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ABSTRACT Group A Streptococcus (GAS) (Streptococcus pyogenes) is an important
human pathogen associated with significant global morbidity and mortality for
which there is no safe and efficacious vaccine. The T antigen, a protein that polym-
erizes to form the backbone of the GAS pilus structure, is a potential vaccine candi-
date. Previous surveys of the tee gene, which encodes the T antigen, have identified
21 different tee types and subtypes such that any T antigen-based vaccine must be
multivalent and carefully designed to provide broad strain coverage. In this study,
the crystal structures of three two-domain T antigens (T3.2, T13, and T18.1) were de-
termined and found to have remarkable structural similarity to the previously re-
ported T1 antigen, despite moderate overall sequence similarity. This has enabled
reliable modeling of all major two-domain T antigens to reveal that T antigen se-
quence variation is distributed along the full length of the protein and shields a
highly conserved core. Immunoassays performed with sera from immunized animals
and commercial T-typing sera identified a significant cross-reactive antibody re-
sponse between T18.1, T18.2, T3.2, and T13. The existence of shared epitopes be-
tween T antigens, combined with the remarkably conserved structure and high level
of surface sequence divergence, has important implications for the design of multi-
valent T antigen-based vaccines.
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he Gram-positive bacterium group A Streptococcus (GAS) (Streptococcus pyogenes)

is a major human pathogen and a significant cause of global morbidity and
mortality (1). Disease ranges from superficial impetigo and pharyngitis to severe
invasive disease and the poststreptococcal sequelae of acute rheumatic fever (ARF),
rheumatic heart disease (RHD), and poststreptococcal glomerulonephritis (PSGN). The
highest burden of GAS disease is due to RHD, with an estimated worldwide prevalence
of 33.4 million and over 300,000 deaths each year (2). ARF is a major cause of acquired
heart disease in low-income countries and in indigenous populations in certain high-
income countries such as New Zealand and Australia (3, 4).

Historically, GAS was classified using two serological markers, known as the “M” and
“T" Lancefield antigens. These antigens, originally described by Rebecca Lancefield in
the 1950s, have subsequently been shown to correspond to the fibrillar M protein and
the pilin T antigen, respectively (5, 6). The GAS M protein is a major virulence factor with
amino acid heterogeneity at the N terminus. Its antigenic diversity formed the basis for
M serotyping, later replaced by emm typing that involves sequencing the hypervariable
region of the emm gene (7). Using this method, over 200 GAS emm types have been
identified (8). The T antigen is the backbone protein (BP) of the GAS pilus, and tee
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typing, which involves sequencing the entire tee gene, can be used as a supplementary
typing tool (9, 10). However, unlike emm typing and the M protein, the regions of the
T antigen that correspond to antigen heterogeneity (and, thus, form the basis of tee
typing) are poorly understood at a structural level.

The GAS pilus backbone consists of multiple copies of the T antigen, which polym-
erize to form the pilus fiber, and one or two accessory proteins (APs); AP1 is the adhesin
at the pilus tip, and AP2 is found at the base of most pilus types and is a cell wall
anchor. GAS pilin genes, together with genes encoding pilus assembly sortases, are
found in a single operon within the FCT (fibronectin-binding, collagen-binding, T
antigen) region (9, 11, 12). Overall, the tee gene shows less genetic variability than the
emm gene: previous surveys of the tee gene in GAS strains have identified 18 major tee
types, 3 of which can be further split into subtypes (13, 14). These studies, although of
a relatively small scale (39 and 100 GAS strains, respectively), appear to have captured
the vast majority of tee type diversity. As evidence, a recent whole-genome sequencing
(WGS) study of over 1,400 invasive GAS isolates in the United States clustered GAS into
21 different tee types (15). Unfortunately, the annotation of tee types in this WGS study
differed from those reported previously (13, 14), which highlights a need to harmonize
tee typing nomenclature to avoid future confusion.

To date, the protein structures of two T antigens have been solved by X-ray
crystallography, and both show a modular architecture of immunoglobulin (Ig)-like
domains (16, 17). The T1 antigen (Spy0128) possesses two Ig-like domains, while the T6
antigen comprises three Ig-like domains. Each of the IgG-like domains of these two
structures contains a core of conserved residues that facilitate the autocatalytic forma-
tion of an intramolecular isopeptide bond (16, 17). These bonds provide the pili with
their characteristic protease resistance and tensile strength (18-21). Outside this core,
there is a high degree of sequence variability. The structure of the T6 antigen revealed
that the central Ig-like domains were largely concealed by highly divergent decorations
in the form of a series of variant loops or extensions. The positioning of these
hypervariant loops and extensions is conserved in other three-domain Gram-positive
bacterial pili (17), suggesting that the generation of strain-specific antibody responses
to three-domain T antigens may be driven by these variant loops. Indeed, the largest
of these extensions in T6 was shown to be immunogenic in individuals with GAS-
associated ARF (17).

Previous surveys of the tee gene and encoded T antigens suggest that the vast
majority of T antigens have two domains as per the T1 structure. Indeed, our previous
phylogenetic study predicted that 16 of the 21 tee types and subtypes encode T
antigens comprised of two domains (14). Furthermore, GAS strains expressing the
two-domain T antigens are the most diverse in terms of the number of associated emm
types and are associated with significant disease (9, 14). Unlike T6, the T1 antigen
structure lacks large hypervariant extensions. With very little variation in the predicted
size of two-domain T antigens, it is less clear which structural features are capable of
generating type-specific immune responses. Moreover, T1 is evolutionarily distinct from
all the other two-domain T antigens, being encoded by the FCT-2 operon (14). In
contrast, the remaining 15 two-domain T antigens are encoded by FCT-3/4/7/8 oper-
ons, suggesting that T1 might not necessarily be structurally representative of all
two-domain T antigens.

The aim of this study is to understand the variability of two-domain T antigens,
which represent the most prevalent GAS tee types globally (13, 14), and determine the
structural features that contribute to type-specific and cross-reactive antibody re-
sponses to these T antigens. Understanding the structural features that are the basis of
a unique “tee type” will inform molecular epidemiological and vaccine studies for GAS.
The pilus and T antigen are attractive GAS vaccine candidates, with previous small-
animal studies showing that anti-AP1 antibodies inhibit bacterial adhesion while anti-T
antigen antibodies can reduce adhesion and promote killing (5, 22). The intramolecular
isopeptide bonds also provide exceptional protein stability, which is advantageous for
vaccine development. Furthermore, compared with the >220 emm types identified,
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and the challenges associated with developing a type-specific M-protein-based vaccine
that will provide global coverage, the limited diversity found within T antigens is an
advantage for vaccine design (23). It has been predicted that a vaccine comprised of 18
T antigens would provide near-global coverage (14). Our study has used a combination
of X-ray crystallography and homology modeling to show that despite a large range of
sequence heterogeneity, two-domain T antigens exhibit remarkable structural conser-
vation. This, in conjunction with specific cross-reactivity patterns observed between
two-domain T antigens, will inform the rational design of T antigen-based vaccines.

RESULTS

Reactivity profile of T18 antisera. We and others have previously shown that
humans are capable of generating both type-specific and cross-reactive immune
responses to T antigens (17, 24). However, information regarding the tee type of the
infecting GAS strain was lacking in these previous studies, limiting the ability to
understand how antigen diversity was driving these responses. In this study, we use the
T18.1 antigen found in emm18, emm71, and emm217 strains as a model two-domain
antigen to comprehensively investigate the nature of type-specific and cross-reactive T
antigen antibody responses. This builds on a previous study that included just three
recombinant two-domain T antigens (T1, T18.1, and T28.1), in which type-specific and
weak cross-reactive immune responses were observed (22). FVB/n mice and New
Zealand White (NZ White) rabbits were immunized with Lactococcus lactis carrying the
complete T18.1 pilus and recombinant monomeric T18.1, respectively. Sera from these
animals were screened by an enzyme-linked immunosorbent assay (ELISA) against a
panel of 14 recombinant T antigens, covering the major tee types known to be
circulating, in order to elucidate reactivity patterns (see Fig. S1 in the supplemental
material) (14, 15).

As shown in Fig. 1A, sera from each of the immunized animals reacted strongly to
T18.1 and the closely related T18.2 subtype. The sera from each of these immunized
animals also exhibited strong reactivity to T3.2 and moderate reactivity with T13. Some
sera also showed reactivity to T5, T11, and T28.1, although reactivity to these T antigens
was not conserved in serum from all animals. Cross-reactive antibodies were also
observed in commercially generated T3-typing sera, which reacted with T3.2, T18.1, and
T18.2. Although T-typing sera are generally type specific, “T-typing cross-reactivity
patterns” have previously been observed between FCT-3/4 T antigens, indicating that
some T-typing sera bind to conserved cross-reactive epitopes on the surface of T
antigens (13, 25). In contrast, the T1-typing serum reacted only with the antigenically
distinct T1 antigen, with no observed cross-reactivity to other T antigens in the panel.
This suggests that the T antigens that are more closely related to each other by
sequence, including T3.2, T13, T18.1, and T18.2, share cross-reactive epitopes that are
not present on the evolutionarily distinct T1 antigen.

To further investigate cross-reactivity, antibodies from the T18.1-immunized rabbit
were affinity purified using resin coupled with T18.1, T3.2, or T13. The purified anti-
bodies were titrated, and their reactivity to T3.2, T13, and T18.1 was determined by an
ELISA (Fig. 1B). The titration of the T18.1 purified antiserum (passed over T18.1-resin)
confirmed that immunization with T18.1 evokes a strong type-specific response and a
lesser, but significant, cross-reactive antibody response against T3.2 and T13. This
indicates that the surface of T18.1 features distinct type-specific epitopes that are
unique to T18.1 as well as cross-reactive epitopes that are found on T3.2 and T13. The
titration curves for the T3.2 purified antibodies show overlapping reactivity with T18.1
but slightly reduced reactivity with T13. Similarly, the titration curves for the T13
purified antibodies show overlapping reactivity with T18.1 but slightly reduced activity
with T3.2. This suggests differences in the specificity and/or avidity of the T3.2 and T13
cross-reactive antibodies induced by vaccination with T18.1, such that there is cross-
reactivity between the three T antigens and additional cross-reactive epitopes that are
shared between only two of the three T antigens. To determine whether the T
antigen-specific antibodies bind to epitopes present on the surface of polymerized pili,
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FIG 1 Reactivity of T18.1-immunized animal sera and T-typing sera to the T antigen panel measured by
an ELISA. (A) The sera were titrated against the T antigen panel in a 5-fold dilution series beginning at
1:100. The endpoint titer of each serum against each T antigen was defined as the highest serum dilution
above the value for the negative control (absorbance of preimmune rabbit serum plus 3 standard
deviations). In the heat map, values for each serum sample were normalized to have the highest
endpoint titer as 1.0 (shown in red), and positivity was defined as a normalized endpoint titer of >0.03,
which equates to the signal of the negative control. (B) Binding of the affinity-purified cross-reactive
antibodies to T3.2, T13, and T18.1. (i) T18.1-immunized rabbit serum passed over T18.1-coupled resin; (ii)
T18.1-immunized rabbit serum passed over T3.2-coupled resin; (iii) T18.1-immunized rabbit serum passed
over T13-coupled resin.

flow cytometry was performed with L. lactis expressing full T1 and T18.1 pili. The
antisera from animals vaccinated with T18.1, together with T3-typing sera and affinity-
purified T18.1, T3.2, and T13 antisera, all resulted in a notable peak shift when
incubated with L. lactis expressing T18.1. This confirms that these T antigen-specific
serum antibodies bind to the pilus surface (Fig. S2).

Following the identification of this striking T3.2/T13/T18.1 cross-reactivity pattern,
the structures of these three T antigens were solved and compared to the structure of
T1 in order to explore the structural diversity of T antigens and investigate the features
that contribute to the observed cross-reactivity pattern.

Structure determination. The T antigen backbone pilins from S. pyogenes are
expressed and exported to the extracellular environment as preproteins, which are
subsequently processed into mature pilins with the removal of an N-terminal signal
peptide and the cleavage of the variant C-terminal sortase recognition motif (QVPTG)
by a specialized pilin sortase. All T antigen constructs used for structural analysis
encompass the mature pilin, ending at a conserved aspartic acid residue directly before
the sortase recognition motif (RD-TQVPTG).

T13 was crystallized in space group P2,2,2,, and the structure was solved by
molecular replacement using the T1 (Spy0128) structure as a model (16, 26). The
structure was refined using data to a 1.90-A resolution (R = 20.5%; Rfree = 23.6) (see
Table 1 for full details). As in the T1 structure, each T13 monomer consists of two Ig-like
B-clasp domains, an N-terminal domain, and a C-terminal domain (Fig. 2). There are two
molecules per asymmetric unit positioned antiparallel to each other. There is poor
density for the first N-terminal residue of the mature pilin construct and the preceding
two vector-derived residues (GAE) in each monomer. In addition, there are three
external loops with either poor or uninterpretable electron density in each monomer.
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TABLE 1 Data collection and refinement statistics?

Infection and Immunity

Value for antigen

Parameter T3.2 T13 T18.1
Data collection statistics
Wavelength (A) 0.95468 0.95468 0.95468
No. of images 360 360 360
Oscillation angle (°) 1.0 1.0 1.0

Resolution range (A)
Total no. of observations
No. of unique reflections

45.26-1.80 (1.84-1.80)
186,142 (10,813)
47,406 (2,751)

48.03-1.90 (1.94-1.90)
909,951 (57,678)
61,489 (3,877)

Redundancy 3.9 (3.9) 14.8 (14.8)
Space group P1 P2,2,2,
Unit cell dimensions
Axial lengths (A a = 32.05, b=60.57, a=41.77,b=114.97, c = 128.71
c=7279
Angles (%) o = 9077, B = 91.77, a=90,B=90vy=90
= 104.1
Completeness (%) 96.4 (95.4) 100 (100)
Mean I/a(l) 19.7 (3.8) 10.4 (1.2)
Rinerge (%)° 0.039 (0.296) 0.256 (2.8)
CC, 0 0.999 (0.937) 0.997 (0.461)

Refinement statistics
Resolution range (A)

Molecules per AU 2 2
Solvent content (%) 45 61
Ryork (%)° 20.0 20.5
Reree (%) 25.0 23.6
No. of protein atoms 4,356 4,046
No. of water molecules 588 270
RMSD from ideal geometry

Bonds (A) 0.008 0.009

Angles (°) 1376 1.426

Mean B-factor (A2)

Protein 25.1 29.1

Water 31.6 30.8
Residues in the Ramachandran plot (MolProbity)

Ramachandran most favored (%) 97.5 98.1

Ramachandran outliers (%) 0 0

24.48-1.80 (1.85-1.80) 48.03-1.90 (1.94-1.90)

44.83-1.75 (1.78-1.75)
189,630 (9,186)
51,303 (2,572)

3.7 (3.6)

P1

a=40.59, b =50.68,
c=6792

a = 103.54, B = 93.53,
v = 90.03

96.7 (89.1)

9.4 (1.5)

0.091 (0.654)

0.995 (0.636)

40.54-1.75 (1.78-1.75)
2

40.16

234

27.7

4,567

354

0.010
1.361

17.3
19.8

98.53
0

aCC, ,,, correlation coefficient (47).
Rpnerge = Zhkt Zi |Ti(hkl) — (I(hkD)|/ Znki Zi Ti(hkl).

Ryork aNd Reee = 2|[Fopsl = [Feate|/ Z|Fopsl: where Ry Was calculated over 5% of amplitudes that were chosen at random and not used in the refinement.

dNumbers in parentheses indicate values for the outermost shell. AU, asymmetric unit.

These loops (residues 45 to 48, 124 to 127, and 168 to 172) are positioned at the top
of the N-terminal domain and at the base of the C-terminal domain and would sit at the
interface between two successive pilin domains in the polymerized stalk of the pilus
and very likely become ordered upon pilus assembly.

T3.2 was crystallized in space group P1 and solved by molecular replacement using
the T13 structure as a model. The data were collected to a resolution of 1.6 A but were
extremely anisotropic and thus restricted to 1.8 A during refinement (R = 20.0%; Ry, =
24.9) (Table 1). There were two antiparallel molecules in the asymmetric unit. Each
two-domain monomer is fully modeled with only the first two N-terminal residues of
the mature T antigen construct and two vector-derived residues (GAET) lacking inter-
pretable electron density. T18.1 was crystallized in space group P1 and solved by
molecular replacement using the T13 structure as a model. The structure was refined to
a 1.80-A resolution (R = 23.4%; Riee = 27.7) (Table 1) with two antiparallel molecules
per asymmetric unit. All residues except for an N-terminal loop (residues 124 to 130)
have clearly interpretable electron density in each monomer (Fig. 2).

T antigen structure. The T3.2, T13, and T18.1 proteins have a conserved modular
structure typical of Gram-positive backbone pilins (BPs). They are folded into two
tandem Ig-like domains arranged linearly to form an elongated structure ~90 A long

June 2019 Volume 87 Issue 6 €00205-19

iai.asm.org 5


https://iai.asm.org

Young et al. Infection and Immunity

T18.1 T13 T3.2 T

FIG 2 Conserved structure of S. pyogenes T antigens. The cartoon depicting the structures of four
sequence-diverse T antigens shows a conserved, virtually identical tandem CnaB-type Ig-like domain
configuration. The key residues involved in intramolecular isopeptide bond formation and the pilin lysine
(K) are shown in stick mode. An adjacent topology diagram shows the N-terminal (blue) and C-terminal
(red) domains. The isopeptide bond position in each domain is depicted as a horizontal black bar. N, N
terminus; C, C terminus.

and 20 to 30 A wide. The domains are CnaB-type Ig-like folds similar to the reported
two-domain BP structure from S. pyogenes: Spy0128 or T1 (Protein Data Bank [PDB]
accession number 3B2M). The most striking aspect is the similarity of the four T antigen
structures (Fig. 3A). An overlay of the four structures (T1, T3.2, T13, and T18.1) shows an

E237 E237
- ;%50\ i ;%%V@\
Y245 Y245
N279 N279
V277 V166 V277 V166
K164 K164

FIG 3 Structural overlay of T antigens. (A) Ribbon diagram showing the almost identical C,, trace, with an overall RMSD of 1.34 A
over 261 aligned residues, among the four structures of T18.1 (green), T13 (cyan), T3.2 (blue), and T1 (magenta). The key residues
involved in intramolecular isopeptide bond formation and the pilin lysine (K) are shown in stick mode. Views are at 0° and 90°
rotations around the y axis. (B) Stereodiagram of the conserved intramolecular isopeptide bonds. The isopeptide bonds of both
the N-terminal domain (top) and the C-terminal domain (bottom) are buried in the hydrophobic core of the B-clasp. For clarity,
only T18.1 residues are numbered. The isopeptide bond forms between a buried lysine (K15) and asparagine (N153) in the
N-terminal domain and between lysine (K164) and asparagine (N279) in the C-terminal domain. The conserved hydrophobic core
surrounding the isopeptide bonds is largely composed of bulky aromatics. A strictly conserved buried glutamate (E102 and E237)
is essential for isopeptide bond formation.
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TABLE 2 Cross-structure statistics?

RMSD (% sequence identity) compared to:

T antigen T18.1 T3.2 T13 T1

T18.1 0.91 (57.9) 1.39 (54.4) 1.45 (34.1)
T3.2 0.91 (57.9) 1.15 (57.9) 1.39 (37.5)
T13 1.391 (54.4) 1.15 (57.9) 1.66 (36.0)
T1 1.45 (34.1) 1.39 (37.5) 1.66 (36.0)

aShown are pairwise comparisons of root mean standard deviations (average distance in angstroms between
the atoms of superimposed T antigens) and amino acid sequence identities of the four experimentally
determined T antigen structures.

almost identical C_, trace, with an overall root mean standard deviation (RMSD) of 1.34 A
over 261 aligned residues among the four structures (PDBeFold [http://www.ebi.ac.uk/
msd-srv/ssm]). This is remarkable given the sequence diversity, with a pairwise se-
quence identity of only 34 to 58% between the structures. Cross-structure statistics for
sequence identity and structure RSMD are shown in Table 2.

A distinctive feature of Gram-positive BPs is the presence of intramolecular isopep-
tide bonds (16, 27). In the CnaB fold, these covalent cross-links form between the first
and last strands of each domain. First described in S. pyogenes BP T1 (Spy0128), these
intramolecular cross-links have subsequently been found in many Gram-positive pilin
domains and in some repeated “stalk” domains of other Gram-positive multidomain cell
surface adhesins. In each T antigen structure, there is clearly defined continuous
electron density linking the side chains of a buried lysine and a buried asparagine
residue in both CnaB domains. As in other pilins, the isopeptide bonds are buried in the
hydrophobic core of the B-clasp, stacked against aromatic residues (Fig. 3B). All the T
antigen isopeptide bonds have a cis configuration, allowing the NH and O moieties of
the isopeptide bond to form a bidentate hydrogen bond interaction with a buried
glutamate carboxyl group. The environment surrounding the isopeptide bond is strin-
gently conserved. The only variations are conservative substitutions at T18.1 residues
Y32 and F17 in the N-terminal domain and a V277F change in the T1 C-terminal domain
(Fig. 3B).

Another highly conserved structural feature is an Q-loop that interrupts B-strand H
of the N-terminal domain (Fig. 2). This structure positions a strictly conserved pilin
lysine at the base of a cleft that accommodates the sortase motif of the preceding
domain. During pilus maturation, a specific sortase cleaves the variant QVPTG sortase
motif between threonine and glycine, reforming an amide bond between C-terminal
threonine carboxylate generated by sortase cleavage and the g-amino group of the
pilin lysine from the next pilin subunit (28-31). This transpeptidase reaction covalently
links successive T antigens to form the homopolymeric shaft of the pilus.

Fimbria-like packing. The previously reported T1 crystal structure mimics the
putative natural fimbria assembly, with successive molecules stacking head to tail and
the C-terminal strand of the preceding pilin 16 A from the s-amino group of the pilin
lysine (16). This corresponds to the predicted distance for the FEVPT peptide that
occupies the cleft in the mature pilus. Of the three T antigen structures determined in
this study, only the T18.1 structure formed pilus-like fimbria structures in its crystal
packing, with the N terminus of each monomer packed against the C terminus of each
adjacent pilin. However, examination of the interface between successive T18.1 do-
mains revealed an unnatural positioning of the pilin domains that would prevent the
alignment of the C-terminal sortase motif with the N-terminal cleft in the proceeding
domain. Thus, the crystal packing for T18.1 was deemed a crystallization artifact. To
examine how the T18.1, T3.2, and T13 antigens would assemble, the T1 crystal arrange-
ment was utilized. An overlay of each of the three pilin structures on the T1 packing
suggests that all pilins assemble in the same way, with the base of the C-terminal
domain forming a wedge that slots into a shallow V-shaped groove at the top of the
N-terminal domain of the next pilin (Fig. 4).
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C-domain

N-domain

FIG 4 Conserved pilus packing arrangement. The similarity between the pilin structures suggests that all
pilins assemble in the same manner. Pilin structures were overlaid on the T1 (Spy0128) crystal packing,
which positions the C-terminal strand of each pilin at the top of the sortase-binding cleft in the
N-terminal domain of the next pilin, 16 A from the pilin lysine. A structurally conserved loop in the
C-terminal domain (loop I-J) forms a wedge that packs on top of a conserved loop (loop E-F) at the base
of a cleft at the top of the N-terminal domain.

Antigenic variation. While the core of the pilin is remarkably conserved, the surface
that is presented to the immune system is highly divergent between pilins. A compar-
ison of the four T antigen structures reveals that the surface variation is not restricted
to any single region, but rather, the sequence drift is uniform along the whole pilin (Fig.
5). An amino acid sequence alignment of these four T antigens also reveals regions
of surface-accessible, conserved sequence along the length of the T antigen (Fig.
S3). As expected, T3.2, T13, and T18.1 feature patches of similar or identical residues
that are not shared with T1 and are likely locations of cross-reactive epitopes on the
otherwise sequence-diverse surface. The overall sequence identity between the
pilins ranges from 58% between T18.1 and T3.2 down to 34% between T18.1 and
T1. However, this identity is reduced in an analysis of surface-exposed residues to
41% between T18.1 and T3.2 and 23% between T18.1 and T1. If only residues that
are fully solvent exposed are compared, then the identity is reduced even further
to 34% between T18.1 and T3.2 and 20% between T18.1 and T1. Surface- and
solvent-exposed residues are believed to be predisposed to substitution as a means
of escaping immune recognition (17, 32, 33).

To determine if the high surface divergence seen in the four crystal structures is
indicative of all T antigens, we modeled a representative T antigen from each major
clade identified in our previous phylogenetic study (14). The highly conserved structural
core of T antigens revealed in the present study means that all two-domain T antigens
can be reliably predicted using homology modeling. We used PHYRE? (Protein Homol-
ogy/Analogy Recognition Engine V 2.0) homology modeling with the T18.1 structure as
a template. All models had a probability score of 100%, and manual inspection revealed
no major inconsistencies. Importantly, key residues involved in isopeptide bond for-
mation were positioned correctly, requiring only minor editing to obtain the correct
geometry. The conserved residues surrounding the isopeptide bonds were also cor-
rectly positioned, giving confidence that the homology-modeled structures are accu-
rate representations of the T antigens. Consistent with the experimentally solved
structures, the modeled structures revealed high sequence identity (74 to 86%) for
buried residues but high sequence variability at the surface. All modeled structures
display variation of surface-exposed residues over the entire pilin surface. Interestingly,
even T antigens from closely related clades have high surface variation. Of the T
antigens analyzed, only T18.1 and T18.2 share a high surface identity (82%), with only
20 to 34% identity between T18.1 and all remaining T types (Table 3).
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FIG 5 Phylogenetic tree showing surface divergence between pilins from each major clade. An align-
ment of both experimentally solved and modeled structures reveals that pilins from each clade present
extremely diverse surfaces to the immune system. The surface of each pilin was compared with that of
T18.1, with residues identical to those of T18.1 shown in green and residues that differ from those of
T18.1 shown in blue. The pilin lysine is in red. Each pilin is viewed at 0° and 90° rotations around the y
axis.

DISCUSSION

This study describes the crystal structures for three two-domain T antigens (T18.1,
T3.2, and T13). Analysis of these T antigen structures, and comparison with the
previously reported T1 (Spy0128) structure (16), revealed a highly conserved core,
coated in variant surface residues distributed over the length of the T antigens. This
contrasts with the M protein, where variability is primarily located at the N terminus of
the protein (34). It follows that emm typing involves sequencing the region of the emm
gene that encodes the hypervariable N terminus, while tee typing requires sequencing
the entire tee gene (13-15). Furthermore, unlike the Lancefield M-typing sera that react
with the hypervariable N-terminal region in an M-type-specific manner, the Lancefield
T-typing sera must contain antibodies that bind to type-specific regions located along
the length of T antigens.

TABLE 3 Surface identity shared between T18.1 and representative T antigens from all
major clades

% identity to residues of:

T18.1 residues T182 T282 T32 T5 T12 T13 T10 T11 T1
Buried 94 86 87 80 79 76 86 74 57
Surface 84 42 41 36 43 43 29 35 23
Fully solvent exposed 82 33 34 27 28 31 23 28 20
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The distribution of surface variation along the length of T antigens of different T
types has implications for vaccine design. While multivalent M-protein vaccines have
been designed based on the 50 amino acids that comprise the N-terminal hypervari-
able region of the M protein (35), the same approach cannot be taken for T antigens.
Both the structures and modeling presented in this study clearly show that there is no
dominant region of “type-specific sequence” located on the T antigen structures. This
makes it difficult to identify which segments of a T antigen should be spliced together
in a multivalent manner to ensure representation of each major T type in a candidate
vaccine. However, given that a T antigen vaccine is predicted to need to contain only
18 T types for near-global coverage, the conserved modular structure of T antigens
revealed by this, and the previously reported T1 and T6 structures (16, 17), it may be
possible to design and synthesize multivalent vaccines based on entire T antigens or T
antigen domains. Not only would such an approach ensure that all potential protective
epitopes are represented, but the resulting vaccine candidate would harbor intramo-
lecular isopeptide bonds, providing increased stability.

Sera from immunized animals and T-typing sera revealed that T18.1, T3.2, and T13
harbor cross-reactive epitopes in this study. A comparison of the surface-exposed
residues of these three T antigens revealed multiple possible locations for the cross-
reactive epitopes that were unable to be further defined due to the use of polyclonal
sera. Nevertheless, a previous study also observed cross-reactivity between Lancefield
T-typing sera and distinct T antigens (13), and it is possible that a systematic investi-
gation of T antigen-induced cross-reactivity patterns may lead to a reduced number of
antigens required to achieve global coverage.

In summary, the determination of three new two-domain T antigen structures has
enabled reliable modeling of all major two-domain T antigens. This has revealed that
T antigen sequence variation is distributed along the length of the protein and shields
a highly conserved core. Thus, in order to capture and detect this variation, tee typing
involves sequencing the entire tee gene. The distribution of sequence variation and
observed cross-reactive antibody patterns between distinct T antigens have important
implications for vaccine design.

MATERIALS AND METHODS

Cloning, expression, and purification of T antigens. The tee genes comprising the extracellular
region of the T antigens were PCR amplified (PrimeStar; Clontech) from genomic DNA of S. pyogenes
strains using gene-specific primers (see Table S1 in the supplemental material). The amplified fragments
were digested with the appropriate restriction enzymes and cloned into an Escherichia coli expression
vector, and the sequence confirmed by Sanger sequencing (Table S1). For crystallization experiments, T
antigens were cloned into pProExHTa (Invitrogen) or MBP-pProExHTa (36).

For recombinant protein expression, E. coli BL21(ADE3) cells were transformed with tee plasmids and
grown in either 2X yeast-tryptone (YT) or Luria-Bertani (LB) broth supplemented with 100 ug/ml
ampicillin at 37°C until the optical density at 600 nm (OD,) reached 0.6. The cultures were induced with
0.3 mM isopropyl-B-p-1-thiogalactopyranoside (IPTG) at 18°C for 16 h, and the cells were harvested by
centrifugation. Cell pellets were resuspended in lysis buffer (50 mM Tris-Cl [pH 8.0], 300 mM NaCl, 10 mM
imidazole) supplemented with complete protease inhibitor cocktail minitablets (EDTA free; Roche) and
stored at —20°C. Cells were lysed using a cell disruptor (Constant Cell Disruption Systems) at 124 kPa.
Insoluble matter was sedimented by centrifugation (30,000 X g at 4°C for 30 min), and the soluble phase
was loaded onto a HiTrap chelating 5-ml column (GE Healthcare). Bound protein was washed with wash
buffer (50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 20 mM imidazole) and eluted in a gradient with elution
buffer (50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 500 mM imidazole). The His affinity tag was cleaved from
the recombinant protein with a 1:100 ratio of recombinant tobacco etch virus (rTEV) protease to His, and
concurrently dialyzed against a solution containing 10 mM Tris-Cl (pH 8.0), 100 mM NaCl, and 1 mM
B-mercaptoethanol at 4°C for 16 h. Recombinant T antigen was separated from the rTEV-His, protease
and uncleaved protein by immobilized-metal affinity chromatography (IMAC). The unbound protein
containing recombinant T antigen was concentrated using a 10-kDa-molecular-weight-cutoff (MWCO)
protein concentrator (VivaScience) and purified by size exclusion chromatography on a Superdex S200
10/300 column (GE Healthcare) in crystallization buffer (10 mM Tris-Cl [pH 8.0], 100 mM NaCl). All purified
recombinant T antigens eluted in a single peak that corresponds to a monomer of approximately 30 kDa
and was approximately 99% pure, as indicated by SDS-PAGE. T1 antigen was purified as previously
described (16).

Preparation and characterization of T18 antisera. Antisera were generated and/or obtained from
three different sources for this study. To generate polyclonal antiserum to T18.1, five FVB/n mice were
intranasally immunized on days 0, 14, and 28 with 1 X 108 CFU/mouse of Lactococcus lactis constitutively
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expressing the T18.1 pilus operon, as previously described (22). Serum was collected on day 52. A New
Zealand White rabbit was immunized subcutaneously with 100 ug of recombinant T18.1 (rT18.1) with
incomplete Freund'’s adjuvant (1:1). The rabbit received three identical boosts on days 14, 28, and 42.
Preimmune serum was collected at day 0, and immune serum was collected on day 56. All animal
vaccinations were conducted using procedures approved by the University of Auckland animal ethics
committee. Finally, commercial T-typing antisera (rabbit) were obtained from Denka Seiken (Tokyo,
Japan).

T antigen-specific sera were affinity purified from the serum obtained from the rabbit immunized
with rT18.1. Affinity columns for three T antigens (T18.1, T3.2, and T13) were generated by covalently
coupling 150 pg of the recombinant T antigen to resin using a MicroLink protein-coupling kit (Thermo
Fisher Scientific). A 300-ul sample of serum from the rT18.1-immunized rabbit was incubated with the
resin for 2 h at room temperature to allow antibody binding. The resin was then washed three times with
coupling buffer (0.1 M sodium phosphate, 0.15M NaCl [pH 7.2]; Thermo Fisher Scientific) to remove
unbound antibodies. Bound antibody was eluted using elution buffer (pH 2.8; Thermo Fisher Scientific),
and the pH of the eluted solution was immediately neutralized with 1M Tris buffer (pH 9). The
concentration of antibody in each eluent was determined using a NanoDrop 2000 instrument (Thermo
Fisher Scientific).

For enzyme-linked immunosorbent assays (ELISAs), Nunc-immuno Maxisorb plates (Thermo Fisher
Scientific) were coated with recombinant T antigen (5 ng/ml) in phosphate-buffered saline (PBS) (pH 7.2)
and blocked with 5% skim milk in PBS-T (PBS supplemented with 0.1% Tween 20). Animal sera or
affinity-purified antibodies were serially diluted in 5% skim milk in PBS-T and incubated at room
temperature for 1 h. The plates were washed with PBS-T and incubated with horseradish peroxidase-
conjugated anti-mouse (GE Healthcare) or anti-rabbit (Abcam) antibodies for detection. The endpoint
titer was defined as the highest serum dilution above the control (absorbance of preimmune rabbit
serum plus 3 times the standard deviation). Graphs and heat maps were prepared using GraphPad Prism
(version 7c).

Flow cytometry. L. lactis expressing T1- or T18.1-containing pili were grown in GM17 medium for
16h at 30°C. Cells were harvested by centrifugation at 5,000 X g for 5min and resuspended in
fluorescence-activated cell sorter (FACS) blocking buffer (PBS-3% fetal bovine serum [FBS]-5 mM EDTA)
at an OD, of 0.4. The cell suspension was sonicated in a water bath for 2 min and then incubated on
ice for 30 min. The blocked cells were harvested by centrifugation and resuspended in FACS buffer
(PBS-1% FBS-5 mM EDTA) at an ODy,, of 0.4. Aliquots of cells were harvested by centrifugation, and the
supernatant was removed. The cells were resuspended in FACS buffer containing animal serum (diluted
1:100) or affinity-purified antibodies (250 nM) and incubated at 37°C for 30 min. The cells were washed
with FACS buffer and harvested by centrifugation. The cells were stained with anti-rabbit IgG(H+L)-Alexa
Fluor 647 or anti-mouse IgG(H+L)-Alexa Fluor 647 diluted 1:1,000 in FACS buffer for 30 min on ice. The
cells were washed with FACS buffer, resuspended in 500 ul FACS buffer, and transferred to FACS tubes.
Binding was analyzed by flow cytometry using an LSR Il flow cytometer (BD).

Crystallization. Vapor diffusion crystallization trials were carried out at 18°C using an Oryx4
crystallization robot (Douglas Instruments) and a locally compiled crystallization screen (37). Initial
crystals (rT3.2, rT13, and rT18.1) were grown in a 0.1-ul sitting-drop format and subsequently optimized
in a hanging-drop vapor diffusion format. The crystals of T13 used for X-ray data collection grew by
mixing a 1-ul protein solution (17 mg/ml in 10 mM Tris-Cl [pH 8.0]-100 mM NaCl) with 1 ul precipitant
(20% [wt/vol] polyethylene glycol 6000 [PEG 6000], 0.2 M morpholinepropanesulfonic acid [MOPS] [pH
7.3]). Crystals of rT3.2 were grown by mixing a 1-ul protein solution (40 mg/ml in 10 mM Tris-Cl [pH
8.0]-100 mM NaCl) with 1 ul precipitant (0.2 M NH,H,PO,, 20% [wt/vol] PEG 3350), and crystals of rT18.1
were grown by mixing a 1-ul protein solution (140 mg/ml in 10 mM Tris-Cl [pH 8.0]-100 mM NaCl) with
1 wl precipitant [10% (wt/vol) PEG 20000, 20% (vol/vol) poly(ethylene glycol) methyl ether 550, 0.02 M
1,6-hexanediol, 0.02 M 1-butanol, 0.02 M 1,2-propanediol, 0.02 M 2-propanol, 0.02 M 1,4-butanediol,
0.02 M 1,3-propanediol, 0.1 M Bicine-Tris base (pH 8.5)]. All crystals were grown at 18°C and reached the
optimum size within 4 days.

Data collection and structure determination. Crystals of T antigens were flash-cooled in liquid
nitrogen with a cryoprotectant consisting of the same precipitant in which the crystals were grown, with
the addition of 20% glycerol. X-ray diffraction data were recorded at the Australian Synchrotron on the
MX1 beamline (ADSC Quantum 210r detector). All data sets were integrated using XDS (38), reindexed
using POINTLESS (39), and scaled using SCALA (39). The structure of T13 was determined by molecular
replacement using the T1 structure (PDB accession number 3B2M) as a model. The T13 model was
subsequently used in the molecular placement of T3.2 and T18.1. The T antigen structures were initially
subjected to a round of autobuilding with ArpWarp (40) and subsequently refined using iterative cycles
of manual building in COOT (41) and refinement with Buster (42) and/or REFMAC (43). The quality of each
T antigen model was inspected using the program MOLPROBITY (44). Data collection and refinement
statistics are shown in Table 1. All figures were generated using PyMOL.

Calculation of surface-exposed residues. Any T antigens that were not experimentally solved were
first modeled using PHYRE?, using the T18.1 structure as the template (45). The solvent-accessible surface
areas and atomic solvation energies of the T antigens were calculated with GETAREA (46). With GETAREA,
each residue in a structure is assigned as being buried, surface exposed, or fully solvent exposed. All
structures were structurally aligned with T18.1, and residues in each of the three groups (buried, surface
exposed, or fully solvent exposed) are presented as percent identities with T18.1 residues.
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Accession number(s). Atom coordinates and structure factors have been deposited in the world-

wide Protein Data Bank (wwPDB) with PDB accession numbers 6BBW for T3.2, 6BBT for T13, and 6NOA
for T18.1.
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