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Group A streptococcus (GAS; Streptococcus pyogenes) is a Gram-positive human pathogen that causes a broad range of diseases
ranging from acute pharyngitis to the poststreptococcal sequelae of acute rheumatic fever. GAS pili are highly diverse, long pro-
tein polymers that extend from the cell surface. They have multiple roles in infection and are promising candidates for vaccine
development. This study describes the structure of the T6 backbone pilin (BP; Lancefield T-antigen) from the important M6 se-
rotype. The structure reveals a modular arrangement of three tandem immunoglobulin-like domains, two with internal isopep-
tide bonds. The T6 pilin lysine, essential for polymerization, is located in a novel VAKS motif that is structurally homologous to
the canonical YPKN pilin lysine in other three- and four-domain Gram-positive pilins. The T6 structure also highlights a con-
served pilin core whose surface is decorated with highly variable loops and extensions. Comparison to other Gram-positive BPs
shows that many of the largest variable extensions are found in conserved locations. Studies with sera from patients diagnosed
with GAS-associated acute rheumatic fever showed that each of the three T6 domains, and the largest of the variable extensions
(V8), are targeted by IgG during infection in vivo. Although the GAS BP show large variations in size and sequence, the modular
nature of the pilus proteins revealed by the T6 structure may aid the future design of a pilus-based vaccine.

Streptococcus pyogenes (group A streptococcus [GAS]) is a
highly adapted obligate human pathogen that readily infects

and colonizes the mucous membranes of the upper respiratory
tract or the epidermal layer of the skin. Although mostly mild and
self-limiting, these infections can lead to severe invasive diseases,
such as necrotizing fasciitis and streptococcal toxic shock syn-
drome (1). The poststreptococcal sequelae of glomerulonephritis
and acute rheumatic fever (ARF) with subsequent rheumatic
heart disease are associated with significant disease burden in the
developing world (2). Although ARF is now rare in most high-
income countries, the rates in Indigenous populations in selected
developed countries such as Australia and New Zealand are
among the highest in the world (3, 4).

The surface of S. pyogenes is decorated with numerous viru-
lence factors to aid adhesion and colonization. Prominent among
GAS virulence factors are pili. Pili (or fimbriae) are proteinaceous
filaments that extend from the bacterial surface. They are formed
from a single chain of covalently linked proteins (pilins), usually
comprising a major or backbone pilin (BP), which is polymerized
into the shaft (5–7), and two ancillary pilins that function as an
adhesin at the tip of the pilus (AP-1) (7, 8) and an adaptor protein
(AP-2) at the pilus base for covalent linkage to peptidoglycan of
the cell wall (8–10).

GAS pili have been shown to be effective protective antigens in
mouse immunization studies and are promising candidates for
vaccine development against GAS disease (5). The genes encoding
the individual pilus proteins are located within the FCT (fibronec-
tin-binding, collagen-binding, Lancefield T antigen) region. The
collagen-binding protein and the T antigen are associated with the
pilus, whereas several fibronectin-binding proteins are encoded
outside the pilus operon. There is a much greater degree of vari-
ability among GAS pili compared to other streptococcal species,
which is reflected in their use in strain typing (T-serotyping, tee-
sequence typing) (11, 12). To date, nine FCT types have been

documented (13, 14). The only known structure of a S. pyogenes
BP is from the FCT 2 strain SF370 (serotype M1/T1) (6). This BP
(Spy0128) comprises two tandem immunoglobulin (Ig)-like do-
mains, each with a CnaB-like fold with reverse IgG topology (IgG-
rev) (15). Structures of BPs from other Gram-positive bacteria
show a modular structure similar to that of Spy0128, but with
either three domains, as in Corynebacterium diphtheriae SpaA
(16), Streptococcus agalactiae GBS80 (17), and Actinomyces oris
FimA (18) and FimP (19), or four domains, as in Streptococcus
pneumoniae RrgB (20), Streptococcus agalactiae BP-2a (21) and
Bacillus cereus BcpA (22, 23). The three-domain pilins all have a
domain with a CnaA-type (DEv-IgG) fold inserted between two
CnaB domains: a CnaA domain also has a reverse Ig-like topology
but contains two extra �-strands compared to a CnaB domain
(24). The four-domain pilins either have an additional CnaB do-
main inserted between the N-terminal CnaB domain and the
CnaA domain giving four tandem domains as in BcpA, or a CnaB
domain inserted into the CnaA domain so that it is lateral to the
CnaA domain, as in RrgB and BP-2a (25).

The high degree of divergence between different GAS pilus
types is mirrored in both sequence diversity and length. Pili with
the closest sequence similarity to the two-domain BP of FCT 2
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(Spy0128) include those from FCT types 3, 4, 7, and 8 (13, 26).
They have an approximate size of 350 amino acids and retain
greater sequence identity between FCT types (14). The two-do-
main BPs are unusual since they colocalize with a signal peptidase-
like gene that is essential for their polymerization into fimbriae
(27–29) and lack a conserved YPKN pilin motif that is present in
most other Gram-positive BPs. The YPKN motif presents the
lysine residue that is ligated to the threonine of the pilus sortase
recognition motif (a variant of the LPXTG cell wall anchor motif)
of the next BP subunit during pilus polymerization (30). In the
two-domain GAS BP the pilin lysine is instead presented on an
omega loop on the last strand of the N-terminal CnaB domain (6).

Sequence identity between BPs from FCT types outside this
two-domain group (FCT types 1, 5, 6, and 9) rarely exceeds 25%.
This makes it difficult to predict structure, although their genomic
organization suggests that these GAS pili may be more similar to
pili from other Streptococcus species (26). The open reading
frames of these GAS BPs range from 537 to 720 amino acids,
suggestive of either a three- or four-domain structure analogous
to either S. agalactiae GBS80 or BP-2a. With the exception of FCT
1 they all share the recognizable pilin features of a sortase recog-
nition motif and a YPKN pilin motif.

The FCT 1 BP is unique as, like the smaller two-domain BP, it
lacks the canonical YPKN pilin motif. The pilin lysine is instead pre-
sented in a novel VAKS motif (31). Another distinguishing feature of
FCT 1 is that the pilus operon has only two structural proteins, an
adhesin (FctX) and the BP (T6) (5). Unlike other pili, which are an-
chored to the cell wall peptidoglycan by a specialized ancillary protein
(AP-2), in the mature FCT 1 pilus the BP (T6) is directly attached to
the peptidoglycan by the housekeeping sortase A (SrtA) (31).

This study describes the high-resolution crystal structure of
T6, a representative FCT 1 backbone pilin from S. pyogenes. The
protein structure reveals a modular arrangement of three tandem
Ig-like domains, two of which contain internal isopeptide bonds.
The pilin lysine of the novel VAKS motif is presented in a context
structurally equivalent to the lysine in the classical YPKN pilin
motif observed in other Gram-positive species. The T6 structure
highlights the nature of structural variation in major pilins, in
which a common scaffold is decorated with highly variable exten-
sions that provide different surface features and may contribute to
strain specific immune responses.

MATERIALS AND METHODS
Cloning, expression, and purification of T6. The tee6 gene comprising
the extracellular region of the protein (T635-520) was PCR amplified from
S. pyogenes strain MGAS10394 (ATCC BAA-946) genomic DNA using the
gene-specific primers tee6 Fwd and tee6 Rev (see Table S1 in the supple-
mental material). The amplified fragments were digested with the appro-
priate restriction enzymes (BamHI and HindIII) and cloned into the
vector pProEXHTa (Invitrogen). For recombinant T6 protein expres-
sion, Escherichia coli BL21(�DE3)/pRIL cells were transformed with
pProExHTa:tee6 and grown in Luria-Bertani medium supplemented with
the required antibiotics at 37°C until the optical density at 600 nm reached
0.6. The cultures were induced with 0.3 mM IPTG (isopropyl-�-D-thio-
galactopyranoside) at 37°C for 3 h, and the cells were harvested by cen-
trifugation. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl
[pH 8.0], 500 mM NaCl, 2% [vol/vol] glycerol) supplemented with 10
mM imidazole and Complete protease inhibitor cocktail EDTA-free
minitablets (Roche) and stored at �20°C.

Cells were lysed using a cell disruptor (Constant Cell Disruption Sys-
tems) at 18 kpsi. Insoluble matter was sedimented by centrifugation

(30,000 � g, 4°C, 30 min), and the soluble phase was loaded onto a HiTrap
chelating 5-ml column (GE Healthcare). Bound protein was washed with
wash buffer (lysis buffer plus 20 mM imidazole) and eluted in a gradient
with elution buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2% [vol/
vol] glycerol, 500 mM imidazole). The His6 affinity tag was cleaved from
T6 recombinant protein with a 1:50 ratio of rTEV-His6 and concurrently
dialyzed against 25 mM Tris-HCl [pH 8.0]–100 mM NaCl at 4°C for 16 h.
T6 was separated from the rTEV-His6 protease and uncleaved protein by
immobilized metal affinity chromatography (IMAC). The unbound pro-
tein containing T6 was concentrated using a 30-kDa molecular-mass cut-
off protein concentrator (VivaScience) and purified by size-exclusion
chromatography on a Superdex S200 10/300 column (GE Healthcare) in
crystallization buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl). T6
eluted in a single peak that corresponds to a monomer of �50 kDa and
was ca. 99% pure, as indicated by SDS-PAGE.

Crystallization. Vapor diffusion crystallization trials were carried out
at 18°C using a Cartesian nanoliter dispensing robot (Genomic Systems)
and a locally compiled crystallization screen (32). Initial T6 crystals were
grown in 0.1-�l format and subsequently optimized in a hanging-drop
vapor diffusion format. The crystals used for X-ray data collection were
grown by mixing 1 �l of protein solution (20 mg/ml in 10 mM Tris-HCl
[pH 8.0], 100 mM NaCl) with 1 �l of precipitant (2.0 to 2.2 M NaKPO4

[pH 6.4], 2% PEG 400, 0.1 M imidazole [pH 6.2 to 6.5]) at 18°C.
Data collection and structure determination. T6 crystals were flash-

cooled in liquid nitrogen without cryoprotectant. For phase determina-
tion, crystals were soaked in 1.6 M sodium potassium phosphate (pH 6.4),
2% PEG 400, 0.1 M imidazole (pH 6.5), 50 mM NaCl, and 5 mM Tris-HCl
(pH 8.0) supplemented with 500 mM KI for 10 s prior to flash-cooling.
X-ray diffraction data from the KI-soaked crystals were collected in-house
(Micromax-007HF, Rigaku; MAR345DTB, MAR Research) at �163°C.
All data sets were integrated using XDS (33), reindexed using POINTLESS
(34), and scaled using SCALA (34). The structure of T6 was determined by
single-wavelength anomalous diffraction phasing from the KI-soaked
data, using Phenix Autosol, followed by autobuilding using Phenix (35,
36), which built 60% of the model. This partial model was used for mo-
lecular replacement into the higher-resolution native data. Native X-ray
diffraction data were recorded at the Australian Synchrotron on the MX1
beamline (ADSC quantum 210r detector). The native structure was de-
termined by molecular replacement using Phaser-MR (37). The T6 struc-
ture was subsequently refined using iterative cycles of manual building in
COOT (38) and refinement with Buster (39) and REFMAC (40). The
quality of the T6 model was inspected using the program MolProbity (41).
Data collection and refinement statistics are shown in Table 1. All figures
were generated using PyMOL. The T6 coordinates have been deposited in
the worldwide Protein Data Bank (PDB) using PDB code 4P0D.

Truncation mutagenesis of T6. T6 truncation mutants were PCR-
amplified from pProExHTa:tee6 using the gene-specific primers listed in
Table S2 in the supplemental material. The amplified products were
cloned into the KasI and SalI restriction sites of the pProExHTa expres-
sion vector. The T6-minus C-terminal extension clone was produced us-
ing inverse PCR site-directed mutagenesis (42). Briefly, a high-fidelity
DNA polymerase (iProof; Bio-Rad) was used for the PCR amplification of
the pBluescript:tee6 construct to produce a linearized PCR product with
the C-terminal extension domain deleted. Template vector is removed by
DpnI digestion, which digests only methylated parent DNA, and then
recircularized by intramolecular ligation to produce a modified construct.
Primers used for mutagenesis are listed in Table S2 in the supplemental
material. All mutants were sequence verified and transformed into E. coli
BL21(�DE3) cells. Protein expression and purification were performed as
described for the wild-type T6 construct.

Cloning, expression, and purification of backbone pilins from M1,
M2, M4, M28, and M49. The backbone pilin genes comprising the extra-
cellular region of the protein were PCR amplified using gene-specific
primers from genomic DNA of the S. pyogenes strains listed in Table S1 in
the supplemental material. The amplified fragments were subcloned into
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the expression vectors pProEXHTb (M2 and M4) or pET32a3C (M1,
M28, and M49) and expressed in E. coli BL21(�DE3)/pLysS cells. In each
case, expression was induced with 0.1 mM IPTG for 4 h at 30°C, and the
recombinant protein was then purified by Ni2� affinity chromatography
by using Profinity IMAC Ni-charged resin (Bio-Rad). For proteins ex-
pressed in pET32a3C, the thioredoxin fusion protein was cleaved using 3C
protease and subjected to Ni2�affinity chromatography to separate the
recombinant pilin from the cleaved thioredoxin tag. For proteins ex-
pressed in pProEXHTb the His6 affinity tag was not removed. Further
purification was performed using size exclusion chromatography on a
Superdex S200 10/300 column (GE Healthcare) in phosphate-buffered
saline (PBS).

T6 immunogenicity. Blood samples from patients diagnosed with
acute rheumatic fever (ARF) and a preceding GAS infection confirmed by
an elevated anti-streptolysin-O titer were collected at Waikato Hospital,
Hamilton, New Zealand, as part of an ongoing study to examine GAS
disease. Participants had provided written informed consent and the re-
search protocols were approved by the Central Regional Ethics Commit-

tee (CEN/12/06/017). Serum was prepared by standard clotting methods
and stored in aliquots at �80°C until use. For Western blots, pilus pro-
teins (100 ng per lane) were separated on SDS–12% PAGE gels and elec-
trotransferred using the wet transfer technique to polyvinylidene difluo-
ride membranes (GE Healthcare). Membranes were blotted with patient
serum diluted 1:500 in PBS (pH 7.2) supplemented with 5% skim milk,
followed by an anti-human IgG HRP conjugate (Santa Cruz). For en-
zyme-linked immunosorbent assay (ELISA), Maxisorb immunoplates
(Nunc) were coated with the relevant T6 antigen (5 �g/ml) in PBS (pH
7.2) and blocked with 5% skim milk in PBS-T (PBS with 0.1% Tween 20).
Blocked wells were incubated with patient serum (1:200 in PBST with 5%
skim milk) at room temperature for 1 h. The plates were washed with
PBS-T and incubated with an anti-human antibody– horseradish peroxi-
dase conjugate for detection.

RESULTS
Structure determination. The T6 backbone pilin from Streptococ-
cus pyogenes strain MGAS10394 (serotype M6) is expressed as a
549-residue preprotein that includes an N-terminal signal peptide
and a classical C-terminal cell wall anchoring sortase recognition
motif (LPSTG). For structural analysis, a construct encompassing
the mature protein (residues 35 to 520) was expressed in E. coli,
purified, and crystallized. This construct lacks the N-terminal sig-
nal peptide and ends at the glycine residue of the LPSTG sortase
recognition motif. T6 was crystallized in space group P63, and the
structure was solved by single wavelength anomalous dispersion
methods from KI-soaked crystals. An initial model was built
which was further refined against native data to 1.90-Å resolution
(R 	 21.4%, Rfree 	 25.8, see Table 1 for full details). There is one
molecule per asymmetric unit with only one external loop (resi-
dues 158 to 163) and the C-terminal residues (residues 515 to 520)
devoid of electron density, and three short mobile sections with
uninterpretable electron density (residues 64 to 65, 335 to 336,
and 435 to 436). The first four N-terminal residues (GSLS) are
vector derived, with only the N-terminal glycine not modeled.

Structure of T6. T6 is folded into three tandem Ig-like domains
arranged linearly to form an elongated structure, 115 Å in length. It
has a conserved modular structure typical of Gram-positive back-
bone pilins (BPs), with an N-terminal CnaB domain (N domain,
residues 35 to 178), a middle CnaA domain (M domain, residues 179
to 349), and a C-terminal CnaB domain (C domain, residues 350 to
520) (Fig. 1). This three-domain arrangement closely resembles the
BPs from C. diphtheriae (SpaA), A. oris (FimP), and S. agalactiae
(GBS80) (16, 17, 19). Each T6 domain, however, has insertions
into the basic fold. These variant loops and extensions differ from
those in three domain BPs from other organisms.

The most distinctive feature of the CnaB-type N domain is the
presence of a 40-residue insertion (variable region 2 [V2]) that
precedes �-strand C (Fig. 1). V2 forms a �-strand followed by an

-helix that packs against the top of the M domain, such that the
�-sandwich of the N domain is offset from but still parallel to the
principal axis formed by the M and C domains. A cleft is formed
between the 
-helix and �-strands F and G from the main body of
the domain. A second point of variation involves the 21-residue
loop (V3) between �-strands F and G. This loop sits at the top of,
and partially occluding, the cleft and is partially disordered with
uninterpretable electron density between residues 158 and 163. At
the bottom of the cleft, the side chain of Lys175 protrudes into the
solvent. Lys175 is the lysine residue in the novel VAKS pilin motif,
which is conserved in S. pyogenes T6 strains (31). Lys175 is essen-
tial for sortase-mediated pilin polymerization, forming an inter-

TABLE 1 Data collection, phasing, and refinement statisticsa

Parameter Native (4P0D) KI

Data collection statistics
Wavelength (Å) 0.95468 1.5418
No. of images 360 360
Oscillation angle (°) 1.0 1.0
Resolution range (Å) 24.48–1.90 (1.94–1.90) 52.0–2.04 (2.15–2.04)
Total no. of observations 665,673 (27,669) 558,639 (49,337)
Unique reflections 36,565 (1,592) 32,118 (4,018)
Redundancy 18.2 (17.4) 17.4 (12.7)
Space group P63 P63

Unit cell dimensions
a, b, c (Å) 104.2, 104.2, 84.2 104.2, 104.2, 84.2

, �, � (°) 90, 90, 120 90, 90, 120

Completeness (%) 89.1(57.9) 96.3 (83.0)
Avg I/�
I � 16.6 (3.8) 17.9 (1.6)
Rmerge 0.148 (0.915) 0.104 (1.52)
CC(1/2) 0.998 (0.904) 0.37 (2.04)

Phasing statistics
Anomalous completeness (%) 95.2 (77.9)
Anomalous redundancy (%) 8.9 (6.4)
No. of I sites 9
Figure of merit 0.41
Autobuilt residues 315
CC 0.72
Rwork (%) 0.32
Rfree (%) 0.41

Refinement statistics
Resolution range (Å) 24.48–1.90 (1.94–1.90)
Molecules/AU 1
Solvent content (%) 52.0
Rwork (%) 20.9
Rfree (%) 25.0
No. of protein atoms 3,517
No. of water molecules 441

RMSD from ideal geometry
Bond length (Å) 0.008
Bond angle (°) 1.26

Mean B-factor (Å2)
Protein 20.0
Water 28.9
Ligands 27.7

Ramachandran plot (%)b

Most favored 97.4
Outliers 0.22

a Values for the outermost shell are indicated in parentheses. Mean(I) half-set cor-
relation CC(1/2) as calculated by Scala. Rmerge 	 �hkl�i|Ii(hkl) � 
I(hkl)�|/�hkl�iIi(hkl);
R 	 �hkl||Fo(hkl)| � |Fc(hkl)||/�khl|Fo(hkl)|. The Rwork value is calculated using 95%
of the data selected randomly and used in refinement. Rfree is calculated from the
remaining 5% of the data not used in refinement.
b Determined using MolProbity.
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molecular covalent linkage with the threonine from the LPSTG
sorting motif of the preceding pilin (31). The crystal structure
shows clearly that the VAKS motif is structurally homologous
with the YPKN pilin motif first described in C. diphtheriae (30), a
finding consistent with a common polymerization mechanism.
Like Lys190 in SpaA (16), T6 Lys175 sits close to the C-terminal
end of �-strand G, the last strand of the N domain before it passes
into the M domain. The substitution of a serine for the asparagine
of the YPKN motif is indicative of the fact that the T6 N-terminal
domain does not contain an intramolecular isopeptide bond; it is
the Asn of the YPKN motif that participates in the formation of
such bonds in other pilin domains.

As with the majority of three-domain pilins, the M domain of
T6 has a CnaA-type fold, with a core fold comprising nine
�-strands arranged into two antiparallel �-sheets that form a
�-sandwich. This is decorated with two �-hairpins and an 
-helix.
Beta-hairpin 1 (V4; between �-strands 1 and 2) packs against the
C domain, and beta-hairpin 2 (V5; between �-strands 4 and 5)
packs against �-strand 5 to form an extended �-sheet (Fig. 1). A
prominent loop (V6; between �-strands 8 and 9) folds down over
the surface to mask the face of this extended 7-stranded �-sheet,
while the small single-turn helix sits at the top of �-strands 6 and

7, positioned over the top of the �-sandwich. A conserved helix is
found in a similar location in all pilin M domains and in this
position it “caps” the �-sandwich (Fig. 2).

The C domain, like the N domain, is a CnaB-type domain.
The distinctive feature of the C domain is a large insertion (V8)
of 72 residues between �-strands F and G. This major insertion
has an unusual topology in which it “wraps around” the C
domain from �-strand F and forms a small three-stranded an-
tiparallel �-sheet that sits at the interface between the M and C
domains on the opposite side of the molecule. The structure
then runs back around the same face of the C domain in an
antiparallel direction ending at �-strand G, which forms the last
strand of the C domain leading to the C-terminal LPSTG cell wall-
anchoring motif (Fig. 1).

Stabilizing isopeptide bonds. Intermolecular isopeptide
bonds are a common stabilizing feature of Gram-positive pilins.
First described in the S. pyogenes BP Spy0128 (6), these intramo-
lecular cross-links have subsequently been found in most Gram-
positive pilin domains and in some of the repeated “stalk” do-
mains of other Gram-positive multidomain cell surface adhesins.
In T6 the M and C domains have an isopeptide bond, as evident
from the clearly defined continuous electron density linking the

FIG 1 Structure of the T6 backbone pilin. (A) Ribbon diagram depicting the three domains of T6 colored as in the topology diagram (B) from red (N terminus)
to purple (C terminus). Each domain is decorated with extended loops or variable regions (colored black, V1 to V8), the largest in the C domain is termed the
C-domain extension. Residues involved in isopeptide bond formation and the N-domain pilin lysine (Lys175) are shown in stick form, colored the same as
the �-strand from which they originate. (B) Topology diagram color-coded the same as the ribbon diagram. CnaB domain �-strands are labeled A to G, while
the CnaA domain �-strands are labeled 1 to 9. The variable loop regions connecting �-strands are shown as black, labeled V1 to V8. Isopeptide bond position is
depicted as horizontal black lines. (C) Residues involved in isopeptide bond formation in the M domain (top) and C domain (bottom) are shown in stick form,
colored by atom type, in electron density from a 2Fo-Fc map contoured at 0.38 eÅ�3 (1.2�). Hydrogen bonds are shown as broken lines.
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FIG 2 Comparison of Gram-positive backbone pilins. Ribbon diagrams depicting the backbone pilins from T6 (S. pyogenes) (A), RrgB (S. pneumoniae) (B), SpaA
(C. diphtheriae) (C), FimP (A. oris) (D), and GBS80 (S. agalactiae) (E). Each pilin contains three common Ig-like domains, an N-terminal CnaB domain (missing
in GBS80), a CnaA M domain, and a CnaB C domain. This three-domain core (Green) is decorated at conserved positions in the Ig-like folds with extensions or
variable regions (V1 to V8, blue). Residues involved in isopeptide bond formation and the N-domain pilin lysine (*) are shown in stick form, colored red. (F) A
structural alignment of all pilin N domains highlights the conserved positioning of the pilin lysine (red) at the base of a cleft, which is flanked by variable regions
V1, V2, and V3 (blue). N, N terminus; C, C terminus.
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side chains of Lys183 and Asn309 in the M domain and the side
chains of Lys356 and Asn510 in the C domain (Fig. 1C). As in
other pilins, the T6 isopeptide bonds are buried in the hydropho-
bic core of the �-sandwich, stacked against aromatic residues. In
T6 both of the isopeptide bonds have a trans configuration: in the
M domain the isopeptide NH moiety hydrogen bonds with
Asp227, and in the C domain the isopeptide O hydrogen bonds
with Glu405. These configurations are identical to those observed
in BPs from other streptococci (S. pneumoniae [RrgB] and S. aga-
lactiae [BP-2a]) (20, 21). No isopeptide bond is present in the N
domain since this domain lacks the residues necessary for bond
formation; the typical triad of Lys, Asn, and Glu is substituted by
Ile46, Ser176, and Leu131, respectively. A similar phenomenon is
observed in the N domain of C. diphtheriae SpaA, which also has
no capacity to form an isopeptide bond (16).

Conservation and variation in the Gram-positive backbone
pilins. The structures currently available for backbone pilins from
Gram-positive bacteria show that they have a recurring modular
structure composed of two, three, or four Ig-like domains. More
detailed comparisons show that the N-terminal domains of the
three- and four-domain pilins are flexibly joined to the subse-
quent domains; they can adopt different orientations (Fig. 2) and
can be removed relatively easily by proteolysis. In several cases,
BPs could be crystallized only after proteolytic removal of their
N-terminal domains (25). In contrast, there are substantial con-
tacts between the M and C domains, which appear to be arranged
as a single rigid entity. When the T6 structure is superimposed on
to the structures of other BPs, its M and C domains, as a single
unit, fit well to the M and C domains of both three-domain and
four-domain BPs, despite a very limited sequence identity of
�20% (see Fig. S1 in the supplemental material). The root mean
square differences (RMSDs) between the M and C domains of T6 and
those of SpaA and GBS80 are 2.36 Å (over 201 C
 atoms) and 2.33 Å
(over 207 C
 atoms), respectively, and RMSDs with RrgB and BP-2a
are 2.19 Å (over 215 C
 atoms) and 2.12 Å (over 218 C
 atoms),
respectively. Thus, although overall T6 appears more like the three-
domain pilins of S. agalactiae and C. diphtheriae, it is just as closely
related in its core structure to the four-domain pilins.

The structural alignments highlight a common core harboring
decorations in the form of extended or variable regions (V1 to V8)
that are positioned at conserved points in the CnaA and CnaB
folds. In the T6 M domain the most substantial decoration (V6) is
between �-strands 8 and 9, where a loop folds across the face of
�-sheet 4. A similar loop is also observed in SpaA and FimP, and it
is at this point that the additional domain (D3) of the four-do-
main pilins of BP-2a and RrgB is inserted (Fig. 2B). The major
C-domain extension in T6 (V8) is inserted between �-strands F
and G, where the pilins GBS80, RrgB, BP-2a, FimP, and SpaA all
have extended loops, albeit on a much smaller scale. BP-2a, RrgB,
and to a lesser extent GBS80, SpaA and FimP, also have a substan-
tial insertion (V7) positioned between �-strands B and C. T6 lacks
an insertion at this position, but the majority of the V8 extension
in T6 is positioned on the same side of the protein as the V7
insertion of RrgB and BP-2a (Fig. 2).

Structural alignment of all N-terminal BP domains also reveals
conserved points of decoration on the core CnaB fold (Fig. 2F).
The major insertion on the T6 N domain (V2) is between
�-strands B and C where an 
-helix packs against the M domain.
All pilin N domains have major decorations at this point in
the CnaB fold, and in T6, SpaA, and FimP these are 
-helices. The

loop between �-strands A and B (V1) is another point at which the
pilins are often heavily decorated. Whereas T6 only has a short
loop, SpaA and FimP have disordered extensions and RrgB has an

-helix that sits adjacent to the pilin lysine. The third major point
of variation (V3) is in the loop between �-strands F and G, adja-
cent to a surface cleft. In RrgB this cleft has been shown to accom-
modate the LPXTG motif of the preceding pilin in the pilus shaft
(43). At the base of this cleft is the pilin lysine that forms the
sortase-catalyzed intermolecular isopeptide bond with the
LPXTG threonine residue of the next pilin (Fig. 2B). The position
of this pilin lysine is highly conserved; in structural alignments the
T6 Lys175 C
 atom is 0.5, 0.9, and 1.9 Å from the pilin lysine C

atom in RrgB, SpaA, and FimP, respectively (Fig. 2F).

Expression and immunogenicity of T6 during infection. The
in vivo expression of GAS pili has previously been confirmed in-
directly by demonstrating that human sera from patients with
GAS pharyngitis recognize recombinant BP proteins (44). When
BPs from four different GAS strains (M1, M3, M6, and M12) were
screened as part of a GAS protein array, 76 of 100 (76%) of the sera
reacted with at least one BP. Similarly, in our study sera from
patients diagnosed with ARF were screened for the presence of
BP-specific antibodies. Western blots with sera against BPs from
the six major FCT types (FCT 1, M6; FCT 2, M1; FCT 3, M49; FCT
4, M28; FCT 5, M4; and FCT 6, M2) identified by Falugi et al. (13)
showed that IgG in five of the six sera (83%) reacted with T6.
Serum from two patients reacted exclusively with T6, but in the
three other patients multiple BPs were detected. Example blots for
two patients are shown in Fig. 3A. Reactivity to more than one BP
was also observed by Manetti et al. (44) and suggests either that
cross-reactivity exists among homologous BP domains, that pa-
tients have experienced repeated infections with GAS strains car-
rying different BPs, or both.

The specificity of three sera with high T6 reactivity was further
examined using a panel of recombinant T6 truncation constructs.
It has previously been shown that the separate domains of the
four-domain group B streptococcus pilin BP-2a elicit variable lev-
els of protection in a murine challenge model (21). The D3 do-
main stimulated the highest titers of opsonophagocytic antibodies
in mice, and flow cytometry with serum from immunized mice
showed the D3 and D4 domains were accessible to antibodies,
while antibody reactivity to the D1 and D2 domains was weak.
This raised the question of whether certain domains of GAS BPs
are also preferentially targeted by antibodies in vivo. Five different
T6 truncation mutants, with various combinations of the N, M,
and C domains, and the C-domain V8 extension, were expressed
and purified to test in serum ELISAs alongside the full-length
protein. The highest reactivity for all three serum samples was
observed with the full-length T6 protein (N-M-C-ext), as ex-
pected (Fig. 3B). Removing the C-domain extension (V8) from
both the full-length protein (N-M-C) and the M/C domain (M-C)
reduced IgG reactivity for all three sera to various degrees, dem-
onstrating that the V8 insertion is immunogenic. Detection of
each of the domain constructs (M, M-C, and N-M) by the three
patient sera shows all of the individual T6 domains are targeted by
antibodies during infection. This differs from the observations for
group B BP-2a in mice, where only two of the four domains
showed strong reactivity (21), and suggests that human antibodies
bind along the length of the T6 pilus shaft.
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DISCUSSION

Unlike Gram-negative bacteria, in which pili have long been char-
acterized, the pili of Gram-positive bacteria have been a relatively
recent discovery (5, 45). The first structure of a Gram-positive
pilin protein, Spy0128, the BP protein from M1 GAS, revealed a
two-domain architecture and distinctive intramolecular isopep-
tide bonds that provide strength and stability (6). Spy0128 is one
of the smallest BPs (32.5 kDa), and with its two Ig-like domains
differs from subsequently characterized Gram-positive BP struc-
tures from S. agalactiae, C. diphtheriae, A. oris, B. cereus, and S.
pneumoniae, which all contain three or four Ig-like domains.

The structure of T6 BP, from the important FCT 1 type M6
strain, is the second structure of a GAS BP. It reveals a domain
organization distinctly different from the M1 BP Spy0128, but
similar to the three-domain and four-domain BPs from other or-
ganisms, with a CnaA domain sandwiched between two CnaB
domains. This finding further highlights the recurring, modular
structure of Gram-positive pili. The FCT 1 T6 pilus, like the two-
domain GAS BP encoded in FCT types 2, 3, and 4, has been shown
to lack the canonical YPKN pilin motif that contains the essential
pilin lysine involved in BP polymerization (31). In Spy0128, and
presumably all other two-domain pilins, the essential pilin lysine
is presented on an omega loop on the last �-strand of the N-ter-
minal CnaB domain (6). The T6 structure, however, shows that
the novel VAKS motif noted previously (31) is actually just a vari-
ant of the YPKN motif of most other pilins. Its position, near the

base of the N-terminal CnaB domain with the pilin lysine (Lys
175) located at the end of a groove, exposed to the solvent,
matches exactly to that of the YPKN motif (Fig. 3). It differs in that
the lysine is not followed by an asparagine, but we now see that this
results from the fact that the T6 N domain does not contain an
isopeptide bond and the Asn is thus not required. Sequence align-
ments of FCT 1-type BPs predict an extended motif of YL(Y/F)G
(Q/E)X(A/S)VAKS, where Lys175 (indicated in boldface) is pre-
ceded by residues that line the groove (underlined). This extended
VAKS motif has some similarities to the canonical WXXXVXV
YPKN pilin motif, but with notable differences in the residues that
line the cleft. In FCT 1-type pilins these residues appear more to be
polar than the corresponding residues in other BPs and may re-
flect differences in the binding mode of the polymerizing sortase.

Although the BPs that form the shaft of Gram-positive pili
share a modular construction based on tandem Ig-like domains
with similar core folds, they all harbor highly diverged decorations.
Analysis of these decorations in BP structures shows a conserved po-
sitioning of many of the largest insertions. A common feature of the
three Ig-like domains in T6 is that they all have variant loops situated
between the last two �-strands, the largest being V8 in the C domain.
This extension wraps around one face of the C domain and positions
a small �-sheet on the opposite side of the CnaB domain, effectively
masking most of the core CnaB fold. As shown in the surface repre-
sentation in Fig. 4, the series of variant loops in T6 (blue) cover large
parts of the structurally conserved Ig-like core (green). The variant

FIG 3 Immunogenicity of the T6 backbone pilin in a defined set of patient sera. (A) Western immunoblots with recombinant purified backbone pilin proteins.
Blots were incubated with sera from patients recently diagnosed with acute rheumatic fever. Blots are shown for two patients (ARF1 and ARF5). (B) T6 domain
specificity in patient sera as measured by ELISA. Plates were coated with recombinant T6-derived domains and incubated with sera from three individuals (ARF1,
ARF2, and ARF3) that were highly reactive with full-length T6. Serum from an individual without anti-T6 antibodies is included as a control.
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loops in GAS pilins likely contribute to the specificity of T sera and the
capacity of the sera to recognize specific BP proteins for identification
of T-type (13). Similarly, the generation of strain-specific antibody
responses to BP in humans is probably driven by these variant loops.
IgGs specific for highly variable loops are more likely to be strain
specific, whereas IgGs that bind the conserved core of the BP may
cross-react with structurally similar epitopes on BPs from different
strains. In the present study, the V8 extension was shown to be im-
munogenic in individuals with GAS-associated ARF. The distinct IgG
epitopes of BPs are yet to be mapped in detail, but the immunogenic-
ity of flexible loops and highly variable regions are well documented
for many other surface-exposed bacterial proteins (46–48).

Murine challenge studies with GAS pilus components have
shown that the BP proteins are effective protective antigens and
promising candidates for vaccine development (5). However, de-
veloping a vaccine against GAS pili is complicated by high se-
quence variability, with previous estimates suggesting that a vac-
cine containing a combination of at least 12 BP variants would be
required for 90% protection against common GAS strains (13).
Although GAS BPs show large variations in size and sequence, the
modular nature of the pilus proteins revealed by the current T6 struc-
ture and that of M1 Spy0128 (6) may aid future vaccine design. Such
structure-based antigen design approaches have proved successful
for serogroup B meningococcus and group B streptococcus (49, 50).
Careful examination of GAS BP structures from common serotypes,
alongside studies of the human immune response to BP domains,
may reduce the number of BP variants needed to provide protection
against widely circulating GAS strains.

In conclusion, the structure of the BP protein T6 highlights a
structurally conserved core for pilus proteins. The three conserved
Ig-like domains are decorated with variant loops that likely con-
tribute to strain-specific immune responses in the human host.
There are currently no vaccines available for GAS, and the design

of a pilus-based vaccine would be facilitated by the availability of
further BP structures.
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