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Superantigens (SAgs) are potent microbial toxins that bind simultaneously
to T cell receptors (TCRs) and class II major histocompatibility complex
molecules, resulting in the activation and expansion of large T cell subsets
and the onset of numerous human diseases. Within the bacterial SAg family,
streptococcal pyrogenic exotoxin I (Spel) has been classified as belonging to
the group V SAg subclass, which are characterized by a unique, relatively
conserved ~15 amino acid extension (amino acid residues 154 to 170 in Spel;
herein referred to as the a3-38 loop), absent in SAg groups I through IV.
Here, we report the crystal structure of Spel at 1.56 A resolution. Although
the a3—p8 loop in Spel is several residues shorter than that of another group
V SAg, staphylococcal enterotoxin serotype I, the C-terminal portions of
these loops, which are located adjacent to the putative TCR binding site, are
structurally similar. Mutagenesis and subsequent functional analysis of Spel
indicates that TCR B-chains are likely engaged in a similar general orien-
tation as other characterized SAgs. We show, however, that the a3-38 loop
length, and the presence of key glycine residues, are necessary for optimal
activation of T cells. Based on Vp-skewing analysis of human T cells
activated with Spel and structural models, we propose that the a3-38 loop
is positioned to form productive intermolecular contacts with the TCR p-
chain, likely in framework region 3, and that these contacts are required for
optimal TCR recognition by Spel, and likely all other group V SAgs.
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Superantigens (SAgs) are immunostimulatory
molecules of microbial origin that function to
activate large numbers of T cells by binding
simultaneously to both major histocompatibility
(MHC) class II molecules and T cell receptors
(TCRs). SAg binding to MHC class II occurs outside
of the peptide-binding groove, and can occur
through two independent sites.'” Binding to the
TCR occurs through the variable region of the TCR
B-chain (termed Vp), and together with the MHC
class II interactions, this prevents the complemen-
tarity determining region (CDR) loops from recog-
nizing the antigenic peptide bound in the MHC class
I molecule.” Thus, the hallmark of superantigenicity
is a primary immune response that results in the
activation of T cell subsets that are not specific for the
antigenic peptide contained within the MHC class II
cleft, butis dependent on which V@ is engaged by the
particular SAg.4 In humans, the number of different
TCRVpsis limited to 56, comprising 26 major classes
of p-chains in the TCR repertoire.>® Because SAgs
may bind to more than one V3, these potent toxins
are thus capable of activating a large proportion of T
cells, and their hyperactivation, and the subsequent
release of large quantities of cytokines, is believed to
result in various immune-mediated diseases includ-
ing toxic shock syndrome (TSS).”

Evolutionary classification of the pyrogenic
toxin bacterial SAgs

SAgs belonging to the pyrogenic toxin class
include toxic shock syndrome toxin-1 (TSST-1) and
the staphylococcal enterotoxins from Staphylococcus
aureus, as well as the streptococcal pyrogenic
exotoxins (Spes) from p-hemolytic streptococci,
primarily Streptococcus pyogenes. Bacterial genome
sequencing projects have revealed that a large
number of genetically distinct SAgs are present in
these bacterial pathogens, with more than 30 distinct
SAg serotypes.® Sequence identities between the
various SAgs can range from below 5% for distantly
related members, to >95% for closely related SAgs.
Although there are only a limited number of in-
variant residues among the pyrogenic toxin SAgs,’
each are believed to share a conserved tertiary
structure, and five distinct evolutionary groups
have been proposed for these toxins (Figure 1).”
Within this classification, TSST-1 from S. aureus is the
only group I SAg, and this toxin is believed to be
responsible for essentially all cases of menstruation-
associated TSS.'*'® TSST-1 is unique in that it binds
MHC class II through an N-terminal, low-affinity
binding domain that is peptide-dependent,'* ' and
engages the TCR VR through two independent
regions within both CDR2 and framework region
(FR) 3."*" Group II SAgs contain both staphylococ-
cal and streptococcal SAgs that also bind the MHC
class II a-chain through an N-terminal, low-affinity
binding domain; however, in contrast to group I, this
binding is peptide-independent."® Group II SAgs
include SEB, SEC and SpeA, which engage TCR V2
through mostly conformation-dependent mechan-
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Figure 1. Neighbour—joining tree showing phyloge-
netic relationships of known bacterial superantigens. The
unrooted tree was based on the alignment of amino acid
sequences using CLUSTAL W'® and constructed using
MEGA3.1." The SAg abbreviations are indicated followed
by the relevant accession number. As previously pro-
posed,” the five main groups of SAgs belonging to the
pyrogenic toxin class are indicated, and the MAM and
YPM SAgs are also included in the analysis. Numbers on
branches are percentages from 1000 bootstraps, support-
ing a given partitioning.

isms that are largely indezpendent of specific VB
amino acid side-chains.'”?! After TSST-1, SEB is
believed to be most commonly linked with non-
menstrual-associated cases of staphylococcal TSS,*
while SpeA is most commonly linked with strepto-
coccal TSS.*® Group IIl SAgs consist of only
staphylococcal SAgs, and these toxins are able to
cross-link MHC class I molecules'* through a low-
affinity site similar to Group II,** as well as a high-
affinity, zinc-dependent MHC class II binding inter-
face located within the B-grasp domain of the SAg.*
In general, group III SAgs (such as SEA) are most
commonly associated with staphylococcal food-
borne illness.”® There is currently little available
information regarding how group III SAgs engage
TCR VB. Group IV SAgs are restricted to only
streptococcal members, and these toxins contain a
high-affinity MHC class Il binding domain similar to
group 111”7 Some members of this group (such as
SpeC) have been proposed to lack the low-affinity
MHC binding domain,*® yet this remains contro-
versial.””* The structure of SpeC in complex with
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human V2.1 revealed the distinctive nature by how
group IV SAgs engage VpB. SpeC made multiple
contacts with both side-chain and main-chain atoms
of V2.1, and was unique among characterized SAg-
TCR interactions in that all three CDR loops were
engaged, as well as hypervariable (HV) region 4 and
FR3.2! Also, the buried surface of the SpeC-Vp2.1
interface was comparable to that of TCR—peptide-
MHC complexes, considerably larger than the
contact surfaces for other SAg-TCR complexes.'” !
Recently, we have shown that a hotspot binding
pocket on the surface of SpeC which is critical for
activity, targets a non-canonical amino acid insertion
found in the CDR2 loop of V2, revealing how SpeC
is highly selective for certain TCR Vps.! Based on
these collective characteristics, it is clear that the SAg
evolutionary groups I through IV each display key
differences in how they engage their host receptors.

Group V SAgs include the streptococcal SAg Spel,
and staphylococcal enterotoxin serotypes I, K, L, M
and Q. The p-grasp motif of the C-terminal domain
of SEI has been recently shown crystallographically
to interact with the 1 domain a-helix of HLA-DR1
and the N-terminal portion of the bound antigenic
peptide.’” This interaction is highly similar to the
interaction between Sé)eC with HLA-DR2a,” and
SEH with HLA-DR1.% A unique feature of group V
SAgs, however, is the presence of a loop extension
between the third a-helix and the eighth R-sheet
(which we term the 3-8 loop) (Figure 2(a)). This
homologous ~15 amino acid residue extension is not
found in the other SAg groups,” and although SEI
has been shown to bind human TCR Vs 1 and 5.2,%°
the functional relevance of this loop has yet to be
examined.

Expression, purification and crystallization of
Spel

Wild-type Spel was PCR amplified from S.
pyogenes SF370 chromosomal DNA and cloned
into the pET28a expression vector (Novagen) using
Escherichia coli XL1-blue as the cloning host (Strata-
gene). The forward primer amplified spel lacking the
region encoding the predicted signal peptide and
additionally, engineered a tobacco etch virus (TEV)
protease cleavage site (ENLYFQG) which replaced
the pET28a enterokinase cleavage site (DDDDK)
upstream of the spel gene. The resulting plasmid
(pET28a::TEV::Spel) created an N-terminal transla-
tional fusion of the Hiss purification tag with
Spel, as well as the TEV site for removal of the
purification tag. Spel was expressed from E. coli
BL21 (DE3) (Novagen) essentially as described™’
and purified on a nickel affinity column (Novagen).
Recombinant, autoinactivation-resistant His,::TEV
was produced as described*' and Spel was cleaved
overnight at 4 °C. The cleaved purification tag and
His;::TEV were subsequently removed by passage
over the nickel column in binding buffer containing
15 mM imidazole. Purification was evaluated by
SDS-PAGE and recombinant Spel ran as a homo-
geneous, distinct ~27 kDa band. Protein concentra-

tions were determined using a modified Bradford
assay (Bio-Rad).

Wild-type Spel, which contains a single cysteine
residue at position 80, crystallized as inseparable
bundles of small rods and SDS-PAGE analysis
revealed that it existed in a monomer—-dimer equi-
librium. Addition of reducing agent to the crystal-
lization stock solution and/or well solutions only
marginally improved crystal morphology. Thus, the
Cys80 residue in Spel was mutated to a serine by
site-directed mutagenesis. The Spel C80S mutant
crystallized as thin plates in 30% (w/v) PEG 4000,
0.2 MgCl,, 0.1 M Tris-HCl (pH 8.5) and crystals
were significantly improved using micro-seeding
techniques to produce single crystals measuring
~0.3 mm x0.5mmx0.1 mm. A complete data setto a
nominal resolution of 1.9 A was collected at CHESS,
beam line A-1, and processed using HKL2000.”
Surprisingly, no molecular replacement solution
could be determined using any of numerous
homologous SAg structures and molecular replace-
ment programs. Thus, a strategy for determining the
structure by multi-wavelength anomalous disper-
sion (MAD) phasing was pursued. Because Spel
contains only two methionine residues, one of which
is very near the N terminus and was likely to be
disordered in the crystal, three additional methio-
nine residues were engineered into the Spel C80S
mutant. The resulting Spel C80S/L14M/L55M/
L190M mutant was produced as a seleno-methio-
nine derivative in the E. coli auxotrophic strain B384.
The presence of five seleno-methionine residues in
the purified protein was verified by mass spectro-
metry. Spel C80S/L14M/L55M/L190M was crystal-
lized according to the micro-seeding method used to
crystallize Spel C80S.

Overview of the Spel structure

The structure of the group V SAg Spel was
determined by X-ray crystallography to a resolution
of 1.56 A (Table 1). The Spel structure is highly similar
to that of the group V SAg SEI** and conforms to the
classical bacterial SAg fold that is comprised of N-
terminal R-barrel and C-terminal B-grasp domains
connect by a central a-helix (Figure 2(a)). All residues
in the structure exhibited unambiguous electron
density, including the a3—38 loop (discussed below).

Spel has been shown to bind MHC class II
molecules in a zinc-dependent manner.** Spel and
SEI show 39% identity, and the juxtaposition of
residues His179, His217 and Asp219 in the Spel
crystal structure (Figure 2(b)) is nearly identical to
that of SEI’*> and other SAgs that bind to the P
subunit of MHC class IT molecules.””*” A 4.00 peak
was observed at a position that satisfies zinc
coordination between these three residues in the
final electron density map of the Spel structure. This
indicates that Spel likely engages MHC class II
molecules in a nearly identical way to that of SEI

The primary amino acid sequence comparison
of various pyrogenic toxin SAgs from each group
clearly shows the extended loop characteristic of the
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(c)

Spel
SEI
SEK
SEL
SEM
SEQ

TSST-1 --STNDNIKDLLDWYSSGSDT-FTNSEVLDNSLG--—-—-—————————-— SMRIK
SEB -ESQPDPKPDELHKSSKFTGL-MENMKVLYDDNHVSAI-NVKSIDQFLYFDLI
SEA SEKSEEINEKDLRKKSELQGTALGNLKQIYYYNEKAKTENKESHDQFLOHTIL
speC —————————- DSKKDISNVKSDLLYAYTITPYDYKNCRVNFSTTHTLNIDTQK
SEl  ——mmmmmememeemee——— QGDIGVGNLRNFYTKHDYIDLKGLIDKNLPSANQLE
Spel  mmmmmmmm—em———— YEMSSVGVINLRNLYSTYDPTEVKGKINEGPPFSGSLF
TSST-1 NT--—--——- DGSISLIIFPSPYYSPAFTKGEKVDLNTKRTKKSQ-—————————
SEB YSIKDTKLGNYDNVRVEFKNKDLADKYKDKYVDVFGANYYYQCYFSKKTNDIN
| ~., SEA FKGFFTDHSWYNDLLVDFDSKDIVDKYKGKKVDLYGAYYGYQC-—————————
e SpeC IR=————— GKDYYISSEMSYEASQKFKRDDHVDVFGLFYILNS——————————
SEI F=m———— TGTIDLISESNNWDEISKFKGKKLDIFGIDYNGPC-=======m==

Spel YKNIPYG-NSSIELKVELNSVEKANFFSGKRVDIFTLEYSPPC-=========

: . «s 2*3

TSST-1 HTSEGTYIHFQISGVT--NTEKLPTPIELPLKVKVHGKDSPLK---YWP-KFD

SEB SHOTDKRKTCMYGGVTEHNGNQLDKYRSITVRVFEDGKN-LLS---FD-VQTN
SEA AGGTPNKTACMYGGVTLHDNNRLTEEKKVP INLWLDGKQNTVP-—--LETVKTN
SpeC HTG---—-~ EYIYGGITPAQNNKVNH--KLLGNLFISGESQONL-~--NNKIILE
SEI  ======- KSKYMYGGATL-SGQYLNSARKIPINLWVNGKHKTIS~-~--TDKISTN
Spel NSNIK---KNSYGGITLSDGNRI-DKKNIPVNIFIDGVQOKYSYTDISTVSTD
o F . 808 . .t * :
SEA
TSST-1 KKQLAISTLDFEIRHQLTQIHGLYRS=====—=me——————— SDKTGGYWKIT
SEB KKKVTAQELDYLTRHYLVKNKKLYEFNN-—-———————————— SPYETGYIKF-
SEA KKNVTVQELDLOARRYLOEKYNLYNSD===========- VFDGKVQRGLIVFE
SpeC KDIVIFQEIDFKIRKYLMDNYKIYDA== === e TSPIVSGRIEIG
SEI KKLVTAQEIDVKLRRYLQEEYNIYGHNSTGKGKEYGYKSKF Y SGFNKGKVLF
Spel KKEVTIQELDVKSRYYLOKHFNIYGFG-—--DVKDFGRSSRFQSGFEEGNIIF
*, 33 . 3% LI S Hd . * H
SpeC
TSST-1 MNDGSTYQSDL-—————=——=— SKKFEYNTEKPPINIDEIKTIEAEIN-——---
SEB IENENSFWYDMMPAPGDKFDQSKYLMMYNDNKMVDSKDV-KIEVYLTTKKK-

SpeC TKDGKEEQIDLFDSPNEG—TRSDIFBKYKDNRIINMKNFS MIVILEK————
SEI LNDEKSFSYDLFYT-GDGV-PVSFLKIYEDNKIIESEKF- EISYVDSN
Spel LNSGERISYNLFDT-GHGD-RESMLKKYSDNKTAYSDOL-INI YLVKFNK-

SEA TSTBPSVN!DLFGA-QGQY-SNTLLRIYRDNKTIHSENM-E; IYLYTS---

Gly'® Gly'® Gly'”°
I
FNIYGFG---DVKDFGRSSRFQSGFEEGN
YNIYGHNSTGKGKEYGYKSKFYSGFNKGK
YNIYGHNGTKKGEEYGHKSKFYSGFNIGK
FNIYGHNDTGKGKEYGTSSKFYSGFDKGS
YNIYGFNDTNKGRNYGNKSKFSSGFNAGK

INIYGFNKTKKGQEYGYQSKFNSGFNKGK
shERE 1ok kpk kkkg ¥

Figure 2 (legend on opposite page)
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Table 1. Crystallographic data collection, processing and refinement statistics

A. Data collection and processing

Space group P2y . . .
Unit cell dimensions a=30.9 A, b=80.5 A, c=43.1 A, p=99.5°

Peak Edge Remote
Wavelength gA) 0.979029 0.979416 0.964183
Resolution (A) 50-1.56 50-1.56 50-1.54
Mosaicity (°) 0.5 0.5 0.5
Observations 202,346 203,810 213,465
Unique reflections 57,515 57,543 59,966
Completeness (%) 98.8 (91.3)* 98.8 (91.2) 99.3 (95.7)
Mean I/ o (I) 28.6 (7.7) 28.3 (7.6) 28.2 (6.8)
Reym (%)° 4.1 (12.9) 4.5 (13.1) 45 (14.4)

B. MAD phasing statistics
Se atoms found 4

Figure of merit 0.71
C. Refinement

Ryork (%) 17.6
Riree (%) 22.7
Protein residues 227
Water molecules 299

Average B factor (A%
RMS deviations
Ramachandran plot statistics®

15.2 (Protein residues)
0.01 (Bonds, A) 1.3 (Angles, °)
89.5 (Core, %) 8.5 (Allowed, %)

28.4 (Water molecules)

0.5 (Generous, %) 1.5 (Disallowed, %)

2 Values in parentheses correspond to the highest resolution shell (Peak, Edge, Remote: 1.60 A-1.54 A).
Reym= SN (@=L | / (X Lnkt), where Iy is the mean intensity of all reflections equivalent to ikl by symmetry.
¢ Rwork=X||Fo| = |Fc|/X|Fol|, where Fc is the calculated structure factor.
9 Riree is calculated over reflections in a test set not included in atomic refinement: 1489 reflections, 5.1%.
¢ Residues in disallowed regions include Ser34, Ser47 and Ser80. Each of these residues is part of B-turn element. The first two of these
residues are modelled into unambiguous electron density, while the third is modelled into relatively ambiguous electron density.

group V SAgs,” relative to the other four classes
(Figure 2(a)). The most similar region occurs in group
II SAgs, yet this loop is still nine amino acids shorter
(in SEA) compared with Spel (Figure 2(a)). In Spel
and SEI, this loop follows the central a-helix that
connects the two conserved domains. Of all the
group V SAgs, the Spel a3-p8 loop is the least
homologous, as each of the staphylococcal entero-
toxin loops are extended by an additional 3 residues
(Figure 2(c)). These three residues (Ser144, Tyr145
and Gly146 in SEI) reside in the N-terminal portion
of the loop and result in a more extended turn in this

region for SEI relative to Spel and thus the majority
of variation in both sequence and structure is seen
between residues Gly154 and Gly162 (relative to the
Spel sequence) (Figure 2(c) and (d)). Natural variants
within the «a3-p8 loop of SEI that differed at
positions Asn143 and Ser144 did not apparently
alter the T cell stimulatory capacity of these
variants.”® The C-terminal portion of the a3-B8
loop, however, is essentially identical in structure
between these two SAgs such that after residue
Phel61 of Spel (Tyr151 in SEI) the loops are virtually
superimposable (Figure 2(d)).

Figure 2. Crystal structure of Spel and comparison with SAg representatives for each SAg group. (a) Representative
ribbon diagram crystal structures and amino acid sequence alignments for group I (TSST-1), group II (SEB), group III
(SEA), group 1V (SpeC), and group V (SEI) SAgs. Colouring is according to the secondary structure where a-helices are
coloured red and -sheets are coloured yellow, and the three residues involved in coordinating zinc for binding to the p1
domain of MHC class I are boxed in black. The a3-p8 loop in group V SAgs, and similar regions in groups I-IV are shown
in blue. (b) Stereo view ribbon diagram of the molecular structure of Spel. The structure of Spel was determined by MAD
phasing. Complete diffraction data to 1.56 A resolution at three distinct wavelengths (at the selenium peak, edge and
remote wavelengths) was collected at CHESS, beam line F-1 and processed using HKL2000.%® The positions of four of the
five heavy atoms were determined using SOLVE>* and a partial model was built automatically using RESOLVE.?*** The
structure was refined using CNS*® interspersed with manual model building in Coot.*” Colouring is according to the
secondary structure as in (a) and side-chains of the a3—p8 loop (blue) and zinc coordinating residues (black) are shown as
stick representations. (c) Alignment of the a3—38 loop from group V SAgs. The SePE-I a3-38 loop from Streptococcus equi
(not shown)™ is identical to that of Spel. The highly conserved region is shown in blue, and the remainder of the loop is
shown in red. Numbering of the glycine residues is according to the Spel sequence. (d) Stereo view comparison of the
structurally aligned 3-8 loops from SEI* (black) and Spel (residues Gly154 to Phel61 are shown in red and residues
Gly162 to Gly170 are shown in blue). The conserved Spel residues Gly154, Gly162, Ser165, Ser169 and Gly170 are
indicated, as well as Phe155 and Glu168 that are proposed to interact with FR3. Structural representations were generated
using MacPyMOL [http: // pymol.sourceforge.net/].
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Alanine-scanning mutagenesis of the predicted
TCR Vg binding site on Spel

Bacterial SAgs appear to universally bind the
CDR2 loop, but there are at least three distinct modes
for how SAgs engage the TCR VR represented by
SEB, SEC and SpeA for group II SAgs, SpeC for
group IV SAgs, and TSST-1 as the only group I SAg.
SpeC binds in a slightly different orientation to the
group I SAgs, with a larger buried surface area, and
generally targets TCR VP side-chain atoms®' while
the SEB/SEC/SpeA binding mode generally targets
TCR VP main-chain atoms.!°-2! The TSST-1 binding
mode for TCR VR engages a distinct surface which
overlaps with the first two, but also makes important
contacts through residues within the SAg central -
helix that engage FR3.'*'”** To first evaluate if Spel

and Argl98 were each individually targeted for
alanine-scanning mutagenesis.** These residues
were based on locations known to interact with TCR
VB chains similar to SEB,?° SEC,'° SpeA21 or SpeC,21
and each line a pocket in Spel that could potentially
bind regions of the TCR V3, most likely the CDR2
loop. Furthermore, based on the atypical position-
ing of the VB binding region of TSST-1,'®'7*
Tyr144 (equivalent position to His135 in TSST-1
which is critical for engagement of TCR VB) was
also targeted for mutation. The various single-site
Spel mutants were tested to induce dose-dependent
proliferation of human peripheral blood mono-
nuclear cells. Mutants N13A, S77A, and R198A
each displayed a 5 to 25-fold reduction in potency,
compared with wild-type Spel (Figure 3(a)), whereas
mutants Y44A, K86A and Y144A exhibited no

apparent relative change in activity. These data are

engages TCR VB in a similar orientation to other
consistent with other known SAg-TCR inter-

SAgs, candidate residues Asn13, Tyr44, Ser77, Lys86
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Figure 3. Dose-dependent T-cell proliferation curves for the various site-specific and deletion mutations of Spel. The
Spel mutants were generated using an overlapping megaprimer PCR method with oligonucleotides that incorporated the
desired mutation and individual proteins were produced as described for wild-type Spel. Representative proliferation
curves for (a) alanine-scanning mutations within the predicted TCR VR binding site on Spel; (b) deletion mutations within
the a3-p8 loop; and (c) mutations that targeted conserved glycine residues within the a3-p8 loop. Proliferation was
assessed by the incorporation of [SH]thymidine into human peripheral blood mononuclear cells (2 x 10°/well) in response
to incubation with serial fivefold dilutions of the various Spel proteins. Cells were incubated in RPMI medium (Gibco)
supplemented with 10% (v/v) fetal calf serum (Sigma), 100 pg/ml streptomycin (Sigma), 100 units/ml penicillin (Sigma),
and 1% (w/v) L-glutamine (Sigma) in 5% (v/v) CO, at 37 °C with the various Spel proteins for three days and then
labelled with 1 pCi of [3H]thymidine, and DNA was harvested after 18 h of incubation. The counts per minute were
determined by scintillation counting and plotted at each concentration of protein. The bars represent the meantthe
standard error for experiments done in triplicate. (d) VR skewing analysis of Spel. Separate preparations of peripheral
blood mononuclear cells were obtained from four normal human donors and 10° cells/ml were cultured in the presence of
either anti-CD3 antibody (20 ng/ml) or Spel (100 ng/ml) for three days, washed, and allowed to grow for an additional
day in the presence of interleukin-2 (50 units/ml) before washing and staining for immunofluoresence analysis of the Vp
T-cell repertoire as described.*” Bars represent the percentage of total CD3" cells stimulated with Spel (filled bars) or anti-
CD3 (open bars), expressed as the mean=+the standard error (¥, p<0.05 when stimulation by Spel was compared to
stimulation by anti-CD3 antibodies as determined by the paired Student’s t test).
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. —21.3 . . .
actions,'®17/ 192131434647 and most likely indicate

that the CDR2 loop of TCR VR is engaged within a
cleft formed between the two domains of Spel. None
of the mutations resulted in a complete loss of
activity. This suggests a loss of binding to one or
more members of the wild-type Vp-binding reper-
toire due to a lack of stabilizing interactions, but not
to all Vp targets simultaneously. The wild-type
activity for the Y144A mutation indicates that Spel
does not likely engage TCR V{2 in a similar manner
to TSST-1.

Reducing the Spel a3—-38 loop length diminishes
T cell activation

Based on the alanine-scanning mutagenesis data,
it was apparent that the a3-p8 loop may be
positioned to make contacts with the TCR VP,
most likely within FR3. To address this possibility,
we generated a series of three deletion mutants to
shorten the overall length of the loop, where paired
residues on either side of Gly162 were removed in
an attempt to retain the overall loop organization.
The mutants lacked a total of two, four and eight
residues (Spel mutants A161/163, A160-161/163-
164, A158-161/163-166, respectively). The deletion
mutants each showed a decrease in activity where
the shorter the loop, the lower the potency of the
Spel mutant, up to a 125-fold reduction in activity
for the Spel A158-161/163-166 mutant (Figure 3(b)).
These data indicate that the Spel a3-38 loop length,
or conformation, is important for the engagement
and subsequent activation of T cells.

Mutations in conserved a3—f8 loop glycine
residues affect Spel function

Residues Gly154, Gly162, Ser165, Phel67, Ser169,
and Glyl170 (relative to the Spel sequence) are
strictly conserved in all of the group V SAgs (Figure
2(c)), and each of these residues adopts a nearly
identical position in the Spel and SEI a3-38 loops
(Figure 2(d)). In particular, both Ser165 and Ser169
form a series of hydrogen bonding networks within
both the o3-p8 loop and the SAg core, likely
stabilizing this region of the a3-p8 loop to the
surface of the p-grasp domain. From the primary
amino acid sequence analysis, we initially hypothe-
sized that the conserved glycine residues may
contribute to the conformational flexibility of the
a3-B8 loop, and that this would potentially
contribute to TCR binding. However, the a3-38
loops in Spel and SEI exhibited unambiguous
electron density with B-factors similar to the overall
structures. Thus, it appears that these glycine
residues do not contribute to flexibility, but allow
the a3—8 loop to adopt a favourable conformation
for VB engagement. To address this, we targeted
the paired glycine residues at the termini of the
loop for mutagenesis, as well as Gly162 located
near the middle of the loop (Figure 2(c)). The
alanine substitutions at the paired terminal glycine
residues (G156A/G170A and G154A/G170A) and

the Gly—Pro substitution at position 162 each
displayed a fivefold reduction in potency (Figure
3(c)). Together, these data indicate that the con-
formation of the a3-p8 loop is dependent on the
conserved glycine residues for optimal engagement
of the TCR Vp.

VB-specificity of Spel

Flow cytometry methods were used to determine
the VB profile of recombinant Spel (Figure 3(d)).
From this analysis, proliferating T cells expressing
Vps 6.7, 9 and 21.3, were significantly expanded.
VR5.1 also appeared to be expanded, yet this was
not statistically significant (p=0.128). A primary
sequence alignment for Vs 6.7, 9 and 21.3 revealed
little sequence homology in the CDR2 and HV4
loops, which together represent the most common
regions for engagement with bacterial SAgs.”!
However, the analysis of the VP sequences did
reveal conserved regions in both the CDR1 loop and
FR3, which could represent potential bmdmg sites
for Spel. Using the V6.2 TCR structure,*® which is
the closest structurally characterized homologue to
Vp6.7 targeted by Spel, conserved residues that
were both surface exposed and potentially capable
of making SAg contacts occurred in CDR1 (residues
Gly28 and His29), and FR3 region (residues Pro61,
Arg64, Phe65 and Ser66) TSST-1 interacts with a
similar region of FR3,'® in particular residues Glu61
and Lys62 in VB2.1, which contribute to complex
formation as hot spots for TSST-1 binding.'” These
two residues are located adjacent to the Arg-Phe-Ser
motif in FR3 common to VB’s 6.7, 9, and 21.3, and
may represent a binding location for the a3-p8 loop.

Modeling TCR VB engagement by Spel

Structural information regarding VR engagement
by SAgs is available for roup I (TSST-1),'¢ group II
(SEB, SEC and SpeA),'”- and group IV (SpeC)
SAgs.”' The engagement of Vp by group V SAgs is
not likely similar to TSST-1, as the Spel Y144A
mutant specific for the TSST-1 binding mode
exhibited wild-type activity (Figure 3(a)). Addition-
ally from our phylogenetic analysis, Spel (and the
other group V SAgs) clusters closer to group II than
to group 1V SAgs (Figure 1). Thus, we superim gposed
the Spel structure, and the V{36.2 structure onto
the group IT SpeA-mVp8.2 complex® (Figure 4(a)).
Based on this model, the N and C termini of the Spel
a3-pR8 loop face the TCR-Vp chain suggesting that
residues Phel55 and GInl68 could potentially
interact directly with the VR FR3 region (Figure
2(d) and Figure 4(b)). The model is also supported
by the alanine-scanning mutagenesis data, where
residues Asnl13, Ser77 and Argl198 would surround
the CDR2 loop. Although the glycine mutations
imply that flexibility of this loop could be
important for the interaction, the B-factor indicates
that this loop is relatively rigid, and that changes
in the a3-p8 loop that affect T cell activation are
likely a result of permutations in a region of the
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loop with a common structural motif. The func-
tional effects exhibited by Spel variants that
incorporate mutations in the a3—38 loop are there-
fore anticipated to be broadly applicable to all
group V SAgs.

In summary, we propose that the region between
Gly154 and Gly162 of the a3-p8 loop is directly
involved in TCR binding, the conserved glycine
residues within this loop allow the loop to adopt a
favourable binding conformation, and that the loop
is necessary for the efficient activation of T cells.
From this and other analyses, it appears that the
different evolutionary SAg groups may each have
evolved distinct architectures for engagement of
their TCR ligands.

Protein Data Bank accession number
The atomic coordinates of the Spel crystal struc-

ture have been deposited into the RCSB Protein Data
Bank with the PDB accession number 2ICL
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