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Summary
Superantigens (SAGs) interact with host immune receptors to induce a massive release of
inflammatory cytokines that can lead to toxic shock syndrome and death. Bacterial SAGs can be
classified into five distinct evolutionary groups. Group V SAGs are characterized by the α3-β8 loop,
a unique ∼15 amino acid extension that is required for optimal T cell activation. Here, we report the
X-ray crystal structures of the Group V SAG staphylococcal enterotoxin K (SEK) alone and in
complex with the TCR hVβ5.1 domain. SEK adopts a unique TCR binding orientation relative to
other SAG-TCR complexes which results in the α3-β8 loop contacting the apical loop of framework
region 4 (FR4), thereby extending the known TCR recognition site of SAGs. These interactions are
absolutely required for TCR binding and T cell activation by SEK and dictate the TCR Vβ domain
specificity of SEK and other Group V SAGs.

Introduction
Bacterial superantigens (SAGs) comprise a large family of disease-associated proteins that are
produced primarily by Staphylococcus aureus and Streptococcus pyogenes1. SAGs function
by simultaneously interacting with class II major histocompatibility complex (MHC) and T
cell receptor (TCR) molecules on antigen presenting cells and T lymphocytes, respectively2.
Contrary to processed antigenic peptides, SAGs bind to MHC molecules outside of their
peptide binding grooves and interact only with the Vβ domains of TCRs, resulting in the
stimulation of up to 20 percent of the entire T cell population. In this way, SAGs initiate a
systemic release of inflammatory cytokines that results in various immune-mediated diseases
including a condition known as toxic shock syndrome (TSS) that can ultimately lead to multi-

© 2007 Elsevier Ltd. All rights reserved.
4Present address: Max-Delbrück-Center for Molecular Medicine, Robert-Rössle-Str. 10, 13125 Berlin, Germany
5Present address: Department of Microbiology and Immunology, University of British Columbia, Vancouver, British Columbia, Canada
*These authors contributed equally
‡Address correspondence to: Eric J. Sundberg, Boston Biomedical Research Institute, 64 Grove Street, Watertown, MA 02472. Tel.:
617-658-7882; Fax: 617-972-1761; E-mail: sundberg@bbri.org
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2010 October 4.

Published in final edited form as:
J Mol Biol. 2007 August 3; 371(1): 210–221. doi:10.1016/j.jmb.2007.05.038.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



organ failure and death. SAGs have also been classified as Category B Select Agents by the
U.S. Centers for Disease Control and Prevention. Despite the intense research efforts that have
been directed toward the characterization of SAGs, therapeutics capable of neutralizing SAG-
mediated T cell activation in humans are clinically unavailable3; 4.

The binding sites on MHC molecules with which SAGs interact are diverse and can be
classified into three distinct groups: (1) a zinc-mediated site on the MHC β subunit that extends
over the MHC-bound peptide; (2) a site on the MHC α subunit entirely peripheral to the MHC-
bound peptide; and (3) a partially overlapping site on the MHC α subunit that extends over the
MHC-bound peptide. Each of these three binding modes has been characterized
crystallographically5; 6; 7. Crystal structures of several SAGs with their respective TCR Vβ
ligands have revealed that SAG-Vβ interactions are also structurally diverse8; 9; 10. These
structures have allowed for the construction of models of the ternary MHC-SAG-TCR T cell
signaling complexes, which due to structural diversity in both SAG-MHC and SAG-TCR
interactions exhibit substantially heterogeneous supramolecular architectures, all of which
nonetheless allow for efficient T cell activation.

More than 30 distinct SAG serotypes from both staphylococci and streptococci belong to the
pyrogenic toxin SAG family11. Although they are all believed to share a conserved tertiary
structure, five distinct evolutionary Groups (I through V) have been proposed for these toxins
due to their pyhlogenetic relationships1 and key differences in how the characterized
representatives for each Group engage their host receptors12.

Within this classification, toxic shock syndrome toxin-1 (TSST-1) from S. aureus is the only
Group I SAG and is also unique in that it binds MHC through an N-terminal, low-affinity
binding domain that is peptide-dependent7; 13 and engages the TCR Vβ through two
independent regions within both complementarity determining region (CDR) 2 and framework
region (FR) 39, that together exhibit positive cooperative binding14. Group II contains both
staphylococcal and streptococcal SAGs (including SEB, SEC and SpeA) that also bind the
MHC α-chain through an N-terminal, low-affinity binding domain; however, in contrast to
Group I, this binding is peptide-independent6. Group II SAGs engage the TCR Vβ through
mostly conformation-dependent mechanisms that are largely independent of specific Vβ amino
acid side chains8; 10; 15. Group III SAGs contain only staphylococcal SAGs (such as SEA),
and these toxins are able to crosslink MHC molecules16; 17 through a low-affinity site similar
to Group II18, as well as a high-affinity, zinc-dependent MHC binding interface located within
the β-grasp domain of the SAG19. There is currently little available information regarding how
Group III SAgs engage Vβ. Group IV SAGs are restricted to only streptococcal members (such
as SpeC), and these toxins contain a high-affinity MHC binding domain similar to that of Group
III20. The structure of SpeC in complex with human Vβ2.1 revealed that this SAG engages
each of the TCR Vβ hypervariable loops, including each of CDR loops 1 through 3 and
HV421. 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 (including SpeI, SEI and SEK) are the least characterized of all of these toxins.
A crystal structure of SEI in complex with HLA-DR1 showed that this group of SAGs binds
to class II pMHC molecules in a similar fashion as do Group IV SAGs22. A key feature of
Group V SAgs is the presence of a loop extension between the third α-helix and the eighth β-
sheet (hereafter referred to as the α3-β8 loop). This ∼15-amino acid extension is not found in
the other SAG Groups1 and is not involved in pMHC interactions. Instead, we have recently
shown that the α3-β8 loop of SpeI is functionally important for the activation of T cells12. In
particular, the presence of several Gly residues within this loop are necessary for optimal T
cell stimulation, suggesting that flexibility and/or the ability to adopt an otherwise unattainable
conformation are key structural features of this loop.
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In order to further define the functional relevance of the α3-β8 loop unique to Group V SAGs,
we have undertaken structural, energetic and functional analyses of SEK binding to one of its
known TCR ligands, the human Vβ domain 5.1 (hVβ5.1). Here, we report the X-ray crystal
structures of SEK alone, as well as in complex with hVβ5.1. These structures show that the
loop is not altered in conformation upon TCR binding. Residues within the α3-β8 loop make
intermolecular contacts with hVβ5.1 and extend the known TCR Vβ domain binding site for
SAGs into the FR4 region. Using surface plasmon resonance (SPR) molecular interaction
analysis and functional assays employing an engineered hVβ5.1+ Jurkat T cell line, we
document the functional importance of these contact residues. The SEK-hVβ5.1 crystal
structure also shows that SEK adopts a distinct orientation in binding the TCR Vβ domain
relative to other SAG-TCR interactions. As a result, the majority of the interface comes from
a contiguous stretch of residues comprising the SEK N-terminus and α1 α-helix.

Results
SEK is structurally homologous to other Group V superantigens

We have determined the X-ray crystal structure of SEK in its unbound state (Figure 1A). The
crystal was grown with a single-site mutant of SEK, SEK-C73S, in which the sole cysteine
residue in SEK was mutated to serine in order to reduce disulfide-linked aggregation and
promote crystallization. This residue lies outside of the molecular interface formed with
hVβ5.1 (see below) and does not affect SEK structure or function in any detectable way. The
structure was solved by molecular replacement methods using the structure of SpeI as a
model12. The structure has been refined to a resolution of 1.56 Å. Data collection, processing
and refinement statistics are shown in Table 1.

The structure of SEK conforms to the classical bacterial SAG fold that is comprised of N-
terminal β-barrel and C-terminal β-grasp domains. All residues in the structure exhibited
unambiguous electron density, including the α3-β8 loop. The conformation of this loop is very
similar to the analogous loops of SEI and SpeI (Figure 1B), two other Group V SAGs for which
crystal structures have been determined. The structure of the putative MHC binding site on
SEK is also structurally homologous to that of SEI (Figure 1C), and thus, SEK likely binds to
MHC in a similar fashion as does the latter 22. The zinc-dependency of SEK binding to the
high affinity MHC class II binding site was confirmed by an aggregation assay using LG-2
antigen presenting cells (data not shown).

The α3-β8 loop does not change conformation upon TCR binding
We have also determined the X-ray crystal structure of SEK bound to its TCR Vβ domain
ligand hVβ5.1 (Figure 2A). This structure was solved by molecular replacement methods using
the structures of SEK in the unbound state and of the β chain of the 3A6 TCR 23 and refined
to a resolution of 2.4 Å. Data collection, processing and refinement statistics for this structure
are shown in Table 1. Characterization of the SEK-hVβ5.1 molecular interface reveals that it
is more akin to those SAG-TCR complexes formed by Group I (i.e., TSST-1) and Group IV
(i.e., SpeC) SAGs than by Group II (i.e., SEB) SAGs, in terms of intermolecular contacts,
buried suraface area and shape complementarity (Table 1).

Our recent structural and functional analysis of the Group V SAG SpeI 12 showed that the α3-
β8 loop of this SAG, and by analogy those of other Group V SAGs, was necessary for optimal
T cell activation. In the unbound structure of SpeI, the α3-β8 loop is well-ordered, built into
unambiguous electron density and exhibits relatively low temperature factors, but is also
glycine-rich. Thus, we proposed that one possible mechanism by which this loop contributes
to TCR engagement was through conformational changes induced upon binding. A comparison
of the α3-β8 loop in SEK when bound or not to hVβ5.1, however, shows that this loop is
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conformationally static (Figure 2B). There are essentially no main chain or side chain
movements between the unbound and bound states of SEK. Thus, the α3-β8 loop of SEK is
pre-ordered in a conformation that is amenable for TCR engagement.

The TCR recognition site for superantigens is extended by the α3-β8 loop
Two distinct regions of SEK, the α3-β8 loop and the N-terminus, form intermolecular contacts
with hVβ5.1. Only two residues within the α3-β8 loop, His142 and Tyr158 contact TCR, and
each of these exhibits both hydrogen bonding and van der Waals interactions with residues in
hVβ5.1 (Figure 2C). Surprisingly, these contacts are made to residues not only in the apical
loop of FR3, which we predicted from our previous analysis of SpeI12, but also with residues
in the apical loop of FR4. This region of the TCR has never before been implicated in SAG
binding. Additionally, a contiguous stretch of residues forming the N-terminus of SEK at
positions 1-16, make a variety of hydrogen bonding and van der Waals interactions with
hVβ5.1 exclusively from the CDR2 loop (Figure 2D).

SEK adopts a unique TCR binding orientation relative to other SAG-TCR complexes
SEK adopts a unique orientation when engaging the TCR Vβ domain relative to representative
SAGs from Groups I, II and IV (Figure 3A). Like TSST-1, SEK, due to the extension by the
α3-β8 loop, is positioned higher (i.e., closer to the Cβ domain) on the Vβ domain than are SEB
and SpeC (Figure 3A, upper panels). Despite its higher position on the Vβ domain, SEK, is
aligned in the same plane as are SEB and SpeC, whereas TSST-1 is rotated approximately 45
degrees (Figure 3A, lower panels).

The distinct orientations with which each of these representative SAGs from Groups I, II, IV
and V engage the TCR Vβ domain result in unique patterns of hypervariable and framework
region surfaces that are buried (Figure 3B). Binding to the TCR Vβ CDR2 loop is a requirement
for all bacterial SAGs, and the proportion of the SAG-TCR interface that is contributed by the
CDR2 loop is invariably the greatest in any SAG-TCR complex, relative to any other single
hypervariable or framework region. In this way, SEK is similar to other SAGs. When the Group
V SpeI crystal structure is superimposed onto the SEK-hVβ5.1 crystal structure, SpeI residues
Asn13, Ser77 and Arg198, all of which were shown to be important for human T cell
proliferation12, all surround the CDR2 loop.

Involvement of Vβ domain regions beyond the CDR2 loop, however, plays a significant role
in the TCR Vβ domain specificity and cross-reactivity of a SAG (Figure 3B)14; 24; 25. SEK
and TSST-1, due to their higher position on the Vβ domain, engage one or more framework
region apical loops, at the expense of contacting the hypervariable elements. SEK buries
significant molecular surface belonging to both the FR3 and FR4, while TSST-1 contacts only
residues from FR3. The lower relative positions of SEB and SpeC on the Vβ domain result in
their engagement of hypervariable elements at the expense of binding the apical loops of the
framework regions. SEB buries molecular surface belonging to HV4, while SpeC contacts
residues from CDR1, CDR3 and HV4.

Contact residues in the α3-β8 loop are required for TCR binding
Using surface plasmon resonance (SPR) analysis, we determined the affinity of the wild type
SEK-hVβ5.1 complex to be 6 μM (Figure 4A). This is within the range of affinities (10−7 –
10−4 M) of all known SAG-TCR interactions.

In order to determine whether the intermolecular contacts made by residues in the α3-β8 loop
that we observed in our SEK-hVβ5.1 crystal structure are energetically significant, we analyzed
the capacity of SEK variants with mutations at either His142 or Tyr158 to bind hVβ5.1 by SPR
analysis. His 142 makes three hydrogen bonds (one of which is to the hVβ5.1 main chain) and

Günther et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2010 October 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



three van der Waals contacts with residues in both the apical loops of FR3 and FR4 of hVβ5.1
(Figure 2C). An alanine mutation at this position completely abrogated binding to hVβ5.1
(Figure 4B, left panel). Tyr158 makes a single hydrogen bond and ten van der Waals contacts
to residues in the apical loop of the hVβ5.1 FR4 (Figure 2C). An alanine mutation at this
position also resulted in no hVβ5.1 binding (Figure 4B, middle panel). A phenylalanine
mutation of Tyr158, which removes the hydrogen bond formed between the hydroxyl groups
of Tyr158SEK and Thr78hVβ5.1, as well as a single van der Waals contact, showed minimal
SPR responses at higher concentrations (up to 50 μM, ∼10-fold the wild type KD; Figure 4B,
right panel), indicating dramatically reduced binding.

The α3-β8 loop contact residues are functionally critical
In order to verify the functional importance of the α3-β8 loop for the activation of T cells, we
performed stimulation assays using an engineered hVβ5.1+ Jurkat T cell line with the wild type
and mutant SEK molecules. The functional responses (Figure 4C) for wild type SEK, SEK
(H142A), SEK(Y158A) and SEK(Y158F) all corroborate the results of the SPR binding
analysis. As expected, wild type SEK produced significant dose-dependent secretion of
interleukin-2 (IL-2) starting at concentrations as low as 100 pg/ml. T cell stimulation by both
of the alanine mutants of His142 and Tyr158 resulted in very little IL-2 production, even at
concentrations as high as 10 μg/ml. In accordance with the reduced, but not fully abrogated
binding of the SEK(Y158F), T cell stimulation by this mutant resulted in significant IL-2
production at concentrations as low as 1 ng/ml, albeit diminished relative to wild type SEK.

The SEK-dependent T cell signaling complex
In order to activate T cells, SAGs must bind simultaneously to both MHC class II molecules
and TCRs. By superimposing SAG-MHC and SAG-TCR X-ray crystal structures, models of
MHC-SAG-TCR ternary signaling complexes have been generated for TSST-17; 9, SEB6; 10

and SpeC5; 8, representative SAGs for Group I, II and IV SAGs, respectively (Figure 5A-C).
Using the SEK and SEK-hVβ5.1 complex structures reported here, we have generated a model
of the MHC-SEK-TCR T cell signaling complex (Figure 5D), which is likely representative
of all Group V SAGs. The supramolecular architecture of this SEK-dependent ternary complex
is very similar to that made by SpeC. Because SEK engages the TCR Vβ domain such that it
can bind to the FR apical loops, while SpeC engages the Vβ domain such that it binds all of
the CDR loops, the angle formed between the axis of the MHC-displayed peptide and the long
axis the TCR Vβ domains is more acute in the SEK- versus SpeC-dependent complexes (i.e.,
these axes are approximately 25 degrees closer to parallel in the SEK-dependent ternary
complex than in the SpeC-dependent ternary complex).

Discussion
The activation of T cells by SAGs is dependent on both their interactions with MHC class II
and TCR molecules. The manner in which SAGs bind to MHC has been investigated in great
detail5; 6; 7 and it is now clear that these interactions are restricted to three distinct binding
modes: (1) a zinc-mediated site on the MHC β subunit that extends over the antigenic peptide;
(2) a site on the MHC α subunit entirely peripheral to the displayed peptide; and (3) a partially
overlapping site on the MHC α subunit that extends over the MHC-bound peptide.

There appears to be even greater diversity in the way that SAGs engage TCR (Figure 3A).
While each SAG-TCR complex investigated by structural analysis to date involves extensive
SAG contacts with the CDR2 loop of the TCR, representative SAGs from each SAG Group
contact distinct combinations of hypervariable and framework regions contribute to these SAG-
TCR interfaces. Moreover, the interactions outside of the CDR2 loop have been shown to be
important for the TCR specificity of individual SAGs14; 24; 25.
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The structural analysis of SEK (Figure 1) and its complex with hVβ5.1 (Figure 2) presented
here reveal that SEK is no different in this sense. As a representative of Group V SAGs, SEK
engages its TCR Vβ domain ligand in a manner that is distinct from representatives of Group
I, II, and IV SAGs (Figure 3). In particular, SEK makes intermolecular contacts with residues
in the apical loops of both FR3 and FR4, the latter of which has never before been observed
to play a role in SAG-TCR interactions and was heretofore not known to have any effect on
the SAG-mediated activation of T cells.

The molecular surface of hVβ5.1 belonging to FR4 that is buried by SEK makes numerous
hydrogen bonds and van der Waals interactions with two residues, His 142 and Tyr158, in the
α3-β8 loop of SEK. Our previous studies 12 had implicated the α3-β8 loop, which is unique to
Group V SAGs, as being required for the efficient activation of T cells. Indeed, binding and
functional analyses of wild type and mutant SEK presented here (Figure 4) show that each of
these two residues in the SEK α3-β8 loop is absolutely critical for stimulation of hVβ5.1+ T
cells.

Beyond being required for the SEK-hVβ5.1 interaction, contacts between Group V α3-β8 loop
and Vβ FR4 residues appear to dictate the TCR Vβ specificity of these SAGs. The α3-β8 loops
of SEK and SEI are essentially identical in conformation and both of these SAGs have the
same Vβ-contacting His and Tyr residues at positions 142 and 158, respectively (Figure 1B).
SEI, like SEK, predominantly stimulates hVβ5.1+ T cells 26. SpeI, conversely, does not
stimulate hVβ5.1+ T cells, even though this Group V SAG is highly homologous to both SEK
and SEI12. While the positions of SpeI residues that are analogous to those at positions 142
and 158 of SEK are superimposable, these two residues are Phe and Gln in SpeI (Figure 1B).

This extension of the TCR recognition site to FR4 through critical contacts with SEK α3-β8
loop residues, provides essential data with which to refine our understanding of SAG-TCR
specificity and cross-reactivity. Crystal structures of SEB, SpeA and SpeC with their TCR
ligands8; 10, have shown that TCR increased specificity for these SAGs correlates with the
amount of buried surface, the number of side chain to side chain hydrogen bonds, the
engagement of increasing numbers of CDR loops and the targeting of CDR loops that have
incorporated non-canonical residue insertions. The recent crystal structure of TSST-1, the most
specific SAG known, bound to its sole TCR ligand, hVβ2.1, showed that TSST-1 derives its
specificity primarily by targeting unique residues within the apical loop of FR3, at the expense
of contacting any other CDR loop besides CDR29.

Likewise, SEK, which activates T cells bearing primarily hVβ5.1, as well as hVβ5.2 and
hVβ6.727, appears to derive its specificity, at least in part, through interactions with residues
in FR3 and FR4, namely at positions 63 and 75, with which His142 forms side chain to side
chain hydrogen bonds (Figure 2C). These include a serine residue at position 63 in all three of
these Vβ domains and either an asparagine residue in hVβ5.1 and hVβ5.2 or a threonine residue
in hVβ6.7, which can presumably satisfy the same hydrogen bonding constraints observed in
the SEK-hVβ5.1 complex structure. The SEK-Vβ domain interfaces are extensive (1572 Å2

for the SEK-hVβ5.1 complex), however, and the numerous other residues within these
interfaces are likely to contribute significantly to both binding and specificity. Only an
extensive mutagenesis, structural and energetic analysis would allow for the determination of
the molecular basis of fine specificity of SEK-Vβ domain interactions, such as we have done
for TSST-1–Vβ and SpeC-Vβ interactions9; 14; 25.

TCR hVβ5 and hVβ6 domains, and especially hVβ5.1, have been shown to be overrepresented
in patients with Crohn's disease, a severe inflammatory bowel syndrome28. These TCRs are
also overrepresented in juvenile arthritis and periodontitis29; 30. Beyond those SAGs that
belong to Group V, only SEE, a Group III SAG, stimulates hVβ5.1+ T cells. However, with
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no α3-β8 loop the orientation of SEE on hVβ5.1 is likely to be markedly different than that of
SEK, and the interaction is unlikely to involve the FR3 and FR4 apical loops of the Vβ domain.
No other SAGs are known to stimulate hVβ5.2+ or hVβ6.7+ T cells.

The unique binding orientation, relative to other SAG-TCR complexes, by which SEK interacts
with hVβ5.1 has two important ramifications for T cell activation. First, it results in several
regions of both SEK and hVβ5.1 that are not involved in any other SAG-TCR complex,
including the N-terminus and the α3-β8 loop of the former and residues in FR4 of the latter,
forming the majority of the molecular interface. Second, the MHC-SAG-TCR signaling
complex mediated by SEK, although more similar to that of SpeC than of other SAGs due to
their common interaction with MHC class II molecules, exhibits a different relative
juxtaposition of the TCR and MHC molecules. The recent discovery of a Gα11-dependent T
cell signaling pathway used by SAGs that is distinct from the Lck-dependent pathway used by
antigenic peptide-MHC complexes suggests that SAGs can use a G protein-coupled receptor
as a co-receptor on T cells31. Thus, the relative orientations of SAG, MHC and TCR in SAG-
mediated signaling complexes that we observe in the MHC-SEK-TCR ternary complex, may
have significant functional consequences for the engagement of this co-receptor and
subsequent triggering of this alternative and SAG-specific T cell signaling pathway.

Materials and Methods
Protein production

Like SpeI, SEK contains a single cysteine residue that promoted a monomer-dimer equilibrium
at protein concentrations needed for crystallization. It had been previously observed for SpeI
that mutation of its cysteine residue to a serine resulted in the growth of diffraction-quality
crystals12, and thus, an identical strategy was followed for SEK mutagenesis, expression,
purification and crystallization. Briefly, a C73S mutant of SEK was made following the
QuikChange site-directed mutagenesis protocol (Stratagene). SEK-C73S was cloned into a
modified pET28a expression vector (Novagen), in which the enterokinase cleavage site had
been replaced by a tobacco etch virus (TEV) cleavage site leaving the N-terminal His6
purification tag intact, expressed in E. coli BL21(DE3) cells, and purified on a nickel affinity
column. Recombinant, auto-inactivation resistant His7::TEV was used to cleave the
His6::SEK-C73S fusion protein, and the cleaved purification tag and the His7::TEV were
removed by an additional passage over the nickel affinity column. The resulting product, which
contained no extra residues on either terminus, was further purified by size exclusion
chromatography in 10 mM Tris, pH 7.5, 25 mM NaCl. For SEK-hVβ5.1 co-crystallization and
binding analysis, the SEK-C73S mutant described above was used and the TCR β chain from
the 3A6 TCR (hVβ5.1) was expressed, refolded in vitro and purified as described
previously23.

Crystallography
Crystals of SEK were grown by sitting drop vapor diffusion in 10% polyethylene glycol (PEG)
6000, 2 M NaCl at room temperature. A complete data set to a nominal resolution of 1.56 Å
was collected at CHESS, beam line A-1 and processed using HKL200032. A molecular
replacement solution for SEK was found using the program PHASER33 with SpeI (PDB
accession code 2ICI) as a search model.

For SEK-hVβ5.1 co-crystallization, the two proteins were mixed in a 1:1 molar ratio at ∼10
mg/ml total protein concentration in 10 mM Tris, pH 7.5, 25 mM NaCl, but due to the relatively
low affinity of the complex no further purification of the complex was performed prior to
crystallization. Co-crystals were grown by hanging drop vapor diffusion in 6-10 % PEG 20,000,
0.1 M MES, pH 6.0 – 7.0 at room temperature. A complete data set to a nominal resolution of
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2.40 Å was collected at NSLS, beam line X6A and processed using HKL200032. A molecular
replacement solution for the SEKhVβ5.1 complex was found using the program PHASER 33

with the partially refined SEK structure and the β chain molecule of the 3A6 TCR (PDB
accession code 1ZGL) as search models.

The SEK and SEK-hVβ5.1 structures were refined using REFMAC34 and CNS35, respectively,
interspersed with manual model building in COOT36. Crystallographic data collection,
processing and refinement statistics are listed in Table 1. The atomic coordinates and structure
factors have been deposited in the Protein Data Bank (PDB ID codes: 2NTT for SEK; 2NTS
for SEK-hVβ5.1).

Binding analysis
Affinity measurements were made using a Biacore 3000 surface plasmon resonance instrument
(Biacore, Piscataway, NJ). Wild type SEK, or SEK mutants were immobilized to CM5 sensor
chips by standard amine coupling to an immobilization density of approximately 500 response
units. TSST-1 was immobilized at an equivalent density as a negative control surface. A
concentration gradient of hVβ5.1 was injected over all surfaces and the net maximal responses
were recorded for steady-state analysis. Affinity values were derived by non-equilibrium
regression analysis using the BiaEvaluation 4.1 software (Biacore, Piscataway, NJ).

Functional analysis
To allow for a functional readout for the SEK mutants specific for the hVβ5.1 chain used in
the SEK-hVβ5.1 complex, the Jurkat T cell line JRT3-T3.5 (ATCC) was used. This cell line
lacks the endogenous hVβ8.1 chain present in wild type Jurkat T cells37. Recombinant
hVβ5.1 was constructed essentially as described 25 where the leader and transmembrane DNA
sequences of human hVβ8.1 38 were attached to the 5' and 3' ends of hVβ5.1 cDNA,
respectively, to allow for surface expression and pairing of hVβ5.1 with the endogenous
hVα1. These modifications to the hVβ5.1 cDNA were performed by sequential megaprimer
PCR reactions and the complete hVβ5.1 cDNA was cloned into the unique KpnI and BamHI
sites in pBIG2i39. Ten μg of linearized pBIG2i::hVβ5.1 was electroporated into 5 × 106 JRT3-
T3.5 cells using 300V and 950μF and stable transfectants were selected using increasing
concentrations of hygromycin B. JRT3-T3.5 transfected with pBIG2i alone was used as a
negative control. Surface expression of hVβ5.1 paired with endogenous Vα1 was confirmed
using FACS analysis with PE conjugated anti-TCR antibody (eBioscience). Transfected JRT3-
T3.5 cells (105) were incubated with LG-2 cells (2 × 104) to provide MHC class II, with
different concentrations of the various SEK variants in a non-adherent 96-well plate for 16-18
hours. Activation was monitored using ELISA for human IL-2 (BD biosciences).

For aggregation assays, LG-2 cells (1 × 105 cells/ml) were incubated with 1 μg/ml of
recombinant SEK proteins in a non-adherent, flat-bottom 96-well plates and monitored for cell
aggregation for 7 h. Wells were exposed to 1 μg/ml superantigen and the percentage of cells
in aggregates was assessed at 1 h intervals for 6 h. The control consisted of LG-2 cells not
exposed to superantigen. The zinc-dependency of the high-affinity MHC class II binding site
was tested by the addition of 1mM EDTA at 2 h and then the subsequent addition of 2 mM
ZnSO4 at 4 h. The number of cells in aggregates was assessed as a percentage of the total
number of cells in the field of view at 100x magnification.
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Abbreviations used

APC antigen presenting cell

CDR complementarity determining region

FR framework region

hVβ2.1 human T cell receptor β chain variable domain 2.1

hVβ5.1 human T cell receptor β chain variable domain 5.1

Ig immunoglobulin

IL-2 interleukin-2

MHC major histocompatibility complex

mVβ2.3 murine T cell receptor β chain variable domain 2.3

mVβ8.2 murine T cell receptor β chain variable domain 8.2

pMHC peptide-MHC complex

RU resonance units

SAG superantigen

SEB staphylococcal enterotoxin B

SEC3 staphylococcal enterotoxin C3

SEI staphylococcal enterotoxin I

SEK staphylococcal enterotoxin K

SpeC streptococcal pyrogenic exotoxin C

SpeI streptococcal pyrogenic exotoxin I

SPR surface plasmon resonance

TCR T cell receptor

TSS toxic shock syndrome

TSST-1 toxic shock syndrome toxin-1

V variable
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Figure 1.
Structural similarity of SEK and other Group V bacterial superantigens. (A) Structure of SEK
in the unbound state. The α3-β8 loop is in orange and the residues responsible for Zn2+

coordination and MHC class II binding are in cyan. (B) Structural comparison of the α3-β8
loop domains of SEK, SEI and SpeI. Superposition of the main chains of the α3-β8 loops (left
panel). Molecular detail of side chain positions in the α3-β8 loops (right panels). SEK, SEI and
SpeI are in magenta, green and blue, respectively. The residues in SEK that interact with TCR,
His142 and Tyr158, as well as corresponding residues in SEI and SpeI are encircled. (C)
Structural comparison of the MHC binding site of SEI and the putative MHC binding sites of
SEK and SpeI. Superposition of SEK and SpeI with SEI from the SEI-MHC class II crystal
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structure22 (left panel). Close-up view of the Zn2+ coordination between SEI residues His169,
His207 and Asp209 and the MHC β subunit residue His81 (middle panel). Close-up views of
the putative SAG-MHC interface formed by the superposed SEK and SpeI structures (right
panels). The MHC α subunit is in yellow, MHC β subunit is in red, zinc ion in gray, and the
SAG colors are as in panel B.
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Figure 2.
Structure of the SEK-hVβ5.1 complex. (A) Cartoon representation of the interaction between
SEK and hVβ5.1. SEK is in magenta, hVβ5.1 is in green. The two regions of SEK, the α3-β8
loop and the N-terminus, that contact the TCR are encircled. (B) Comparison of SEK α3-β8
loop structures in the unbound (cyan) and hVβ5.1-bound (green) crystal structures. The
residues that make intermolecular contacts with hVβ5.1, His142 and Tyr158, are demarcated
by asterisks. (C) Close-up view of the interface formed by the α3-β8 loop of SEK and the FR3
and FR4 loops of hVβ5.1. (D) Close-up view of the interface formed by the N-terminus of
SEK and the CDR2 loop of hVβ5.1. In both panels C and D, the side chains of only those
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residues that make intermolecular contacts are shown and side chain to side chain hydrogen
bonds are shown as dashed lines.
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Figure 3.
Diverse TCR engagement by bacterial SAGs. (A) Superposition of the SEK-hVβ5.1 crystal
structure with the TSST-1–hVβ2.1 (left panels), SEB-mVβ8.2 (middle panels) and SpeC-
hVβ2.1 (right panels) complexes. The hVβ2.1 and mVβ8.2 molecules have been removed for
clarity. SEK is in magenta, TSST-1 is in cyan, SEB is in blue, SpeC is in orange and Vβ is in
green. (B) TCR Vβ domain molecular surface buried by various SAGs. Hypervariable and
framework region surface residues buried in the interface formed by TSST-1, SEB, SpeC and
SEK are color-coded as follows: CDR1 (red); CDR2 (green); CDR3 (blue); HV4 (yellow);
FR3 (orange); and FR4 (magenta). The total buried surface areas for each SAG-TCR complex
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are: 1917 Å2 (TSST-1–hVβ2.1)9; 1268 Å2 (SEB-mVβ8.2)10; 1818 Å2 (SpeC-hVβ2.1)8; and
1572 Å2 (SEK-hVβ5.1).
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Figure 4.
Analysis of SEK-hVβ5.1 binding and SEK-mediated T cell activation. (A) SPR analysis of the
wild type SEK-hVβ5.1 interaction. Non-linear regression analysis of maximal responses versus
concentration is shown in the inset plot. (B) SPR analyses of hVβ5.1 interactions with the SEK
(H142A), SEK(Y158A) and SEK(Y158F) mutants. (C) IL-2 secretion by eJRT3-5.1 cells
incubated with various concentrations of wild type SEK and the SEK(H142A), SEK(Y158A)
and SEK(Y158F) mutants presented by LG-2 cells. Data shown are the average ± SEM.
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Figure 5.
MHC-SAG-TCR ternary signaling complexes mediated by (A) TSST-1, (B) SEB, (C) SpeC,
and (D) SEK. Colors are as follows: MHC α subunit, green; MHC β subunit, blue; antigenic
peptide, gray; TCR α chain, orange; TCR β chain, red; SAGs, yellow. For clarity, the MHC-
SAG-TCR complexes mediated by SpeC (panel C) and SEK (panel D) are rotated
approximately 90 degrees clockwise about the vertical axis of the page relative to those
mediated by TSST-1 (panel A) and SEB (panel B).
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Table 1

Structure Determination and Refinement Statistics

Data Collection and processing

SEK SEK–hVβ5.1

Space group P21 P212121

Resolution (Å) 1.56 2.40

Molecules/asymmetric unit 2 SEK 1 SEK/1 hVβ5.1

Observations 226,878 176,078

Unique reflections 63,074 21,526

Completeness (%)a 99.8 (99.0) 99.9 (100.0)

Redundancya 3.6 (2.8) 8.2 (7.9)

Rsym (%)b 8.6 (17.9) 8.7 (34.1)

Mean I/σ(I) 30.9 (5.9) 25.9 (6.1)

Refinement

Rcryst (%)c 16.3 21.9

Rfree (%)d 20.2 24.0

Protein residues 434 462

   Average B values

      SEK 9.9 32.8

      hVβ5.1 37.7

Water molecules 655 152

Ramachandran plot

   Core (%) 87.0 84.5

   Allowed (%) 12.2 13.5

   Generous (%) 0.8 0.7

   Disallowed (%) 0 1.2e

RMS deviations from ideality

   Bonds (Å) 0.008 0.007

   Angles (°) 1.23 1.69

Molecular Characterization

Intermolecular contacts

   Hydrogen Bonds 14

   van der Waals interactions 75

Buried surface areas

   ΔASAtotal (Å) 1572

   ΔASApolar (Å) 920

   ΔASAapolar (Å) 658

   ΔASAapolar/ΔASApolar (%) 42

Shape complementarity
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Data Collection and processing

SEK SEK–hVβ5.1

   SC 0.70

a
Values in parentheses are for the highest resolution shell (1.62-1.56 Å for SEK; 2.49-2.40 Å for SEK-hVβ5.1).

b
Rsym = Σ|((Ihkl − I(hkl))|/(ΣIhkl), where I(hkl) is the mean intensity of all reflections equivalent to hkl by symmetry

c
Rcryst = Σ∥FO| − |FC|/Σ|FO∥, where FC is the calculated structure factor

d
Rfree is calculated as Rcryst using 5.1% (SEK) and 4.7% (SEK-hVβ5.1) of the reflections chosen randomly and omitted from the refinement

calculations.

e
Residues in the disallowed region include: Ser134hVβ5.1; Ala136hVβ5.1; Thr202hVβ5.1; Glu225hVβ5.1; and Ser73SEK;
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