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Pili are putative virulence factors and promising vaccine candidates in Streptococcus agalactiae (group B
Streptococcus [GBS]) infection, a leading cause of neonatal sepsis and meningitis. The genes necessary for pilus
synthesis and assembly are clustered in pilus islands (PI). Each gene encodes three structural subunits (a
backbone and two ancillary proteins) bearing a C-terminal LPXTG motif and two subfamily C sortases (SrtC)
involved in covalent polymerization of the subunits. GBS strains also possess the conserved “housekeeping”
sortase A (SrtA), but its role in pilus assembly is unclear. To address this issue, pilus expression and cell wall
anchoring were analyzed in srtA deletion mutants. Loss of SrtA did not affect pilus polymerization. However,
pilus expression on the cell surface was reduced, and pili accumulated in the culture supernatant. Further-
more, cell-associated pili could be readily released by detergent treatment, indicating that SrtA is involved in
covalent anchoring of pili to the cell wall. When each of the genes comprising PI-2a was systematically deleted,
only the absence of ancillary subunit GBS150 or the SrtC required for incorporation of GBS150 into pili
mimicked the srtA mutant phenotype. Thus, from these data a model for GBS pilus assembly can be proposed
in which PI sortases are responsible for polymerization of the pilus structure, while SrtA is required to
covalently attach it to the cell wall, utilizing ancillary pilus subunit GBS150 as the anchor protein.

Streptococcus agalactiae (group B Streptococcus [GBS]) can
be found as part of the normal flora in the gastrointestinal and
genitourinary tracts of up to 50% of the healthy adult popu-
lation (14, 31). However, as an opportunistic pathogen, it is the
leading cause of neonatal sepsis, pneumonia, and meningitis in
the industrialized world (6, 16, 31), and the incidence of GBS-
mediated invasive disease is increasing in the elderly popula-
tion (9).

Putative virulence factors for GBS include filamentous ap-
pendages that extend from the bacterial cell surface, termed
pili. Such structures have been implicated in mediating attach-
ment to human epithelial cells (8) and in the binding and
invasion of brain microvascular endothelial cells (21). Pili have
also been reported in other gram-positive bacteria, including
Corynebacterium diphtheriae (11, 37, 40) and members of the
oropharyngeal microflora, such as Streptococcus pyogenes (27),
Streptococcus pneumoniae (3), and Actinomyces naeslundii (10,
13). Similar to GBS, these structures facilitate adhesion to a
variety of host tissues (1, 3, 22, 23, 41) and/or mediate inter-
bacterial coaggregation (25). Furthermore, pilus proteins of
GBS, S. pyogenes, and S. pneumoniae have all been shown to
elicit a protective immune response in mouse models and are,
hence, vaccine candidates against these important pathogens
(12, 18, 20, 27).

The genes encoding pili in GBS are located within two
distinct loci, denoted pilus islands 1 and 2 (PI-1 and PI-2), and
comparative analyses of available genomes revealed two vari-
ants of PI-2, designated PI-2a and PI-2b (29). All, however,

conform to the same basic organization (Fig. 1). Each PI com-
prises three genes encoding LPXTG family proteins, which
constitute the physical pilus structure, along with two genes
encoding transpeptidase enzymes associated with polymeriza-
tion of the pilus protein subunits. The three pilus proteins of
GBS are expressed as precursor polypeptides with an N-ter-
minal signal peptide and a C-terminal cell wall sorting signal
(29). One of these proteins, termed the “backbone” subunit,
forms the shaft of the pilus, while the other two “ancillary”
subunits appear intermittently in the structure.

Following translocation via the Sec system, pilus precursor
proteins are transiently retained in the cell membrane by
means of their C-terminal hydrophobic tails and become the
target of membrane-associated transpeptidases of the sortase
family (comprehensively reviewed by Marraffini et al. [24]).
Based on phylogenetic analyses, two recent studies (5, 7) pro-
posed the classification of sortases into either four (subfamilies
A to D) or five (SrtA, SrtB, and families 3 to 5) subfamilies.
GBS strains possess sortases from two of these subfamilies (5):
sortase A (SrtA) and sortase C (SrtC or family 3). SrtA func-
tions to anchor the majority of surface-exposed proteins in
GBS that bear a C-terminal pentapeptide recognition se-
quence (LPXTG) to the bacterial cell wall. Specifically, SrtA
cleaves the target protein between the threonyl and glycyl
residues of the LPXTG motif to form an acyl enzyme inter-
mediate. This is then resolved by the nucleophilic attack of
amino groups, usually provided by the lipid II precursor of
peptidoglycan, which is subsequently incorporated into the cell
envelope. By contrast, the SrtC enzymes of GBS are located
within the PI and function to polymerize only those LPXTG
proteins located within the same PI (29). This process is not
fully understood, but a mechanism proposed by Ton-That et al.
(38) for pilus assembly in C. diphtheriae implies that SrtC
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transpeptidases serve to covalently join two protein subunits,
utilizing the LPXTG motif of one and the conserved lysine
residue of a canonical “pilin” motif of the other (reviewed in
Telford et al. [34]). Mutating either of these motifs in the
backbone subunit has been shown to abrogate pilus formation
(37). Each PI of GBS contains two genes encoding SrtC
transpeptidases. Both have been shown to be capable of poly-
merizing the backbone pilus subunit, but each preferentially
incorporates one of the two ancillary proteins (29).

There is growing evidence that, in addition to the SrtC
transpeptidases, the housekeeping SrtA may play some role in
GBS pilus assembly. Nevertheless, the mechanism by which
this might occur remained unclear. By comparing mutants de-
fective in PI-associated sortases to those lacking SrtA, this
study confirmed that, while not involved in pilus polymeriza-
tion, SrtA is essential for the permanent anchoring of GBS pili
to the cell wall. Moreover, a detailed analysis of PI-2a identi-
fied ancillary protein GBS150 as the substrate for SrtA and

thus the anchor protein of these pilus structures. The work
presented here, therefore, provides some of the first direct
evidence as to the mechanism by which SrtA-mediated anchor-
ing of pili can occur in GBS.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Streptococci (listed in Table 1) were
routinely grown in Todd Hewitt broth (THB) or chemically defined synthetic
medium (FMC) (35, 36) at 37°C in 5% CO2. Escherichia coli cells were grown
aerobically at 37°C in Luria-Bertani medium. When required, antibiotics were
added to the medium at the following concentrations: erythromycin, 5 �g ml�1

(S. agalactiae) or 400 �g ml�1 (E. coli); chloramphenicol, 10 �g ml�1 (S. aga-
lactiae) or 20 �g ml�1 (E. coli).

Antisera. LPXTG family and PI proteins were expressed as His-tagged fusion
proteins and purified by affinity chromatography, as reported previously (26).
Specific antisera were then generated by immunizing CD1 mice with each of
these recombinant proteins (20).

Construction of in-frame deletion mutants. Standard recombinant DNA tech-
niques were employed as described by Sambrook et al. (30). Plasmids (Table 1)
were purified from E. coli cells using a Wizard Plus SV Miniprep System (Pro-

FIG. 1. Schematic representation of GBS PIs. Genes encoding the three LPXTG proteins that comprise the pilus structure are represented by
black (backbone subunit) and white (ancillary subunits) arrows. Subfamily SrtC transpeptidases that polymerize the protein subunits are shown in
gray. Gene designations correspond to GBS strain 2603V/R, accession number AE009948 (PI-1 and PI-2a) or strain COH1, accession number
AAJR00000000 (PI-2b).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
E. coli

BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Invitrogen
DH10B F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 recA1 endA1 araD139

�(ara leu)7697 galU galK �� rpsL nupG/pMON14272/pMON7124
Invitrogen

S. agalactiae
515 Wild type D. Kasper, Harvard Medical

School, Boston, MA
515 (pAMp) Wild-type complemented with pAM401/gbs80P�T This study
515�srtA �srtA This study
515�srtA (pAMp) �srtA complemented with pAM401/gbs80P�T This study
515�srtA� �srtA complemented with pAM401-srtA This study
�59 �gbs59 29
�67 �gbs67 29
�150 �gbs150 29
�1405 �SAG1405 29
�1406 �SAG1406 29

Plasmids
pJRS233 6.0 kb; Emr; ColE1 ori; temperature-sensitive E. coli-streptococcal shuttle vector 28
pJRS233-�srtA pJRS233-derived containing overlapping flanking sequences of srtA gene This study
pAM401/gbs80P�T 11.5 kb; Cmr; ColE1 ori; E. coli-streptococcal shuttle vector pAM401 containing

promoter of gbs80
29

pAM401-srtA pAM401/gbs80P�T-derived containing entire srtA coding sequence This study
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mega, Madison, WI). Oligonucleotides (Table 2) were synthesized in-house or by
Invitrogen (Carlsbad, CA). Chromosomal DNA was prepared from mutanolysin-
treated streptococcal cells using a Nucleospin Tissue Kit (Clontech, Mountain
View, CA). PCRs were performed using GoTaq DNA polymerase as recom-
mended by the manufacturer (Promega). PCR products were purified using the
Wizard SV Gel/PCR Clean-Up System (Promega). DNA restriction and modi-
fication enzymes were used under the conditions specified by the manufacturer
(NEB, Ipswich, MA).

The srtA gene of S. agalactiae 515 was inactivated using the PCR method of
splicing by overlap extension, as described previously (15). PCR amplification
with primers srtA.F1D/srtA.R1B and srtA.F2B/srtA.R2 from genomic DNA
template generated two fragments comprising the flanking sequences of the srtA
gene (1,309 bp and 1,095 bp), with an overlap of 30 bp. These were ligated via the
overlap and cloned into the temperature-sensitive allelic exchange vector
pJRS233 (gift of June Scott, Emory University, Atlanta, GA) (28), generating
plasmid pJRS233-�srtA. Transformation and allelic exchange were then per-
formed as described previously (29). Confirmation of predicted insertions was
obtained by PCR amplification and sequencing.

To complement the srtA deletion mutant, a DNA fragment (796 bp) incorpo-
rating the entire srtA gene was PCR amplified from genomic DNA using primers
srtAcomp.F and srtAcomp.R. This product was cloned into E. coli-streptococcal
shuttle vector pAM401/gbs80P�T (29), generating plasmid pAM401-srtA. This
construct was purified and used to transform S. agalactiae srtA mutants by
electroporation. Complementation was confirmed by detection of srtA RNA
transcript using the primers srttrans.F and srttrans.R. RNA extraction and
cDNA synthesis were performed as described below. Empty pAM401/gbs80P�T
without the srtA coding sequence was also used to transform wild-type and srtA
mutant strains as controls for effects induced by vector alone.

RNA extraction and cDNA synthesis. Bacterial mid-exponential-phase cul-
tures (6 ml) were stabilized using RNAprotect Bacteria Reagent (Qiagen,
Hilden, Germany), according to manufacturer’s instructions, and the cells were
subsequently harvested (3,000 � g for 20 min at 4°C). Cells were incubated at
37°C for 10 min in Tris-EDTA buffer containing 15 mg ml�1 lysozyme and 100
U of mutanolysin and mixed with 350 �l of buffer RLT (RNeasy Mini Kit;
Qiagen). RNA was then prepared using an RNeasy Mini Kit (Qiagen), according
to manufacturer’s instructions. The integrity of the RNA was confirmed by gel
electrophoresis, and the RNA was then treated with DNase I (Promega) for 2 h
at 37°C. The concentration of RNA was determined by measuring the A260 in a
spectrophotometer. RNA (2 �g) was reverse transcribed into cDNA with ran-
dom hexamer primers, as described previously (43). For each RNA sample, a
control cDNA reaction in the absence of reverse transcriptase was performed to
check for DNA contamination.

Immunoblotting. S. agalactiae strains were maintained at 37°C and 5% CO2 in
either THB or chemically defined FMC medium. For total protein extracts,
mid-exponential-phase cells were harvested, washed in phosphate-buffered sa-
line (PBS) and resuspended in 50 mM Tris-HCl containing 400 U of mutano-
lysin. Cell suspensions were incubated at 37°C for 2 h and lysed by three cycles
of freeze-thawing, and the cellular debris was removed (12,000 � g for 10 min).
Supernatants were collected, and protein concentration was determined using a
Bio-Rad protein assay (Hercules, CA). Proteins (20 �g) were resolved on 3 to
8% or 4 to 12% NuPage Novex sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Invitrogen) and transferred to nitrocellulose.
Membranes were probed with mouse antiserum directed against LPXTG family
or PI proteins (1:1,000 dilution), followed by a rabbit anti-mouse horseradish
peroxidase-conjugated secondary antibody (Dako, Glostrup, Denmark). Bands
were then visualized using an Opti-4CN substrate kit (Bio-Rad) or SuperSignal
West Pico chemiluminescent substrate (Pierce, Rockford, IL).

To visualize proteins released during growth, culture supernatants were har-
vested (3,000 � g for 20 min), dialyzed extensively against distilled H2O and
concentrated by lyophilization, before being subjected to SDS-PAGE, with 2 ml
of supernatant equivalent loaded per well. Corresponding cell pellets were di-
gested with mutanolysin, as described above, prior to dialysis and lyophilization.

Protein solubility in detergent. Bacterial cultures (10 ml) were grown to an
optical density at 600 nm of 1.0, harvested (3,000 � g for 20 min), washed with
PBS, and then adjusted to 1 � 109 cells ml�1 in 0.5 M Tris-HCl (pH 8), with or
without 0.5% (wt/vol) SDS. Cell suspensions were incubated for 1.5 h at 25°C
with gentle agitation. Supernatants were collected (3,000 � g for 20 min), dia-
lyzed extensively against distilled H2O, and concentrated by lyophilization, be-
fore being subjected to SDS-PAGE, with 2 ml of supernatant equivalent loaded
per well. Corresponding cell pellets were digested with mutanolysin prior to
visualization by immunoblotting, as described above.

Flow cytometry. Following SDS treatment, as described above, harvested bac-
terial cells were resuspended in PBS containing 0.1% (wt/vol) paraformaldehyde.
Cell suspensions were incubated at 37°C for 1 h, followed by an additional
incubation at 25°C for 1 h. Fixed cells were then washed in PBS and incubated
at 25°C for 20 min in newborn calf serum (Sigma, St. Louis, MO). Bacteria were
then incubated for 1 h at 4°C with preimmune or immune serum diluted 1:200 in
dilution buffer (PBS, 0.1% [wt/vol] bovine serum albumin, 20% [vol/vol] newborn
calf serum). Cells were washed in PBS–0.1% (wt/vol) bovine serum albumin and
incubated for a further 1 h with R-phycoerythrin-conjugated F(ab)2 goat anti-
mouse immunoglobulin G (1:100 dilution) (Jackson ImmunoResearch Labora-
tories, West Grove, PA). Cells were washed again, resuspended in PBS, and
analyzed with a FACSCalibur apparatus (Becton Dickinson, Franklin Lakes,
NJ), using FlowJo software (Tree Star, Ashland, OR). The difference in mean
fluorescence levels between preimmune and immune sera was calculated for
each pilus protein.

RESULTS

Generation of S. agalactiae srtA mutants. To characterize the
role of SrtA in S. agalactiae pilus assembly, an in-frame dele-
tion was made in the srtA gene of strain 515 (possessing PI-2a)
using the PCR method of splicing by overlap extension. This
resulted in the deletion of SrtA amino acid residues 29 to 213,
which include the catalytic domain (17). Confirmation of the
deletion was obtained by sequence analysis and loss of the srtA
transcript, as detected by reverse transcription-PCR (RT-
PCR) (Fig. 2A). On the S. agalactiae genome, srtA is closely
flanked by gyrA and two genes encoding downstream proteins
SAG0962 and SAG0963 (Fig. 2A). Thus, to ensure that any
phenotype associated with the srtA mutation did not arise from
loss of expression of these neighboring genes, RT-PCR was
used to confirm that transcripts for gyrA, SAG0962, and
SAG0963 were present in each of the srtA mutants (Fig. 2A).
To further exclude the possibility of polar effects, complemen-
tation of the srtA mutation was performed using expression
vector pAM401 carrying the complete srtA coding sequence
under the control of a GBS-specific promoter. Restoration of
srtA expression was confirmed by RT-PCR (Fig. 2A).

No difference in growth rates was seen for the srtA deletion

TABLE 2. Primers used in this study

Primer Sequencea Reference

srtA.F1D CTGTGCCTCGAGGGAGCGT
CAGAGTCAAGC

This study

srtA.F2B ATTGTTGGGTTGGCTCGTAT
TATTGTGCATGCTGAA

This study

srtA.R1B ATGCACAATAATACGAGCC
AACCCAACAATAATTAG

This study

srtA.R2 GCGTTGCTGCAGCAGCATT
GCGATACATATCTT

This study

srtAcomp.F AGAACAGCGGCCGCAAAGA
ATAGGAAGTTATGCG
TAAT

This study

srtAcomp.R GTCGGGAGATCTTTCTAACT
ACCTTCTAGAGATTAA
TTTG

This study

srttrans.F CTGCTCAAACGAAATCACAT This study
srttrans.R CTTGCCAGGTGTATCATCAA This study
gyrA.F GTCATGGAAACTTTGGTTCA This study
gyrA.R GCTCTTTCCCATTTGAAGTT This study
srtAhyp.F TATTCGTGAAAACCATCGTC This study
srtAhyp.R CAATTCGGCCTACCTATTCT This study
srtAunk.F ATTTACCCTAGCGAGTCCAG This study
srtAunk.R AGAGCACTCTCCCCAGTTAC This study

a Restriction enzyme sites are underlined.

3552 NOBBS ET AL. INFECT. IMMUN.



mutant compared to wild type (Fig. 2B). The complemented
strain showed a slightly reduced rate of growth, but a similar
reduction in growth upon transformation of the wild-type with
empty pAM401 vector confirmed that this was due to the
presence of the expression vector (Fig. 2B). A functional effect
of the srtA mutation was also confirmed by examining the
expression of three surface-exposed proteins bearing classic
SrtA subfamily LPXTG motifs: SAG0392, SAG0771, and
SAG1462. As in previous studies of the effects of mutating
SrtA on surface protein expression in streptococci (2, 17, 19,
39), immunoblot analyses of total protein extracts confirmed
that levels of all three proteins were reduced in the srtA mutant
compared to the wild type (Fig. 2C). Levels were restored or
exceeded those of the wild type in the complemented strain
(Fig. 2C).

Effect of srtA mutation on pilus expression. To investigate
the role of SrtA in pilus assembly, the first step was to examine
overall levels of pilus expression in the srtA mutant compared

to the wild type. Immunoblot analyses of total protein extracts
revealed the expected high-molecular-weight laddering indic-
ative of pilus-like structures (18). Comparison of these protein
profiles indicated that whole-cell extracts of the srtA mutant
possessed fewer pili than the wild type (Fig. 3A, upper panel).
Using antiserum directed against each of the pilus proteins,
pilus loss was found to involve the entire pilus structure, af-
fecting the backbone protein, GBS59, and also the two ancil-
lary proteins, GBS67 and GBS150. Complementation of the
srtA mutation restored expression of all three pilus structural
proteins to levels comparable to those of the wild type (Fig.
3A, upper panel). This was not seen for the srtA mutant
transformed with an empty expression vector alone (data
not shown). Thus, while not affecting the process of pilus
polymerization, loss of SrtA appeared to result in a lower
level of pili associated with the bacterial cells.

To determine if the lower levels of pili resulted from a
reduction in pilus protein gene expression or from pilus loss

FIG. 2. Confirmation of S. agalactiae srtA mutant generation. (A) Transcription of srtA and flanking genes (gyrA, SAG0962, and SAG0963) in
wild-type and srtA mutant strains. RNA was extracted from wild-type (wt), srtA deletion (�srtA) and complemented (�srtA�) strains, cDNA was
synthesized, and the presence of transcripts was detected by PCR. Wild-type genomic DNA (50 ng) was used as a positive control, as indicated.
DNA markers (bp) are given on the left-hand side. Schematic indicates positioning of primer sites. (B) Comparative growth of wild-type (filled
squares) and srtA deletion (empty squares) and complemented strains (empty triangles), along with strain 515 (pAMp) as a complementation
vector control (filled triangles). Bacteria were grown for 7 h at 37°C in 5% CO2 in THB medium, and the optical density at 600 nm was measured
at the indicated times. (C) Western immunoblot analyses of wild-type and srtA mutant strains with antiserum against LPXTG family surface
proteins. Total protein extracts (20 �g) were collected as described in Materials and Methods, blotted onto nitrocellulose, and probed with antisera
directed against SAG0392, SAG0771, and SAG1462 (right panel). Extracts were also stained with Coomassie blue as a protein loading control (left
panel). Molecular size markers (kDa) are indicated.

VOL. 76, 2008 SrtA-MEDIATED ANCHORING OF S. AGALACTIAE PILI 3553



from the cell surface, bacterial cells were cultured in chemi-
cally defined medium so that levels of pilus found in the ex-
tracellular and cell-associated fractions could be compared
directly. As before, wild-type strain 515 had significantly higher
levels of pilus protein in the cell-associated fraction than the
srtA mutant (Fig. 3A, upper panel). However, whereas only low
levels of pilus protein were detected in the extracellular frac-
tion of the wild-type strain, much greater quantities were
present for the srtA mutant (Fig. 3A, lower panel). Protein
profiles comparable to those of the wild type were restored
upon complementation of the srtA mutation (Fig. 3A). In ac-

cordance with the cell-associated fractions, pili lost from the
bacterial cell surface into the extracellular environment were
shown to comprise all three pilus proteins. These data indi-
cated, therefore, that in the absence of SrtA, pili were pro-
duced at levels comparable to those of the wild type but were
then lost from the bacterial cell surface. No significant differ-
ence was seen in transcript levels for any of the three pilus
proteins between the wild type and srtA mutants, as detected
by RT-PCR (Fig. 3C). This added further support to the hy-
pothesis that lower levels of pili in the absence of SrtA resulted
from pilus loss, as opposed to a reduction in gene expression.

FIG. 3. Relative abundance of pilus proteins associated with wild-type 515 and srtA mutant strains. (A) Proteins were collected from FMC
culture supernatants or harvested cell pellets of wild-type 515 (wt) and srtA deletion (�srtA) and complemented (�srtA�) strains, blotted onto
nitrocellulose, and probed with antiserum directed against each of the PI-2a pilus proteins (GBS59, GBS67, and GBS150). (B) Total protein
extracts were also stained with Coomassie blue as protein loading controls. Molecular size markers (kDa) are indicated. (C) Transcription of PI-2a
pilus protein subunits in wild-type and srtA mutant strains. RNA was extracted from wild-type (wt) and srtA deletion (�srtA) and complemented
(�srtA�) strains; cDNA was synthesized, and the presence of backbone (GBS59) and ancillary (GBS67/GBS150) protein transcripts was detected
by PCR. Wild-type genomic DNA (50 ng) was used as a positive control, as indicated. �, anti.
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Anchoring of pili by SrtA. Given the role of SrtA as a
transpeptidase, studies progressed to determine if the pilus loss
seen with the srtA mutants resulted from a failure of pili to be
securely anchored to peptidoglycan of the bacterial cell wall.
Proteins that are covalently attached to the cell wall will be
unaffected by mild detergent treatment. By contrast, proteins
that are held transiently within the cell membrane, as would be
predicted for noncovalently bound pili in srtA mutant cells, will
be susceptible to solubilization (17, 37, 38). Consequently,
wild-type and srtA mutant cells were incubated with 0.5% SDS,

and pilus loss was compared. No pilus loss occurred in the
absence of SDS for any of the strains tested. Incubation of
wild-type strain 515 with SDS resulted in barely detectable
levels of pilus loss into the extracellular environment, possibly
reflecting a very low-level lysis during the incubation step.
Similarly, this background level of pilus release was seen for
the srtA complemented mutant (Fig. 4A). By contrast, a pilus
protein ladder was clearly detectable in the supernatant fol-
lowing SDS treatment of the srtA mutant (Fig. 4A). This pilus
loss was further confirmed by fluorescence-activated cell sort-

FIG. 4. Effects of mild detergent treatment on pilus anchoring by wild-type (wt) and srtA mutant strains. (A) Bacterial cells were incubated with
(�) or without (�) 0.5% SDS for 1.5 h, and the supernatants were harvested. Proteins were then extracted as described in Materials and Methods,
blotted onto nitrocellulose, and probed with antiserum directed against the pilus backbone protein (GBS59). (B) Flow cytometry analysis of
bacterial cells. Cells were incubated with 0.5% SDS for 1.5 h, paraformaldehyde fixed, and then stained with antiserum against each of the three
pilus proteins followed by an R-phycoerythrin secondary antibody. Filled histograms correspond to staining of bacteria with preimmune serum,
while black histograms indicate staining with specific antiserum. The change in mean fluorescence is indicated in the top right-hand corner of each
plot. wt, wild-type; �srtA, srtA deletion mutant; �srtA�, srtA complemented mutant; �, anti.
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ing (FACS) analysis. A comparison of mean fluorescence val-
ues (comparing preimmune and immune sera) for backbone
protein (GBS59) indicated a greater than 90% reduction in
staining for the srtA mutant cells compared to the wild type
(Fig. 4B). Similarly, staining of srtA mutant cells for ancillary
protein 1 (GBS67) was 85% lower than that of wild-type cells
(Fig. 4B). Levels were restored to those of the wild type for
both protein subunits in the srtA complemented strain (Fig.
4B). As reported previously (29), surface staining was negative
for ancillary protein 2 (GBS150). Taken together, these data
imply that in the presence of SrtA, pili are tightly anchored to
the cell wall of the bacteria, whereas in its absence, pili are only
transiently held within the membrane and are therefore sus-
ceptible to release by detergent. The small fraction of cell-
associated pili that are still detectable in the srtA mutant fol-
lowing SDS treatment may represent pili that have failed to be
solubilized by the detergent or that are retained through in-
teractions with other membrane components such as the PI-
associated sortases.

Identification of the pilus anchor protein. Having estab-
lished a role for SrtA in the cell wall anchoring of pili, the next
stage was to identify the protein upon which SrtA was acting.
As a component(s) of the PI was a likely candidate, the amount
of cell-associated pili was analyzed for a panel of deletion
mutants in which expression of each of the PI-2a components
was abrogated: GBS59, GBS67, GBS150 (GBS proteins com-
prising pilus structure), and sortases SAG1405 and SAG1406
(sortase subfamily C enzymes). This analysis showed that, as
had been reported previously (29), deletion of the backbone
protein GBS59 completely eliminated pilus polymerization
(Fig. 5B). The roles of sortases SAG1405 and SAG1406 in
preferentially incorporating ancillary proteins GBS67 and
GBS150 into the pilus structure, respectively (29), were also
confirmed (Fig. 5A). Staining of total protein extracts with
antiserum specific for the backbone protein, which can be
polymerized by SAG1405 or SAG1406 with equal efficiency,
showed that mutants in SAG1406 and GBS150 possessed the
lowest levels of pili among the PI mutants (Fig. 5, upper pan-
els). This implied that GBS150 is the natural substrate of SrtA
and that when GBS150 is absent from pili, due to deletion or
lack of incorporation by SAG1406, pili cannot be covalently
bound to the cell wall and are shed. To confirm this hypothesis,
levels of pilus protein released into the extracellular environ-
ment during growth by each mutant were investigated. Culture
supernatants from wild-type strain 515 and a deletion mutant
of the SAG1405 sortase contained barely detectable levels of
pilus protein (Fig. 5A, lower panel). By contrast, significantly
higher levels of pilus protein were released by the GBS150-
specific SAG1406 sortase mutant, similar to the profile seen in
the absence of SrtA (Fig. 5A, lower panel). Furthermore, anal-
yses of mutants in each of the three pilus proteins revealed that
only the absence of GBS150 resulted in a loss of pilus that
mimicked the effects seen for the srtA mutant (Fig. 5B, lower
panel), albeit at lower levels. That this pilus loss resulted from
a failure of pili to be covalently anchored was further con-
firmed by SDS treatment (Fig. 6). In contrast to wild-type 515
or mutants in SAG1405 or GBS67, significant pilus loss was
observed only in the presence of SDS from the cell surface of
mutants in SAG1406 and GBS150.

Fate of the pilus anchor protein. These data implied that
GBS150 could serve as the target for both the PI-associated
SrtC transpeptidases and for SrtA, with differing outcomes.
SrtC enzymes act upon GBS150 for its incorporation into the
pilus structure, while SrtA targets GBS150 for the purpose of
pilus anchoring. To investigate the nature of these interactions
in greater detail, the fate of GBS150, both as a monomer and
as part of the polymerized pilus, was monitored in the absence
of SrtA, SAG1405, or SAG1406. No polymerized structures
were lost from wild-type cells into the extracellular fraction
upon treatment with SDS, indicating that these pili were se-
curely anchored to the bacterial cell wall (Fig. 7, compare top
blots of both panels). This was also seen for cells lacking
GBS67-specific sortase SAG1405 (Fig. 7, compare top blots of
both panels). By contrast, SDS treatment of srtA mutant cells
resulted in the release of all detectable polymerized GBS150

FIG. 5. Relative abundance of pilus proteins associated with sor-
tase mutants (A) or pilus protein mutants (B) of PI-2a. Proteins were
collected from FMC culture supernatants (lower panels) or harvested
cell pellets (upper panels), as described in Materials and Methods,
blotted onto nitrocellulose, and probed with antiserum directed
against each of the pilus proteins (GBS59, GBS67, and GBS150). wt,
wild-type; �srtA, srtA deletion mutant; �1405 and �1406, pilus-associ-
ated sortase C family deletion mutants; �59, -67, and -150, pilus pro-
tein deletion mutants; �, anti.
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from the cell surface (Fig. 7A, upper panel) and its concomi-
tant appearance in the extracellular fraction (Fig. 7B, upper
blot). No polymerized GBS150 was detected in the absence of
SAG1406, thereby confirming the role of sortase SAG1406 in
principally incorporating GBS150 into pili (Fig. 7A, upper
blot).

Surprisingly, monomeric GBS150 was released by SDS from
all of the strains tested, including the wild-type strain (Fig. 7B,
lower blot). This indicated that, in contrast to polymerized
GBS150, a substantial fraction of the monomer was not co-
valently linked to the cell wall. This fraction may represent
nascent GBS150 that is not yet incorporated into pili and is still
tethered to the membrane through its C-terminal transmem-
brane region. Some monomeric GBS150 remained associated
with the cells following SDS treatment (Fig. 7A, lower blot).
This occurred even in the absence of the SrtA and SrtC
transpeptidases, implying that either an additional component
is interacting with the monomer or that the SDS treatment is
not 100% effective at disrupting the monomer-cell membrane
interactions. Interestingly, some loss of monomeric GBS150
occurred from the SAG1406 mutant, even in the absence of
SDS (Fig. 7B, lower blot). This supports the notion that
SAG1406 interacts with the monomeric form of GBS150 to
incorporate it into the pilus structure. Taken together, these
data imply that a significant proportion of GBS150 monomer is
not anchored to the cell wall and so is susceptible to release by

SDS, whereas once incorporated into the pilus structure,
GBS150 is anchored and is thus SDS resistant.

DISCUSSION

Current models of pilus assembly (24, 32–34), based pre-
dominantly on the prototype PI of C. diphtheriae, propose that
this process comprises two phases: polymerization and anchor-
ing. Since the formation of high-molecular-weight structures
was seen with the srtA deletion mutants generated in this study
and at levels comparable to those of the wild-type strain, it was
clear that pilus formation is not abrogated by the loss of SrtA.
This is in direct contrast to the effects of deleting both SrtC
transpeptidases, which eliminates the generation of all poly-
merized structures (8, 29). Thus, it can be concluded that any
role for SrtA is distinct from that of the PI-associated SrtC
function of subunit polymerization. Nevertheless, the observed
shedding of these structures from the cell surface of the srtA
mutants implied that SrtA does indeed play some role in pilus
assembly, specifically, in the anchoring phase.

Loss of pili from the srtA mutant cell surface correlates well
with the previous findings of Dramsi et al. (8), in which an srtA
mutant in GBS strain NEM316 was shown by transmission
electron microscopy to bear fewer pili on its surface than the
wild type. However, in that study this observation was attrib-
uted to a down-regulation in transcription of the pilus protein
genes and therefore failure to express protein subunits in the
absence of SrtA. The present work, however, found no evi-
dence to support this finding. By contrast, the extracellular
release of significant quantities of pili by srtA mutants and the
visible expression of protein monomers clearly demonstrated
that pilus structures were formed. Based on these data, there-
fore, it would be predicted that the presence of fewer pili on
the surface resulted from shedding into the extracellular envi-
ronment. To further support a role for SrtA in the anchor
phase of pilus assembly, cells were subjected to mild detergent
treatment. Such a method is often employed with gram-posi-
tive bacteria to distinguish between proteins that are mem-
brane associated (SDS soluble) and those that are covalently
anchored to the peptidoglycan of the cell wall (SDS resistant)
(17, 37, 38). In this way it was shown that pili fail to be
covalently attached to the cell wall in the absence of SrtA but,
rather, are held transiently in the cell membrane before being
secreted into the extracellular environment. A similar finding
has also been reported in C. diphtheriae, for which it was shown
that in the absence of the SrtA homologue, SrtF, pili were shed
into the culture medium and were more readily solubilized by
boiling in SDS (33, 37).

Only the absence of ancillary subunit GBS150, either due to
deletion of the gene itself or of the gene encoding the SrtC
transpeptidase (SAG1406) required for GBS150 incorporation
into the pilus, resulted in a profile of pilus loss that mimicked
that of the srtA mutation. This implied, therefore, that GBS150
is the target of SrtA activity in pilus anchoring. Such a role
could explain why surface staining for GBS150 by FACS is
consistently negative (Fig. 4B) (29). Although at present we
cannot say conclusively if this negative staining indicates that
GBS150 is absent from the pilus shaft or that it is present but
hidden from antibodies, one might predict that the anchor
protein would be less accessible throughout the pilus structure

FIG. 6. Effects of mild detergent treatment on sortase mutants
(A) or pilus protein mutants (B) of PI-2a. Bacterial cells were incu-
bated with (�) or without (�) 0.5% SDS for 1.5 h, and the superna-
tants were harvested. Proteins were then extracted as described in
Materials and Methods, blotted onto nitrocellulose, and probed with
antiserum directed against the pilus backbone protein (GBS59). wt,
wild-type; �srtA, srtA deletion mutant; �1405 and �1406, pilus-asso-
ciated sortase C family deletion mutants; �59, -67, and -150, pilus
protein deletion mutants.
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than the other pilus subunits. Importantly, however, based on
the model proposed here, inclusion of GBS150 within the pilus
shaft and its role as the anchor are not mutually exclusive.
Interestingly, FACS staining is also negative for GBS150 ho-
mologues from PI-1 and PI-2b (29), suggesting that these other
PIs of GBS might also utilize an ancillary protein anchor.
Furthermore, these data provide an explanation for the obser-
vation made by Dramsi et al. (8) that the GBS150 homologue
in strain NEM316, GBS1474, was localized predominantly at
the base of the pilus structure, as detected by immunogold
electron microscopy.

The role of GBS150 as the pilus anchor is also supported by
the sequence data. Based on the classification system proposed
by Comfort and Clubb (5), subunits GBS59 and GBS67 both
possess sortase recognition motifs that fit the classic family 3
(SrtC) motif (IPXTGG), while the motif of GBS150 is closer to
that of SrtA (LPKTGM). Nevertheless, it is clear that GBS150
is also recognized by the SrtC transpeptidases as its incorpo-
ration into the pilus structure occurs even in the absence of
SrtA. This implies, therefore, that elements in addition to the
LPXTG motif may determine the specificity of sortase sub-
strates. Data presented here suggest that a significant fraction
of GBS150 monomer is not anchored to the bacterial cell wall,
while in its polymerized form as a component of the pilus,
GBS150 is securely attached. This implies that efficient SrtA
anchoring of GBS150 to the cell wall only occurs following
SrtC-mediated incorporation of GBS150 into the pilus struc-

ture. One might speculate, therefore, that it is a conforma-
tional change in GBS150 following polymerization that enables
it to be recognized by SrtA. Alternatively, the monomeric form
of GBS150 might be protected from SrtA by other proteins,
such as the SrtC transpeptidases themselves, or by a chaperone
protein, as was recently proposed for pilus assembly in group A
Streptococcus (42). Such possibilities are currently under inves-
tigation.

The processes that govern the order for the uptake and
inclusion of each pilus component remain unclear. However,
observations that pilus length is greatly extended upon over-
expression of the backbone subunit (18, 29, 37) imply that
subunit stoichiometry may play at least some part in regulating
overall pilus composition. As such, one might expect to find the
anchor protein in lower abundance than those proteins that
constitute the pilus shaft. That a pool of monomeric GBS150
was found within the cells, therefore, may support the notion
that GBS150 can occur as both a pilus shaft component and as
the pilus anchor. However, since it is not possible to quantify
the relative abundance of each pilus protein by Western im-
munoblotting, this remains a question for future studies.

Taken together, these data can be used to expand on the
recent models proposed for pilus assembly (24, 32–34). This
process initiates with translocation of the pilus precursor sub-
units via the Sec system to the bacterial cell membrane, where
they are retained by means of their C-terminal hydrophobic
tails. Here, they are brought into close proximity with mem-

FIG. 7. Fate of ancillary protein GBS150 in the absence of SrtA or the pilus-associated SrtC transpeptidases. Bacterial cells were incubated with
0.5% SDS for 1.5 h, and the suspensions were subsequently separated into cell-associated (A) and extracellular (B) fractions. Proteins were
extracted as described in Materials and Methods, blotted onto nitrocellulose, and probed with antiserum directed against ancillary protein GBS150.
wt, wild-type; �srtA, srtA deletion mutant; �1405 and �1406, pilus-associated sortase C family deletion mutants.
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brane-associated transpeptidases of both the SrtA and SrtC
subfamilies. In contrast to C. diphtheriae, no initiating tip sub-
unit has yet been found in GBS, but this and previous reports
(29) have shown that it is the backbone subunit, GBS59, and,
to a lesser extent, ancillary protein GBS67 that form the bulk
of the pilus structure. SrtC enzymes, SAG1405 and SAG1406,
therefore function to polymerize predominantly GBS59 and
GBS67 subunits and in this way extend the pilus structure away
from the bacterial cell surface. During this phase the growing
pili interact with the membrane-associated SrtC enzymes, but
these structures are not, however, covalently attached to the
bacterial cell wall. For this to occur, SrtA is required. For SrtA
to recognize and act upon pili, subunit GBS150 must be incor-
porated into the structure via its canonical pilin motif, predom-
inantly by the action of sortase SAG1406. SrtA then cleaves
GBS150 at its LPXTG motif and catalyzes its covalent attach-
ment to peptidoglycan of the cell wall, thereby securely an-
choring the pilus structures to the bacterial surface.

The model reported here relates specifically to PI-2a of
GBS, and studies will now extend to PI-1 and PI-2b. Never-
theless, recent reports of SrtA-mediated pilus anchoring in C.
diphtheriae (33) and Bacillus cereus (4) imply that this may be
a common mechanism among gram-positive bacteria. Given
the potential importance of pili to bacterial pathogenesis and
vaccine strategies, elucidating these models in even greater
detail will remain a priority.
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