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Molecular Requirements for MHC Class II �-Chain
Engagement and Allelic Discrimination by the Bacterial
Superantigen Streptococcal Pyrogenic Exotoxin C1

Katherine J. Kasper,*† Wang Xi,*‡ A. K. M. Nur-ur Rahman,*† Mohammed M. Nooh,§

Malak Kotb,§¶ Eric J. Sundberg,� Joaquı́n Madrenas,*‡ and John K. McCormick2*†

Superantigens (SAgs) are microbial toxins that bind to both TCR �-chain variable domains (V�s) and MHC class II molecules,
resulting in the activation of T cells in a V�-specific manner. It is now well established that different isoforms of MHC II molecules
can play a significant role in the immune response to bacterial SAgs. In this work, using directed mutational studies in conjunction
with functional analyses, we provide a complete functional map of the low-affinity MHC II �-chain binding interface of the SAg
streptococcal pyrogenic exotoxin C (SpeC) and identify a functional epitope in the �-barrel domain that is required for the
activation of T cells. Using cell lines that exclusively express individual MHC II isoforms, our studies provide a molecular basis
for the selectivity of SpeC-MHC II recognition, and provide one mechanism by how SAgs are capable of distinguishing between
different MHC II alleles. The Journal of Immunology, 2008, 181: 3384–3392.

S uperantigens (SAgs)3 are microbial toxins that function to
simultaneously engage the lateral surfaces of MHC class II
molecules (1–8) and TCR �-chain variable regions (V�s)

(9–15). The unconventional contacts that SAgs make with these
two adaptive immune receptors allows for the activation of large
numbers of T cells that initially expand in a V�-specific manner
(16). In severe cases of SAg exposure the ensuing cytokine
“storm” can result in the toxic shock syndrome (17, 18), and SAgs
have also been implicated in a variety of other immune-mediated
diseases (19–22). Despite engagement of MHC II as one defining
feature of SAgs and a wealth of structural information regarding
how SAgs bind MHC II, there is generally little data to indicate the
molecular requirements for MHC II discrimination.

Bacterial genome sequencing projects have revealed that there
are a large number of genetically distinct SAgs, of which there are
�30 identified serotypes (23), that can be classified into at least
five distinct evolutionary groups (I–V) (18, 24, 25). A phyloge-
netic tree showing this classification scheme has been recently
published (24). Pyrogenic toxin SAgs include the toxic shock syn-
drome toxin-1 (TSST-1) and numerous staphylococcal enterotoxin
serotypes produced by Staphylococcus aureus, as well as multiple
streptococcal pyrogenic exotoxin serotypes produced by Strepto-
coccus pyogenes and related �-hemolytic streptococci (18). Al-
though these toxins all have a generally conserved structure in-
cluding an N-terminal �-barrel domain and a larger C-terminal
�-grasp domain (26), each distinct evolutionary group likely en-
gages host receptors in structurally and functionally distinct ways.

The TCR V� binding interface on the surface of SAgs exists in
a relatively conserved position located in a groove between the
�-barrel domain and the �-grasp domain and invariably involves
the SAg N-terminal �-helix. However, each characterized SAg
evolutionary group demonstrates unique TCR V� binding contacts
and orientations and, thus, each group results in altered T cell
activation complexes (25).

Engagement of MHC II by SAgs is more variable than V� en-
gagement and can occur through at least three clearly distinct
modes. For example, TSST-1 (the only group I SAg) binds the
MHC II �-chain (MHC�) through the TSST-1 N-terminal �-barrel
domain in a relatively low-affinity (KD � 10�5) interaction that
also engages the antigenic peptide and makes contacts within the
�1 domain of the MHC II �-chain (MHC�) (3) (Fig. 1). Thus,
TSST-1 engagement of MHC II can be strongly influenced by the
antigenic peptide (27). Group II SAgs such as staphylococcal en-
terotoxin B (SEB) and staphylococcal enterotoxin C3 (SEC3), as
well as the group III SAg staphylococcal enterotoxin A (SEA),
each engage MHC� similarly, although these toxins bind to a more
lateral region on MHC� compared with TSST-1 and, conse-
quently, these interactions are peptide independent (2, 4, 8) (Fig.
1). Currently, there is no structural data to indicate how the group
IV or the group V SAg engages MHC�. In addition to the low-
affinity MHC� binding, group III (7), group IV (6), and group V
(5) SAgs are known to bind MHC� in an essentially conserved,
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relatively high-affinity (KD � 10�7 M) zinc-dependent manner
that occurs through the �-barrel domain located on the opposing
face of the SAg (Fig. 1). The high-affinity MHC� interaction acts
by coordinating a zinc ion with three conserved SAg amino acids,
and the zinc ion is also coordinated by a conserved amino acid on
the polymorphic �-chain (�His81). Mutations in any of the four
residues that coordinate zinc severely disrupt the activity of the
SAg (28–34). Although MHC� is highly polymorphic and much
of the buried surface with the MHC �-chain is mediated by the
antigenic peptide, this binding arrangement targets conservatively
substituted MHC� residues and engages the N terminus of the
peptide, which is also conformationally conserved (5). Some SAgs
such as SEA have been shown to cross-link MHC II molecules by
binding to both MHC� and MHC� (28, 35, 36) (Fig. 1).

It is now well established that MHC II discrimination by SAgs
can play a profound role in both the magnitude of the immune
response and the clinical outcome of severe invasive streptococcal
infections (37–44). However, the molecular basis by which a par-
ticular SAg binds preferentially to certain MHC II molecules but
poorly recognizes others is not well understood. To understand
why SAgs preferentially engage certain MHC II molecules and
to further understand receptor engagement by the group IV
SAgs, we have mutated the molecular surface of streptococcal
pyrogenic exotoxin C (SpeC) predicted to engage MHC�. Our
findings provide the “functional epitope” on the SpeC molecu-
lar surface for engagement of different MHC� isoforms and,
based on modeled complexes, we provide a molecular basis for
SpeC-MHC II discrimination.

Materials and Methods
Cloning procedures

Standard DNA manipulations were performed as described (45) using en-
zymes supplied from New England Biolabs in accordance with the man-
ufacturer’s instructions. Oligonucleotides were obtained from Invitrogen.
PCRs were performed in a Peltier thermocycler (MJ Research) with Vent
DNA polymerase (Invitrogen), and PCR products were purified using the
QIAquick PCR purification kit (Qiagen). All cloned PCR products were
sequenced in their entirety at the John P. Robarts Research Institute Se-
quencing Facility (London, Ontario, Canada) to ensure correct mutations
and PCR fidelity. Escherichia coli was cultured aerobically in Luria Ber-
tani broth (Difco) at 37°C, and solid medium was obtained by the addition
of 1.5% (w/v) Bacto agar (Difco). Kanamycin (50 �g/ml) was used as a
selective agent as required. All reagents were made with water purified
through a Milli-Q water purification system (Millipore).

SpeC Mutants

Cloning and expression of the various SpeC proteins (46–48) were per-
formed using the modified E. coli expression vector pET41a::TEV, where
the pET41a (Novagen) enterokinase cleavage site (DDDDK) is replaced
with the tobacco etch virus (TEV) protease cleavage site (ENLYFQG)

(49). Each SpeC mutant was generated using an overlapping megaprimer
PCR method with oligonucleotides that incorporated the desired single-site
mutation. SpeC proteins were expressed from E. coli BL21 (DE3) (Nova-
gen) purified by Ni2� column chromatography, and the purification tags
were removed with autoinactivation-resistant His7::TEV as described (50).
All SpeC proteins were purified to apparent homogeneity as determined by
SDS-PAGE (data not shown). Key mutant proteins lacking functional ac-
tivity were examined by circular dichroism analysis to confirm that the
point mutations did not induce any gross structural deviations in the pro-
teins (data not shown).

LG-2 aggregation assay

The B lymphoid cell line LG-2 was used in cell aggregation experiments
(46) where the cells (100,000/ml) were suspended in R10 medium (RPMI
1640 (Invitrogen) supplemented with 10% FCS (Sigma-Aldrich), 100
�g/ml streptomycin (HyClone), 100 U/ml penicillin (HyClone), 2 mM L-
glutamine (HyClone), 1 mM MEM sodium pyruvate (HyClone), 100 �M
nonessential amino acid (HyClone), and 25 mM HEPES (pH 7.2) (Bio-
Shop)) and plated into each well of a 96-well plate. Afterward, each SpeC
protein (1 �g/ml) was added and aggregation was monitored using an
inverted microscope at various time points. The reversibility of the high-
affinity MHC II binding site (51) was tested by the addition of 1 mM EDTA
after 2 h to chelate divalent cations and then by the addition of 2 mM
ZnSO4 after 4 h. Results were assessed as the number of cells in clumps as
a percentage of the total number of cells in the field of view at �100
original magnification.

Functional mapping of the MHC� binding interface of SpeC
using V�2.1� Jurkat T cells

V�2� T cells are the major target of SpeC (46). Thus, we used the Jurkat
T cell line eJRT3-2.1 engineered to express the V�2.1 chain used in the
SpeC-V�2.1 complex (13), which pairs with the endogenous TCR �1-
chain variable region (V�1). APCs included the B lymphoid cell line LG-2,
which is homozygous for the expression of HLA-DR1 (DRA*0101/
DRB1*0101), HLA-DQ5 (DQA1*010101/DQB*05010101) and HLA-
DP3 (DPA1*010301/DPB1*0301) (52), or the type II bare lymphocyte
syndrome (BLS) B cells, which exclusively express HLA-DR1
(DRA1*0101/DRB1*0101), HLA-DR4 (DRA1*0101/DRB1*0401), or
HLA-DQ2�3� (DQA1*0501/DQB1*0302) (42). Activation was moni-
tored for IL-2 production by ELISA (BD Biosciences) using eJRT3-2.1
cells incubated in the presence of SpeC proteins (1 or 100 ng/ml as indi-
cated) for 18 h with the various APC lines. For phosphorylation of ERK-
1/2, LG-2 cells were preincubated with SpeC proteins (10 ng/ml) for 30
min and eJRT3-2.1 cells were added at a 5:1 ratio with the preincubated
LG-2 cells. Cells were harvested and washed with cold PBS containing
sodium orthovanadate at 400 �M to inhibit tyrosine phosphatases. The
cells were lysed in 1% Triton X-100 lysis buffer and analyzed by Western
blotting for total ERK-1/2 using rabbit polyclonal immunoaffinity-purified
antiserum (Stressgen Biotechnologies) and for active ERK-1/2 with mAb
E10 (Cell Signaling Technology).

Three-dimensional models

The quaternary model of the SpeC-mediated T cell activation complex was
constructed by superimposing the crystal structure of SpeC-V�2.1 (Protein
Data Bank code 1KTK) (13) with the SEC3-HLA-DR1 complex (Protein
Data Bank code 1JWM) (4) to orientate the low-affinity MHC class II

FIGURE 1. Structural overview of bacterial SAgs from the various evolutionary groups (I, II, III, and IV) in complex with MHC II. Individual SAgs
are labeled and colored gray, MHC�-chains are colored red, MHC�-chains are colored blue, antigenic peptides are colored black, and zinc atoms are colored
magenta. Ribbon diagrams were generated using PyMOL (pymol.sourceforge.net/) from the crystal structures of TSST-1 (3), SEC3 (4), SEAD227A (8), SEH
(7), and SpeC (6) in complex with MHC II. As previously described (8), the ternary model of SEA-(MHC)2 was produced by superimposing the low-affinity
HLA-DR1-SEAD227A complex with the high-affinity HLA-DR1-SEH complex to orient the high-affinity MHC II interaction with SEA. The “question mark”
indicates the uncharacterized MHC II interaction with SpeC analyzed in this study.

3385The Journal of Immunology

 by guest on O
ctober 5, 2018

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


interaction. The high-affinity MHC II interaction was oriented to SpeC by
superimposing the SpeC-HLA-DR2a complex (Protein Data Bank code
1HQR) (6), and the TCR �-chain was oriented from a typical TCR-MHC
II interaction (Protein Data Bank code 1FYT) (53).

Statistical analysis

Bar graphs are shown as mean � SEM and represent 3–10 separate ex-
periments as indicated. Statistical analyses for comparing mutant proteins
with the wild-type proteins were performed using one-way ANOVA with
Dunnett’s multiple comparison test (GraphPad Prism 4). Differences were
considered significant when p � 0.05.

Results
Generation of the SpeC mutants

Previous work has shown that SpeC is able to aggregate the B
lymphoid cell line LG-2, and that this aggregation phenotype was
attributed to the ability of SpeC to form zinc-mediated ho-
modimers that bind adjacent MHC II molecules through the high-
affinity interaction present on each monomer (46). From the crystal
structure of SpeC, the dimer interface occupied the generic, low-
affinity MHC II domain and thus precluded the low-affinity inter-
action (47). However, other work using limited mutational analysis
has shown that SpeC likely possesses an alternative MHC II bind-
ing interface (29, 48) analogous to the structurally characterized
low-affinity interfaces of SEA, SEB and SEC3 (2, 4, 8). Thus, to
resolve the issue regarding the presence or absence of a potential
low-affinity MHC II binding interface and to understand the mo-
lecular basis by which SpeC binds MHC II through this putative
interface, we performed alanine-scanning mutagenesis of all SpeC
residues within the �-barrel domain that could potentially contact
MHC II. These mutations were initially based on the four struc-
turally characterized SAg/low-affinity MHC II interactions includ-
ing TSST-1/HLA-DR1 (3), SEB/HLA-DR1 (2), SEAD227A/HLA-
DR1 (8), and SEC3/HLA-DR1 (4). A total of 20 mutations were
engineered that cover 2,192 Å (2) of the SpeC surface, as well as
two additional control mutations located within the characterized
zinc-mediated, high-affinity MHC� (SpeCD203A) and TCR
(SpeCY15A) interfaces (6, 13), each of which are known to disrupt
these respective interactions (29, 49).

LG-2 cell aggregation by the SpeC mutants is indicative of
multiple binding interfaces on SpeC

We first confirmed the ability of wild-type SpeC to aggregate the
LG-2 B lymphoid cell line (46), which is homozygous for the
expressions of HLA-DR1, HLA-DQ5, and HLA-DP2 (52). LG-2
cells aggregated upon the addition of staphylococcal enterotoxin E
(SEE), a SAg containing both the high-affinity and low-affinity
MHC II binding interfaces, whereas cells treated in parallel with
streptococcal pyrogenic exotoxin A (SpeA), a streptococcal SAg
containing only the low-affinity MHC II binding interface, did not
(Fig. 2A). As expected (46), SpeC aggregated LG-2 cells in a sim-
ilar manner to that of SEE (Fig. 2A). The nature of this aggregation
was zinc dependent because the chelation of divalent cations by
the addition of EDTA disrupted aggregation, which was reversible
upon the addition of excess zinc (Fig. 2B). The aggregation phe-
notype was disrupted by an alanine point mutation in the control
high-affinity interface mutant (at SpeC position Asp203), while the
control TCR interface mutation (at SpeC position Tyr15) predict-
ably did not disrupt the phenotype (Fig. 2C). Of the 20 mutations
within the putative low-affinity interface, alanine substitutions at
positions Tyr50, Tyr76, and Tyr87 each significantly disrupted the
aggregation phenotype (Fig. 2C). These data suggest that there are
two independent interfaces on SpeC responsible for the LG-2 cell
aggregation phenotype, one that is represented by the zinc-depen-
dent, high-affinity MHC II interface (6, 29), and a second within

the �-barrel domain that is consistent with characterized low-af-
finity MHC II interfaces (2–4, 8).

Mutations within the putative low-affinity MHC II binding
interface of SpeC impair T cell activation

Because the major targets of SpeC are T cells expressing the V�2
TCR (46, 49), we monitored the activation of the engineered
V�2.1� Jurkat T cell line eJRT3-2.1 (49) in the presence of LG-2
cells by the production of IL-2 and the phosphorylation of ERK-
1/2 in response to the various SpeC mutants (Fig. 3). Consistent
with the LG-2 aggregation data, point mutations at Tyr50 and Tyr87

severely impaired the ability to activate T cells (Fig. 3A). Muta-
tions at Tyr76, Ile77, and Tyr85 showed an intermediate decrease
in activity, whereas mutations at Thr36 and Asp183 produced

FIGURE 2. Aggregation phenotypes of the B-lymphoid cell line LG-2
cells by SpeC. LG-2 cells (100,000 cells/well) were treated with the var-
ious SAg proteins at 1 �g/ml and aggregation was assessed by light mi-
croscopy. A, Cells treated with SEE, known to contain both high- and
low-affinity MHC II binding interfaces (28, 63), induced aggregation,
whereas cells treated with SpeA, which contains only the low-affinity MHC
II binding interface, did not aggregate more than cells not treated with SAg.
SpeC aggregated LG-2 cells similarly as SEE. B, The aggregation of LG-2
cells by SpeC is zinc dependent and reversible, as the chelation of divalent
cations with EDTA disrupted aggregation and the addition of ZnCl2 in
molar excess restored aggregation. C, Aggregation of LG-2 cells is dis-
rupted by mutations in the low-affinity MHC II binding interface of SpeC.
Cells were observed at the 4-h time point for multiple mutant SpeC pro-
teins. Cells not treated with SAg were used as background control. Addi-
tional controls included cells treated with the SpeCY15A mutant known to
be critical for engagement of TCR (13, 49) and the SpeCD203A mutant
known to be critical for engagement of MHC� through the high-affinity
interface (6, 29). Data shown are the average � SEM for at least 10 in-
dependent experiments. ��, p � 0.01.
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mild but significant reductions in activity. The remainder of the
mutants showed little to no reductions in activity. The control
mutants SpeCY15A and SpeCD203A, as well as the additional
double mutant SpeCY87A/D203A, behaved as expected and did
not produce significant quantities of IL-2.

Becauses bacterial SAgs can activate T cells through two dis-
tinct activation pathways, both of which converge upon the phos-
phorylation of ERK-1/2 (54), we also measured the phosphoryla-
tion of ERK-1/2 in the presence of the various mutants as a
measure of SpeC-induced T cell signaling (Fig. 3B). Consistent
with the IL-2 activation experiments, the mutant proteins
SpeCT36A, SpeCY50A, SpeCY76A, SpeCI77A, SpeCY85A, and
SpeCY87A were impaired for the ability to activate ERK-1/2. In
addition, SpeCT33A showed a reduced ERK-1/2 activation pheno-
type that was not seen with the IL-2 activation experiments. The

remainder of the mutants showed little to no reductions in activity.
The control mutants SpeCY15A and SpeCD203A, as well as the ad-
ditional double mutant SpeCY87A/D203A, behaved as expected and
did not activate ERK-1/2.

These data indicate that a discrete number of residues within the
�-barrel domain of SpeC are important for the activation of
V�2.1� T cells, and that these mutations likely disrupt the ability
of SpeC to engage MHC�.

SpeC interacts with HLA-DR and HLA-DQ in different ways

To evaluate the ability of specific MHC II molecules to present the
various SpeC mutants, we used BLS B cells transfected with spe-
cific MHC II alleles (HLA-DR1, HLA-DR4, or HLA-DQ2�3�)
(42). BLS is an autosomal recessive disease in which the transcrip-
tion factors that bind to MHC II promoters are mutated. As such,
constitutive and inducible expression of MHC II is absent (55).
Because SpeC was previously reported to activate T cells more
strongly in the presence of HLA-DR4 compared with HLA-
DQ2�3� (42), we first tested the activation of eJRT3-2.1 T cells
with titrated SpeC in the presence of the different APC cell lines.
As shown in Fig. 4A, SpeC activated eJRT3-2.1 T cells at �100–
1000 times lower concentration with BLS cells expressing HLA-
DR4 compared with HLA-DQ2�3�. Thus, we conducted the re-
mainder of experiments with the SpeC proteins at 1 ng/ml in the
presence of HLA-DR4 or HLA-DR1 and at 100 ng/ml in the pres-
ence of HLA-DQ2�3�. The overall activation profile of the vari-
ous SpeC mutants in the presence of HLA-DR4 (Fig. 4B) or HLA-
DR1 (Fig. 4C), was very similar, with mutations at positions Tyr50,
Tyr76, Ile77, Tyr85, Tyr87, and Asp183 showing the most drastic
phenotypes. Mutations at positions Thr36 demonstrated an inter-
mediate phenotype for both HLA-DR1 and HLA-DR4, Thr33 was
significantly reduced for HLA-DR4, and Asn38 was significantly
reduced for HLA-DR1. The remainder of the mutations at posi-
tions Thr34, His35, Tyr57, Glu58, and Lys189 showed little to no
effect. The SpeCS80A mutant demonstrated a moderate but consis-
tent increase in activity.

The activation profile of the various SpeC mutants in the pres-
ence of HLA-DQ2�3� (Fig. 4D) showed an overall different pat-
tern for the various mutations. Reductions in activity for mutations
at SpeC positions Tyr50, Tyr76, and Tyr87 were common with all
three MHC II molecules, whereas mutations at positions Thr36,
Ile77, Tyr85, and Asp183 showed reduced activity only for the
HLA-DR alleles and mutations at positions Thr34, His35, and Glu54

showed reduced activity only in the presence of HLA-DQ2�3�. In
all cases, the control mutants SpeCY15A and SpeCD203A, as well as
the additional double mutant SpeCY87A/D203A, behaved as ex-
pected and did not result in significant amounts of IL-2. Collec-
tively, these results show that SpeC uses different patterns of res-
idues to engage the �-chains of different MHC II molecules.

Three-dimensional model of the TCR-SpeC-(MHC II)2

signaling complex

A structural “map” of the various residues that were mutated in
this study is summarized in Table I and shown as a ribbon diagram
in Fig. 5A, where the side chains of relevant amino acids, including
the control mutations at SpeC positions Tyr15 and Asp203, are
shown and indicated. In Fig. 5, B and C, the molecular surfaces of
SpeC that were important for the engagement of HLA-DR4 and
HLA-DQ2�3�, respectively, are shown. Mutated positions that
produced activation profiles similar to negative control conditions
and were therefore determined to be critical, are colored red. Mu-
tated positions with an intermediate phenotype are colored yellow,
and those that did not result in significantly decreased activity are
colored green.

FIGURE 3. Functional analysis of the SpeC low-affinity MHC II bind-
ing interface. A, IL-2 secretion by eJRT3-2.1 T cells incubated with the
SpeC mutant proteins at 1 ng/ml in the presence of LG-2 cells. Controls are
similar to those presented in Fig. 2. Data shown are the average � SEM for
at least six independent experiments, each done in triplicate. ��, p � 0.01
B, ERK-1 and ERK-2 activation by eJRT3-2.1 cells incubated with the
SpeC mutant proteins at 10 ng/ml in the presence of LG-2 cells as de-
scribed in Materials and Methods. pERK, phosphorylated ERK.
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In the absence of crystallographic information, the precise in-
termolecular contacts between the �-barrel domain of SpeC and
the �-chain of MHC II are unknown. Therefore, we generated a
three-dimensional model of how SpeC would potentially engage
MHC� (Fig. 5D). Despite low sequence identity, the N-terminal
domain of SpeC is structurally more similar to TSST-1 (47) than
to the group II and III SAgs; however, superposition of the SpeC-
V�2.1 complex (13) onto the TSST-1-HLA-DR1 complex (3) gen-
erates major steric clashes between the CDR 3 loops of both TCR�
and TCR� with the MHC �1 domain and, thus, a similar orienta-
tion of SpeC and TSST-1 with MHC II is unlikely. Superposition
of SpeC-V�2.1 complex onto the SEC3-HLA-DR1 complex, with
minor alterations, produced a model with a number of features that
explain our mutagenesis data. SpeC (in complex with V�2.1) was
first superimposed onto the crystal structures of SEC3 in complex
with HLA-DR1 (4). Because the molecular surface of SpeC im-
portant for engaging MHC� is significantly different from those of
SAgs with structurally characterized MHC� interactions (dis-
cussed below), the complex was further manually docked based on
our mutagenesis and functional data. Finally, the high-affinity,
zinc-dependent MHC II interaction (6) and a human TCR �-chain
(53) were superimposed onto the SpeC-V�2.1 complex. In this
model, only minor steric clashes were found to occur between the
TCR �-chain CDR2 and the MHC II �-chain (Fig. 5D).

Fig. 5E shows a ribbon diagram of residues from Ile8 to Asn78

of the �-1 domain of HLA-DR1 (DRA*0101). Side chains of
DRA*0101 that make known intermolecular contacts with SEA,
SEB, or SEC3 (2, 4, 8) are shown and labeled. Conserved side
chains are colored gray, and side chains that differ between
DRA*0101 and DQA1*0501 are colored magenta and orange, re-
spectively. By combining our functional data (Fig. 5B) and the
proposed model (Fig. 5D), the critical mutations in SpeC important
for the engagement of HLA-DR4 form a near continuous surface

FIGURE 4. Functional analysis of the SpeC low-affinity MHC II bind-
ing interface for interaction with defined MHC haplotypes. A, SpeC acti-
vated eJRT3-2.1 T cells at �100–1000 times lower concentration with
BLS cells expressing HLA-DR4 (F) compared with HLA-DQ2�3� (�).
B–D, IL-2 secretion by eJRT3-2.1 T cells incubated with the SpeC mutant
proteins in the presence of BLS cells expressing HLA-DR4 (B), HLA-DR1
(C), or HLA-DQ2�3� (D). Controls are similar to those presented in Fig.
2. Data shown are the average � SEM from between 6 and 12 independent
experiments. �, p � 0.05, ��, p � 0.01.

Table I. Summary of functional characteristics for the SpeC mutantsa

SpeC
Protein

LG-2 Cell
Aggregationb

Activation of V�2.1� T Cellsc

LG-2 BLS-DR1 BLS-DR4 BLS-DQ2�3�

Wild type � � � � �
Y15A � � � � �
F31A � � � � �
T33A � � � (�) �
T34A � � � � (�)
H35A � � � � (�)
T36A � (�) (�) (�) �
N38A � � (�) � �
Y50A � � � � (�)
S52A � � � � �
E54A � � � � (�)
S56A � � � � �
Y57A � � � � �
E58A � � � � �
Y76A � (�) � � (�)
I77A � (�) � � �
S80A � � � � �
Y85A � (�) � � �
Y87A � � � � �
S182A � � � � �
D183A � (�) � � �
K189A � � � � �
D203A � � � � �
Y87A/D203A NDd � � � �

a Data are summarized as follows: �, no significant deviation from the wild-type
SpeC protein; (�), activity was still present but significantly reduced from that of wild
type; �, no significant activity in comparison with the control condition.

b Aggregation of the LG-2 B cell line was scored at the 6-h time point as the
number of cells in clumps as a percentage of the total number of cells in the field.

c Activation of the V�2.1� Jurkat T cells using different sources of MHC II as
indicated.

d Not determined.
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predicted to make contacts within the first �-helix (MHC� res-
idues �Asp55 to �Ala68) and �Lys39 of MHC�, whereas the
intermediate SpeC mutations likely form contacts with the loop
between the �1 and �2 strands near the MHC� residue �Gln18

(Fig. 5E).
Our model also predicts that the majority of residues impor-

tant for the engagement of HLA-DQ2�3� form a thin but con-
tinuous surface, starting at SpeC Tyr76 and ending at Thr34

(Figs. 5, A and C). The one critical residue from the HLA-
DQ2�3� analysis, Tyr87, which is also critical for engaging the
HLA-DR isoforms, likely hydrogen bonds with the side chain
from the invariant MHC� residue Lys39. Our model also pre-
dicts that the lower portions of the SpeC-HLA-DQ2�3� inter-
face would fit in a pocked formed between the MHC� �1-�2
and �3-�4 loops, potentially interacting with �Pro18/�Ser19

and �Leu36/�Gly37/�Arg38 (Fig. 5E).

Discussion
Bacterial SAgs represent a unique class of microbial toxins that
have evolved to target the TCR and MHC II. The collective family
of bacterial SAgs now vastly exceeds those that have been char-
acterized with their TCR and MHC ligands on a structural level,
and although there exists a high degree of structural homology
between these SAgs, dramatically distinct molecular architectures
of the SAg-mediated T cell signaling complexes can be formed
(25).

In terms of MHC� engagement by bacterial SAgs, nearly all of
the structural and functional analyses have been conducted with
SAgs belonging to the group I (TSST-1), group II (SEB, SEC3,
SpeA, and SSA (streptococcal superantigen)), and group III (SEA
and SED) evolutionary lineages (2–4, 28, 30, 31, 56–58). In each

case, the SAg N-terminal �-barrel domain is responsible for bind-
ing MHC� in a relatively low-affinity manner. Of these SAgs,
TSST-1 represents an outlier where it binds predominantly to the
MHC �-subunit, but it also extends over the antigenic peptide and
makes contacts with the MHC �-subunit (3). Of the group II (SEB
and SEC3) and III (SEA) SAgs that have been structurally char-
acterized in complex with MHC�, each have similar “footprints”
on MHC�, although SEA is rotated slightly away from HLA-DR1,
presenting a smaller contact surface (8) with a reduced affinity (31,
59). Not surprisingly, the molecular surfaces of the �-barrel do-
mains in group II and group III SAgs, which also includes SpeA
and SSA (60, 61), are generally similar.

MHC II �-chains are much more conserved than �-chains, and
HLA-DR �-chains are conserved to one known isoform
(DRA*0101). Thus, in our experiments using HLA-DR1 and
HLA-DR4, the �-chain is constant. Although the crystal structure
of SpeC in complex with MHC� has not been solved, SpeC has
been crystallized through the high-affinity MHC� interaction with
HLA-DR2a (DRA*0101/DRB5*0101) (6). In this case, the
SpeCH35A mutant was used because the wild-type SpeC did not
crystallize with HLA-DR2a, implying that an alternative interface
was located at this site. Of the residues from DRB5*0101 that
contact SpeC, each are conserved between DRB1*0101 and
DRB1*0401 with one notable difference (DRB5*0101 Asp71 is a
Gln in both DRB1 isoforms) (6). Thus, the contacts between SpeC
and MHC� from HLA-DR1 and HLA-DR4 are assumed to be
identical. However, we did see a roughly 2-fold difference in po-
tency exhibited by the BLS lines expressing HLA-DR4 or HLA-
DR1 (Fig. 4, B and C). These differences could be explained, in
part, by the different peptides displayed in these MHC II molecules

FIGURE 5. The SpeC functional epitope
for engagement of MHC II and structural
models of the SpeC-mediated T cell activa-
tion complex. A, Ribbon diagram of SpeC
showing relevant amino acid side chains in-
cluding the locations of all mutated residues
within the putative low-affinity MHC� bind-
ing interface (green), as well as the location
of the control mutation at position Tyr15

within the TCR V� interface (blue) and at
position Asp203 within the high-affinity
MHC� interface (red). B and C, Surface rep-
resentations of the SpeC functional epitope
for interaction with HLA-DR4 (B) and
HLA-DQ2�3� (C) in the same orientation
as in A. Mutated residues that were func-
tionally critical for the interaction are
shown in red, residues that demonstrated
minor to moderate reductions in activity
are shown in yellow, and residues with lit-
tle to no effect on the interaction are shown
in green. D, Modeled SpeC-mediated acti-
vation complex generated as described in
Materials and Methods. E, Ribbon dia-
gram of MHC� showing the predicted
“foot-print” of SpeC. Side chains of all
amino acids that form intermolecular con-
tacts with SEA, SEB, or SEC3 are shown,
and those differing between DRA*0101
(magenta) and DQA1*0501 (orange) are
indicated.
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(27), as the peptide binding pockets are not identical. These vari-
ations could also be explained by potential differences in MHC II
expression between transfectants, although no apparent difference
in median fluorescence intensity was observed by flow cytometry
when these cells were stained for HLA-DR expression (data not
shown). Experiments conducted with HLA-DQ2�3�, as expected
(42), were functionally much less efficient than those conducted
with either HLA-DR molecule (Fig. 4A). Again from the SpeC-
HLA-DR2a complex, most of the residues predicted to engage
DRB1*0101 and DRB1*0401 are conserved in DQB1*0302, in-
cluding all those that form hydrogen bonds with SpeC (�Thr21,
�Asp76, �Thr77, �Arg80, and �His81) (6). One exception includes
position �Gly84 in DRB1*0101 and DRB1*0401 (�Gln84 in
DQB1*0302), which forms van der Waals contacts. Based on the
model in Fig. 5D, the predicted SpeC “footprint” on MHC� con-
tains a number of altered residues. These are illustrated in Fig. 5E,
where conserved MHC� side-chains are colored gray, DRA*0101-
specific residues are colored magenta, and DQA1*0501-specific
residues are colored orange. Thus, within our experimental system
for the functional interaction of SpeC with the different MHC II
isoforms, minor differences in MHC�-chain residues, or different
antigenic peptides (27), may potentially influence the activation
experiments. However, due to the large number of altered residues
between DRA*0101 and DQA1*0501 (Fig. 5E), we believe that
the major functional differences observed are most likely due to
different �-chain contacts.

When comparing SpeC on a structural level with other SAgs,
one strikingly common feature within the �-barrel domain of
group II, group III, and group IV SAgs is the “polar pocket” re-
gion, corresponding to SpeC residues Glu54, Tyr76, and Tyr87. In
group II and group III SAgs, this region engages the invariant
�Lys39 residue. SpeC Tyr87 was of critical importance in all of our
functional assays, including the engagement of both HLA-DR and
HLA-DQ isoforms. The SpeCY76A mutation, however, was critical
for interaction with HLA-DR but showed an intermediate pheno-
type for HLA-DQ2�3�, whereas SpeCE54A did not produce a phe-
notype for either HLA-DR molecule but showed an intermediate
phenotype for HLA-DQ2�3�. Taken together, the mutagenesis
data within this region indicate that SpeC residues Tyr76 and Tyr87

likely form hydrogen bonds with the �Lys39 side chain, analogous
with SEC3. The observation that SpeCE54A did not produce a more
drastic phenotype was surprising in that the equivalent residues
SEA Asp70, SEB Glu67 and SEC3 Glu67 each form a key salt
bridge with �Lys39. This indicates that SpeC Glu54 does not form
an equivalent salt bridge with �Lys39. Although conserved as ei-
ther an Asp or Glu in most group IV SAgs, the group IV SAg
Streptococcus dysgalactiae-derived mitogen contains an Asn at
this position, a residue predicted to disable a salt bridge with
�Lys39 (62). Thus, this residue may be largely dispensable for
group IV SAg function, at least for engagement with HLA-DR.
Comparing the HLA-SEA and HLA-SEC3 complexes, SEA bind-
ing to MHC� is rotated slightly away relative to SEC3. This ro-
tation allows for the salt bridge between SEA Asp70 and �Lys39,
but SEA Tyr92 and SEA Tyr108 (corresponding to SpeC Tyr76 and
SpeC Tyr87) are displaced away and are too far to form hydrogen
bonds with �Lys39 (8). Our data predict the reverse scenario with
SpeC, where this SAg binds more distal to the antigenic peptide in
HLA-DR, precluding the salt bridge and explaining why Glu54 is not
critical. With HLA-DQ2�3�, SpeC residues Glu54, Tyr76, and Tyr87

were all important, indicating that with this isoform SpeC likely en-
gages in a slightly “higher” position more analogous with SEC3.

Aside from the polar pocket region, the remaining surface of the
SpeC �-barrel predicted to engage MHC� is drastically different
compared with group II and group III SAgs. A flexible loop region

found in the SEs termed the “cysteine loop,” which is located
between the �4 and �5 strands (residues Cys93 to Cys110 in SEC3),
is unique to group II and group III SAgs. This region corresponds
to SpeC residues Asn79 through Gly83. In group II and group III
SAgs, the proximal region of the loop extends away from the SAg
surface making a number of contacts with MHC� (e.g., SEC3 res-
idues Asn92, Tyr94, and Ser96) (4). In SpeC, the �4-�5 region is
much shorter, and this results in a concave surface on SpeC where
the majority of the residues critical for engagement of HLA-DR
map (SpeC residues Tyr50, Tyr76, Ile77, and Tyr85) (Fig. 5B). Our
model predicts that the �-helix from the MHC �-1 domain would
fit into this groove (Fig. 5D), thus explaining this functional “hot
spot”. Within this region, SpeCY50A resulted in a critical pheno-
type when presented by LG-2 cells or cells expressing either HLA-
DR1 or HLA-DR4. However, an intermediate phenotype was
shown for the HLA-DQ2�3� cell line. SpeCI77A and SpeCY85A

produced a similar phenotype, although reduced activity did not
reach statistical significance for the HLA-DQ2�3� cell line. Based
on our model, these three residues likely engage the �1 domain,
near to positions �Ala61 and �Ala68 found in DRA*0101 (Fig.
5E). These two residues are �Thr61 and �His68 in DQA1*0501
(Fig. 5E), which may partially occlude insertion of the �1 domain
onto the surface of SpeC, and this is consistent with the polar
pocket mutations where the SpeC �4-�5 loop would be pushed
laterally, forcing SpeC to bind “higher” on the HLA-DQ2�3� sur-
face. This isoform variation in MHC� may represent a key mech-
anism that results in allelic discrimination between HLA-DQ al-
leles, from HLA-DR, at least for SpeC. One of the most dramatic
differences between the HLA-DR and HLA-DQ isoforms resulted
from the mutation at SpeC Asp183. The mutation appears to be an
outlier from the other mutations and may require a water molecule
to bridge the intermolecular contacts with MHC�. The most likely
contact in DRA*0101 would be �Glu55, because DQA1*0501
contains a shorter side chain Asp55 that may prevent intermolec-
ular contacts (Fig. 5E). Lastly, for both HLA-DR isoforms
SpeCS80A consistently produced a mildly but significantly in-
creased activation phenotype compared with wild-type SpeC. The
reason for this is unknown, but from the V�2.1-SpeC crystal struc-
ture SpeC Asn79 formed hydrogen bonds with the main chain of
the V�2.1 CDR3 loop, and the SpeCS80A mutant may alter these
contacts. This would be consistent with HLA-DQ2�3�, where this
region of the loop would be more distal to the V� CDR3 loop, and
the SpeCS80A mutant did not show an increase in activity.

The other notable difference between group II, group III, and
group IV SAgs within the �-barrel domain is a loop located be-
tween the �1–�2 sheets in SEs termed the “hydrophobic ridge”.
Compared with SpeC, this ridge is extended by one additional
amino acid in SEA, SEB, and SEC3. This results in an altered
orientation, such that there are no similarly positioned residues for
SpeC residues Phe31, Ser32, and Thr33. However, within the group
IV subclass, this loop is structurally conserved (e.g., SpeC, SpeG,
SpeJ, and SMEZ (streptococcal mitogenic exotoxin Z)). This re-
gion in SEC3 in functionally important because a series of hydro-
phobic loop variants, generated by random mutagenesis coupled
with phage display to select for affinity matured variants, resulted
in variants with nearly 60-fold stronger binding affinities for HLA-
DR1 (4). Within this region in SpeC, mutations important for en-
gagement with HLA-DR4 that were not important for engagement
with HLA-DQ2�3� were at SpeC positions Thr33and Thr36. Thr33

could potentially interact directly with �Gln18 (Fig. 5E), whereas
Thr36 forms a concave surface on the SpeC molecular surface (Fig.
5B). It is difficult to envision from the model any direct interac-
tions between Thr36and MHC�. The O�1 atom on Thr36 forms a
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hydrogen bond with Thr33 O�1, and this interaction may be im-
portant for the orientation of Thr33 to make productive contacts
with �Gln18. This would be consistent with the HLA-DQ2�3�
interaction, where neither mutation produced a phenotype. Muta-
tion at this position produced an intermediate phenotype for HLA-
DR4, but not for HLA-DR1 or HLA-DQ2�3�. The opposite phe-
notype was seen for the SpeC Asn38 mutation, where there was no
difference for activation by HLA-DR4 while there was a minor
defect for HLA-DR1. The reasons for these minor differences are
not readily apparent, as the �-chains for HLA-DR1 and HLA-DR4
are identical. It is formally possible that �-chain polymorphisms
influence the �-chain conformation within this region or that al-
tered peptide-SAg interactions between the two HLA-DR isoforms
indirectly influence the �-chain-SpeC interaction. Thr34 is not a
conserved residue among SAgs characterized to engage MHC�,
and the SpeCT34A mutation displayed only a minor reduction in
activation for HLA-DQ2�3�. SpeC His35 however, represents a
highly conserved residue that is also found at this position in SSA,
SpeA, SEA, and SEC3 (in SEB it is Phe47). Our data indicate that
despite the conservation of this residue in other SAgs, with SpeC
it played no role for the engagement of HLA-DR isoforms but did
show an intermediate phenotype with HLA-DQ. The most likely
explanation for this is that �Gly37 present in HLA-DQ alleles
(�Ala37 in DRA*0101) (Fig. 5E) allows for a more flexible loop in
this region that could accommodate DQA1*0501 main chain in-
teractions with the SpeC His35 side chain.

SpeC belongs to the SAg group IV, an evolutionary branch that
contains only streptococcal SAgs, and group IV SAgs have been
poorly characterized with respect to MHC� engagement. Our data
have revealed a functional epitope within the SpeC �-barrel do-
main that is critical for engagement of HLA-DR and indicates that
SpeC, similarly as group I, group II, and group III Sags, possesses
a low-affinity MHC II binding interface that is required for the
activation of T cells. Our data also predict that polymorphisms
within the �-1 domain of MHC� may be primarily responsible for
the weak activity associated with SpeC when presented by
HLA-DQ isoforms and that in such cases SpeC likely engages in
an inefficient and slightly altered orientation. Although the �-bar-
rel domain of group IV SAgs is considerably different from those
of group II and group III SAgs, our functional experiments indicate
that the polar pocket region, which is conserved in group II, group
III, and group IV SAgs, may represent a new rational target for
broad spectrum inhibitors of bacterial SAgs.
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