JOURNAL OF BACTERIOLOGY, Feb. 2011, p. 822-831
0021-9193/11/$12.00  doi:10.1128/JB.01555-09

Vol. 193, No. 4

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

The Minor Pilin Subunit Sgp2 Is Necessary for Assembly of the Pilus
Encoded by the srtG Cluster of Streptococcus suis"
Masatoshi Okura," Makoto Osaki,' Nahuel Fittipaldi,* Marcelo Gottschalk,?

Tsutomu Sekizaki,® and Daisuke Takamatsu

1,4

Research Team for Bacterial/Parasitic Diseases, National Institute of Animal Health, National Agriculture and Food Research Organization,
Tsukuba, Ibaraki 305-0856, Japan'; Groupe de Recherche sur les Maladies Infectieuses du Porc and Centre de Recherche en
Infectiologie Porcine, Faculté de Médecine Vétérinaire, Université de Montréal, St-Hyacinthe, Quebec J2S 7C6, Canada®;

OIE Collaborating Centre for Food Safety, Research Center for Food Safety, Graduate School of
Agricultural and Life Sciences, The University of Tokyo, Tokyo 113-8657, Japan®; and
The United Graduate School of Veterinary Sciences, Gifu University, Gifu 501-1193, Japan*

Received 30 November 2009/Accepted 29 November 2010

Gram-positive pili are composed of covalently bound pilin subunits whose assembly is mediated via a
pilus-specific sortase(s). Major subunits constitute the pilus backbone and are therefore essential for pilus
formation. Minor subunits are also incorporated into the pilus, but they are considered to be dispensable for
backbone formation. The srtG cluster is one of the putative pilus gene clusters identified in the major swine
pathogen Streptococcus suis. It consists of one sortase gene (srtG) and two putative pilin subunit genes (sgpl and
sgp2). In this study, by constructing mutants for each of the genes in the cluster and by both immunoblotting
and immunogold electron microscopic analysis with antibodies against Sgp1l and Sgp2, we found that the srtG
cluster mediates the expression of pilus-like structures in S. suis strain 89/1591. In this pilus, Sgp1 forms the
backbone, whereas Sgp2 is incorporated as the minor subunit. In accordance with the current model of pilus
assembly by Gram-positive organisms, the major subunit Sgp1 was indispensable for backbone formation and
the cognate sortase SrtG mediated the polymerization of both subunits. However, unlike other well-charac-
terized Gram-positive bacterial pili, the minor subunit Sgp2 was required for polymerization of the major
subunit Sgpl. Because Sgp2 homologues are encoded in several other Gram-positive bacterial pilus gene
clusters, in some types of pili, minor pilin subunits may contribute to backbone formation by a novel

mechanism.

Pilus-like structures on the surface of Gram-positive bacte-
ria were first observed in Corynebacterium renale by electron
microscopy (50), and recently, these surface appendages have
been characterized genetically and biochemically in many ad-
ditional Gram-positive bacterial pathogens (18, 33, 44, 46).
Gram-positive bacterial pili are anchored to the cell wall pep-
tidoglycan and consist of covalently cross-linked subunit pro-
teins (18, 33, 44, 46). Polymerized monomers of a single major
pilin subunit form the pilus backbone, to which one or more
minor (or ancillary) pilin subunits are attached (18, 33, 44, 46).
Both the major and minor subunits contain C-terminal cell wall
sorting signals (CWSSs), composed of a pentapeptide motif
represented by LPXTG (where X is any amino acid), a C-
terminal hydrophobic domain, and a charged tail (32). The
subunits are assembled via CWSSs by the action of pilus-
specific class C sortases (8).

Major pilin subunits have been shown to be indispensable
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for pilus formation. In contrast, early studies showed that mi-
nor subunits are not essential for pilus synthesis and assembly
(10, 39, 47). It has only recently been reported that minor pilin
subunits of SpaA- and SpaH-type pili of Corynebacterium diph-
theriae and Spy0130 (FctB) of a Streptococcus pyogenes sero-
type M1 strain participate in the termination of pilus polymer-
ization as well as in anchoring the polymer to the cell wall
peptidoglycan (17, 35). However, in many Gram-positive bac-
terial pili, the roles of minor pilin subunits in pilus formation
remain to be fully elucidated.

Streptococcus suis is a Gram-positive coccus responsible for
a wide range of diseases in pigs, including meningitis, septice-
mia, endocarditis, and sudden death (14, 37). This bacterium
can also affect humans in close contact with diseased pigs or
swine products (1, 7, 43, 49, 51). Four putative pilus gene
clusters, named the srtBCD, srtE, srtF, and srtG clusters, have
so far been identified in S. suis (9, 40). The srtG cluster, iden-
tified in strain 89/1591, consists of one putative sortase gene,
srtG, and two putative pilin subunit genes, sgpl and sgp2 (Fig.
1A). The genetic organization of the sr#G cluster was similar to
that of the fibronectin-binding, collagen-binding, T-antigen 1
(FCT-1) region of S. pyogenes (21). Moreover, the amino acid
sequences of SrtG, Sgpl, and Sgp2 showed 35 to 56% identity
with those of the proteins encoded by the corresponding genes
for the FCT-1 region (40). However, despite the in silico pre-
dictions, it is unknown whether this cluster is associated with
the expression of pilus fibers in S. suis.
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FIG. 1. Surface expression of Sgpl and Sgp2 in wild-type strain
89/1591. (A) Genetic organization of the srtG pilus cluster. This
schema is constructed on the basis of the draft genome sequence of
S. suis 89/1591, updated in February 2009 (GenBank accession no.
AAFA03000013). Gray arrows, genes encoding CWSS-containing
proteins (sgp! and sgp2); black arrow, sortase-encoding gene (srtG);
open arrows outlined in gray, genes flanking the cluster; small
arrowheads, annealing positions of the primers used to generate
His-tagged recombinant Sgp1 and Sgp2. (B) Immunoblots with anti-
Sgpl (a-Sgpl; left panel) and anti-Sgp2 (a-Sgp2; right panel) rabbit
pAbs using bacterial cells at different growth temperatures (37°C,
33°C, 28°C, or 23°C). Bacteria were grown in THB until the optical
density at 600 nm reached 0.35, which corresponds to the mid-log
phase. Each lane contains cell wall fractions extracted from cells in
750-pl cultures with an optical density at 600 nm of 0.35. The
calculated molecular weights of Sgpl,, and Sgp2,, are 52,045 and
104,403, respectively. Numbers to the left of the gels are molecular
weights (in thousands).

In this study, we generated polyclonal antibodies (pAbs)
against the two putative pilin subunits (Sgpl and Sgp2) and
identified reactive pilus-like appendages on the surface of S.
suis 89/1591 by both immunoblotting and immunogold electron
microscopy (IEM). By constructing a series of isogenic mutant
strains, we demonstrated that the sr#G cluster mediates pilus
formation in S. suis 89/1591 and that the minor subunit Sgp2 is
necessary for polymerization of the major subunit Sgpl.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. S. suis strains were grown in
Todd-Hewitt (Becton Dickinson, Sparks, MD) broth (THB) or agar (THA) at
37°Cin a 5% CO, atmosphere, unless otherwise specified. Escherichia coli strains
were cultured in Luria-Bertani (Becton Dickinson) broth or agar at 37°C. When
required, the following antibiotics were added to the medium at the indicated
concentrations: for E. coli, ampicillin, 50 pg/ml; chloramphenicol, 25 pwg/ml; and
spectinomycin, 50 pwg/ml; for S. suis, spectinomycin, 100 pg/ml. When necessary,
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5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside was added to the plates at
100 pg/ml.

DNA techniques. Restriction enzymes and DNA-modifying enzymes were
purchased from Takara Bio (Otsu, Japan) and used according to the manufac-
turer’s recommendations. Purification of plasmid DNA from E. coli and trans-
formation of E. coli were performed using standard procedures (31). Genomic
DNA of S. suis was extracted by the method described previously (25), and S. suis
was transformed by electroporation, as described previously (41). Ex Taq poly-
merase (Takara Bio) and iProof HF master mix (Bio-Rad Laboratories, Hercu-
les, CA) were used for PCR amplification. Primers used in this study are listed
in Table S1 in the supplemental material. Sequencing was carried out with a
BigDye Terminator (version 3.1) cycle sequencing kit (Applied Biosystems, Fos-
ter City, CA) and analyzed on a 3100 genetic analyzer or 3130xl genetic analyzer
(Applied Biosystems).

Generation of S. suis mutants. For the construction of precise in-frame dele-
tions in srtG, sgpl, and sgp2, upstream and downstream regions of these genes
were amplified by PCR and fused by overlap-extension PCR (48). For insertional
inactivation of cps2B, an internal region of the gene was amplified. The resulting
PCR products were cloned into pCR2.1 (Invitrogen, San Diego, CA), excised
with EcoRI, and recloned into the EcoRI site of temperature-sensitive S. suis-E.
coli shuttle vector pSET4s (42). The resulting plasmids were introduced into S.
suis 89/1591 by electroporation. The single-crossover mutant (CPS2B) and dou-
ble-crossover mutants (AsrtG, Asgpl, and Asgp2) were generated according to the
procedures described previously (42) with slight modifications. Briefly, the sin-
gle-crossover mutants were obtained by culturing the cells on THA with specti-
nomycin at 37°C, and the double-crossover mutants were generated by repeated
passaging at 28°C on THA without the antibiotic. The deletion or inactivation of
target genes was confirmed by PCR and sequence analyses.

Complementation of deletion mutants. The pMX1 vector was used for the
generation of recombinant plasmids for complementation analysis (Table 1).
This vector is a derivative of the S. suis-E. coli shuttle cloning vector pSET2 (41)
and possesses the S. suis malX promoter for transgene expression in S. suis. The
entire srtG, sgpl, and sgp2 genes were amplified from genomic DNA of S. suis
89/1591 and cloned into pMX1 via EcoRI and BamHI sites (s7tG and sgpI) or the
Ncol site (sgp2), generating complementation vectors pSrtG, pSgpl, and pSgp2,
respectively. These plasmids were introduced into E. coli MC1061 for verification
of the sequences and then into the respective deletion mutants derived from S.
suis 89/1591 to construct srtG-, sgpl-, and sgp2-complemented mutants.

Preparation of His-tagged recombinant proteins and polyclonal antibodies.
Internal fragments of sgpl and sgp2 were amplified with primer sets rSgp1-F/
rSgp1-R and rSgp2-F/rSgp2-R (Fig. 1A), respectively, and cloned into pCR2.1.
After excision with Ndel and BamHI, the fragments were ligated into the pIVEX
2.4d vector (Roche Applied Science, Basel, Switzerland). The resulting products
were introduced into E. coli TOP10 for verification of the sequences and E. coli
BL21(DE3)/pDIA17 (28) for protein expression. Recombinant protein synthesis
was induced with isopropyl-B-p-thiogalactopyranoside, as previously described
(28). Recombinant proteins were purified by affinity chromatography on nickel-
nitrilotriacetic acid columns (Protino protein purification system; Macherey-
Nagel, Diiren, Germany), according to the manufacturer’s instructions. Protein
purity was checked by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE), and protein concentrations were determined accurately using
a bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL).

Purified proteins were used for polyclonal antibody production in rabbits at
Iwaki Corporation (Tokyo, Japan) and in mice at Operon Biotechnologies (To-
kyo, Japan). As necessary, the resulting rabbit antibodies were purified with a
HiTrap Protein G HP column (GE Healthcare, Piscataway, NJ) and a Microcon
YM-10 centrifugal filter device (Millipore, Bedford, MA), according to the
manufacturers’ recommendations. Purification of mouse antiserum was per-
formed by Operon Biotechnologies.

Preparation of bacterial cell wall, protoplast, and culture supernatant frac-
tions. S. suis cultures were harvested, washed once with TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0), suspended in spheroplasting buffer (20 mM
Tris-HCI [pH 6.8], 10 mM MgCl,, 26% raffinose, 500 units/ml mutanolysin, 1
tablet/10 ml complete mini-EDTA-free protease inhibitor cocktail [Roche]) (20),
and incubated for 1 h at 37°C to digest peptidoglycan with mutanolysin. After
centrifugation at 13,000 X g for 5 min at 4°C, the supernatants including digested
peptidoglycan and released cell wall-associated proteins were separated from
protoplasts and collected as cell wall fractions. The protoplast pellets were
washed once with protoplast buffer (20 mM Tris-HCI [pH 6.8], 10 mM MgCl,,
26% raffinose) and suspended in phosphate-buffered saline (PBS; pH 7.4) con-
taining 2% Triton X-100. Culture supernatants were filtered through a 0.22-um-
pore-size filter, precipitated by trichloroacetic acid, washed twice with acetone,
and dried.
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TABLE 1. Plasmids and bacterial strains used in this study

Plasmid or strain

Relevant properties

Source or reference

Plasmids
pCR2.1 Ap" Km', pUC ori, {1 ori, lacZAM15 Invitrogen
pDIA17 Cm', pl15A ori, Tet promoter, lacl 22
pIVEX2.4d Ap', pUC ori, T7 promoter, His tag-coding sequence Roche
pSET4s Spc’, pUC ori, thermosensitive pG+host3 ori, lacZAM15 42
pMX1 Spc’, pSSU1 ori, malX promoter of S. suis, derivative of pSET2 This study
pSrtG pMXI1 carrying intact srtG gene This study
pSgpl pMXI1 carrying intact sgp/ gene This study
pSgp2 pMXI1 carrying intact sgp2 gene This study
S. suis strains
89/1591 Wild-type strain isolated from a pig with septicemia and meningitis 30
AsrtG 89/1591 derivative strain carrying an in-frame deletion in sritG This study
Asgpl 89/1591 derivative strain carrying an in-frame deletion in sgpl This study
Asgp?2 89/1591 derivative strain carrying an in-frame deletion in sgp2 This study
CPS2B 89/1591 derivative strain carrying an insertionally inactivated cps2B (cps2B::pSET4s) This study
E. coli strains
TOP10 Host for pCR2.1 and pSET4s derivatives Invitrogen
BL21(DE3)/pDIA17 Host for pIVEX2.4d derivatives 28
MC1061 Host for pMX1 derivatives 6

Coimmunoprecipitation. The cell wall and protoplast fractions extracted from
15-ml cultures grown overnight at 28°C were incubated with 1 pg purified
anti-Sgpl or anti-Sgp2 rabbit pAb at room temperature (RT) for 1 h with
end-over-end rotation. For coimmunoprecipitation, 25 pl protein G Dynabeads
(Invitrogen) was added to the mixtures, and the mixtures were incubated at RT
for 1 h with end-over-end rotation. Immunoprecipitated complexes bound to
protein G beads were then pulled down and washed four times with PBS con-
taining 2% Triton X-100 using a side-pull magnetic isolation apparatus (Invitro-
gen). Isolated beads were used for immunoblot analysis as described below.

Immunoblot analysis. Prepared fractions or isolated protein G beads were
boiled in SDS-PAGE sample buffer (50 mM Tris-HCI [pH 6.8], 2% SDS, 0.5%
bromophenol blue, 10% glycerol, 60 wl/ml B-mercaptoethanol) for 10 min before
gel electrophoresis. The samples were separated by 10% precast polyacrylamide
gels (Atto Corp., Tokyo, Japan) and transferred to nitrocellulose (Whatman,
Kent, United Kingdom) or polyvinylidene fluoride (Bio-Rad) membranes. The
membranes were blocked with blocking solution (Western blocking reagent
[Roche] diluted 1:10 in maleic acid buffer [Roche]) for 2 h at RT and were
subsequently incubated at RT with anti-Sgp1 or anti-Sgp2 pAb diluted 1:1,000 in
blocking solution (for anti-Sgpl pAb) or Can Get signal immunoreaction en-
hancer solution 1 (for anti-Sgp2 pAb) (Toyobo Corp., Osaka, Japan) for 1 h. The
membranes were then washed three times with washing buffer (diluted 1:10 in
distilled water; Roche) and incubated at RT with alkaline phosphatase-conju-
gated anti-rabbit or anti-mouse IgG (MP Biomedicals, Irvine, CA) diluted
1:5,000 in washing buffer (for Sgp1 detection) or Can Get signal immunoreaction
enhancer solution 2 (for Sgp2 detection) for 1 h. After three washes with washing
buffer, Sgpl or Sgp2 was detected with nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl-phosphate substrates (Roche) or CDP-Star ready-to-use chemi-
luminescent substrates (Roche). Densitometry analysis of immunoblots devel-
oped with chemiluminescent substrates was performed using a VersaDoc
imaging system and Quantity One software (Bio-Rad). For detection of differ-
ences, densities were compared by Student’s ¢ test.

Partial purification of sr¢G pili. S. suis strains were grown for 12 h at 28°C in
200 ml THB, harvested, washed once in PBS, suspended in 1 ml modified
spheroplasting buffer (containing 20% sucrose instead of 26% raffinose), and
incubated at 37°C for 7 h with gentle shaking to digest peptidoglycan with
mutanolysin. After incubation, supernatants containing released pilus material
were loaded onto sucrose gradients (25 to 55% in 20 mM Tris-HCI [pH 6.8], 10
mM MgCl,) and centrifuged at 25,000 X g for 20 h by a Beckman L-60 ultra-
centrifuge (Beckman-Coulter, Fullerton, CA) with an SW41Ti rotor at 4°C.
Collected gradient fractions were tested for the presence of pilus subunits by
immunoblotting. The fractions containing subunit polymers were pooled, treated
with benzonase nuclease (Novagen, Madison, WI) to remove DNA and RNA
impurities, and dialyzed against 20 mM Tris-HCI (pH 6.8)-10 mM MgCl, to
remove sucrose.

IEM. S. suis strains were grown for 12 h at 28°C in 5 ml THB, harvested by
centrifugation, washed once with PBS, and suspended in approximately 5 ml PBS
containing 2% paraformaldehyde (PFA). After fixation for 5 min, the bacterial
suspensions were placed on collodion-coated copper grids (Nisshin EM, Tokyo,
Japan) for 10 min and allowed to dry. For mounting partially purified pili, 10-jl
samples were placed on grids for 5 min, fixed with PBS containing 2% PFA for
5 min, and allowed to dry. Grids were subsequently blocked with 10% normal
horse serum in dilution buffer (PBS containing 1% bovine serum albumin and
1% Tween 20, pH 7.4) for 30 min at RT. Thereafter, the grids were soaked in
anti-Sgpl mouse pAb diluted 1:20 in dilution buffer for 1 h and washed three
times with dilution buffer. The grids were then soaked in 10-nm gold-conjugated
goat anti-mouse IgG (British BioCell International, Cardiff, United Kingdom)
diluted 1:30 in dilution buffer, incubated for 1 h at RT, and washed five times
with dilution buffer. For double-labeling experiments, the same procedure was
further applied using anti-Sgp2 rabbit pAb and 20-nm gold-conjugated goat
anti-rabbit IgG. Finally, samples were fixed in PBS containing 2% PFA for 10
min at RT, washed eight times with distilled water, and allowed to dry. The grids
were observed with an H7650 electron microscope (Hitachi Ltd., Tokyo, Japan)
at an accelerating voltage of 80 kV.

RESULTS

Sgpl and Sgp2 are expressed on the bacterial cell surface
and polymerized by cognate SrtG. Polymerized pilin subunits
of Gram-positive bacteria cannot be dissociated by boiling in
SDS-PAGE sample buffer because of covalent subunit-subunit
linkages and thus can be detected as a high-molecular-weight
(HMW) ladder by SDS-PAGE immunoblotting (33, 46, 47).
To investigate whether HMW polymers of putative pilin sub-
units Sgpl and Sgp2 (Sgplymw and Sgp2ivws respectively)
are expressed on the cell surface, we extracted the cell wall
fractions of S. suis 89/1591 (wild-type strain) from cultures
grown at four different temperatures (37°C, 33°C, 28°C, and
23°C) and analyzed them by immunoblotting with anti-Sgpl
and anti-Sgp2 rabbit pAbs. Under all growth conditions, be-
sides the signals corresponding to the predicted monomeric
forms of Sgpl and Sgp2 (Sgpl,, and Sgp2,, respectively),
HMW ladders were detected by both anti-Sgpl and anti-Sgp2
pAbs (Fig. 1B and Fig. 2A and B, lanes 1). The immunoreac-
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FIG. 2. Detection of polymerized subunits in cell wall fractions and culture supernatants by immunoblotting with anti-Sgp1 (a-Sgpl; A) or
anti-Sgp2 (a-Sgp2; B) rabbit pAb. Immunoblotting was performed using the wild-type (WT) strain and isogenic derivatives (AsrtG, Asgpl, and
Asgp2). The strains were grown in THB at 28°C for 18 h. Each lane contains cell wall fractions extracted from cells in 500-pl cultures adjusted to
an optical density at 600 nm of 0.6 or culture supernatants extracted from 500 wl of the adjusted cultures. In panels A and B, numbers to the left
of the gels are molecular weights (in thousands). (C) Comparison of the relative density of reactive bands in the mixture of cell wall and culture
supernatant fractions on immunoblots with anti-Sgp1 rabbit pAb. Cell wall and culture supernatant fractions of each strain were extracted from
an equal volume of the culture adjusted to an optical density at 600 nm of 0.6 and mixed. The mixture corresponding to 500 wl of the adjusted
culture was loaded in each lane and analyzed by immunoblotting. The sum of the density values of the bands within the total lane and lanes with
molecular weights of =100,000 or <100,000 was calculated. Data were collected from five independent experiments, corrected by subtracting the
density value of Asgpl, and are expressed as a percentage of the density values obtained in the total lane of the wild-type strain (mean =+ standard
deviation). Significant differences between two data are indicated by P values on the basis of Student’s ¢ test.

tive signals in bacterial samples grown at temperatures above
30°C were noticeably weaker than in those grown at tempera-
tures below 30°C (Fig. 1B). Therefore, in subsequent experi-
ments bacteria were grown at 28°C for pilus detection.

No immunoreactive signals of Sgp1 and Sgp2 were detected
in the cell wall fractions extracted from Asgpl and Asgp2 mu-
tants, respectively (Fig. 2A, lane 4, and B, lane 6). The signals
were restored by introduction of the intact genes into the
respective mutants (Fig. 2A, lane 5, and B, lane 7). These
results suggest that both putative subunits Sgpl and Sgp2 are
expressed and polymerized on the cell surface of strain 89/
1591. Of note, disruption of one pilin subunit gene affected the
polymerization of the other subunit (Fig. 2A, lane 6, and B,
lane 4). These mutations were complemented by reintroduc-
tion of the respective genes (Fig. 2A, lane 7, and B, lane 5).

We also generated a AsrtG mutant and investigated whether
SrtG, like cognate sortases in the pilus clusters of other Gram-
positive bacteria, is necessary for the polymerization of Sgpl
and Sgp2. In the cell wall fraction of the mutant, both
Sgplymw and Sgp2pvw completely disappeared. Instead,
Sgpl,, and Sgp2,, accumulated (Fig. 2A and B, lanes 2).
Polymerization of the subunits was fully restored, and the
signal intensities of Sgpl,, and Sgp2,,, were reduced by intro-
ducing intact s7tG into the mutant (Fig. 2A and B, lanes 3).
These results suggest that SrtG is the specific pilin polymerase
required for the polymerization of both Sgpl and Sgp2.

Sgp1 and Sgp2 are components of the same pilus structure.
To investigate whether the HMW polymers on the cell surface
of the wild-type strain are composed of both Sgp1 and Sgp2, we
performed immunoadsorption on the cell wall fractions using
anti-Sgp1 or anti-Sgp2 rabbit pAb. Immunoprecipitated com-
plexes were captured using protein G-coupled magnetic beads
and were analyzed by immunoblotting using anti-Sgpl mouse
and anti-Sgp2 rabbit pAbs. Neither Sgpl nor Sgp2 was de-
tected in the cell wall fraction of the wild-type strain precipi-
tated with preimmune rabbit serum of anti-Sgp1 or anti-Sgp2
pAb (data not shown). As expected, anti-Sgpl pAb recovered
both Sgplinw and Sgpl,, from the wild-type strain (Fig. 3A,
lane 1), but neither form was precipitated from the Asgp!
mutant (Fig. 3A, lane 5). In addition, the anti-Sgpl pAb co-
immunoprecipitated Sgp2;;yw from the wild-type strain (Fig.
3B, lane 1). Similarly, anti-Sgp2 pAb coimmunoprecipitated
Sgplimw along with Sgp2vw and Sgp2,, from the wild-type
strain (Fig. 3, lanes 2) but not from the Asgp2 mutant (Fig. 3,
lanes 6). These results indicate that Sgpl and Sgp2 are com-
ponents of the same pilus structure.

Electron microscopic evidence of pilus-like structures and
localization of Sgpl and Sgp2. To confirm the formation of
fiber structures composed of Sgpl and Sgp2, we carried out
IEM with anti-Sgpl mouse and anti-Sgp2 rabbit pAbs. IEM
using anti-Sgpl pAb showed the presence of appendages la-
beled by immunogold particles on the cell surface of the wild-
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type strain. However, most of the surface appendages did not
show the typical extended structure observed in pili of other
Gram-positive bacteria (data not shown). We suspected that
the thick polysaccharide capsule produced by strain 89/1591
may be cloaking pili, affecting their surface display and/or
interfering with antibody binding. We thus constructed and
examined the mutant carrying a disruption of the cps2B gene
(mutant CPS2B; cps2B::pSET4s), which is necessary for cap-
sule biosynthesis (34). Immunoblot analysis showed that this
mutant expressed Sgpl and Sgp2 (data not shown). On the cell
surface of the mutant, typical pilus-like structures were clearly
observed and the immunogold-labeled Sgp1 uniformly distrib-
uted along the structures (Fig. 4A). We then performed a
double-labeling IEM experiment to show the localization of
Sgp2 on the pilus structure. In the purified cell wall fraction,
Sgp2 appeared to be located at one end of the structure (Fig.
4B). In addition, labeled Sgp2 was positioned both at the tip of
Sgpl pilus structures and on the cell surface of strain CPS2B
(Fig. 4C). These results supported the localization of Sgp2 at
the end of the pilus structure. In all experiments, preimmune
sera of anti-Sgp1 and anti-Sgp2 pAbs did not label pilus fibers.
Taken together, IEM and immunoblot analysis results demon-
strate that Sgpl is a major pilin subunit forming the pilus
backbone, while Sgp2 is an ancillary subunit which appears to
localize at one end of the structure.

Minor subunit Sgp2 is required for polymerization of major
subunit Sgpl. Unlike the minor subunits of most well-charac-
terized pili of Gram-positive bacteria, which were considered
to be dispensable for polymerization of the major subunit (4,
10, 15, 29, 39), deletion of the gene encoding the minor subunit
Sgp2 affected the polymerization of Sgpl on the cell surface
(Fig. 2A, lane 6). One possible explanation for these results
might be that increased release of Sgplyw from the cell

A  cpsoB B WT (purified fraction) C cps2B
g -Sgp1
g p a-Sgp1-+a-Sgp2 2 Sa-ggpz A

yel

1 S
R 3’;*,‘%--.

.,‘aw
T .o' v'.

FIG. 4. Immunogold staining of pilus structures of S. suis strains. (A) Immunogold-labeled Sgp1 (gold particle size, 10 nm) on the cell surfaces
of strain CPS2B. (B and C) Double immunogold labeling with mouse anti-Sgp1 pAbs (a-Sgp1; gold particle size, 10 nm) and rabbit anti-Sgp2 pAbs
(a-Sgp2; gold particle size, 20 nm) in the partially purified cell wall fraction of the wild-type (WT) strain (B) and on the cell surface of strain CPS2B

(C). Scale bars = 0.1 pm.
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surface into the culture medium causes the reduction of cell
surface Sgplyw in the Asgp2 mutant. To test this hypothesis,
we investigated culture supernatant fractions by immunoblot-
ting. In the wild-type strain, both Sgpl;w and Sgpl,, were
detected (Fig. 2A, lane 8). In the Asgp2 mutant, the amount of
Sgplmw released into the supernatant was noticeably lower
than that observed in the wild-type strain (Fig. 2A, lane 13),
but the amount of Sgp1,, released was as high as that observed
in the AsrtG mutant (Fig. 2A, lanes 9 and 13). The amount of
released Sgpl,, diminished when intact sgp2 was reintroduced
into the mutant. In addition, in the complemented strain, the
amount of released Sgpl\.w increased (Fig. 2A, lane 14). We
also compared the density of anti-Sgpl-reactive bands in the
mixtures of cell wall and culture supernatant fractions of
the Asgp2 mutant with the densities of the wild-type strain
and the AsrtG mutant. As shown in Fig. 2C, in the Asgp2
mutant, the density of bands migrating at molecular weights of
<100,000 was significantly higher than that of bands migrating
at molecular weights of =100,000, accounting for more than
70% of the total density of all reactive bands. Similar results
were obtained in the AsrtG mutant. In contrast, in the wild-
type strain, approximately 83% of the total density of all reac-
tive bands was derived from the bands migrating at molecular
weights of =100,000. In addition, the density of bands within
molecular weights of <100,000 was 2.2-fold higher in the Asgp2
mutant than in the wild-type strain and was the same as that in
the AsrtG mutant. Taken together, these results indicate that
the weak signal of Sgply,w in the cell wall fraction of the
Asgp2 mutant (Fig. 2A, lane 6) was not caused by an increased
release of Sgp1 polymers into the culture medium but reflected
the abrogation of polymerization of Sgpl in the absence of
Sgp2. It is noteworthy that the total density of all reactive
bands observed in the Asgp2 and AsrtG mutants was approxi-
mately only 50% of that observed in the wild-type strain. Be-
cause no signal was detected in the protoplast fractions of all
the strains by immunoblotting (data not shown), it cannot be
assumed that Sgpl is retained in the protoplast of the mutants.

Sgp2 does not associate with Sgpl in the absence of SrtG.
We investigated whether Sgp2 associates with Sgpl in the
absence of cognate sortase SrtG by coimmunoprecipitation.
From the cell wall fraction of the AsrtG mutant, only Sgpl,,
and not Sgp2,, was recovered by anti-Sgpl pAb (Fig. 3, lanes
3). Similarly, Sgp2,,, but not Sgpl,, was precipitated by anti-
Sgp2 pAb (Fig. 3, lanes 4). Similar results were observed when
the protoplast fraction was used (data not shown), suggesting
that Sgp2 does not associate with Sgp1 in the absence of SrtG.

Sgp2 homologues encoded in other Gram-positive bacterial
pilus gene clusters. BLAST analysis of Sgp2 showed that it had
32% identity with the fimbrial structural subunit protein FszD
of Streptococcus equi subsp. zooepidemicus MGCS10565 and
with four minor pilins of FCT-1 regions of S. pyogenes serotype
M6 strains (MGAS10394, 2724, and 3650) and a serotype M23
strain (DSM 2071). Several regions of Sgp2 are highly con-
served among these proteins (data not shown), and some of the
regions also show significant similarities with hypothetical pro-
teins of Clostridium scindens, Peptoniphilus lacrimalis, and four
Bifidobacterium species (Fig. 5A). These hypothetical proteins
contain CWSSs and are encoded in the close vicinity of puta-
tive class C sortase genes (Fig. 5B), suggesting that they are
also pilus-associated proteins. Interestingly, these pilus and
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putative pilus gene clusters share a relatively simple genetic
organization with the srtG cluster of S. suis (Fig. 5B). With the
exception of the putative pilus gene clusters of C. scindens
ATCC 35704 and P. lacrimalis 315-B, all of these clusters
consist of a single sortase gene and two putative pilin subunit
genes. Although one more CWSS-containing protein, PrtF1, is
encoded in the FCT-1 region of S. pyogenes MGAS10394, it
has been shown that PrtF1 is not incorporated into the pilus
structure (21). In addition, these clusters do not encode signal
peptidase homologues, which are considered to be important
for pilus synthesis in S. pyogenes and Streptococcus pneumoniae
(2, 23, 52).

DISCUSSION

The present study demonstrates that the srtG cluster of S.
suis strain 89/1591 mediates the expression of pilus structures
on the cell surface of this bacterium. Interestingly, our data
show that in addition to the cognate sortase SrtG, the minor
pilin subunit Sgp2 is required for the formation of the pilus
backbone composed of major subunit Sgp1. To our knowledge,
this is the first example of a minor pilin-mediated pilus poly-
merization system studied in detail.

In Gram-positive bacterial pili, minor pilin subunits are in-
corporated into the pilus, but their role in pilus assembly is
poorly understood. In fact, several minor pilin subunits char-
acterized in previous studies, such as SpaF and SpaG of C.
diphtheriae, GBS52 and GBS104 of Streptococcus agalactiae,
RrgA and RrgC of S. pneumoniae, and BepB of Bacillus cereus,
have been shown to be dispensable for the integrity or synthe-
sis of the pilus backbone (4, 10, 15, 29, 39).

Recently, however, some minor pilin subunits were reported
to contribute to pilus assembly. In C. diphtheriae, disruption of
spaB, which encodes a minor pilin subunit of SpaA-type pili,
resulted in a marked reduction of the amount of surface-
associated major subunit polymers, and most of the synthe-
sized polymers were not retained in the cell wall but were
secreted into the culture medium (17). Similar results were
observed when Spal, a minor subunit of the SpaH-type pili of
C. diphtheriae, and Spy0130, a minor subunit of the FCT-2 type
pili of S. pyogenes, were absent. It was thus proposed that
incorporation of these minor subunits into the pilus backbone
serves as the terminal step in pilus polymerization and triggers
concomitant cell wall linkage by the housekeeping sortase (17).
In the S. suis Asgp2 mutant, the amount of surface-associated
major subunit polymers (Sgpljnw) Was much lower than that
in the wild-type strain. However, in contrast to the spaB mutant
of C. diphtheriae, increased secretion of Sgpl;w into the
culture medium did not occur in the Asgp2 mutant (Fig. 2A),
indicating that Sgp2 is not involved in the termination of pilus
polymerization. Instead, the Asgp2 mutant showed increased
amounts of Sgpl,,, both on the cell surface and in the culture
medium, in a phenotype similar to that of the As*G mutant
(Fig. 2A and C).

Because reduction of the total amount of the major subunit
protein Sgpl was observed in the Asgp2 mutant (Fig. 2C), it is
conceivable that Sgp2 is involved in the stability of Sgpl as a
chaperone-like protein. In some Gram-negative bacterial pili,
such as the type I and pap pili of E. coli (3, 36), the role of
chaperone proteins in the stability of pilin proteins has been
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FIG. 5. (A) Schematic maps of Sgp2 and amino acid sequences conserved in Sgp2 and pilin and putative pilin subunits of several other
Gram-positive bacteria. Sgp2 harbors an N-terminal signal sequence (amino acid positions 1 to 30), a von Willebrand factor type A (VWFA)
domain (amino acid positions 468 to 601), a Cna protein B-type (CnaB) domain (amino acid positions 870 to 938), and a CWSS (LPSTG; amino
acid positions 963 to 967). Alignment was carried out using the ClustalW program (45). Amino acid sequences conserved in all of the aligned
sequences (in uppercase letters) or in more than seven sequences (in lowercase letters) were designated consensus sequences. The GenBank
accession numbers of the listed proteins are as follows: ancillary protein 1 of S. pyogenes serotype M6 strains, AAL11466 (MGAS10394),
ACHS87890 (2724), and ACHS87891 (3650); ancillary protein 1 of S. pyogenes M23 strain (DSM 2071), ACH87900; FszD of S. equi subsp.
zooepidemicus MGCS10565, ACG63149; CLOSCI_01050 of C. scindens ATCC 35704, EDS08034; BIFDEN_00672 and BIFDEN_01142 of B.
dentium ATCC 27678, EDT44861 and EDT45313, respectively; BIFADO_00261 and BIFADO_01716 of B. adolescentis 1.2-32, EDN83355 and
EDNS82663, respectively; BbifN4_00972 of B. bifidumn NCIMB 41171, ZP_03645701; BIFLAC_00845 of B. animalis subsp. lactis HNO19,
EDT88620; and HMPREF00628_1483 of P. lacrimalis 315-B, EFA89995. (B) Genetic organizations of the srtG cluster, FCT-1 region, and putative
pilus gene clusters containing sgp2 homologues or genes partially homologous to sgp2. Black arrows, genes and putative genes encoding class C
sortases; gray arrows, genes and putative genes encoding CWSS-containing proteins (sgp2 and genes encoding proteins partially homologous to
Sgp2 are outlined in black); open arrows outlined in gray, putative transcriptional regulator genes; open arrows outlined in black, other open
reading frames. These genetic maps are constructed on the basis of the whole or draft genome sequences of the respective strains, and the
GenBank accession numbers are as follows: S. pyogenes MGAS10394, CP000003; S. equi subsp. zooepidemicus MGCS10565, CP001129; C. scindens
ATCC 35704, ABFY02000010; B. dentium ATCC 27678, ABIX02000002; B. adolescentis 1.2-32, AAXD02000018 and AAXD02000052; B. bifidum
NCIMB 41171, ABQP01000004; B. animalis subsp. lactis HN019, ABOT01000008; and P. lacrimalis 315-B, ADDO01000052.
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well studied. In these assembly pathways, named “chaperone-
usher” pathways, the chaperone protein accelerates the folding
of the pilin subunits and stabilizes them, and thus, the pilin
proteins are degraded in the absence of the chaperone protein.
In contrast, no chaperone protein had been implicated in the
biogenesis of pili in Gram-positive bacteria. Recently, how-
ever, Zihner and Scott suggested a possible chaperone-like
function of the type I signal peptidase homologue SipA2 in the
T3 pilus formation of a S. pyogenes serotype M3 strain. In this
strain, when sipA2 was disrupted, the major subunit, T3, was
not assembled as the subunits observed in the Asgp2 mutant
were (52). Although SipA2 did not act as a signal peptidase in
the polymerization of T3, this protein seemed to interact with
T3 independently of the presence of the pilin polymerase
SrtC2, and thus, SipA2 was suggested to have a chaperone-like
function in pilus formation (52). In our study, coimmunopre-
cipitation data indicated that Sgp2 does not associate with
Sgpl1 directly in the absence of SrtG. In addition, Sgp2 did not
show any significant amino acid sequence similarities with
SipA2 or the chaperone proteins of other species (data not
shown). Therefore, it may be difficult to maintain that Sgp2
acts as a chaperone protein for Sgp1 by itself. We think that the
reduction of Sgpl may be due to the degradation of an exces-
sive amount of unassembled monomers by proteinases. Alter-
natively, excessive amounts of Sgpl,, may downregulate sgp!
gene expression. In fact, the reduction of the major subunit
protein was also observed in the Asr#G mutant that expresses
the Sgp2 protein (Fig. 2C), as well as in the cognate sortase
gene mutants of other Gram-positive bacterial pili (13, 27).
Taken together, our results suggest that Sgp2 participates in
the polymerization of the major subunit itself.

The mechanism(s) by which Sgp2 contributes to the poly-
merization of the major subunit remains unclear. In the cur-
rent models of pilus biogenesis, it is envisaged that pilin sub-
units are added to the base of the growing pilus by repeated
transpeptidation reactions, until the terminal subunit is even-
tually linked covalently to the cell wall peptidoglycan. Pilin
polymerization is driven by a pilus-specific class C sortase(s)
encoded by genes clustered together with the genes encoding
the pilin subunits, while attachment to the cell wall peptidogly-
can is mediated by the housekeeping sortase (24, 38). Our IEM
analysis showed that Sgp2 was localized at one end of the pilus
fibers (Fig. 4B). In addition, labeled Sgp2 was observed both at
the tip of the fibers and on the cell surface of the tested strain
(Fig. 4C). Although the appearance of Sgp2 on the cell surface
might be due to bent pili or pili lying across the bacterial
surface, we hypothesize that Sgp2 located at the tip of the pilus
represents an assembled minor subunit, while cell surface Sgp2
represents unassembled subunits that have been anchored to
the cell wall as monomers by the housekeeping sortase SrtA. If
this hypothesis is true, Sgp2 may act as a triggering signal for
the cell to initiate the polymerization of Sgp1. Interestingly, as
shown in Fig. 2, overexpression of Sgp2 but not that of major
subunit Sgp1 resulted in an increase in the signal intensities
of both Sgplyvw and Sgp2iyw- This result may support
the possibility that Sgp2 is a trigger molecule to start pilus
assembly.

To confirm the tip location of Sgp2 and to test the above
possibility, elucidation of the Sgp1-Sgp2 linkage is necessary.
The pilin polymerase catalyzes the formation of a peptide bond
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between the threonine (T) in the CWSS motif of one subunit
and an e-amino group of a lysine (K) in the next subunit (5, 12).
Therefore, if Sgp2 is the tip pilin, the T in the CWSS motif of
Sgp2 should bind to a K in Sgpl, as demonstrated in the
linkage between the tip pilin Cpa and the backbone protein T3
of the S. pyogenes serotype M3 strain (27). In C. diphtheriae
SpaA, SpaD, and SpaH pilins, the K residue in a conserved
pilin motif (WXXXVXVYPK) participates in subunit linkage
(10, 39, 47). Although most of the pilin proteins do not have a
recognizable pilin motif in S. pyogenes, K161 in the backbone
pilin Spy0128 of the serotype M1 strain has been identified as
the residue that is linked to T of the CWSS motif of the next
subunit (11). Recently, K173 in the T3 pilin of the serotype M3
strain, which corresponds to K161 of Spy0128, was also shown
to be required both for T3 polymerization and for the attach-
ment of Cpa to T3 (27). In srtG pili, however, no pilin motif is
recognizable in either Sgpl or Sgp2 (40). In addition, the K
residue corresponding to the K residues identified in the S.
pyogenes strains was not presented in Sgpl. Furthermore, con-
served K residues were not found among Sgpl and major and
putative major subunits encoded in the pilus gene clusters
listed in Fig. 5B (data not shown). Thus, we are currently
pursuing experiments to identify the K residue required for
Sgp1-Sgp2 linkage.

Unlike other well-characterized minor pilin subunits of
Gram-positive bacterial pili, our data indicated the essential
role of Sgp2 in pilus assembly. These differences may come
from differences of the cognate sortases involved in pilus for-
mation. However, SrtG does not contain any conserved do-
mains other than the class C sortase domain and the catalytic
active site (histidine, cysteine, and arginine residues) in the
domain, which are conserved among pilus-forming sortases of
Gram-positive bacteria. In addition, no conserved motif or
domain specific to SrtG and cognate sortases in the pilus gene
clusters encoding Sgp2 homologues was found by sequence
alignment with other well-characterized class C sortases (data
not shown). Recently, Manzano et al. analyzed the crystal
structures of the pilus-forming sortases SrtC-1 and SrtC-3 of
the pneumococcal rir4 islet and revealed the presence of a
flexible lid that is absent from sortases not involved in pilus
polymerization. Because the lid covered the substrate-recogni-
tion cleft in the pilus-forming sortases, it was proposed that
this lid sterically blocks the active site and has a substrate-
recognition gating function (19). As shown in Fig. S1 in the
supplemental material, the sequences corresponding to the lid
regions were also present in SrtG and the lid anchor residues
(Asp-Pro/Ala-Hyd) were conserved, suggesting that SrtG also
has a substrate-recognition gating function. Therefore, al-
though we still do not have any evidence, it is tempting to
speculate that only the monomeric form of Sgp2 and not that
of Sgp1 can associate with SrtG, open the lid, and initiate pilus
assembly. On the other hand, Sgp1l might need some confor-
mational change to associate with SrtG, and the addition of
Sgp2 or growing pilus to Sgpl might drive the major pilin
subunit recognizable by SrtG. Of note, Sgpl and Sgp2 contain
identical CWSSs (LPSTG), suggesting that the affinities of the
substrate pentapeptides for the SrtG active site are comparable
between Sgpl and Sgp2.

As described above, we have identified the minor pilin sub-
unit Sgp2, which is necessary for the assembly of sr#G pili, and



830 OKURA ET AL.

discussed the possible role of Sgp2 as a triggering signal to
initiate pilus assembly. Interestingly, phenotypes similar to
those observed in the Asgp2 mutant, i.e., reduction of major
subunit polymers and increase of the monomeric form of the
major subunit, were also observed when the minor pilin sub-
unit-encoding gene in the FCT region of the S. pyogenes sero-
type MS53 strain was disrupted (16). In addition, Sgp2 homo-
logues are encoded in other Gram-positive bacterial pilus
clusters, and the clusters share a relatively simple genetic or-
ganization with the s7tG cluster of S. suis (Fig. 5). Therefore,
the participation of the minor subunits in polymerization of the
pilus backbone may not be unique to srtG pili but may be
common to some types of pili.

In many Gram-positive bacterial pathogens, pili have been
reported to contribute to the adherence to and invasion of host
cells and to biofilm formation (18, 26, 33, 44). The biological
significance of s7tG cluster-mediated pili is unknown. However,
several S. suis isolates from human patients and diseased pigs
possessed all genes in the s7tG cluster (40). In addition, most of
the isolates expressed at least Sgplyw on the cell surface
(unpublished results). Our data show that srtG pili are ex-
pressed at higher levels when bacteria are grown at tempera-
tures of less than 30°C. Interestingly, the surface temperatures
of different external body parts of pigs (snout, ears, vertex,
back, and flank) ranged from 20°C to 30°C when the environ-
mental temperature was approximately 20°C (unpublished ob-
servations). These findings suggest that this pilus may be im-
portant for the interaction of S. suis with the surface structures
of host animals. It is noteworthy that, similar to the srtG pilus,
the expression of the major subunit FctA of the FCT-3 pili in
S. pyogenes serotype M49 also increased with lower tempera-
tures (23). It was suggested that the expression of FctA may be
regulated by a bistability mode. In fact, at 37°C, only 20% of all
cells express FctA, while at 30°C, approximately 50% of a given
population does so (23). Currently, the regulatory mechanism
of srtG pilus expression is not known. Further detailed inves-
tigations of the mode and molecular background of the tem-
perature-dependent expression of the pili may provide clues to
understand the biological advantage of srtG pilus expression by
S. suis.
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