of the M6 strain JRS4. This gene (srtA) encodes a protein homologous to
Staphylococcus aureus sortase, which covalently links proteins containing an LPXTG motif to the cell wall. The
GAS srtA mutant was defective in anchoring the LPXTG-containing proteins M6, protein F, ScpA, and GRAB
to the cell surface. This phenotype was complemented when a wild-type srtA gene was provided in trans. The
surface localization of T6, however, was unaffected by the srtA mutation. The M1 genome sequence contains a
second open reading frame with a motif characteristic of sortase proteins. Inactivation of this gene (designated
srtB) in strain JRS4 affected the surface localization of T6 but not M6, protein F, ScpA, or GRAB. This
phenotype was complemented by srtB in trans. An srtA probe hybridized with DNA from all GAS strains tested
(M types 1, 3, 4, 5, 6, 18, 22, and 50 and nontypeable strain 64/14) and from streptococcal groups C and G, while
srtB hybridized with DNA from only a few GAS strains. We conclude that srtA and srtB encode sortase enzymes
required for anchoring different subsets of proteins to the cell wall. It seems likely that the multiple sortase
homologs in the genomes of other gram-positive bacteria have a similar substrate-specific role.

Streptococcus pyogenes (group A streptococcus [GAS]) is a
gram-positive pathogen capable of causing a wide variety of
diseases (13). The majority of these are mild, suppurative in-
fections, including pharyngitis and pyoderma, which are some-
times followed by serious sequelae such as rheumatic fever,
acute glomerulonephritis, and reactive arthritis. More recently,
this organism has become notorious for its ability to cause
severe invasive diseases with high mortality rates. These in-
clude streptococcal toxic shock syndrome, septicemia, and the
“flesh-eating” disease necrotizing fasciitis. The pathogenesis of
GAS infections is attributed to the ability of these organisms to
produce a wide array of virulence factors, including secreted
toxins and superantigens, which are responsible for many of
the symptoms characteristic of GAS disease and cell-associ-
ated molecules that are used to adhere to and interact with the
host.

Surface proteins of gram-positive bacteria are attached to
the cell surface by one of several mechanisms (11). Some
surface proteins are noncovalently attached to teichoic and
lipoteichoic acids, anchored directly to the cytoplasmic mem-
brane, or covalently attached to the cell wall cross-bridge. In
GAS, many surface proteins appear to be covalently anchored
to the cell wall, although others, such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and �-enolase, are an-
chored by an as yet unidentified mechanism. Covalent attach-
ment of proteins to the cell wall cross-bridge is catalyzed by the
enzyme sortase, whose mechanism of action was recently elu-
cidated using Staphylococcus aureus protein A as a model sys-
tem (39, 40, 65, 66).

Protein A and other sortase-anchored proteins have a con-
served LPXTG motif near their C terminus, followed by a
hydrophobic stretch of amino acids and a small, positively
charged tail (17). During secretion via the Sec system, the
hydrophobic region and charged tail retain the protein in the
cytoplasmic membrane and prevent its release into the me-
dium. This allows sortase to cleave the protein between the
threonine and glycine residues of the LPXTG motif, and the
carboxyl group of threonine is then linked to the free amino
group of the pentaglycine cross-bridge via a two-step transpep-
tidation reaction (43, 67). The universal nature of this process
is reflected by the ability of S. aureus to efficiently anchor
protein A fused to the cell wall sorting signals of any of several
other proteins from gram-positive bacteria (58).

The sequence of sortase from S. aureus has been used to
identify homologs in the genomes of several other gram-posi-
tive bacteria (27, 47). These proteins possess a motif (TLXTC)
that has been shown to be at the active site in the S. aureus
enzyme. Substitution of the cysteine residue with an alanine
abolishes the ability of this enzyme to anchor protein A to the
cell wall (65). This explains the observation that sulfhydryl-
modifying reagents can inhibit the sortase reaction (67).

Potential sortase substrates in GAS include its major viru-
lence factor, M protein (23), which is responsible for resistance
to phagocytosis (33) and binding to fibrinogen (55, 70); the
fibronectin-binding proteins protein F (18, 61) and Fba (64); a
protein G-related �2-macroglobulin-binding protein (GRAB)
(54); C5a peptidase (ScpA) (7), an enzyme responsible for
cleaving the complement-driven chemotaxin C5a (8); two re-
cently described collagen-like proteins, Scl1 and Scl2, that may
function as adhesins (34, 35, 52, 53, 69); and the trypsin-resis-
tant protein T6, which is the target of the T serotyping scheme
(57).

In this study, we used a transposon insertion approach to
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isolate mutants and screened these with a monoclonal antibody
for mutations affecting the ability of GAS strain JRS4 to lo-
calize proteins to the cell surface. We assayed the surface
localization of M6, protein F, ScpA, GRAB, and T6 to char-
acterize these mutants.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli strains DH5� and JM109 were
used as hosts for molecular cloning experiments. GAS strain JRS4 is a sponta-
neous streptomycin-resistant derivative of D471 (59). JRS145 (6) and SAM1 (18)
are isogenic emm and prtF derivatives of JRS4, respectively, and were used as
negative controls for M protein and protein F assays, respectively. Plasmid
pJRS973 (M. J. Federle and J. R. Scott, unpublished data) was used as a source
of the transposon TnSpc (37). This plasmid contains TnSpc in a vector that is
unable to replicate in GAS. DNA fragments used for complementation analysis
were cloned into pNZ276 under the Lactococcus lactis lacA promoter (15, 51).

Culture conditions. E. coli strains were grown in Luria-Bertani (LB) medium,
and GAS strains were grown in Todd-Hewitt medium supplemented with 0.2%
yeast extract (THY) at 37°C. Antibiotics were used at the following concentra-
tions: ampicillin, 100 �g/ml for E. coli; spectinomycin, 50 �g/ml; streptomycin,
1,000 �g/ml for GAS; chloramphenicol, 20 �g/ml for E. coli and 5 �g/ml for
GAS.

DNA manipulation. Chromosomal DNA was extracted from GAS using the
MasterPure DNA extraction kit (Epicentre). Plasmid DNA was isolated from E. coli
using anion exchange columns (Qiagen) or Qiaprep spin columns (Qiagen). Probes
for Southern hybridization were generated by PCR using primers SRTA-F6 (5�-C
AAACCTATCCGAAATACATTAATTGCTCG-3�) and SRTA-R6 (5�-CTGTTT
TTAGTTCTCCTTTGACAATAATACG-3�) (srtA); SRTB-F3 (5�-GGTGTGGCA
AAAGGCTAAGG-3�) and SRTB-R3 (5�-GCACACACTACTTCTGCCC-3�)
(srtB); and SPEC-S1 (5�-ATGTTTGGATCAGGAGTTGAGA-3�) and SPEC-A1
(5�-GTGTTTCCACCATTTTTTCAAT-3�) (aad9). These probes were labeled us-
ing the Decaprime labeling kit (Ambion).

Transposon mutagenesis and screening. A transposon insertion library was
constructed by electroporating pJRS973 into JRS4 and selecting for spectino-
mycin resistance. This library was screened with a monoclonal immunoglobulin
M (IgM) antibody (2-2F4) raised against a GAS surface protein, GAPDH,
produced in E. coli (14). We found that this antibody causes cultures of JRS4 to
aggregate and fall out of solution. This phenomenon was found to be specific for
protein F on JRS4, since the wild-type strain and an emm derivative (JRS145)
precipitate normally, whereas an isogenic prtF mutant strain (SAM1 [18]) failed
to immunoprecipitate (data not shown). Therefore, we used this antibody to
enrich and screen for mutants defective in the surface localization of protein F.

Colonies from each TnSpc library were scraped into phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 5.4 mM Na2HPO4, 1.8 mM KH2PO4 [pH 7.4])
to give a concentration of approximately 100 colonies/ml. The cells were har-
vested by centrifugation (6,500 � g, 15 min), resuspended in the same volume of
PBS containing 2% (wt/vol) bovine serum albumin (BSA; Sigma) and 10%
(vol/vol) normal goat serum (Sigma) and incubated at 4°C for 1 h with end-over-
end mixing to block nonspecific protein- and immunoglobulin-binding sites. The
cells were again recovered by centrifugation and resuspended in PBS, and the
2-2F4 monoclonal antibody was added to a final concentration of 1:100 to
immunoprecipitate cells with protein F on their surface. The cells were incubated
at 4°C with end-over-end mixing for 1 h, and immunoprecipitated cells were
removed by low-speed centrifugation (100 � g, 2 min). The remaining cells were
subsequently recovered by centrifugation at a higher speed (6,500 � g, 15 min).
This process was repeated three to four times until the majority of cells express-
ing protein F had been removed. The nonprecipitated cells were then plated onto
THY agar with spectinomycin. Overnight cultures of individual spectinomycin-
resistant colonies were screened to confirm the protein F-negative phenotype by
a scaled-down version of the same method in 96-well plates. The number of
TnSpc insertions in each strain was determined by Southern hybridization using
the aad9 gene (encoding spectinomycin resistance) from pJRS973 as a probe.

TnSpc insertion sites were mapped by arbitrary PCR essentially as described
previously (46). The first round of PCR was performed with primers ARB2-2
(5�-GCCGACCGCTGGACTGTACGNNNNNNNNNNGTAGC-3�) and OUT3
(5�-GCGTGCCTACACGTGTCG-3�). The second round of PCR utilized 5 �l of
the first-round product as the template DNA and primers ARB2-1 (5�-GCCG
ACCGCTGGACTGTACG-3�) and OUT1 (5�-GTCCTCCTGGGTATGTTTT
T-3�). Second-round PCR products were gel purified and sequenced using
primer SEQ1 (5�-GTACCGTAAAAGGACTGTTATATGGCC-3�) at the Mi-
crochemical Facility, Emory University. The position of TnSpc insertion into the

JRS4 chromosome was determined by searching the GAS M1 genome sequence
at http://www.genome.ou.edu/strep_blast.html.

Construction of pJRS779 and pJRS789 for insertional inactivation of srtB.
The srtB-1 and srtB-2 alleles were constructed by single-crossover mutagenesis
using plasmids pJRS779 and pJRS789, respectively (Fig. 1). For construction of
pJRS779, a PCR fragment containing an internal region of srtB was amplified
using the high-fidelity enzyme Herculase (Stratagene) and primers SRTB-F3 and
SRTB-R3. The srtB PCR fragment was blunt end ligated into EcoRV-digested
pZErO-2.1 (Invitrogen) to create pJRS778. The aad9 gene from pAH256 (21)
was isolated as an EcoRI-HindIII fragment and cloned into EcoRI- and HindIII-
digested pJRS778, producing pJRS779. For construction of pJRS789, an internal
fragment of srtB was amplified by PCR using primers SRTB-F5 (5�-GCAAAA
GCTTAAGGCGTATAACGCTAGGC-3�) and SRTB-R5 (5�-CGCAGAATTC
TAATCTTTCCCCATGACTCC-3�). The resulting fragment was digested with
HindIII and EcoRI and cloned into pUCSpec (26) digested with the same
enzymes.

To inactivate srtB, pJRS779 and pJRS789 were introduced into JRS4 by
electroporation and plated on THY agar, with selection for spectinomycin re-
sistance. From each transformation, one spectinomycin-resistant colony resulting
from insertion of pJRS779 or pJRS789 into the chromosome of JRS4 and
inactivation of srtB was isolated and named JRS779 and JRS789, respectively.

FIG. 1. Construction of srtB-1 and srtB-2 alleles. (A) Internal frag-
ments of srtB were amplified by PCR and cloned into pZErO-2.1
(pJRS779) and pUCSpec (pJRS789). Numbers above the srtB open
reading frame and the fragments cloned into pJRS779 and pJRS789
refer to the locations of encoded amino acid residues of the JRS4 srtB
gene. (B) Integration of pJRS779 and pJRS789 into the chromosome
of JRS4 results in one copy of srtB (srtB 5�) encoding a protein trun-
cated after amino acid 256 (pJRS779) or 206 (pJRS789) and a second
copy (srtB 3�) lacking a promoter and the first 55 (pJRS779) or 59
(pJRS789) amino acids. The signal sequence of SrtB is indicated by a
striped box. Open and solid arrows represent srtB and aad9, respec-
tively. The srtB promoter is indicated with a bent arrow preceding a
region of unknown length. The internal region of srtB cloned into
pJRS779 and pJRS789 is indicated by a striped box.
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Inactivation of srtB in JRS779 (srtB-1) and JRS789 (srtB-2) was confirmed by
PCR across the insertion site with primers SRTB-F4 (5�-CGCTGCAGGTAGT
CAGTGGAATGCTATCGTGATCG-3�), M13EXT-F (5�-TTTCACACAGGA
AACAGCTATGACCATG-3�), SRTB-R4 (5�-CGATGCATGTAACCGAAGG
AGCTCTTCTGTACG-3�), and M13EXT-R (5�-GTCACGACGTTGTAAAAC
GACGGCCAGT-3�). These insertions were also confirmed by Southern hybrid-
ization using a PCR product generated with primers SRTB-F3 and SRTB-R3 as
a probe.

Construction of plasmids for complementation of srtA and srtB. The srtA and
srtB genes were amplified by PCR using Herculase and primers SRTA-F2 (5�-
CCTTGGTTCAGCCTGCAGACAGTAGTATCGC-3�) and SRTA-R3 (5�-GT
AGGATCCGATAAATTTTCTCTATGGTCC-3�) (srtA) and SRTB-F7 (5�-GC
TTAATGCCTGCAGAAGTCGAAATCAATCGAGACTG-3�) and SRTB-R4
(srtB). The srtA PCR product was digested with PstI and cloned into pNZ276 (51)
that had been digested with PstI and MscI, creating pJRS757. The srtB PCR
product was digested with PstI and EcoRV and cloned into pNZ276 that had
been digested with PstI and MscI to create pJRS797.

Cell fractionation. Culture supernatant and cell wall protein fractions were
prepared from JRS4 and derivatives as described previously (4). Protein extracts
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 4 to 12% gradient gels (Invitrogen) and stained for total protein
(SimplyBlue stain; Invitrogen) or transferred to a nitrocellulose membrane (Hy-
bond C; Amersham) for immunoblot analysis.

Western immunoblot and protein-binding studies. Whole-cell dot blots and
detection of proteins with antisera and digoxigenin (DIG)-labeled proteins were
performed as described previously (4). The following concentrations of each
reagent were used: M6, 1:2,000 dilution of monoclonal antibody 10B6 (32); T6,
1:250 dilution of anti-T6 polyclonal antibody (57); ScpA, 1:1,000 dilution of
anti-ScpA antibody (30); protein F (18), 1 �g of DIG-labeled fibronectin per ml;
and GRAB (54), 1 �g of DIG-labeled �2-macroglobulin per ml. For detection of
ScpA on whole-cell dot blots, cells were incubated at room temperature for 2 h
in 10 mM Tris-HCl–160 mM NaCl–2% sodium dodecyl sulfate (pH 8.0) prior to
spotting onto nitrocellulose membrane to remove non-cell-wall-anchored protein.

RESULTS

Isolation of mutations in srtA by transposon mutagenesis.
To isolate mutants defective in the surface expression of pro-
tein F, we used the transposon TnSpc, a derivative of Tn4001
that inserts into the genome of gram-positive organisms, in-
cluding GAS, with a high degree of randomness (36, 37). The
transposon was introduced into JRS4 on plasmid pJRS973 in
two independent transformation experiments, resulting in ap-
proximately 6 to 8,000 independent spectinomycin-resistant
colonies. The colonies from each experiment were pooled,
enriched by five cycles of immunoprecipitation with monoclo-
nal antibody 2-2F4 (14) and screened for protein F mutants
(see Materials and Methods). A total of 30 mutants from the
first transformation and 18 mutants from the second transfor-
mation were selected for further analysis.

Clumping of GAS cells in liquid culture is usually associated
with the presence of M protein on the bacterial cell surface. All
30 mutants from the first transformation failed to clump as
rapidly as the wild type following overnight growth in liquid
medium. Southern blot analysis revealed two different classes
of mutants in this library, one with a single insertion of TnSpc
and one with at least two insertions. A combination of arbitrary
PCR and direct sequencing of PCR products revealed that all
mutants with a single insertion had the transposon inserted in
a gene of unknown function immediately downstream of gyrA,
which corresponds to open reading frame Spy1154 in the re-
cently annotated GAS M1 genome (16). Due to the nature of
the mutagenesis strategy, it is likely that these mutants are all
siblings. One of these mutants, selected for further study, was
named JRS758. The mutants with two or more insertions ap-
peared to have one transposon in a region encoding a macro-

lide efflux pump (either Spy0549 or downstream of Spy0543 in
the M1 genome) and were not characterized further. All 18
mutants from the second transformation clumped normally
and had a single mutation in prtF, encoding protein F.

The TnSpc insertion in Spy1154 was located between bases
84 and 85 of the predicted open reading frame. Comparison of
the predicted 249 amino acids encoded by this gene against the
DDBJ/EMBL/GenBank databases identified a 127-amino-acid
region in the N terminus of the predicted protein with a high
degree of homology to �-amylase from Bacillus licheniformis
(49.61% identity, 72.44% similarity) and homology throughout
the entire protein with sortase from Streptococcus gordonii
(57.94% identity, 75.4% similarity), a hypothetical protein
from L. lactis (48.96% identity, 66.67% similarity), a puta-
tive fimbria-associated protein from Actinomyces naeslundii
(11.73% identity, 28% similarity), and sortase (SrtA) from S.
aureus (19.6% identity, 41.6% similarity) (Fig. 2). Like the S.
aureus and S. gordonii srtA genes, Spy1154 encodes a potential
39-amino-acid signal peptide and a region containing a
TLXTC motif (amino acids 204 to 208), which is conserved
among sortase homologs from gram-positive bacteria. Based
on its homology to the srtA genes from S. aureus and S. gor-
donii, we named Spy1154 srtA.

Mutation of srtA affects the cell wall anchoring of a subset of
GAS surface proteins. Since JRS758 was not immunoprecipi-
tated by monoclonal antibody 2-2F4 and overnight cultures of
this strain in liquid medium failed to clump, it seemed likely
that the TnSpc insertion in srtA affected the surface localiza-
tion of proteins containing an LPXTG motif. A search of the
M1 genome sequence identified 12 proteins containing this
motif sufficiently near the C terminus to be involved in cell wall
anchoring (data not shown) (28). Some of these have been
characterized previously, and suitable assays were available for
their detection.

To determine the role of SrtA in anchoring proteins to the
cell surface of JRS4, dilutions of overnight cultures of JRS4
and derivatives were analyzed for the presence of M6, protein
F, ScpA, GRAB, and T6 by whole-cell dot blots using specific
reagents that recognize each protein. Whole cells of JRS4
contain M6, protein F, ScpA, GRAB, and T6 on their surface,
as shown by the dot blot analysis (Fig. 3A). In the srtA mutant
strain JRS758, no M6, protein F, ScpA, or GRAB was detect-
able on the cell surface, whereas the presence of T6 was un-
affected in this strain.

To determine whether the phenotypes observed in JRS758
are caused by the TnSpc insertion and not an unknown point
mutation elsewhere in the genome, complementation analysis
was used. A copy of the entire srtA gene was cloned into the
expression vector pNZ276 (51) to give plasmid pJRS757. This
plasmid was transformed into JRS758 to complement the srtA
mutation (see Materials and Methods). Complementation of
the srtA mutant with pJRS757 but not the vector pNZ276 alone
relieved the defect in surface protein anchoring (Fig. 3A).

Expression from the lacA promoter in pNZ276 is activated
in the presence of lactose due to the inactivation of the LacR
repressor encoded by pNZ276 and repressed to low levels in
the presence of glucose by catabolite repression (15, 68). We
obtained the highest levels of complementation when cells
were grown in the presence of glucose (11 mM in THY broth),
presumably because pNZ276 derivatives are present in multi-
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ple copies, so high levels of transcription are not necessary to
complement the chromosomal srtA mutation. Overexpression
of srtA appeared to be toxic to JRS758, since overnight cultures
of this strain grown in the presence of lactose and absence of
glucose did not reach the same cell density as JRS4 or JRS758
containing pNZ276.

To determine the location of surface proteins in the srtA
mutant strain, cell wall and culture supernatant fractions were
analyzed for the presence of M protein by Western immuno-
blotting (Fig. 3B). The wild-type strain, JRS4, had M protein
present in both the cell wall and culture supernatant fractions.
However, in the srtA mutant strain JRS758, there was no ob-
servable M protein in the cell wall fraction, although this pro-
tein was still secreted into the culture supernatant. When srtA
was provided in trans on pJRS757, the M protein produced by
JRS758 was attached to the cell wall. This was not observed for
JRS758 containing pNZ276 alone. The multiple bands of M
protein from cell wall extracts detected with monoclonal anti-

body 10B6 are indicative of cross-linkage to fragments of pep-
tidoglycan and are characteristic of cell wall preparations ob-
tained by digestion with muralytic enzymes (44). The results in
Fig. 3 demonstrate that SrtA is required for the anchoring of
M6, protein F, and GRAB but not T6 to the cell wall of JRS4.

Second sortase gene, srtB, revealed by a database search.
When the amino acid sequence of the entire S. aureus SrtA
protein was used in a Blast search of the SF370 (M1) sequence
at http://dna1.chem.ou.edu/strep.html, the srtA gene (Spy1154)
was not found, but a different gene was identified (Spy0135).
Spy0135 is predicted to encode a 227-amino-acid protein with
a high degree of homology (31.16% identity, 47.1% similarity)
across a 133-amino-acid region (amino acids 32 to 165) to
amino acids 56 to 191 of the S. aureus SrtA protein (Fig. 4).
However, the global alignment of these two proteins showed
much lower homology (18.43% identity, 32.94% similarity).
This appears to be due, at least in part, to an approximately 33-
amino-acid region homologous to the N terminus of S. aureus

FIG. 2. Multiple sequence alignment of SrtA with homologous proteins identified by Blast search. The alignment was performed using
ClustalW. The GenBank accession numbers for the sequences are as follows: S. pyogenes (Spyog) SrtA, AAK34025; S. gordonii (Sgord) SrtA,
AAG41778; L. lactis (Llact) hypO, AAK05211; B. licheniformis (Blich) Amyl, AAA73122; S. aureus (Saure) SrtA, AAD48437; and A. naeslundii
(Anaes) fimbria-associated protein (fimassoc), AAC13546 (truncated after amino acid 251).
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SrtA being present at the C terminus of Spy0135. Conse-
quently, Spy0135 is not predicted to have a signal sequence,
but has a hydrophobic region from amino acids 199 to 219 that
may anchor this protein in the cytoplasmic membrane. There is
a region of net positive charge (amino acids 216 to 227) down-

stream of this hydrophobic region and a small region with a net
negative charge from amino acids 201 to 204. Spy0135 also
encodes a TLXTC motif (amino acids 154 to 158). Based on
the homology of Spy0135 with S. aureus srtA and the presence
of a TLXTC motif, this gene was designated srtB.

FIG. 3. Effect of the srtA mutation on surface anchoring of LPXTG proteins by GAS. (A) Dot blot analysis for surface localization of M6,
protein F, ScpA, GRAB, and T6 proteins in JRS4 and srtA derivatives. Each strain was grown overnight in THY broth, and cell density was
standardized to an optical density at 600 nm of 2.0. Individual spots represent 10-�l aliquots of twofold serial dilutions of each strain. (B) Western
immunoblot analysis of JRS4 and srtA derivatives with monoclonal antibody 10B6. CW, cell wall fraction; S, culture supernatant fraction. Proteins
were separated by SDS-PAGE on 4 to 12% gradient gels, transferred to nitrocellulose, and detected with 10B6 as described in Materials and
Methods. The sizes of molecular mass standards are indicated to the left (in kilodaltons). The arrow to the right represents the position of mature
M6 protein.

VOL. 184, 2002 SORTASE GENES OF STREPTOCOCCUS PYOGENES 2185



The region upstream of srtB in JRS4 is different from the
corresponding region in SF370. Analysis of the sequence of
this region from JRS4 (3) revealed that SrtB from SF370 is
truncated at the N terminus. SrtB from JRS4 contains an
additional 53 N-terminal amino acids that are predicted to
encode a signal sequence that would be cleaved after amino
acid 30 to produce the mature form of this protein (Fig. 1A).

Mutation of srtB affects the cell wall anchoring of T6 but not
SrtA-dependent proteins. Our initial experiments to inactivate
the srtB gene used plasmid pJRS779 to create the srtB-1 allele
(Fig. 1A). This plasmid contains an internal fragment of srtB,
encoding amino acids 56 to 256 of the protein encoded by the
JRS4 srtB sequence, that was used to disrupt the chromosomal
copy of srtB by insertional inactivation (see Materials and
Methods), generating strain JRS779. The insertion in JRS779,
which would truncate SrtB at amino acid 256 (Fig. 1B), did not
affect the ability of this strain to anchor M6, protein F, GRAB,
or T6 to the cell wall (data not shown). The protein encoded by
this allele should still contain the TLXTC motif, thought to be
in the active site of this protein. Therefore, we remade the srtB
mutation using plasmid pJRS789, which would produce a copy
of srtB truncated after amino acid 206 (Fig. 1B). This protein
does not contain the active-site TLXTC motif (amino acids 207
to 211).

The ability of JRS789 and various derivatives to effectively
anchor proteins to the cell wall was determined by dot blot
analysis as described above for srtA (Fig. 5). In the srtB mutant
JRS789, the amount of T6 on the cell surface was reduced,
while the presence of M6, protein F, ScpA, and GRAB re-
mained unaffected by this mutation. The defect in surface
protein expression was relieved by providing a wild-type copy

of srtB in trans on plasmid pJRS797, but not by the vector
pNZ276 alone. As described above for complementation of the
srtA mutation, sufficient srtB expression to complement the
mutation in JRS789 was achieved when the cells harboring
pJRS797 were grown in the presence of glucose.

srtA and srtB are distributed differently throughout the
Streptococcus genus. SrtA and SrtB appear to be important for
anchoring several proteins to the cell wall of GAS. The impor-
tance of srtA may be reflected by the conservation of this gene
in the genomes of strains of both the M1 and M5 serotypes.
However, a search of the M5 genome database (http://www
.sanger.ac.uk/Projects/S_pyogenes/) did not identify a homolog
of srtB, although the gene immediately downstream of srtB in
M1 (Spy0136) was present in the M5 genome. This suggests
that there might be some variation in the presence of srt genes
among strains of different M types.

To investigate the distribution of srtA and srtB further, chro-
mosomal DNA from a variety of GAS strains, strains repre-
senting other species of Streptococcus, and strains of other
related gram-positive bacteria was analyzed by Southern hy-
bridization for the presence of srtA and srtB (Fig. 6). An in-
ternal fragment of srtA (corresponding to amino acids 34 to
225) hybridized with a �1.1-kb HindIII fragment from all GAS
strains tested, demonstrating that srtA is well conserved in this
species. In addition, the srtA probe also hybridized with frag-
ments from representatives of group C and group G strepto-
cocci but not from group B, D, E, F, H, L, M, N, or O, S.
pneumoniae, S. mutans, or any of the other gram-positive bac-
teria examined. In contrast, the srtB probe (corresponding to
amino acids 3 to 203) hybridized only with DNA from GAS
strains of M types 1, 6, 22, and 50 and then nontypeable strain

FIG. 4. Multiple sequence alignment of SrtB using ClustalW with homologous proteins identified by Blast search. The GenBank accession
numbers for the sequences are as follows: S. aureus (Saure) SrtA, AAD48437; S. pyogenes (Spyog) SrtA, AAK34025; and S. pyogenes SrtB,
AAK33243.
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64/14. These results confirmed the absence of an srtB homolog
in the M5 genome.

DISCUSSION

Surface proteins are required by gram-positive bacteria for
adherence to and colonization of host surfaces and for evasion
of the host’s immune response. Many of these proteins possess
conserved C-terminal sequences that are likely to be covalently
linked to the cell wall cross-bridge via a transpeptidation re-
action catalyzed by the enzyme sortase (39). Consequently,
sortase represents an important target for the development of
new antimicrobial compounds against gram-positive bacteria.
In this work, we have identified and mutated each of two
sortase gene homologs of GAS, srtA and srtB, and investigated
their role in anchoring surface proteins to the cell wall. We
found that SrtA is required for the localization of M protein,
protein F, ScpA, and GRAB to the GAS cell surface, while
SrtB is required for anchoring T6 to the GAS surface.

Sortase was originally identified and characterized in S. au-
reus, and since then a functional sortase has also been found in
the oral pathogen S. gordonii (5). Sortase enzymes (SrtA) from
both of these bacteria contain a conserved sequence (TLXTC)
near their C termini that appears to be located at the active site
(27, 39, 65). This motif is also conserved in sortase homologs
identified in genome sequences of several other gram-positive
organisms (27, 47), including the enzymes described here from
GAS. We found that the GAS mutant carrying the srtB-1 allele,
in which SrtB was truncated after the TLXTC motif, was un-
affected in its ability to anchor T6, while the srtB-2 allele
(truncated before the TLXTC sequence) caused a deficiency in

T6 anchoring. This is consistent with the TLXTC motif being
needed for the function of SrtB.

Like SrtA from S. aureus and S. gordonii, SrtA and SrtB from
JRS4 are predicted to possess an N-terminal signal peptide. In
S. aureus, this signal peptide is not cleaved and is predicted to
anchor SrtA to the cytoplasmic membrane (38). It is likely that
the GAS SrtA and SrtB proteins are also anchored to the
cytoplasmic membrane by this mechanism. The GAS SrtA
protein differs from that of S. aureus (but is similar to that of
S. gordonii) in that it possesses a region following the signal
peptide with high homology to the N-terminal domain of
AmyL, a thermostable �-amylase from Bacillus licheniformis
(25, 50). Although the function of the N-terminal domain of
AmyL has not been determined, �-amylases have a high affin-
ity for and catalyze the hydrolysis of glucose �-1,4 linkages
(63). Therefore, if the AmyL-homologous domain of SrtA
from S. gordonii and GAS has affinity for carbohydrates con-
taining glucose �-1,4 linkages on the streptococcal surface,
these SrtA proteins may be attached by this domain rather
than by the N-terminal signal peptide, as described above.

While there were no major differences between T6- and
SrtA-dependent proteins in the hydrophobic region or in the
distance between the LPXTG motif and the charged tail, SrtA-
dependent GAS surface proteins differ from the SrtB-depen-
dent T6 protein in the amino acid following the LPXTG motif.
The SrtA-dependent proteins M6, protein F, ScpA, and
GRAB have an acidic amino acid residue (aspartate or gluta-
mate) immediately following the LPXTG motif (Fig. 7), while
T6 has serine at this position. In the GAS genome, all but one
of the 12 proteins with a potential LPXTG cell wall-anchoring
domain have an acidic amino acid following the LPXTG se-

FIG. 5. Dot blot analysis for the surface localization of M6, protein F, ScpA, GRAB, and T6 proteins in JRS4 and srtB derivatives. Dot blots
were prepared as described for Fig. 3.
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quence (28). The exception is Spy0843, which, like T6, is pre-
dicted to encode LPXTGS. Since the predicted product of this
open reading frame has not yet been identified, we were unable
to determine whether it is covalently attached to the GAS cell
wall by SrtA or SrtB. While the amino acid immediately fol-
lowing the LPXTG motif may be essential for recognition by
SrtA, the glycine residue within this sequence does not appear
to be required for SrtA recognition. Unlike other SrtA-depen-
dent proteins, ScpA has an asparagine residue in place of a
glycine in its LPXTG motif. When the signals determining the
target specificity of individual sortase enzymes are identified, it
seems likely that specific amino acid residues in the region
downstream of the LPXTG motif will be involved.

The importance of SrtA for anchoring proteins to the strep-
tococcal cell wall is reflected by the presence of srtA in all 12
GAS strains representing different M types and in representa-
tives of group C and G streptococci. Conservation of srtA at the
DNA sequence level is indicated by hybridization of their
DNA with a srtA gene probe under the high-stringency condi-
tions employed in this study. Minor sequence divergence from
GAS srtA would have prevented identification in this screen, as
demonstrated by the lack of hybridization to DNA from S.
gordonii (group H) under the conditions used despite the pres-
ence of a srtA homolog in the genome of this organism. In
contrast, srtB was present in only 5 of the 12 GAS strains
examined, suggesting that srtB is important for strains of only
a limited number of M types. Perhaps these strains encode a
surface protein(s), such as the T6 protein examined in this
study, which is anchored by SrtB and is not present in strains
lacking the srtB gene.

The conservation of srtA in group A, C, and G streptococci

may reflect the similarity of the cell wall structure in these
closely related human pathogens. The cell wall cross-bridges of
these organisms are virtually identical (56), and it seems likely
that the peptidoglycan structure is also similar. The muralytic
lysin enzyme from phage A25 is active on the cell walls of
group A, C, and G streptococci (22), and group A and C
streptococci have been shown to possess the receptor for phage
A25 (9). Similarly, group A and C streptococci are sensitive to
the C1 phage lysin (45). The proteins cross-linked to the cell
wall of group A, C, and G streptococci are also likely to show
significant similarities. For example, group C and G strepto-
cocci express proteins genetically and functionally homologous
to the GAS M protein (31, 60, 62), and like the GAS M
protein, these proteins contain the sequence LPXTGE near
their C termini (10, 42).

Although SrtA appears to be required for attachment of M6
to the cell wall of GAS, we found a significant amount of this
protein released into the culture medium by JRS4, as did Piard
et al. (49). It is possible that the amount of M protein produced
is too great to be successfully anchored by the amount of SrtA
present in the cell. In support of this, we found that the amount
of M protein in the culture supernatant was reduced by pro-
viding srtA on the multicopy plasmid pNZ276, suggesting that
overproduction of SrtA might compensate for inefficient an-
choring. It is also possible that the sequence of the cell wall-
anchoring domain of the M6 protein is not optimal. In S.
aureus, anchoring of the N-terminal portion of protein A fused
to the M protein sorting domain was increased from approxi-
mately 20 to 85% by increasing the spacing between the
LPXTG motif and the positively charged amino acid tail from
30 to 32 amino acids (58). If the M protein anchor domain is

FIG. 6. Southern hybridization analysis for the presence of srtA (A) and srtB (B) genes in strains of GAS and other gram-positive bacteria. DNA
was digested with HindIII and separated by 0.8% agarose gel electrophoresis. Following transfer to a nylon membrane, srtA- and srtB-homologous
sequences were detected by hybridization with an internal fragment labeled with [�-32P]dCTP. Gp, group; NT, nontypeable.

2188 BARNETT AND SCOTT J. BACTERIOL.



not optimal, it may provide a mechanism by which GAS can
partition this protein between the cell wall and the surrounding
medium. Released M protein may provide a selective advan-
tage to the bacterium by diverting the immune response away
from the invading organism.

The results presented in this study show that SrtA is neces-
sary for the surface localization of several important virulence
factors of GAS. These include the M protein (1, 2, 24, 33, 48),
GRAB (54), protein F (19), and ScpA (29, 30). Many of the
GAS surface proteins that we did not test also possess an
LPXTG motif followed by an acidic amino acid, which makes
it likely that they require SrtA as well. These include serum
opacity factor (12), streptococcal protective antigen (41), and
the collagen-like protein Scl1 (34), all of which have been
shown in one or more model systems to have possible roles in
GAS pathogenesis. The role of SrtB in virulence is less clear.
The only substrate for SrtB thus far identified, the T6 protein,
has no known role in pathogenesis, although T6 is a surface
protein and appears to be regulated by the CovR regulon
(T. C. Barnett and J. R. Scott, unpublished observations).

Given that the genome sequences of many gram-positive
bacteria, including pathogenic organisms such as S. aureus,
Streptococcus pneumoniae, and Bacillus anthracis, have been
shown to possess multiple sortase homologs, it seems likely
that, as in S. pyogenes, these are required for anchoring differ-
ent subsets of proteins to the cell wall via their LPXTG motif
and that these enzymes do not serve redundant functions. It is
possible that SrtA and SrtB are differentially regulated in vivo,
which would allow the bacterium to modulate the display of
different proteins on the cell surface. SrtA, and possibly SrtB,
represents an important target for the design of antimicrobial
compounds. Inhibitors of sortases or vaccines directed against
these proteins may prevent colonization by GAS, and it is
possible that inhibitors of SrtA and SrtB might prevent estab-
lished GAS infections from progressing to more severe and
invasive disease.
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