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Pili have been observed on the surface of several gram-positive bacteria, including Streptococcus pneumoniae.
The S. pneumoniae strain TIGR4 pilus is composed of three structural subunit proteins encoded in the rlrA
pathogenicity islet, RrgA, RrgB, and RrgC. RrgB comprises the pilus backbone, RrgA is observed at intervals
along surface pili, while RrgC is found in a loosely defined relationship with RrgA. We investigated the
incorporation of each subunit into pili and the reliance of such placement on each of the other subunits. Both
accessory subunits RrgA and RrgC are present in similar quantities in pili of all sizes. However, neither protein
is required for the polymerization of RrgB, suggesting a nonessential role for RrgA and RrgC in the initiation
of pilus assembly. Additionally, the rlrA islet encodes three sortases, SrtC-1, SrtC-2, and SrtC-3 (formerly SrtB,
SrtC, and SrtD), which are divergent in sequence from the housekeeping sortase, SrtA. We determined the
contributions of these four sortases to pilus assembly and found that SrtA is dispensable for pilus assembly
and localization to the cell wall. Instead, SrtC-1, SrtC-2, and SrtC-3 are responsible for pilus assembly and
exhibit functional redundancy with respect to backbone assembly and cell wall localization. A level of specificity
and coordination among the class C sortases was revealed by the finding that SrtC-1 and SrtC-3 are required
for the incorporation of the accessory subunits and by showing a deleterious effect on pilus assembly upon
alteration of the cell wall sorting signals of the accessory subunit proteins.

Streptococcus pneumoniae is a human commensal and patho-
gen that can infect various areas of the body, resulting in otitis
media, meningitis, pneumonia, and septicemia. The bacteri-
um’s diversity of infectious routes results in much interest in
the surface proteins of S. pneumoniae, as they are often in-
volved in the switch from a harmless commensal to a virulent
pathogen and also play a role in determining the type of dis-
ease that is caused.

Recently, a group of surface proteins was found to form a
multisubunit pilus on the surface of S. pneumoniae (3, 18).
With this finding, S. pneumoniae joins a group of eight gram-
positive bacteria that have been reported to encode pili. Al-
though a comprehensive model of pilus assembly is lacking, the
requirements for this process are beginning to be elucidated.
Work done with Corynebacterium diphtheriae has determined
that conserved genetic requirements necessary for pilus forma-
tion include the pilin motif (WxxxVxVYPK), E box domain
(YxLxETxAPxGY), and cell wall sorting signal (CWSS)
(LPxTG, followed by a stretch of hydrophobic and then
charged amino acids), each present within the major pilin
subunit (26, 28, 29). These findings, in addition to the recently
solved crystal structure of the Streptococcus pyogenes pilus (15),
which elucidated the peptidyl linkage of one major pilin sub-
unit to the next, lend support to the “sortase-pilus” hypothesis
proposed by Ton-That and Schneewind as a model of pilus
assembly as a sortase-mediated event (17). According to this

hypothesis, the major subunit is assembled into a pilus by a
cis-encoded sortase that catalyzes the covalent attachment be-
tween the conserved pilin motif lysine residue of one subunit
with the conserved threonine residue of the CWSS of another
subunit. In addition, one or more accessory subunits are incor-
porated into the pilus by a mechanism that is unknown but
requires one or more cis-encoded sortases, as well as the con-
served E box domain within the major pilin protein. This sor-
tase-mediated assembly pathway results in a pilus that consists
of a major subunit and is decorated with one or more accessory
subunits. We sought to establish this model further in S. pneu-
moniae, as the mechanism of assembly of the pilus in this
organism has not been extensively addressed.

The S. pneumoniae pilus is encoded by the rlrA pathoge-
nicity islet, a 12-kb locus flanked by IS elements, which
contains seven genes (11). The first gene in the islet is rlrA,
which positively regulates itself and other genes in the islet
(12). The other six genes code for three surface proteins,
RrgA, RrgB, and RrgC, and three sortases, SrtC-1, SrtC-2,
and SrtC-3. A housekeeping sortase, SrtA, is encoded else-
where in the genome. In the last several years, it has been
shown that the three surface proteins are polymerized into
a surface-localized pilus (3, 18). RrgB contains a pilin motif,
E box, and CWSS and is the major pilin subunit forming the
shaft or backbone of the pilus. In an rrgB-null strain, no pilus
is formed. Additionally, RrgB is not dependent on either of
the two accessory Rrg proteins for polymerization; however,
RrgA and RrgC are both found in the pilus. Both RrgA and
RrgC contain a CWSS and E box-like motifs where the
conserved threonine in the latter is instead an asparagine
and leucine, respectively. By immuno-gold transmission
electron microscopy (TEM), RrgA is detected at regular
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intervals along surface pili (18), and although RrgC’s loca-
tion is unclear, it was recently reported to be located within
purified pili both in single units and clustered with RrgA
(13).

Three other genes within the rlrA islet encode class C sor-
tases, which have been shown to be involved in pilus formation
(9). Because they are classified as such, we propose here that
the previous nomenclature for these genes (srtB, srtC, and
srtD) be changed to the more appropriate nomenclature of
srtC-1, srtC-2, and srtC-3 (9). Sortases are a family of enzymes
found in gram-positive bacteria that act as both proteases and
transpeptidases (19, 25, 27). They have a conserved catalytic
site sequence, TLxTC, which is found in all four of the sortases
found in the S. pneumoniae genome. There is one sortase
found in the genome of almost every gram-positive bacterium
looked at to date, with the exception of Mycobacterium and
Microplasma (22), referred to as the housekeeping sortase,
which covalently links proteins to the cell wall. Sortase-medi-
ated cell wall localization requires that the protein that is
linked to the cell wall have two domains. The first is a signal
sequence that targets the protein for export out of the cell. The
second is a sortase-recognized CWSS typically found in the
carboxy-terminal region of the protein. It is this LPxTG motif
that interacts with the sortase and is the location of the cova-
lent attachment of the protein to the cell wall.

The S. pneumoniae pilus cluster is similar to the widely
studied C. diphtheriae pilus in that there are three subunit
proteins that make up the pilus. However, there is a distinction
between the two bacteria as the rlrA islet encodes three sorta-
ses and C. diphtheriae has two sortases per pilus cluster (with
three clusters in the genome) (29). Additionally, the CWSSs of
the pilin subunits in C. diphtheriae have the canonical SrtA-
recognized LPxTG motif; however, the three S. pneumoniae
Rrg proteins that assemble into the pilus each have a motif that
is divergent from this canonical CWSS motif. The CWSS
LPxTG motifs of RrgA, RrgB, and RrgC are YPRTG, IPQTG,
and VPDTG, respectively, each with a variant first amino acid.
Intrigued by the variant CWSSs, we used mutants that have
either an altered first amino acid of the CWSS or a replace-
ment of the entire CWSS in order to investigate whether the
CWSS confers specificity on the sortases that assemble each
Rrg protein into the pilus or whether the first amino acid of the
LPxTG motif is the specificity determinant.

In addition to the pilus-associated sortases, a role has been
described for the housekeeping sortase in pilus assembly in
Bacillus cereus, C. diphtheriae, and Streptococcus agalactiae (6,
21, 24). Therefore, we were interested in determining if the
housekeeping sortase of S. pneumoniae, SrtA, is involved in the
assembly of the pilus and localization of the pilus to the cell
wall. We hypothesized, due to their variant CWSSs, that the
Rrg proteins would not be substrates for SrtA for either as-
sembly into pili or localization to the cell wall. Indeed, we show
here that an srtA mutant has a wild-type amount of pili in the
cell wall, suggesting that the housekeeping sortase is not nec-
essary for pilus polymerization or localization. By addressing
details of the assembly of the RlrA pilus, we have started to
uncover a complex mechanism by which the three proteins are
constructed into a pilus and to determine the individual roles
of the sortases in this process.

MATERIALS AND METHODS

Strains and bacterial growth. The S. pneumoniae strains used in this study are
listed in Table 1. Cultures were grown in Todd-Hewitt broth plus 0.5% yeast
extract supplemented with 5 �l ml�1 Oxyrase (Oxyrase, Inc., Mansfield, OH).
The antibiotic concentrations used were as follows: streptomycin, 100 �g ml�1;
chloramphenicol, 4 �g ml�1; spectinomycin, 200 �g ml�1. DNA was introduced
into S. pneumoniae strain TIGR4 by natural transformation as previously de-
scribed (5), and all mutations were confirmed by PCR and DNA sequencing.
Except for the RrgC V307Y mutant strain, the triple sortase deletion (srtC1-C3)
strain, and the rrgA rrgC double mutant, all strains were as previously reported
(11, 18). Briefly, the srtC-1, srtC-2, and srtC-3 mutants contain a mariner trans-
poson derivative (magellan2 or magellan5 [11]) inserted to create a disruption of
the gene or its expression; srtC-1 (magellan5 insertion at nucleotide 336 of the
coding region), srtC-2 (magellan5 insertion 27 nucleotides upstream of the start
codon), and srtC-3 (magellan2 insertion at nucleotide 137 of the coding region).
These transposon insertions were shown not to exert a polar effect on down-
stream gene expression by RNase protection assays (D. Hava and A. Camilli,
unpublished data). The srtA mutant was generated by insertion-duplication with
a derivative of the suicide vector pAC1000 (14) containing bases 20 to 402 of
srtA, which correspond to TIGR4 genome coordinates 13791 to 14173 (http://cmr
.jcvi.org). The 5� and 3� ends of this sequence are flanked by the extra sequences
5�-GATT-3� and 5�-AATC-3�, respectively, introduced by subcloning, and the
entire sequence was inserted into the SacII and SpeI polylinker sites in pAC1000.

Construction of strains. The RrgC V307Y point mutant was constructed by
splicing by overlap extension PCR (23) with primers that alter the amino acid
valine at position 307 (GTG) to a tyrosine (TAT). The primers that were used for
this are (5� to 3�) as follows: V307YF2, ACGGATTGATTATCCAGATACAG
GGGAAGAAAC; V307YR1, CTGTATCTGGATAATCAATCCGTGGTCGC
TTGT; V307YF1, GAGAATCAGATTGAAGTATCTC; V307YR2, TCAGCA
GTACCAGCATAAAC.

The rrgA rrgC double mutant was constructed by transforming the magellan5
transposon insertion from strain AC1215 into a previously constructed strain
containing a clean deletion of rrgC (18). The deletion of rrgC was confirmed by
PCR after transposition.

The triple sortase deletion was constructed in the manner described previously
(14). The entire coding region of the three sortases was replaced with a chlor-
amphenicol resistance cassette, cat, which has its own promoter. The cat cassette
was PCR amplified from the suicide vector pAC1000 with the already described
primers catF1 and NcatR1. Fragments were PCR amplified from the S. pneu-
moniae TIGR4 chromosome that were 1 kb upstream of the start of srtC-1 with
primers (5� to 3�) srtC1F (AACAGATACAATGACAACAAAG) and srtC1R
(GAAGAAGGTTTTTATATTACAGCTCCACCCTTTATCTTCAAACT
CAT) and 1 kb downstream of the stop of srtC-3 with primers srtC3F (CAAG
CTTATCGATACCGTCACCTTTTCTTTATCTTTGAG) and srtC3R (AACC
AATTGAAGAAATATGAC). The primers srtC1R and srtC3R each contain a
region of homology with the cat cassette, allowing the fusion of each of these
1-kb fragments of DNA to the cat cassette by splicing by overlap extension. This
final 3-kb PCR product of the cat cassette flanked by 1 kb of DNA upstream and

TABLE 1. S. pneumoniae strains used in this study

Strain Relevant characteristic(s) Reference
or source

TIGR4 Wild-type serotype 4 encapsulated 11
AC353 Smr derivate of TIGR4 5
AC1215 AC353 rrgA::magellan5 Smr Spcr 11
AC1216 AC353 rrgB::magellan5 Smr Spcr 11
AC1217 AC353 rrgC::magellan5 Smr Spcr 11
AC1218 AC353 srtC1::magellan5 Smr Spcr 11
AC1219 AC353 srtC2::magellan5 Smr Spcr 11
AC1214 AC353 srtC3::magellan2 Smr Cmr 11
AC1335 AC353 �srtA Smr 18
AC1441 rrgA::rrgCCWSS Smr 18
AC1443 rrgA::LPXTGCWSS Smr 18
AC1446 AC1442 �srtA Smr Cmr 18
JL50 rrgA-HA �rrgB �rrgC Smr 18
JL51 �rrgC rrgA::magellan5 Smr Spcr This study
JL52 AC353 �islet Smr 18
JL53 AC353 RrgC (V307Y) Smr This study
JL54 AC353 �srtC1-srtC3 Smr Cmr This study
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downstream of the three sortases was transformed into S. pneumoniae TIGR4 as
previously described (5), and the double recombination event was selected for
with medium containing 4 �g/ml chloramphenicol.

Production of anti-RrgA and anti-RrgC antibodies. The portion of rrgC en-
coding amino acids 28 to 361 was cloned into the pTYB12 vector, and the
IMPACT-CN protein purification strategy of New England BioLabs was used in
order to express and purify the polypeptide. An amino-terminally hexahistidine-
tagged, truncated form of RrgA (amino acids 499 to 866) was cloned into the
expression vector pQE30. The cloned polypeptides were purified, dialyzed into
phosphate-buffered saline, and injected into 8-week-old BALB/c female mice in
combination with an adjuvant. Two weeks later, the mice were boosted and
antisera were obtained after another 2 weeks. The antisera were used directly for
detection of the proteins via Western blotting. Antiserum against RrgB was
produced as previously described (18).

Fractionation of S. pneumoniae. The fractionation of S. pneumoniae cultures
into cell wall, protoplast, and culture supernatant was done as previously de-
scribed by Bender et al. (4). Cultures were grown to an optical density of 0.5 to
0.6, and the cells were centrifuged at 4,000 � g for 15 min at 4°C. Ten milliliters of
supernatant was removed and concentrated to a volume of 1 ml by centrifugation
with an Amicon Ultra centrifugal filter device (3,000-molecular-weight cutoff).
The pellet was washed once in protoplast buffer (20% sucrose, 50 mM MgSO4, 50
mM Tris [pH 7.4]) and spun at 16,100 � g for 15 min at 4°C. The pellet was
resuspended in 1 ml protoplast buffer containing 40,000 U of mutanolysin
(Sigma). The cell wall was digested for 2 h at 37°C. The lysates were centrifuged
at 16,100 � g at 4°C for 10 min. The supernatant containing the cell wall fraction
was removed, and the protoplast pellet was resuspended in 1 ml protoplast
buffer.

Measuring pilus assembly by immunoblot analysis. Fractionation samples
were boiled in sodium dodecyl sulfate (SDS)-gel loading buffer (50 mM Tris-Cl
[pH 6.8], 2% SDS, 0.5% bromophenol blue, 10% glycerol, 100 mM �-mercap-
toethanol) for 10 min before gel electrophoresis. After cooling to room temper-
ature (RT), the samples were loaded onto a NuPAGE 3 to 8% Tris-acetate gel
(Invitrogen) and run at 150 V for 80 min and the gel was transferred to a
nitrocellulose membrane (Invitrogen). The membrane was blocked with 5%
nonfat milk in phosphate-buffered saline with 0.1% Tween (PBS-T) for 1 h at
RT. All membranes were left in primary antisera overnight at 4°C. After four
successive washes in PBS-T, the membranes were left in secondary antibody
(sheep anti-mouse immunoglobulin G-horseradish peroxidase [Amersham]) for
1 h at RT. Protein was detected with the ECL-Plus horseradish peroxidase
Western blotting detection kit (Amersham).

Quantification of pili with a 125I-labeled secondary antibody. In order to
quantify the amount of RrgB protein in pili, the same protocol was followed as
described above for measuring pilus assembly by immunoblot analysis. However,
for incubation of the secondary antibody, 10 �Ci of radioactive secondary anti-
body (125I-labeled goat anti-mouse immunoglobulin G [Perkin-Elmer]) was
added to 10 ml PBS-T and the membrane was incubated for 2 h at RT. The
membranes were washed three times, and RrgB was visualized by phosphorim-
aging. Quantitation was analyzed with ImageQuant TL software (Amersham).

RESULTS

The requirements of the accessory pilin subunits for incor-
poration and the covalent association of RrgA and RrgC. The
incorporation of accessory subunits into the pilus backbone
proceeds by an unknown mechanism. We wanted to determine
the requirement for each of the three pilus subunits for this
incorporation. In order to investigate this mechanism, the
TIGR4 wild-type strain and isogenic rrg mutants were grown to
the same optical density and the cultures were separated into
three fractions, i.e., the culture supernatant, protoplast, and
cell wall. Each of the fractions was electrophoretically sepa-
rated under reducing conditions and probed separately by
Western blotting with antisera against the individual pilin sub-
units. In the cell wall fraction of the wild-type strain, all three
subunits are detected within high-molecular-weight (HMW)
bands, where the bands represent pili of different lengths. The
predicted molecular masses of the mature Rrg subunit proteins
are as follows: RrgA, 92.7 kDa; RrgB, 64.9 kDa; RrgC, 38.9

kDa. Interestingly, the intensity of the labeling varied among
the subunit-specific antisera. Specifically, the intensity of RrgB
staining increased dramatically as the molecular weight of the
pilus bands increased (Fig. 1A, lane 1). This is consistent with
the presence of increasing amounts of this pilus backbone
subunit as pilus length increases. In contrast, the intensity of
RrgA labeling is constant, even for lower-molecular-weight
pilus bands predicted to contain only one or a few subunits
(Fig. 1B, lane 1). This suggests that the same amount of RrgA
is present within each band, which leads us to hypothesize that
each pilus species contains one or, at most, two RrgA subunits.

In an rrgC mutant strain, RrgA is still incorporated into pili,
suggesting that incorporation of RrgA is not dependent on
RrgC (Fig. 1B, lane 7). The reverse is also true; i.e., RrgC is
incorporated into the pilus in an rrgA mutant strain (Fig. 1C,
lane 3). However, in an rrgB mutant strain, in which no pilus
backbone is formed, both RrgA and RrgC remain in the cell
wall fraction, where they comigrate in a nonladder form at a
molecular mass of �170 kDa (asterisks in Fig. 2A, lane 3, and
B, lane 2). A second RrgA-positive band of �120 kDa is
observed in the rrgB mutant strain cell wall (cross in Fig. 2A,
lane 3); however, this band does not contain RrgC as it is not
recognized by the anti-RrgC antiserum. This was determined
by stripping and reprobing the blot (data not shown). It is
possible that this RrgA-positive band is a monomer of RrgA
that is running at a higher molecular mass (�120 kDa) than its
sequence would predict (92.7 kDa). The B. cereus pilin subunit
BcpA has also been noted to appear larger via gel electrophoresis
than would be expected (6). However, it cannot be ruled out that
this band, which is larger than the predicted monomeric size of
RrgA, is a multimer of RrgA proteins. The formation of RrgA
multimers would be consistent with prior studies that detected
RrgA clusters by immuno-gold TEM (13, 18).

In an rrgB rrgC double mutant, an RrgA-positive species is
observed at �60 kDa (Fig. 2A, lane 5), which is substantially
lower than the predicted molecular masses of both mature
RrgA and the RrgA-positive species that is observed in either
the rrgB or the rrgC single mutant (Fig. 2A, lanes 3 and 4). This
shift to a lower molecular mass of �60 kDa suggests that this
form of RrgA is monomeric with additional processing events
taking place or is a degradation product. In a prior report
examining the localization of RrgA in the cell wall of an rrgB
rrgC double mutant, a faint �60-kDa putative degradation
product is observed in addition to a major band of �100 kDa
that is presumably monomeric RrgA (20). Because a major
band of this size is not visualized in our data, we hypothesize
that there are strain differences or variations in the growth
conditions used in the two studies that led to these contrasting
results.

The observation that the �170-kDa RrgA- and RrgC-posi-
tive bands comigrate in the rrgB strain cell wall fraction, even
after boiling in SDS and denaturing electrophoresis, suggests
that RrgA is covalently attached to RrgC and thus that they
may be found together in the pilus. To examine this further,
the membrane that was probed with anti-RrgC was stripped
and reprobed with anti-RrgA antiserum. The �170-kDa band
was detected with the anti-RrgA antiserum (data not shown),
indicating that it contains both RrgC and RrgA. The presence
of RrgA together with RrgC within native pili is supported by
immuno-gold TEM data showing that RrgA is typically found
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in clusters in surface pili, with RrgC found either colocalized
with these RrgA clusters or in what appear to be single copies
in pili (13). Interestingly, this same 170-kDa RrgA-RrgC spe-
cies can be seen in the culture medium (supernatant) of an rrgB
strain when it is probed with both anti-RrgA and anti-RrgC
antisera (Fig. 1B, lane 6, and C, lane 8). This indicates that the
RrgC and RrgA multimer is released into the culture medium
when RrgB is absent.

RrgB polymerization occurs in the absence of both RrgA
and RrgC. To further investigate the requirements for the
backbone protein, RrgB, to polymerize, we tested whether
RrgA or RrgC is necessary for RrgB polymerization to occur.
Although we knew from previous results that one of the two
could be absent and still result in RrgB polymerization (Fig. 1),
we wanted to test the hypothesis that the polymerization of
RrgB would not occur in the absence of both accessory pro-
teins. Therefore, we constructed an rrgA rrgC double mutant
and used Western blotting to determine if RrgB could still
polymerize. This mutant strain retained the ability to polymer-
ize RrgB into HMW pili localized in the cell wall fraction (Fig.
3B). Therefore, we conclude that neither accessory subunit is

required for the processes of RrgB polymerization and local-
ization to the cell wall.

The housekeeping sortase, SrtA, is dispensable for pilus
assembly and cell wall localization. In order to investigate the
sortase requirements for RrgB polymerization and localization
to the cell wall, we constructed strains lacking each of the four
sortase genes present in TIGR4. We first investigated a possi-
ble role for SrtA in pilus biogenesis and cell wall localization
since, in three distinct pilus systems, it has been shown that the
housekeeping sortase facilitates the anchoring of pili to the cell
surface. A strain lacking srtA was able to assemble RrgB into
HMW pili and, surprisingly, was unaffected in its ability to
localize pili to the cell wall (Fig. 4A, lanes 1 and 2). If anything,
the srtA mutant appeared to produce more cell wall-localized
pili than the wild type. In order to investigate this possible
difference in expression level further, the fractions were ana-
lyzed by quantitative Western blotting with a radioactive sec-
ondary antibody (Fig. 4B and C). The values are the averages
of two separate experiments that gave similar results. Although
there is threefold more RrgB detected in the srtA cell wall
fraction, there is a similar increase in RrgB detected in the

FIG. 1. Incorporation of pilin subunits into pili in the absence of individual subunits. Bacterial and culture fractions (cell wall [cw], protoplast
[pplast], and culture supernatant [sup]) of the wild type (wt) and an rrgA, rrgB, or rrgC mutant strain were separated by SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose, and probed with antisera against RrgB (A), RrgA (B), and RrgC (C). As a negative control, the cell
wall fraction of a mutant strain corresponding to the antiserum that was used in each panel is included. The HMW bands represent pili of differing
lengths. The values on the left of each panel are molecular weight marker sizes in kilodaltons.
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other two fractions of this mutant. Thus, the amount of RrgB
released into the culture supernatants was similar for the wild-
type and srtA mutant strains, 5 and 6%, respectively. The small
fraction of RrgB that is found in the culture supernatant may
be due to peptidoglycan turnover. Based on these results, we
hypothesize that SrtA is dispensable in S. pneumoniae for the
processes of pilus polymerization and cell wall localization.

Pilus assembly in class C sortase mutants. Having found no
detectable role for SrtA in pilus biogenesis, we turned our
attention to the three class C sortases encoded in the rlrA pilus
locus. We first asked whether RrgB polymerization would oc-
cur in the absence of all three class C sortases by constructing
a triple sortase deletion strain (srtC1-C3). RrgB polymeriza-
tion was undetectable in this strain (Fig. 5), indicating a re-
quirement for one or more of these sortases in pilus assembly.

We next investigated the requirement of the three individual
class C sortases for pilus assembly by probing individual sortase
mutants for the ability to polymerize RrgB into pili (Fig. 6A).
The Western blot results show that RrgB polymerization does
not rely on any one class C sortase. That is to say that RrgB is
polymerized into cell wall-localized HMW pili in an srtC-1,
srtC-2, or srtC-3 mutant strain (Fig. 6A, lanes 6, 11, and 14). To
investigate the incorporation of the accessory pilin subunits in
these sortase mutants, the same cell wall fractions were probed
with antisera to RrgA and RrgC. In an srtC-2 mutant strain,
both RrgA and RrgC are present in HMW pili, showing that
srtC-2 is not required for either of these subunits to be incor-
porated into pili (Fig. 6B and C, lane 11 in each panel). In
contrast, the srtC-1 and srtC-3 mutants show greatly reduced
RrgC and RrgA incorporation into pili (Fig. 6B and 6C, lanes

FIG. 3. RrgB polymerization occurs in the absence of both RrgA
and RrgC. The bacterial cell wall (cw) fraction of the wild type and an
rrgA rrgC strain was separated by SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose, and probed with antisera
against RrgA (A), RrgB (B), and RrgC (C). The values on the left of
each panel are molecular weight marker sizes in kilodaltons.

FIG. 2. RrgA and RrgC form a complex in the cell wall compartment. The bacterial cell wall (cw) fractions of the wild type; rrgA, rrgB, and rrgC mutants;
and an rrgB rrgC double mutant were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed with anti-RrgA (A) or
anti-RrgC (B) antiserum. The band representing an RrgA/RrgC multimer is indicated with an asterisk, and the large and small RrgA bands are represented by
one or two crosses, respectively, with a key below the panel. The values on the left of each panel are molecular weight marker sizes in kilodaltons.
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6 and 14 in each panel). These data indicate that there is
redundancy in the sortases for incorporation of RrgB into pili
but specificity in the recognition and/or processing of the ac-
cessory subunits RrgA and RrgC.

There is an abundant band (�75 kDa) in the culture super-

natant recognized by the RrgC antisera, as shown in Fig. 1C,
6C, 7C, 8, and 9C. However, this band is a cross-reactive
species as it is detected at the same intensity in the supernatant
fraction of an rrgC mutant strain (Fig. 8, lane 6). It is also seen
in the supernatant fractions, although to a lesser extent, when
they are probed with antisera to RrgB and RrgA. It is unclear
if this cross-reactive band represents a component of the cul-
ture medium or is a secreted protein of S. pneumoniae.

The variant CWSSs of the Rrg proteins determine sortase
specificity. In most of the gram-positive pilus clusters exam-
ined to date, the pilin subunits have a CWSS that begins with
the canonical leucine of the LPxTG motif. S. pneumoniae
TIGR4, in contrast, has three pilin subunits, RrgA, RrgB, and
RrgC, with variant first amino acids of Y, I, and V, respectively.
In order to test if these amino acids or, alternatively, the entire
CWSS determines the specificity of assembly by the sortases,
three mutant strains with altered CWSSs were examined for
subunit incorporation into the pilus.

The first strain, RrgC V307Y, is isogenic with the wild type
except for a change of the first amino acid of the CWSS of
RrgC to that of RrgA. When this mutant strain was fraction-
ated and probed with RrgB, RrgA, and RrgC antisera, it was
apparent that it had a profound defect in pilus assembly (Fig.
7, lane 3 in each panel). There is a small amount of HMW pili
found in the cell wall and protoplast fractions (Fig. 7B, lanes 3
and 4), suggesting that pilus assembly is not completely
blocked. When incorporation of the accessory subunits was
investigated in this mutant, it followed that they were no longer
seen in an HMW ladder form due to a defect in RrgB poly-
merization (Fig. 7A and C, lane 3 in both panels).

FIG. 4. SrtA is not required for pilus polymerization or localization
to the cell wall. (A) Bacterial and culture fractions (cell wall [cw],
protoplast [pplast], and culture supernatant [sup]) of the wild type (wt)
and an srtA strain were separated by SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose, and probed with antiserum
against RrgB. As a negative control, an rrgB strain was included. The
values on the left are molecular weight marker sizes in kilodaltons.
(B) Quantification of RrgB in HMW pili with a 125I-labeled secondary
antibody. (C) The amount of HMW RrgB protein in each sample is
shown. These values are the averages of two separate experiments, one
of which is the blot shown in panel B.

FIG. 5. The class C sortases encoded in the islet are required for
pilus polymerization. The bacterial and culture fractions (cell wall [cw],
protoplast [pplast], and culture supernatant [sup]) of an srtC1-C3 triple
sortase deletion mutant strain were separated by SDS-polyacrylamide
gel electrophoresis, transferred to nitrocellulose, and probed with an-
tiserum against RrgB. The bacterial cell wall fraction of the wild type
was run as a positive control. The values on the left are molecular
weight marker sizes in kilodaltons.
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Although it was not incorporated into the pilus, the analysis
of RrgA in the RrgC V307Y strain yielded two interesting
results. Probing with RrgA antiserum revealed that RrgA is
retained in the cell wall in the previously mentioned �120-kDa

species (Fig. 7A, lane 3). This indicates that the localization of
RrgA to the cell wall and, if the �120-kDa species is a RrgA
dimer, linkage to itself are not dependent on polymerization of
RrgB. In contrast, the �170-kDa RrgA/RrgC multimer was no
longer detected in the RrgC V307Y mutant cell wall (Fig. 7C,
lane 3). Due to the lack of the RrgC V307Y protein in the cell
wall fraction, either in the monomeric form or in the �170-
kDa RrgA/RrgC multimer, we hypothesize that a specific in-
teraction between RrgC and one or more sortases has been
disrupted or altered in the RrgC V307Y mutant, resulting not
only in inhibition of pilus assembly but also inhibition of the
linkage of RrgC to RrgA. We hypothesize that this blockage of
the sortase complex, and potential jamming of the Sec trans-
locon, results in the degradation and/or a block in translation
of the Rrg proteins. An alternative possibility is that the point
mutant is unstable in the cell and is therefore not detected. To
test this second possibility, we examined the expression of the
RrgC V307Y mutant protein by Western blotting with a 4 to
12% gel in order to visualize lower-molecular-weight proteins.
The RrgC V307Y mutant protein was expressed and stable, as
it is seen in the cell wall fraction in an �38-kDa form (Fig. 8,
lane 7), which is in agreement with the predicted molecular
mass of the mature form of RrgC (38.9 kDa). In the cell wall
fraction of a wild-type strain (Fig. 8, lane 1), RrgC is not found
in this presumably monomeric form but is instead present in
HMW pili. Based on this result, we favor the first hypothesis,
i.e., that lack of RrgB polymerization in this strain is a result of
the RrgC V307Y point mutant “poisoning” the pilus assembly
sortase complex.

Additionally, we wanted to investigate whether or not pili
would be formed in a strain where the entire CWSS of an
accessory subunit protein was replaced. A previously con-
structed strain was used in which amino acids including and
downstream of the YPxTG sequence from RrgA were pre-
cisely replaced with the CWSS of RrgC. In this chimera, re-
ferred to as rrgA::rrgCCWSS, RrgB was polymerized into a pilus
(Fig. 7B, lane 6). Additionally, RrgC is incorporated into the
pilus (Fig. 7C, lane 6). In contrast, there is no RrgA chimera
found in the pilus, although the protein was produced since it
can be identified at a low molecular mass (�120 kDa) in large
amounts in all three fractions (Fig. 7A, lanes 6 to 8). Notably,
the �170-kDa RrgA/RrgC multimer is not detected in this
strain, indicating that the chimera inhibits the linkage of RrgA
to RrgC.

Interestingly, there is a large amount of low-molecular-
weight RrgA chimera found in the supernatant fraction, where
RrgA does not normally accumulate in the wild type (Fig. 7A,
lane 2 compared with lane 8). This suggests that a specific
interaction between RrgA and one or more sortases has been
altered in the rrgA::rrgCCWSS mutant, resulting in missorting of
a significant fraction of the chimera which is released into the
culture supernatant in monomeric and/or dimeric form. How-
ever, this missorting does not inhibit RrgB and RrgC pilus
assembly.

The canonical LPxTG CWSS cannot substitute for a pilus-
specific CWSS. We wanted to further investigate the role of
the CWSS and, more specifically, if altering the RrgA CWSS to
a canonical SrtA-mediated CWSS would affect its ability to be
incorporated into pili and/or its localization to the cell wall in
both the wild type and an srtA mutant. Although we demon-

FIG. 6. Redundancy of the sortases for pilus assembly. Bacterial
and culture fractions (cell wall [cw], protoplast [pplast], and culture
supernatant [sup]) of the wild-type (wt) and srtC-1, srtC-2, and srtC-3
mutant strains were separated by gel electrophoresis, transferred to
nitrocellulose, and probed with antiserum against RrgB (A), RrgA (B),
or RrgC (C). As a negative control, a cell wall fraction of a strain in
which the entire islet has been deleted was run on each gel. In panel B,
the band corresponding to an RrgA/RrgC multimer is indicated with
an asterisk, the RrgA band is represented by one cross, and a key is
provided below the panel. The values on the left of each panel are
molecular weight marker sizes in kilodaltons.

6008 LEMIEUX ET AL. J. BACTERIOL.



strated above that SrtA is not required for pilus assembly or
localization to the cell wall, we were interested in the possibil-
ity that adding a canonical CWSS would create a situation in
which SrtA gained the function of incorporating RrgA into the
pilus.

In order to address this, we fractionated a previously re-
ported chimeric strain that has the RrgA CWSS precisely re-
placed by the CWSS of the LPxTG motif protein SP0082. The
chimeric RrgA protein, referred to as rrgA::LPXTGCWSS, was
not incorporated into pili but was found in the cell wall and
supernatant fractions in an �120-kDa species (Fig. 9A, lanes 2
and 4). Additionally, the srtA mutation resulted in reduced
levels of this band in the cell wall fraction (Fig. 9A, lane 5).
These data are consistent with the model in which specificity in
the sorting process is determined by the CWSS.

Similar to the result obtained with the rrgA::rrgCCWSS chi-
mera (Fig. 7), the rrgA::LPXTGCWSS chimera does not inhibit
pilus polymerization as RrgB is still polymerized into an HMW

ladder when visualized via Western blotting (Fig. 9B, lane 2).
Additionally, the loss of SrtA in this strain has no effect on
RrgB polymerization (Fig. 9B, lane 5). Similarly, RrgC incor-
poration into the pilus was not interrupted by the presence of
the chimeric protein or the deletion of srtA in the chimeric
strain (Fig. 9C, lanes 2 and 5). These data suggest that mis-
sorting of RrgA, by either SrtA or the pilus-associated sortases,
does not interfere with polymerization of RrgB or with the
incorporation of the accessory subunit RrgC into pili.

DISCUSSION

In gram-positive bacteria, the processes of multisubunit pilus
assembly and localization to the cell wall is incompletely un-
derstood. Namely, the mechanism of incorporating the acces-
sory subunits into pili and the sortase functions that distinguish
between backbone assembly and accessory subunit incorpora-
tion remain black boxes. To address this complex process, and

FIG. 7. The variant CWSSs of the Rrg proteins generate specificity in the pilus assembly process. Bacterial and culture fractions (cell wall [cw],
protoplast [pplast], and culture supernatant [sup]) of wild-type (wt) and RrgC V307Y and rrgA::rrgCCWSS mutant strains were separated by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed with anti-RrgA (A), anti-RrgB (B), and anti-RrgC (C) antisera.
The values on the left of each panel are molecular weight marker sizes in kilodaltons.

VOL. 190, 2008 SORTASE-MEDIATED S. PNEUMONIAE PILUS ASSEMBLY 6009



building upon a previous study (18) that showed that incorpo-
ration of RrgA into pili required SrtC-3, we sought to deter-
mine the requirements of each of the pilus subunits and of
each of the sortases for pilus biosynthesis.

It was shown that RrgB requires neither RrgA nor RrgC for
polymerization, but both of these accessory subunits require
the backbone pilin, RrgB, for incorporation into the pilus. It
was also seen, through analysis of a mutant lacking RrgB, that
RrgA and RrgC are covalently linked and are localized to the
cell wall. Although we have no data to suggest a mechanism for
RrgA linkage to RrgC, it is possible that the E box-like motifs
found in both of these proteins play a role. We do not have an
understanding of how the E box motif functions in incorporat-
ing accessory subunits into pili. However, it has been shown
that the glutamic acid within the E box is required for this
incorporation to occur. Because RrgA and RrgC have the
conserved glutamic acid in their E box-like motifs, it is plau-
sible that these two subunits are linked in a manner similar to
how accessory subunits are incorporated into pili.

There are many roles that can be proposed for the RrgA and
RrgC accessory proteins, both separately and together. Al-
though RrgA has been shown to mediate adherence to host
cells in vitro, it is likely that it serves multiple roles, some of
which may rely on its association with RrgC. As RrgB is known
to function as the pilus backbone subunit, we postulate roles
for RrgA and RrgC in the assembly or regulation of the as-
sembly of the pilus. For example, in the wild-type strain, these

accessory proteins could initiate the pilus polymerization pro-
cess. Additional or alternative possible roles include the acces-
sory subunits acting as stabilizers or, in contrast, adding flexi-
bility to surface pili or pilus bundles. All of these possibilities
require further experimentation for verification and clarifica-
tion.

One model that we favor, and which our data support, is that
the accessory subunits, either singly or in an RrgA/RrgC mul-
timer form, are found at the tip of each pilus. This idea is
supported by Western blot analysis showing that these two
accessory proteins are found in similar quantities within each
“rung” of the ladder of bands that we believe represent pili of
different lengths. These data indicate that there is at least one
(and possibly multiple) RrgA or RrgC subunit in each pilus,
even low-molecular-weight pili that are near the bottom of the
ladder and which likely consist of only two or three subunit
proteins. This could only be possible if these proteins were
involved in the initiation of pilus assembly. This model is also
parsimonious with the sortase-pilus hypothesis proposed by
Ton-That and Schneewind, which hypothesizes that the lysine
found in the pilin motif of the major pilin is the nucleophile
that mediates subunit incorporation at the base of the growing
pilus. Specifically, new subunit incorporation is thought to oc-
cur through the pilin motif lysine amino group performing a
nucleophilic attack of a sortase/pilin subunit thioester bond—a
bond that exists between the conserved sortase active-site cys-
teine and the pilin subunit CWSS threonine. Notably, RrgA
and RrgC lack a consensus pilin motif and thus should only be
present at the tips of pili. In this model, RrgB would perform
the initial nucleophilic attack on an RrgA- or RrgC-sortase
thioester bond and then additional RrgB monomers would
polymerize at the base of the pilus to extend its length. We
note that the presence of RrgA and RrgC only at the tips of pili
conflicts with the observed clustering of RrgA at many points
along surface pili as visualized by immuno-gold TEM. How-
ever, based on the propensity of S. pneumoniae pili to bundle
together (13), we speculate that the observed clustering of
RrgA at many points along surface pili is due to clustering of
RrgA subunits that are at the tips of different-length pili which
are bundled together.

Another piece of the pilus assembly process in S. pneu-
moniae that our data shed light on is the role of the sortases. In
teasing out which sortases are necessary to polymerize and
localize pili to the cell wall, we considered the housekeeping
sortase, SrtA, which is responsible for covalently attaching
many surface proteins to the cell wall. There are three recent
reports showing that housekeeping sortases are required for
anchoring of pili to the cell wall. These reports were on dif-
ferent bacteria, B. cereus, C. diphtheriae, and S. agalactiae, all of
which have one or more pilin subunits that have the canonical
LPxTG motif. The model suggests that pili are polymerized by
cis-encoded sortases and then the fully assembled pilus is at-
tached to the cell wall in the final step by the trans-encoded
housekeeping sortase. We suggest that this model does not
apply to the S. pneumoniae RlrA pilus because our data show
that in an srtA strain, the pilus was found polymerized and
localized to the cell wall. However, we cannot rule out the
possibility that SrtA does, in fact, catalyze the localization of
RlrA pili to the cell wall but that, for unknown reasons, the pili

FIG. 8. The RrgC V307Y mutant protein is stably expressed. Bac-
terial and culture fractions (cell wall [cw], protoplast [pplast], and
culture supernatant [sup]) of the wild-type and rrgC and RrgC V307Y
mutant strains were separated by SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose, and probed with anti-RrgC an-
tiserum. The RrgC V307Y mutant protein is indicated by an asterisk
and the key at the bottom. The values on the left are molecular weight
marker sizes in kilodaltons.
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are nevertheless copurifying with the cell wall fraction in our
mutanolysin digestion and centrifugation protocol.

We observed an overall increase in pilus expression in the
srtA mutant strain. A similar result has been reported for
Enterococcus faecalis pilin subunits EbpB and EbpC (16). In a
result contrasting to that obtained with S. pneumoniae and E.
faecalis, SrtA has been shown to be involved in the positive
transcriptional regulation of a pilus cluster in S. agalactiae (8,
21). Although we have not measured the transcript level in our
system, the consistently higher level of RrgB protein in the srtA
mutant lends itself to the hypothesis that, in S. pneumoniae,
SrtA may be repressing islet expression. It would be informa-
tive to measure the transcript level of the islet in an srtA
mutant during different points in the growth phase, as the islet

has been shown to be differentially regulated in early log phase
compared to late log phase.

Kharat and Tomasz previously reported a role for SrtA in
anchoring LPxTG motif proteins to the S. pneumoniae cell wall
and also reported the lack of a role for SrtC-1 and SrtC-3 in
this process (17). Although SrtC-2 was not included in their
analysis, we predict that the result would be the same. The lack
of a role for SrtA in pilus assembly and cell wall localization in
S. pneumoniae is consistent with this previous report, since the
Rrg pilin proteins lack a canonical LPxTG motif. Instead, we
show that the class C sortases encoded in cis are necessary and
sufficient for pilus assembly and localization to the cell wall.
For reasons that are not understood, these three sortases act in
a redundant manner in the processes of RrgB polymerization

FIG. 9. RrgA containing a canonical LPxTG CWSS cannot enter the pilus assembly pathway. Bacterial and culture fractions (cell wall [cw],
protoplast [pplast], and culture supernatant [sup]) of the wild-type (wt) and rrgA::SP0082CWSS mutant strains and the cell wall fraction of the rrgA
mutant strain were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed with anti-RrgA (A), anti-RrgB
(B), and anti-RrgC (C) antisera. The values on the left of each panel are molecular weight marker sizes in kilodaltons.
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and localization to the cell wall since RrgB pili were observed
in each single-mutant strain.

In contrast, there is a drastic reduction in the incorporation
of accessory subunits RrgA and RrgC into pili in an srtC-1 or
srtC-3 mutant strain, which indicates that there is specificity in
the sortases for the recognition and processing of these acces-
sory subunits. This result is analogous to what has been re-
ported for the SpaDEF cluster of C. diphtheriae, in which two
sortases, SrtB and SrtC, are present. In this system, SrtB or
SrtC can polymerize the major pilin subunit, SpaD, but SrtB
alone is needed for the accessory subunit SpaE to be incorpo-
rated into the pilus (10). Additionally, these authors show that
less SpaF is found in the HMW bands in an srtC mutant strain,
revealing another specific interaction between an accessory
subunit and a sortase. These parallel findings suggest that, at
least for these two pilus systems, the roles of the sortases in
pilus biogenesis differ with respect to backbone assembly ver-
sus accessory subunit incorporation. That is to say that there
appears to be redundancy among the sortases for the recogni-
tion, cleavage, and assembly of the major pilin subunit into the
pilus backbone but specificity among the sortases for the rec-
ognition and incorporation of the individual accessory sub-
units.

Although the results are similar between the two different
bacterial pilus clusters, there is a distinct difference between
them. All of the pilin subunit proteins of C. diphtheriae encode
a CWSS with the canonical leucine as the first amino acid of
the LPxTG motif, whereas the pilus proteins of S. pneumoniae
have a variant amino acid at that position.

The importance of the leucine residue of the LPxTG motif
has been investigated in some depth in S. pyogenes (1, 2). In
this organism, a mutation was made in the housekeeping sor-
tase, SrtA, which altered the localization of four out of the five
surface proteins tested but did not have an effect on T6, which
has been shown subsequently to be the major subunit of the S.
pyogenes pilus. Interestingly, all five of the proteins, M6 (LPSTG),
protein F (LPATG), ScpA (LPTTN), GRAB (LPTTG), and T6
(LPSTG), encode canonical LPxTG CWSS motifs. In addition,
they showed that loss of another sortase, SrtB, had an effect only
on T6 localization. This sortase is now known to be a member of
the class C sortase family, the members of which are known to
polymerize pili. These data indicate that a strict one-to-one cor-
respondence between class A housekeeping sortases and CWSSs
with an LPxTG motif is not universal but that other sequences
outside this motif are also important in sortase recognition.

The experimental approach of altering the CWSS has been
used to determine if the housekeeping sortase of S. pyogenes
can properly process a protein with a variant CWSS (1). The
surface protein T3 (formerly referred to as orf100 or Fct3),
which has been shown to be a major pilin backbone subunit
(30), has a CWSS of QVPTG, which was shown to be recog-
nized by a class C sortase, SrtC2. However, a mutant protein in
which the QVPTG CWSS was altered to LPSTG was no longer
properly localized to the cell wall by SrtC2, indicating that
SrtC2 is specifically recognizing the QVPTG CWSS. Interest-
ingly, it also was not properly localized by the housekeeping
sortase, SrtA, although it now had the canonical SrtA CWSS
motif. This suggested that other parts of the T3 CWSS are
involved in recognition and processing by SrtC2.

In the present study, we used two different approaches to

test the importance of the CWSS in sortase substrate recogni-
tion. The first was to replace the first amino acid of the CWSS
of the accessory subunit RrgC with that of accessory subunit
RrgA. Making this change results in a surprising reduction of
pilus formation, suggesting that the mutant protein is poison-
ing the pilus assembly complex. This finding suggests that the
first amino acid of the CWSS contributes to, but is not the sole
determinant of, sortase specificity. Together with the data on
T3 in S. pyogenes, this finding leads us to hypothesize that
specificity for the recognition and processing of pilin subunits
by sortases requires multiple sequences within the CWSS. In
light of this hypothesis, we speculate that the RrgC point mu-
tant is recognized by a different sortase(s) than that which
recognizes wild-type RrgC, which results in the mutant protein
getting stuck in the sortase complex, thus blocking assembly.
We further speculate that such a block results in a potential
jamming of the Sec translocon and a subsequent degradation
and/or block in the translation of the Rrg proteins, which is
consistent with the decreased amount of pilin proteins de-
tected in all fractions.

In the second approach, we analyzed chimeras in which the
entire CWSS of RrgA was replaced with that of RrgC or a
canonical LPxTG CWSS. Both mutants, in contrast to the
point mutant above, still polymerized RrgB and incorporated
RrgC as well. However, although both RrgA chimeric proteins
were found in the cell wall fractions, in neither strain was the
altered protein incorporated into pili. This result indicates that
these chimeras were recognized and processed by sortases but
were unable to be incorporated into pili. The question of why
neither chimera is incorporated into pili remains unanswered.
One possibility is that RrgA and RrgC are normally found
together in the pilus and that the association between these
two subunits requires RrgA sequences both inside and outside
of its CWSS. In both RrgA chimeras, the native RrgA CWSS
sequence would be missing, resulting in missorting. In support
of this possibility, in the rrgB mutant, in which the pilus back-
bone is not assembled, we detect a cell wall-localized species
that contains RrgA and RrgC, which may be a precursor that
would normally be incorporated at the tips of pili. Although in
this hypothesis we propose that these two accessory subunits
are attached to one another, our data clearly show that this
association is not a prerequisite, since either subunit can be
incorporated into pili in the absence of the other. The biolog-
ical role of this apparent plasticity remains to be determined.

Precisely how the specificity of SrtC-1 and SrtC-3 for the
incorporation of the accessory subunits RrgA and RrgC into
pili is determined remains unknown. We propose that differ-
ences in structure, conformation, and/or active-site sequences
between the class C sortases mediate this specificity. All three
sortases are classified as class C (or class 3) by the analyses of
Dramsi et al. (9) and Comfort and Clubb (7). However, al-
though SrtC-1 and SrtC-2 are 68% similar and 20% identical,
SrtC-3 has a much lower degree of overall similarity to either
SrtC-1 (37% similarity and 15% identity) or SrtC-2 (37% sim-
ilarity and 14% identity). In addition, their hydrophobic char-
acteristics suggest that SrtC-1 and SrtC-2 are anchored in the
membrane via a mechanism separate from that of SrtC-3
(SrtC-1 and SrtC-2 have putative transmembrane anchors,
whereas SrtC-3 is a putative lipoprotein), which might allow
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for a structural distinction that would lead to functional dif-
ferences.

Despite the investigations presented here, we are left with
many questions regarding pilus assembly that will undoubtedly
be uncovered as future research continues to clarify this com-
plicated and intricate biological process. Our analysis of the S.
pneumoniae pilus cluster has revealed several interesting fea-
tures, such as redundancy in the processes of assembly and
localization of pili to the cell wall yet specificity in the pro-
cesses of recognition and incorporation of the accessory sub-
units. Nevertheless, it is clear that much work remains to be
done in order to fully understand the coordination and the
level of complexity with which the three sortases work to-
gether.
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