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ABSTRACT

Superantigens (SAGs) are a class of immunostimulatory and disease-causing
proteins of bacterial or viral origin with the ability to activate large fractions
(5–20%) of the T cell population. Activation requires simultaneous interaction
of the SAG with the Vβ domain of the T cell receptor (TCR) and with major
histocompatibility complex (MHC) class II molecules on the surface of an antigen-
presenting cell. Recent advances in knowledge of the three-dimensional structure
of bacterial SAGs, and of their complexes with MHC class II molecules and the
TCRβ chain, provide a framework for understanding the molecular basis of T cell
activation by these potent mitogens. These structures along with those of TCR-
peptide/MHC complexes reveal how SAGs circumvent the normal mechanism
for T cell activation by peptide/MHC and how they stimulate T cells expressing
TCRβ chains from a number of different families, resulting in polyclonal T cell
activation. The crystal structures also provide insights into the basis for the
specificity of different SAGs for particular TCRβ chains, and for the observed
influence of the TCRα chain on SAG reactivity. These studies open the way to
the design of SAG variants with altered binding properties for TCR and MHC for
use as tools in dissecting structure-activity relationships in this system.
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INTRODUCTION

T lymphocytes recognize a wide variety of antigens through highly diverse cell-
surface glycoproteins known as T cell receptors (TCRs). These disulfide-linked
heterodimers are composed ofα andβ, orγ andδ, chains that have variable (V)
and constant (C) regions that are structurally homologous to those of antibodies
(1, 2). Unlike antibodies, however, which recognize antigen alone,αβ TCRs
recognize antigen only in the form of peptides bound to major histocompatibility
complex (MHC) molecules. In addition, TCRs interact with a class of viral or
bacterial proteins known as superantigens (SAGs), which stimulate T cells
bearing particular Vβ elements, resulting in the massive release of T cell–
derived cytokines such as interleukin (IL)-2 and tumor necrosis factor (TNF)β,
generally followed by the eventual disappearance or inactivation of responding
T cells (3–4). Activation of the T cell requires simultaneous interaction of the
SAG with the TCR and with MHC class II molecules on an antigen-presenting
cell (APC).

The best-characterized group of SAGs belongs to the so-called pyrogenic
toxin SAG family, which includes the staphylococcal enterotoxins (SE)A
through I (except F), staphylococcal toxic shock syndrome toxin-1 (TSST-1),
streptococcal superantigen (SSA), and streptococcal pyrogenic exotoxins
(SPE)A-C and -F (6–8). These bacterial SAGs have in common the following
characteristics: (a) they are among the most potent pyrogens known, (b) they
are all capable of inducing a highly lethal toxic shock syndrome, and (c) they
share a typical three-dimensional structure consisting of two domains, termed
large and small. The small domain is aβ-barrel made up of twoβ-sheets,
whereas the large domain contains aβ-grasp motif, anα-helix packed against a
mixedβ-sheet that connects the peripheral strands (9–16). Nevertheless, each
of these molecules has unique biological properties and stimulates the prolifer-
ation of T cells with different Vβ regions. Among their biological effects, the
staphylococcal enterotoxins are characterized by their ability to induce emesis
and diarrhea, whereas TSST-1 lacks emetic activity. The streptococcal toxins
do not cause enteric problems but they are associated with cardiotoxicity. The
level of sequence homology between the pyrogenic toxins varies widely, and
they can be divided into groups based on sequence similarities. The highest
degree of homology is achieved by SEA, SED, and SEE (between 53–81%),
followed by the group of SEB, the SECs, SPEA, and SSA, with 50–66% of
sequence homology. All the rest, including SPEB, SPEC, SPEF, and TSST-1,
have poor or no homology to any other toxin, or to each other.

Bacterial SAGs that do not belong to the pyrogenic toxin family include the
staphylococcal exfoliative toxins (ET) A and B (17, 18),Mycoplasma arthri-
tidis mitogen (MAM) (19), andYersinia pseudotuberculosismitogen (20, 21).
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Among superantigenic proteins of viral origin, only mouse mammary tumor
virus (MMTV)-encoded SAGs have been defined in detail (22). It has been
demonstrated that mouse Mls endogenous SAGs are encoded by MMTV provi-
ral DNA that has been integrated into the germline, demonstrating a link be-
tween endogenous SAGs and infectious agents. Other reports have shown
superantigenic activity by the rabies virus nucleocapsid protein (23) and by
two human tumor viruses, cytomegalovirus (24) and Epstein-Barr virus (25).
Recently, the envelope gene of an endogenous human retrovirus isolated from
pancreatic islets was shown to encode an MHC class II–dependent SAG specific
for Vβ7 (26).

The past four years have witnessed a remarkable series of advances in knowl-
edge of the three-dimensional structure of TCRs (27–32) and of their complexes
with peptide/MHC (33–35) and SAGs (36, 37). In this review, we focus on TCR-
SAG interactions and describe current understanding of the structural basis of
T cell activation by SAGs. After giving an overview of the biological effects of
bacterial and viral SAGs, we discuss the affinity and kinetics of TCR and MHC
binding to these molecules. We then describe the three-dimensional structures
of MHC-SAG and TCRβ chain-SAG complexes. These structures, along with
those of TCR-peptide/MHC complexes, reveal how SAGs circumvent the nor-
mal mechanism for T cell activation by peptide/MHC and how they stimulate
T cells expressing TCRβ chains from a number of different families, resulting
in polyclonal T cell activation. Finally, we discuss the structural basis for the
specificity of different SAGs for particular TCRβ chains and for the observed
influence of the TCRα chain on SAG reactivity.

BIOLOGICAL EFFECTS OF SUPERANTIGENS

T Cell Anergy and Deletion
The specificity of interaction of SAGs with the Vβ domain of the TCR has
provided a unique opportunity to examine the fate of reactive T cells in vivo
independently of functional assays. Such studies have revealed that responding
T cells can proliferate, become nonresponsive (anergy), or even die (deletion)
(38, 39). In the in vivo recognition of endogenous SAGs, intrathymic deletion
in Vβ-specific subsets occurs at the double-positive (CD4+, CD8+) stage of
development, and deletion is correspondingly apparent in both the mature CD4+

and CD8+ subsets (40–42). In the case of exogenous SAGs, an early report
showed that mice injected from birth with SEB virtually lack Vβ3+ and Vβ8+

mature thymocytes, giving the first formal demonstration that clonal deletion
can accompany induced tolerance to a foreign antigen (43). Subsequent studies
confirmed this report and showed that in adult mice, SEB-specific mature T cells
can, after an initial expansion, be rendered anergic in both in vivo and in vitro
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models (44, 45). Moreover, SEB-induced death of Vβ8+ cells is independent
of an intact thymus, because it also occurs in adult thymectomized animals (46).

The presence of a SAG in the MMTV genome can guarantee the existence
of actively dividing populations of T and B cells through the ability of the SAG
to stimulate T cells, and, thus, let the virus complete its replication cycle (22).
This was confirmed using mice transgenic for the MMTV (C3H)sag gene
(47). The SAG-mediated deletion of Vβ14+ T cells during early life conferred
resistance to infection to these mice. Similar results were observed for a dif-
ferent exogenous MMTV, called SW, where the corresponding SAG stimulates
Vβ6+ cells (48). Because MMTV infection occurs during the shaping of the
immune repertoire in neonatal life and because infection is persistent, there is a
gradual deletion of SAG-reactive T cells (49). Finally, there is no evidence for
a SAG-independent pathway of MMTV transmission, and only MMTV with
functionalsaggenes can be transmitted through milk (50, 51). Once the SAG is
stably integrated into the mouse genome, it can be inherited by successive gen-
erations. When expressed endogenously, it causes deletion of cognate T cells
and prevents a reinfection with the same strain of virus that produces the SAG
(47, 48).

Toxic Shock Syndrome and Food Poisoning
Toxic shock syndrome (TSS) is an acute, life-threatening intoxication charac-
terized by high fever, hypotension, rash, multiorgan dysfunction, and cutaneous
desquamation that is caused by staphylococcal or streptococcal pyrogenic tox-
ins (6, 52–54). The interaction of the pyrogenic toxins with TCR and MHC
activates both the T cell, for secretion of TNFβ, IL-2, andγ interferon, and the
APC, for secretion of TNFα and IL-1. The resulting massive cytokine release
is believed to be responsible for capillary leak and hypotension, and it is also
likely to cause the erythematous rash in TSS patients (52, 54).

Staphylococcal enterotoxins are among the most common causes of food
poisoning in humans. It has been suggested that the enterotoxic effects are
directly related to their superantigenic activity, i.e. dependent on T cell stimu-
lation and probably caused by massive cytokine release (3, 6). However, some
evidence suggests that the emetic and T cell proliferative activities of the toxins
may be distinct (3, 55–57). In fact, the induction of emesis has been attributed
to leukotriene or histamine release (58). It has been shown that SEB and SEA
can rapidly cross an epithelial membrane in intact, fully functional form, thus
gaining access to T cells. On the contrary, TSST-1, which lacks emetic activ-
ity, although able to transcytose epithelium, may be more easily destroyed by
digestive enzymes in the stomach and intestine (59). Thus, the ability to cause
enterotoxicity may be related to the resistance to digestion of the enterotoxins.
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Autoimmune Diseases
In autoimmune diseases, a breakdown of self-tolerance leads to the generation of
an immune response against a specific target antigen or antigens. A large body
of clinical and epidemiological evidence indicates that infections are important
in the induction of autoimmune disorders such as autoimmune myocarditis (60)
and insulin-dependent diabetes mellitus (61). One mechanism by which this
has long been thought to occur is through the activation of autoreactive T cells
by epitopes on microbial antigens that are cross-reactive with antigens on target
organs (62). For example, a number of viral and bacterial peptides have been
identified that efficiently activate myelin basic protein (MBP)-specific T cell
clones from multiple sclerosis (MS) patients (63, 64). More recently, it has been
proposed that SAGs derived from bacteria, mycoplasma, or viruses may initiate
autoimmune disease by activating specific anti-self T cell clones (3, 65). Indeed,
microbial SAGs have been shown to trigger clinical relapses of autoimmune
disease in several animal models, as discussed below. The expansion of selected
Vβ families in the affected organs or peripheral blood of certain individuals with
autoimmune disease has also been documented (3, 65). However, it is a common
observation that different TCR repertoire studies of the same disease can provide
different results (66). Even when it is unlikely that SAGs by themselves initiate
an autoimmune disease (65), they may modulate disease pathogenesis. In
susceptible individuals, the activation of autoreactive T cells is a necessary,
but not sufficient, condition for the development of an autoimmune disease. A
sufficient degree of clonal expansion of autoreactive T cells may be a major
limiting factor, and SAGs may induce such an expansion. Alternatively, the
activation of B lymphocytes and other APC through the SAG bridge may lead to
the secretion of autoantibodies and interleukins that contribute to inflammation.

Evidence for an autoimmune origin of MS comes from (a) the presence of
CD4+ T cells and cells expressing MHC class II molecules in inflamed tissues
(67), (b) the finding that MS is associated with certain MHC class II alleles (68),
and (c) the demonstration that MBP-specific T cells are clonally expanded in
MS patients (69–72). In experimental autoimmune encephalomyelitis (EAE),
a model for MS, administration of SEB to PL/J mice following immunization
with a peptide derived from MBP (Ac1-11) was found to induce paralysis in
mice with subclinical disease and to trigger relapses in mice that are in remission
following an initial episode of paralysis (73–75). It was shown that these effects
are the direct result of stimulation by SEB of Vβ8-expressing encephalitogenic
T cells specific for MBP Ac1-11.

An analysis of the TCRβ chain repertoire of synovial T cells from rheuma-
toid arthritis (RA) patients revealed a selective expansion of Vβ14-bear-
ing T cells compared with the levels in the peripheral blood of the same
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individuals (76). A mechanism for the pathogenesis of RA was proposed in
which a microbial SAG activates disease-mediating Vβ14+ T cells and allows
these activated cells to enter the synovial tissue, where they persist because of
reactivation by autoantigens. In collagen II–induced arthritis (CIA), a model
for RA, mice are immunized with native porcine type II collagen and develop
joint swelling. It has been demonstrated that T cells expressing Vβ8 are im-
portant in the development of CIA (77–80) and that administration of SEB 10
days prior to a collagen II challenge protects mice from CIA (81). In both
EAE and CIA, the response to self-antigens is controlled by a potent regu-
latory T cell circuitry based on recognition of different determinants derived
from the TCR Vβ8.2 chain (81–83). The SAG MAM, which derives from a
naturally occurring mouse arthritogenic mycoplasma, activates Vβ8+ T cells.
Administration of MAM has been shown to markedly exacerbate arthritis in
mice that were convalescent from CIA, or to trigger arthritis in animals previ-
ously immunized with collagen II but that had failed to develop clinical disease
(19).

Insulin-dependent diabetes mellitus (IDDM) is an autoimmune disease af-
fecting pancreaticβ cells that secrete insulin. A relationship between viral
infections and the development of IDDM has been long suspected (84). An
analysis of pancreatic islet–infiltrating T cells from patients with IDDM re-
vealed preferential expression of the Vβ7 gene segment, but no selection for
particular Vα segments or Vβ-D-Jβ junctional sequences (85, 86). This led
to the proposal that a SAG associated with pancreatic islets may be involved
in the pathogenesis of IDDM. This putative SAG was recently identified by
Conrad et al (26), who isolated a novel human endogenous retrovirus from su-
pernatants of IDDM islets and showed that the envelope gene encodes an MHC
class II–dependent SAG specific for Vβ7.

Kawasaki disease (KD) is an acute febrile illness with symptoms similar to
toxic shock syndrome. Several studies have revealed a significantly elevated
level of circulating Vβ2+ and, to a lesser extent, Vβ8.1+ T cells in patients
with acute KD, compared with control populations (87–90). Sequencing of
theseβ chains revealed extensive junctional region diversity, which suggests
activation by SAG and not a specific disease-associated antigen. Bacteria-
producing toxins that activate Vβ2+ T cells (TSST-1 and SPEB/SPEC) were
isolated from 13 out of 16 KD patients but only 1 out of 15 in the control group
(91). Nevertheless, other groups were not able to document the expansion of any
Vβ family during the acute phase of KD (92, 93). Differences in population
studied, method and time of collecting samples, and techniques used could
potentially explain the differences in results. Alternatively, the expansion of
selected Vβ families may not be related to the pathogenesis of the disease
(94).
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Skin Diseases
The staphylococcal toxins ETA and ETB induce the symptoms associated with
staphylococcal scalded skin syndrome, characterized by a specific intraepider-
mal separation of layers of the skin (95). X-ray crystallographic studies of ETA
have shown that its overall structure is similar to that of the chymotrypsin-like
serine protease family of enzymes (17, 18). The catalytic triad includes the
residue Ser195, which when mutated to cysteine abolishes the characteristic
separation of epidermal layers, although the ability to induce T cell prolifera-
tion is not altered (17, 96). These findings suggest that skin separation is the
result of a specific proteolysis by ETA, and not related to its superantigenic
activity; the latter is probably involved in the edema or redness associated with
scalded skin syndrome.

Psoriasis is a disease characterized by increased proliferation of epidermal
cells associated with an inflammatory component. Patients with acute guttate
psoriasis often have flares of psoriasis following streptococcal infections (97).
Histological examination of early skin lesions shows that infiltration of lym-
phocytes and macrophages into the skin precedes the characteristic epidermal
proliferation of psoriasis. The predominant distribution of Vβ2-, Vβ3-, and
Vβ5-bearing T cells in lesional skin of acute guttate psoriasis has been de-
scribed (98–100). However, there are conflicting reports about the restricted
T cell receptor repertoire in chronic psoriasis (98, 101), and no increase in
SAG-producingStaphylococcus aureushas been seen in chronic psoriatic pa-
tients (102). It is unlikely, then, that SAGs are essential to the continuance of
psoriasis, although they may be exacerbating factors or triggers for the disease.

Atopic dermatitis is a chronic pruritic inflammation of the skin characterized
by local infiltration of monocytes and lymphocytes, mast cell degranulation,
and immediate and delayed hypersensitivity (103). There are numerous reports
thatS. aureuscan exacerbate this disease, andS. aureuswas isolated from the
affected skin of more than 90% of patients (104). More than half of the patients
had S. aureusthat secreted SEA, SEB, and TSST-1 (105). Sera from 57%
of atopic dermatitis patients contained immunoglobulin E specific for one or
more of these SAGs. Thus, epicutaneous superantigenic toxins might induce
specific immunoglobulin E in atopic dermatitis patients, as well as mast cell
degranulation.

AFFINITY AND KINETICS OF TCR BINDING
TO SUPERANTIGENS

Gascoigne & Ames first demonstrated direct binding of a soluble TCRβ chain
(mouse Vβ3) to SEA presented by MHC class II molecules on cells (106).
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However, the affinity was too low to be measured in their cell-binding assay.
More recently, the development of surface plasmon resonance techniques for
detecting macromolecular interactions (107) has permitted the precise measure-
ment of kinetic and affinity constants for TCR binding to SAGs, as well as to
peptide/MHC complexes (108). By this method, a soluble human TCR (Vβ3.1)
was found to bind immobilized SEB in the absence of MHC class II molecules
with a dissociation constant (KD) of 0.8µM; the on-rate (kon) of the interaction
was 1.3× 104 M−1 s−1 and the off-rate (koff) 1.1 × 10−2 s−1 (109). Specific
binding of soluble 14.3.d TCRβ chain (mouse Vβ8.2) was demonstrated to
SEB, SEC1, SEC2, SEC3, and SPEA, consistent with the known proliferative
effects of these SAGs on T cells expressing Vβ8.2 (110). In contrast, SEA,
which does not stimulate Vβ8.2-bearing cells, did not bind the recombinant
β chain. Affinities ranged from 3µM for SEC3 to 140µM for SEB; kon and
koff were too fast to be accurately measured, but were estimated at>105 M−1 s−1

and>0.1 s−1, respectively (110, 111). The unpairedβ chain was shown to fully
retain the SAG-binding activity of the assembled 14.3.dαβ TCR heterodimer
(110). A KD of 1.1 µM was measured for the binding of SEC2 to the mouse
D10 TCR (Vβ8.2), with akon of 1.7 × 104 M−1 s−1 and akoff of 1.9×10−2 s−1

(112). These values closely resemble those for the interaction of D10 TCR with
its cognate peptide/MHC class II ligand, which has aKD of 2.1µM and akon
andkoff of 1.0 × 104 M−1 s−1 and 2.2 × 10−2 s−1, respectively (112).

In each of the above examples, TCR-SAG binding is characterized by low
affinities (>10−6 M) and very fastkon andkoff (>104 M−1 s−1 and>10−2 s−1,
respectively). It is noteworthy that low affinities and rapid dissociation kinet-
ics have also been reported for the interaction of other T cell surface gly-
coproteins with their ligands, such as the adhesion molecule CD2 with CD48
(113, 114). In particular, the affinities of TCR-SAG interactions (10−4–10−6 M)
are remarkably similar to those reported for the binding of TCRs to specific
peptide/MHC complexes (10−4–10−7 M) (115–117) and are much weaker than
those of antigen-antibody reactions (typically 10−8–10−11 M). In the case of
adhesion molecules, fast dissociation rates may facilitate deadhesion, a require-
ment for cell motility (113). In the case of TCRs, rapid off-rates may permit
a single peptide/MHC complex to sequentially bind and trigger a large num-
ber of TCRs (up to 200), as proposed in the serial triggering (118, 119) and
kinetic proofreading (120) models of T cell activation, until a certain activation
threshold is reached. The finding that the binding of bacterial SAGs to the
TCR is characterized by low affinities and fast dissociation kinetics suggests
that SAGs mimic the interaction of peptide/MHC complexes with the TCR in
terms of affinity and kinetics and that some form of serial engagement may also
operate in T cell activation by SAGs (111, 119, 121).

The relationship between the affinity of SAGs for TCR and MHC and their
ability to activate T cells has been investigated using site-directed mutants of
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SEC3 and SEB (111). In order to mimic normal physiological conditions
as closely as possible, resting lymph node T cells bearing the 14.3.d TCR
from RAG-2−/− TCR transgenic mice were used to measure the stimulatory
effects of mutant SAGs on BALB/c spleen cells expressing I-Ed, or on MHC
class II–negative mouse fibroblasts transfected with a gene encoding human
leukocyte antigen (HLA)-DR1. A clear and simple relationship was observed
between the affinity of SAGs for the TCR and their mitogenic potency: the
tighter the binding of a particular mutant of SEC3 or SEB to the TCRβ chain,
the greater its ability to stimulate T cells. The affinities of the SAGs tested
ranged from 3.5µM to >250 µM. However, an apparent exception to this
simple affinity-activity rule was the finding that SEB stimulated transgenic
T cells about 10-fold better than did SEC3, even though the affinity of SEB
for the TCRβ chain (140µM) is much lower than that of SEC3 (111). To
determine whether the surprisingly strong mitogenic potency of SEB relative
to SEC3 could be attributed to tighter binding to MHC class II on APC, the
binding of SEB and SEC3 to soluble recombinant HLA-DR1 was measured
by sedimentation equilibrium: Whereas SEB bound to DR1 with aKD of
14 µM, the corresponding value for SEC3 was 48µM. Therefore, the un-
expectedly high mitogenic potency of SEB relative to SEC3 can be explained
by the stronger binding of SEB to MHC class II. This indicates that mitogenic
potency is the result of an interplay between TCR-SAG and SAG-MHC interac-
tions, such that a relatively small (threefold) increase in the affinity of a SAG for
MHC can overcome a large (35-fold) decrease in the affinity of a SAG for the
TCR.

With the apparent affinities of SAGs for both TCR and MHC class II mole-
cules in the micromolar range, nearly all SAG molecules will be unbound at
physiological SAG concentrations (10−12–10−15 M) (121). Under these condi-
tions, it is difficult to understand how a SAG can effectively cross-link the T cell
and APC. The problem is seemingly less severe for peptide/MHC because the
peptide is, in effect, irreversibly bound to MHC. One possible explanation for
the ability of SAGs to trigger T cells at concentrations orders of magnitude
less than theirKDs is that accessory molecules such as CD4 help stabilize the
TCR-SAG-MHC complex sufficiently for activation to occur. Another is that
the overall stability of the TCR-SAG-MHC complex is considerably greater
than would be expected from considering the TCR-SAG and SAG-MHC in-
teractions independently. That is, the binding of SAGs may be a cooperative
process in which the SAG-MHC complex binds the TCR with greater affin-
ity than does the SAG alone. This hypothesis is supported by the finding
that the affinity of SEB for a soluble human TCR was significantly enhanced
by the addition of soluble HLA-DR1 (109). The potential role of the TCR
α chain in stabilizing the TCR-SAG-MHC complex is discussed in a later
section.
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STRUCTURE OF SUPERANTIGEN–MHC
CLASS II COMPLEXES

The three-dimensional structures of three SAG-MHC class II complexes have
been determined by Wiley and colleagues: (a) the complex between SEB and
HLA-DR1 to 2.7-Å resolution (122), (b) the complex between SEB and HLA-
DR4 to 2.5-̊A resolution (123), and (c) the complex between TSST-1 and HLA-
DR1 to 3.5-̊A resolution (124). In the SEB–HLA-DR1 complex [Figure 1A
(see color plates)], SEB binds to theα1 domain of DR1, contacting residues
from the first and third turns of theβ-sheet and from the N-terminal portion of
the α-helix (122). The binding of SEB to DR4 is similar (123). The ability
of SEB to bind many different DR alleles can therefore be explained by its
exclusive interaction with the DR1α chain, which is conserved in all DR
molecules. Residues of SEB in contact with DR1 derive mainly from the
small domain of the SAG, although several residues from the large domain also
contact the DRα chain. SEB binds away from the peptide-binding groove of
DR1 and does not contact the bound peptide. The affinity of SEB for DR1
was reported as approximately 0.5µM in a cell-binding assay (125) and as
14µM using soluble DR1 (111).

Although the TSST-1 binding site on HLA-DR1 overlaps that of SEB, the
two SAGs bind differently (124). Whereas SEB binds primarily off one edge
of the peptide-binding groove (Figure 1A), TSST-1 extends over nearly half
the binding groove and contacts theα-helix of theα1 domain of DR1, the
bound peptide, and part of theα-helix of theβ1 domain of DR1 (Figure 1B).
This binding mode suggests that the interaction of TSST-1 with MHC class II
molecules may be partially peptide dependent. In agreement with the crystal
structure, certain peptides were found to promote the presentation of TSST-1
by I-Ab up to 5000-fold (126). In contast, the binding of SEB to I-Ab and I-Edk

is peptide independent (126, 127).
Although no crystal structures have been reported for SEA complexed with

MHC class II molecules, mutagenesis and binding studies have demonstrated
that SEA possesses two distinct, yet cooperative, binding sites for class II
molecules: (a) a low-affinity site (KD = 10−5 M) to the DR1α chain analogous
to the DR1-binding site of SEB, and (b) a Zn2+-dependent, high-affinity site
(KD = 10−7 M) to the polymorphic DR1β chain (127–129). Binding of one
SEA molecule to the DR1β chain enhances the binding of a second SEA
molecule to the DR1α chain (128, 129). Surprisingly, mutations in the Zn2+-
dependent site completely abolish SEA activity, even though it can still bind
the DR1α chain through its low-affinity SEB-like site. This suggests that
MHC cross-linking on the surface of APC may be an essential feature of SEA
function. This conclusion is supported by the demonstration that SEA2-DR1
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Figure 1 Three-dimensional structures of the complexes between HLA-DR1 and SEB and be-
tween HLA-DR1 and TSST-1. (A) Ribbons diagram of the SEB-HLA-Dr1 complex (122). (B)
Ribbons diagram of the TSST-HLA-DR-1 complex (124). Colors are as follows: SEB (blue),
TSST-1 (pink), DR1α1 domain (green), DR1β domain (yellow), and peptide (red).

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:4
35

-4
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 F
or

dh
am

 U
ni

ve
rs

ity
 o

n 
12

/1
3/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



         
P1: SAT/spd P2: KKK/plb QC: KKK/uks T1: KKK

January 21, 1999 15:3 Annual Reviews AR078-15

T CELL ACTIVATION BY SUPERANTIGENS 445

trimers exist in solution (130), as well as by the finding that SEA mediates
signaling through the APC by direct cross-linking of DR1 molecules (131, 132).
The high sequence identity between SEE and SEA (see Figure 3A) suggests
that they may bind class II molecules similarly. Two additional SAGs have
been described that cross-link class II molecules, but by different mechanisms
than SEA. The crystal structure of SED shows that this SAG forms dimers in
the presence of Zn2+ by coordinating two Zn2+ ions between the large domains
of two SED molecules (15). Binding to MHC class II molecules is believed to
occur through the small domain to the class IIα chain in a manner similar to
SEB, resulting in a tetrameric class IIα–SED-SED–class IIα complex on the
APC. The three-dimensional structure of SPEC reveals that the class IIα chain-
binding site on the small domain has been replaced by SPEC dimer interface
(16). Instead, SPEC binds only to the class IIβ chain. This could potentially
lead to the formation of class IIβ–SPEC-SPEC–class IIβ tetramers. Dimeric
SAGs like SED and SPEC may facilitate TCR dimerization and subsequent
T cell triggering.

Endogenous SAGs encoded by MMTV can be efficiently presented to T cells
only by B cells, through interaction with MHC class II molecules (22). Al-
though direct binding has been demonstrated between recombinant forms of
MMTV SAGs and MHC class II molecules (133, 134), the interaction remains
poorly understood. I-E molecules are the best presenters for all the described
MMTV SAGs (135). In addition, C57BL mice that lack I-E molecule, and
thus are not able to present SAG to T cells, are resistant to milk-borne MMTV
(C3H) (136). Analysis of class II mutants that lost the ability to present bac-
terial SAGs revealed that bacterial SAGs have different binding requirements
than do MMTV SAGs (137). Another study showed, however, an overlap in
at least one binding site for MMTV and SEA on the MHC molecule (138).
Recently it was shown that N-linked glycosylation is required for effective B
cell presentation of MMTV SAGs to T cells (139).

STRUCTURE OF TCRβ CHAIN–SUPERANTIGEN
COMPLEXES

The three-dimensional structures of several TCRβ chain–SAG complexes have
been determined to date, each involving the VβCβ chain of the mouse 14.3.d
TCR specific for a hemagglutinin peptide of influenza virus bound by the
I-Ed class II molecule: (a) the complex between theβ chain and SEC2 to
3.5-Å resolution (36), (b) the complex with SEC3 to 3.5-Å resolution (36),
(c) the complex with SEB to 2.4-Å resolution (37), and (d ) the complex with
a mutant of SEB in which valine at position 26 is replaced by tyrosine (SEB
V26Y) to 2.6-Å resolution (37). The SEB V26Y mutant was designed on the
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basis of the structure of the TCRβ–SEC3 complex to bind theβ chain more
tightly than wild-type SEB: ItsKD is 12 µM, approximately 12 times lower
than that of SEB (KD = 140µM), but still four times higher than that of SEC3
(KD = 3 µM) (111). The mutant is fourfold more active in T cell proliferation
assays than is wild-type SEB, consistent with its enhanced affinity.

The crystal structures of the TCRβ–SEC2/3 complexes identified the regions
of theβ chain recognized by SEC and showed how SAGs circumvent the normal
mechanism for T cell activation by specific peptide/MHC complexes. However,
the moderate resolution of these structures (3.5Å) precluded a detailed analy-
sis of the interface between the two proteins in terms of hydrogen bonds, van
der Waals interactions, and solvent structure. To achieve a more complete
description of aβ-SAG interface, as well as to assess whether conformational
changes occur in either or both proteins upon complex formation, the structures
of the complexes between the 14.3.dβ chain and SEB and SEB V26Y were
determined to high resolution (37). These structures, along with those ofαβ

TCR heterodimers (29–31) and TCR-peptide/MHC complexes (33–35), can
account for the specificity of different SAGs for particularβ chains and for the
influence of the TCRβ chain on SAG reactivity (5, 140–142).

Overall Structure of the TCRβ–SEB and TCR
β–SEC Complexes
The overall structure of theβ-SEB complex is shown in Figure 2A (see color
plates). The complex is formed through contacts between the Vβ domain and
the small and large domains of SEB. The complementarity-determining region
(CDR)2 of the TCRβ chain and, to lesser extents, hypervariable region (HV)4
and framework regions (FR)2 and -3 bind in the cleft between the two domains
of the SAG (37). This binding mode is similar to that observed in theβ-SEC2 and
β-SEC3 complexes (36), but with several differences, as discussed below. SEC2
and SEC3 bind identically to the 14.3.dβ chain, and none of the four amino
acid differences between SEC2 and SEC3 is located in the complex interface.
This is reflected in theKDs of the two SAGs, which are both approximately 3
µM. The TCR-binding sites of SEC3 and SEB, in contrast, differ at positions
20, 26, and 91; these differences presumably account for the 45-fold weaker
affinity of SEB for the 14.3.dβ chain (111).

The solvent-excluded surface area for theβ-SEB complex is 1343̊A2 (685Å2

from Vβ and 658Å2 from SEB); the buried surface area for theβ-SEC3
complex is similar (1300Å2). These values are within the range observed
for antigen-antibody complexes (143) but somewhat smaller than the approx-
imately 1800Å2 of buried surface in TCR-peptide/MHC complexes (33–35).
As shown in Figure 2A, the TCR-binding site of SEB is adjacent to, but distinct
from, the MHC-binding site of this SAG (122, 123). This spatial proximity
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Figure 2 TCR β-SEB complex. (A) Ribbons diagram of the VβCβ-SEB complex (37). Colors
are as follows: Vβ (yellow), CDR1 (pink), CDR2 (red), CDR3 (gray), HV4 (blue), Cβ (brown),
SEB large domain (green), and SEB small domain (blue). Residues of Vβ and SEB involved
in interactions in the TCR-SAG interface are red. Residues of SEB in contact with MHC in the
structure of the SEB-HLA-DR1 complex (122) are yellow. The SEB disulfide loop (light gray),
which is not visible in the electron density map of theβ-SEB complex, was modeled according to
the uncomplexed SEB crystal structure (9). (B) Interactions in theβ-SEB interface. View is the
same as inpanel A. Vβ atoms are colored accordingly to atom type: carbon, nitrogen and oxygen
atoms areyellow, blue, andred, respectively. SEB atoms are coloredgreen(large domain) and
blue(small domain). SEB residues are indicated with asterisks. Hydrogen bonds aredotted brown
lines.
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suggests that the two binding sites may not be completely independent; that is,
the affinity of the TCR for SEB alone may be lower (or higher) than its affinity
for SEB bound to MHC class II molecules.

Structure of theβ-SEB andβ-SEC Interfaces
The Vβ residues in contact with SEB are as follows: His47 of FR2; Tyr50,
Ala52, Gly53, Ser54, and Thr55 of CDR2; Glu56, Lys57, Tyr65, Lys66, and
Ala67 of FR3; and Pro70 and Ser71 of HV4 (Table 1). The FR2, CDR2, FR3,
and HV4 regions contribute 7%, 50%, 34%, and 9%, respectively, of the total
contacts to SEB. The crystal structure therefore readily accounts for mutational
and genetic evidence implicating Vβ CDR2 and HV4 in SAG recognition (3).
In theβ-SEC3 complex (36), the Vβ residues in contact with the SAG are as
follows: Tyr50, Ala52, Gly53, Ser54, and Thr55 of CDR2; Glu56, Lys57, and
Lys66 of FR3; and Pro70 and Ser71 of HV4 (Table 1). The CDR2, FR3, and
HV4 regions contribute 63%, 32%, and 7%, respectively, of the total contacts
to SEC3. Thus, although there are several differences in contacting residues
in the two complexes (e.g. Vβ FR2 His47, which contacts SEB but not SEC3,
and Vβ CDR2 Gly51, which contacts SEC3 but not SEB), CDR2 and FR3
account for the majority of interactions with the SAG in both complexes, with
HV4 playing only a secondary role. The binding sites on the TCR for SAG and
peptide/MHC class I molecules only partially overlap. As shown in Table 1,
only Vβ residues Tyr50, Ala52, Thr55, and Glu56 contact both SEB and pep-
tide/MHC in the 2C TCR-dEV8/H-2Kb complex (34).

The SAG residues in contact with Vβ are as follows: Asn60, Tyr90, and
Tyr91 (Val91 in SEC3) of the small domain; and Thr18, Gly19, Leu20 (Thr20
in SEC3), Glu22 (inβ-SEB only), Asn23, Tyr26 (inβ-SEC3 andβ-SEB V26Y
only), Phe177 (Phe176 in SEB), and Glu210 of the large domain (Table 1).
Residues Asn23, Asn60, and Tyr90 are strictly conserved among bacterial SAGs
reactive with mouse Vβ8.2, including SEC1–3 and SPEA, and have been shown
to constitute energetic hot spots for binding the 14.3.dβ chain (111) (Figure 3A,
see color).

The structures of theβ-SEB andβ-SEC complexes enable us to understand
how SEB and SEC, which have nearly identical Vβ specificities, can each
stimulate T cells expressing Vβ domains from a number of different families
(3). As shown in Figure 2B, all the hydrogen bonds between SEB and Vβ

are formed between SEB side-chain atoms and Vβ main-chain atoms, except
for a hydrogen bond between the main-chain oxygen of SEB Thr18 and the
side chain of Vβ Lys57 (SEB Thr18 O-Nζ Lys57 Vβ). Four of the main-
chain–side-chain hydrogen bonds in theβ-SEB complex are also present in the
β-SEC3 complex: Vβ Gly53 O-Nε2 Gln210 SEB, Vβ Thr55 N-Oδ1 Asn23
SEB, Vβ Thr55 O-Nδ2 Asn23 SEB, and Vβ Pro70 O-Nδ2 Asn60 SEB (Table 1).
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Figure 3 Residues defining the interaction of bacterial SAGs with TCRβ chains. (A) Sequence
alignment of bacterial SAGs (SEB, SEC1-3, SPEA, SEA, SED, SEE, SPEC, TSST-1) based on
structural information. Theα-carbon skeletons were first optimally superposed. Sequences were
then manually adjusted to minimize the number of gaps while respecting the structural similarity.
Residues 116-173 and 232-239 are not shown. SEC3 residues in contact with the TCRβ chain
are boxed in colors according to the loss of binding free energy (11G) upon alanine substitution:
(red) >2.5 kcal/mol; (yellow) 1.5-2.5 kcal.mol; (green) 0.5-1.5 kcal/mol; (blue) <0.5 kcal/mol
(111). The homologous residues in the other SAGs are only boxed in color if they are identical
with those in SEC3. SEB residues contacting MHC in the crystal structure of the SEB-HLA-DR1
complex (122), and the corresponding residues of SEC3, are boxed incyanif identical in SEB and
SEC3 and inmagentaif different. (B) Sequence alignment of selected mouse (m) and human (h)
TCRβ chains reactive with SEB or SEC(3). Only SAG-containing residues are shown.
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Table 1 Contacts between the 14.3.d TCR β chain and
staphylococcal SAGsa

Hydrogen bonds

β SEBb SEC3b

G53 O Q210 Nε2 Q210 Nε2
T55c N N23 Oδ1 N23 Oδ1

O Nδ2 Nδ2
O T20 Oγ 1

K57 Nζ T18 O
P70 O N60 Nδ2 N60 Nδ2

Van der Waals contactsd

No. of No. of
β SEB contacts SEC3 contacts

H47 L20 1
F177 4

Y50c Y91 10 V91 1
G51 V91 4
A52c Y90 4 Y90 5
G53 N23 1 N23 1

Y26 7
Q210 4

S54 N23 2 N23 5
V91 1

T55c L20 4 T20 2
N23 2 N23 4
E22 2
F177 1

E56c L20 1 T20 1
N23 1

K57 G19 3 G19 4
L20 2 T20 4

Y65 F177 1
K66 F177 6 F176 7
A67 F177 4 F176 3
P70 N60 2 L58 1
S71 N60 2 N60 1

a TCR, T cell receptor; SAG, superantigen; SE, staphylococcal
enterotoxin; MHC, major histocompatibility complex.

bData for the β-SEB and β-SEC3 complexes are from References
37 and 36, respectively.

cVβ residues in contact with peptide/MHC in the 2C TCR-dEV8/H-
2Kb complex (34).

dVan der Waals contacts <4.0 Å.
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The importance of these conserved interactions to complex stabilization is
demonstrated by the finding that SEC3 mutants Asn23→ Ala and Gln210→
Ala bind the TCRβ chain 70-fold less tightly than does the wild-type SAG,
whereas SEC3 Asn60→ Ala binds 16-fold less tightly (111). A recognition
mechanism involving a major role for main-chain hydrogen bonds can be highly
sequence independent, enabling SEB or SEC to recognize virtually any Vβ do-
main in which the positions of the relevant main-chain atoms are close to those
of mouse Vβ8.2; a similar binding mode has been described for peptide/MHC
complexes (144, 145). A sequence alignment of mouse and human Vβ families
reactive with SEB or SEC illustrates the diversity of amino acids that can be
accommodated at Vβ-contacting positions (Figure 3B).

Four water molecules were found to form hydrogen bonds bridging Vβ and
SEB: Vβ Ala67 O-H2O-Oε2 Glu22 SEB, Vβ Tyr50 O-H2O-O Tyr91 SEB,
Vβ Tyr65 O-H2O-Nδ2 Asn178 SEB, and Vβ Lys66 Nζ -H2O-N Phe177 SEB.
Bound water molecules have also been observed in the combining site of anti-
bodies, where they act to increase complementarity in the interface with antigen
(146–148).

There are no direct contacts between SEB or SEC and Vβ CDR3, which folds
away from the SAG (Figure 2A, Table 1); this is consistent with the finding that
bacterial and viral SAGs stimulate T cells expressing particular Vβ elements
without obvious selection for Vβ CDR3 length or sequence (3–5). However,
this does not rule out the possibility that, depending on its conformation, Vβ

CDR3 may in certain cases modulate SAG reactivity. For example, when the
Vβ domain of TCR A6 (33) is superposed onto the 14.3.d Vβ domain in the
VβCβ-SEB structure, SEB Tyr94 is predicted to contact Leu98 of A6 Vβ

CDR3, located at the tip of this long protruding loop (not shown). Similar in-
teractions may explain the observed influence of Vβ CDR3 residues on T cell
reactivity toward MAM (149) and mouse retroviral Mtv-9 SAG (150). Alter-
natively, these SAGs may bind the TCR in different orientations than SEB.
The latter possibility is supported by the finding that reactivity to the mouse
retroviral SAG Mls-1 is affected by mutations at Vβ positions 19, 20, and 24,
which are not part of the interface with SEB or SEC (3, 4, 151).

Conformational Changes in the TCRβ–SEB Interface
The availability of high-resolution crystal structures for uncomplexed 14.3.dβ

chain (27) and SEB (9) permits an assessment of whether any conformational
changes occur in Vβ or the SAG upon complex formation. The free and
complexed Vβ domains superpose with a root-mean-square (RMS) difference
of 0.33 Å for all α-carbon atoms. Likewise, the unbound and bound SEB
molecules superpose with a RMS difference of 0.54Å. Thus, there are no ma-
jor rearrangements in the polypeptide backbones of Vβ or SEB associated with
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complex formation, as also noted for theβ-SEC3 complex (36). However, a
number of adjustments in Vβ and SAG side-chain positions are evident when
comparing the free and bound structures of the 14.3.dβ chain and SEB. Cer-
tain of these changes are necessary to avoid steric clashes between the TCR
and SAG, whereas others probably serve to maximize productive interactions
between the two proteins. For example, the side chain of SEB residue Tyr91 un-
dergoes a 120◦ rotation away from Vβ in order to avoid a collision with CDR2
(37). The structural rearrangements in theβ-SEB interface are of similar mag-
nitude to those observed in antigen-antibody complexes in which the antigen is a
protein (146, 147, 152, 153). They imply a limited “induced fit” mechanism for
TCR-SAG recognition analogous to that described for antigen-antibody inter-
actions (152, 154). A further indication of flexibility in TCR-SAG association
comes from the finding that the twoβ-SEB molecules in the asymmetric unit
of the crystal, although similar, are not identical. A rotation of 6◦ is required to
optimize the overlap between SEB molecules in the two complexes following
superposition of their Vβ domains (37).

The changes in the conformation of interface residues in the 14.3.dβ-SEB
complex are not as large as those in the 2C TCR-dEV8/H-2Kb complex, in
which the CDR1 and CDR3 loops of the Vα domain are displaced 4–6̊A rela-
tive to their positions in the unliganded 2C TCR structure (34). This probably
indicates that the SAG has evolved to optimize its fit to the TCR. Indeed, cal-
culations of shape complementarity (155) reveal that theβ-SEB interface is
about as tightly packed as antigen-antibody interfaces but significantly more
tightly packed than TCR–peptide/MHC class I interfaces (33, 34, 156). It is im-
portant to emphasize, however, that, for both 2C TCR-dEV8/H-2Kb and 14.3.d
TCR β–SEB complexes, the observed conformational changes are localized
to the interfaces between the proteins and are not transmitted to the constant
regions of the TCR. Thus, the possibility that changes in TCR conformation
upon ligand binding are responsible for initiating T cell signaling can probably
be ruled out. Rather, mechanisms based on ligand-induced TCR oligomeriza-
tion (157) are more likely to account for T cell activation by peptide/MHC or
SAGs.

Structural Basis for the Vβ-binding Specificity
of SEB and SEC
The structure of the 14.3.dβ chain–SEB complex explains why SEB recog-
nizes certain Vβ families but not others. As discussed above, all the hydrogen
bonds between SEB and mouse Vβ8.2 are formed between SEB side chains
and Vβ main-chain atoms (Figure 2B, Table 1), such that the positions of these
main-chain atoms should be similar in Vβ domains reactive with SEB but signif-
icantly different in Vβs that do not bind this SAG. A comparison of Vβ domains
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of known three-dimensional structure confirms this expectation. Thus, SEB
activates T cells bearing mouse Vβ8 and human Vβ12, but not mouse Vβ2
or Vβ5 (3). When human Vβ12.3 (33) is superposed onto mouse Vβ8.2
(Figure 4A, see color plates), the RMS difference inα-carbon positions for 14
residues in the SEB-binding site is only 0.9Å. However, when mouse Vβ2.3
(30) is superposed onto mouse Vβ8.2 (Figure 4B), the RMS difference is 3.0̊A.
This difference is largely attributable to a strand switch in Vβ2.3 relative to other
Vβ domains of known structure: In Vβ2.3, the c′′ strand is hydrogen bonded to
the d strand of the adjacent (outer)β sheet, whereas in other Vβs the c′′ strand
is associated with the c′ strand in the same (inner) sheet (27, 29, 31, 33). A con-
sequence of the c′′ strand switch is a repositioning of CDR2 and FR3, which
contribute 50% and 34%, respectively, of the total contacts to SEB. It is interest-
ing that no bacterial or viral SAGs have been described with reactivity toward
members of the mouse Vβ2 family (3), consistent with the unique folding topol-
ogy of Vβ2.3. Similarly, when mouse Vβ5.2 (31) is superposed onto mouse
Vβ8.2 (Figure 4C ), the RMS difference inα-carbon positions for residues in the
SEB-binding site is 2.1̊A. This difference is mainly attributable to a displace-
ment of the c′′ strand in a direction opposite from that of the c′′ strand in the
mouse Vβ2.3 domain, which again results in a repositioning of CDR2 and
FR3. Except for MAM, which reacts with mouse Vβ5.1, no SAGs specific
for members of the mouse Vβ5 family have been reported (3). These results
indicate that the relative position of the c′′ strand in Vβ domains is critical in
determining their reactivity toward different microbial SAGs and suggest that
Vβs reactive with SEB or SEC (mouse Vβ3, 7, 10, and 17; human Vβ3, 5, 12,
13, 14, 15, 17, and 20) probably have aβ-strand topology in their SAG-binding
sites similar to that of mouse Vβ8.2.

The structures of theβ-SEB andβ-SEC complexes also explain why T cells
expressing mouse Vβ8.2 are stimulated by SEB, SEC1–3, and SPEA, but not
by SEA, SED, SEE, TSST-1, or SPEC (3, 158). When SEC3 (12) is superposed
onto SEB (9), the RMS difference inα-carbon positions for 11 residues in the
TCR-binding site is only 0.51̊A (Figure 5A, see color plates). Although the
three-dimensional structure of SPEA is not known, a sequence alignment with
SEB and SEC reveals that it retains several key Vβ-contacting residues, in par-
ticular Asn60, Tyr90, and Gln210 (Figure 3A). Alanine-scanning mutagenesis
has shown that these three residues are hot spots for the binding of SEC3 to
the 14.3.dβ chain (111), in agreement with the fact that SAGs having other
residues at these positions display different Vβ-binding specificities. Thus,
SEA, SED, SEE, SPEC, and TSST-1, which do not activate Vβ8.2-bearing
T cells, differ from SEB at nearly all Vβ-contacting positions, in particular 90
and 210 (Figure 3A). Furthermore, when SEA (14) is superposed onto SEB,
the RMS difference inβ-carbon positions for residues in the TCR-binding site

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:4
35

-4
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 F
or

dh
am

 U
ni

ve
rs

ity
 o

n 
12

/1
3/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: SAT/VKS P2: NBL/plb QC: NBL/tkj T1: NBL

March 4, 1999 12:42 Annual Reviews AR078-01

Figure 4 Comparison of Vβ structures in the region of the SAG-binding site. (A) Mouse Vβ8.2
(red) (27) superposed onto human Vβ12.3 (blue) (33). The CDR loops are numbered 1, 2 and 3;
HV4 is labeled 4. (B) Mouse Vβ8.2 (red) superposed onto mouse Vβ2.3 (yellow) (30). (C) Mouse
Vβ8.2 (red) superposed onto mouse Vβ5.2 (green) (31). The SEB-binding site of mouse Vβ8.2
is circled in each panel. The c′ ′ and d strands are labeled.
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Figure 5 Structural comparison of SEB with other bacterial SAGs. SEB is oriented with its TCR-
binding site directly facing the reader. (A) α-carbon diagram of SEB (yellow) (9) superposed onto
SEC3 (dark blue) (12). (B) SEB (yellow) superposed onto SEA (green) (14). (C) SEB (yellow)
superposed onto TSST-1 (pink) (1911). (D) SEB (yellow) superposed onto SPEC (light blue) (16).
Regions of SEB in contact with Vβ in the 14.3.dβ-SEB complex arered; key contact residues are
labeled.
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is 2.8Å (Figure 5B). As shown in Figures 5C andD, the putative TCR-binding
sites of TSST-1 (10, 11) and SPEC (16) are markedly different from that of
SEB; this can account for the finding that the Vβ specificities of TSST-1 and
SPEC do not overlap with those of SEB or SEC (3).

COMPARISON OF TCR-SAG-PEPTIDE/MHC
AND TCR-PEPTIDE/MHC COMPLEXES

Although the three-dimensional structure of a TCR-SAG-peptide/MHC com-
plex has not been determined, a model of this complex may be readily con-
structed by least-squares superposition of (a) the 14.3.d VβCβ-SEB complex,
(b) the SEB–peptide/HLA-DR1 complex (122), and (c) the 2C TCRαβ het-
erodimer (29), which uses the same Vβ element (mouse Vβ8.2) as does 14.3.d
TCR (Figure 6A, see color). The accuracy of this model, in which the SAG
is seen to bridge the APC and the T cell, depends on the assumption that
there are no major conformational changes in any of the individual compo-
nents upon complex formation; such changes are unlikely, given that none
are observed in the TCRβ-SEB or SEB-peptide/DR1 complexes (37, 122).
This model may be compared with the structure of the 2C TCR complexed
with peptide/MHC class I (34) (Figures 6B and C ). Assuming that TCRs
bind MHC class I and class II molecules in similar orientations, as recently
argued on the basis of structural considerations (33), it is apparent that the
binding of peptide/MHC to TCR in the TCR-peptide/MHC complex is differ-
ent from that in the TCR-SEB-peptide/MHC complex and that there is only
partial overlap between the binding sites on the TCR for SEB and for pep-
tide/MHC. In the TCR-peptide/MHC complex (Figure 6B), the peptide anti-
gen, as well as both theα1 andα2 helices of the class I molecule, simulta-
neously engage the TCR combining site. By contrast, in the model of the
TCR-SEB-peptide/MHC complex (Figure 6A), the peptide is effectively re-
moved from the TCR combining site, and there are no direct contacts between
the TCRβ chain and the MHC class IIα1 or β1 (which corresponds toα2 in
class I) helices. However, as discussed below, the MHCβ1 helix is predicted to
interact with the TCR Vα domain. In addition, the rotational orientation of TCR
and MHC molecules in the TCR-SEB-peptide/MHC complex is different from
that in the TCR-peptide/MHC complex (compare Figures 6A andC, respec-
tively, in which the TCRs are shown in the same orientation): The MHC class
II molecule in Figure 6A must be rotated approximately 40◦ counterclockwise
around a vertical axis to align it with the MHC class I molecule in Figure 6C.
Therefore, even though the TCR engages peptide/MHC differently in the two
types of complexes, the end result—highly efficient T cell activation—is similar.
This implies that the specific geometry of TCR engagement by peptide/MHC
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Figure 6 Comparison of TCR-SAG-peptide/MHC and TCR-peptide/MHC complexes. (A) Model
of the TCR-SEB-peptide/MHC class II complex constructed by least-squares superposition of: 1)
the 14.3.d VβCβ-SEB complex (37), 2) the SEB-peptide/HLA-DR1 complex (122), and 3) the 2C
TCRαβ heterodimer (29). (B) Structure of the 2C TCR-peptide/MHC class I complex (34). The
complex is oriented such that the MHC molecule is approximately aligned with that inpanel A.
(C) Another view of the 2C TCR-peptide/MHC class I complex. The complex is oriented such that
the TCRs inpanels AandC are aligned.
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may be less critical than are other factors, such as the affinity and kinetics of
the binding reaction, in triggering T cells.

By acting as a wedge between the TCRβ chain and the MHC class IIα chain,
the SAG is able to circumvent the normal mechanism for T cell triggering by
specific peptide/MHC complexes. The result is polyclonal activation of whole
populations of T cells expressing particular Vβ elements, largely irrespective of
the peptide/MHC specificity of the corresponding TCRs. The absence of direct
contacts between peptide and TCR in the model of the TCR-SEB–peptide/MHC
class II complex in Figure 6A can explain the finding that formation of a
TCR-SEB-DR1 complex was not affected by the presence of several different
DR1-bound peptides (109). However, depending on the particular peptide
bound by the MHC class II molecule, and on the conformations of the Vα and
Vβ CDR3 loops, the peptide may in certain cases make a small number of
contacts with the TCR and so modulate SAG activity.

It must be emphasized that other SAGs may bind differently to TCR and/or
MHC class II than does SEB or SEC, thereby affecting the geometry of the
TCR-SAG-peptide/MHC complex. In the case of TSST-1 bound to HLA-DR1
(Figure 1B), the SAG reaches across the antigen-binding groove, such that
peptide-SAG and SAG-MHCβ chain interactions may also contribute to com-
plex stabilization (124). Furthermore, in contrast to SEB and SEC, the mode
of binding of TSST-1 to DR1 would probably also preclude direct TCR-MHC
interactions. This may represent an extreme example of the model in Figure 6A
and illustrates how variations in the structure and positioning of the SAG wedge
provide a means for different SAGs to modulate the degree of TCR-MHC in-
teractions in the TCR-SAG-peptide/MHC complex.

Role of the TCRα Chain in Stabilization
of the TCR-SAG-Peptide/MHC Complex
There is increasing evidence that the TCRα chain may, in certain cases, play a
role in stabilizing the TCR-SAG-peptide/MHC complex and thereby influence
T cell reactivity to bacterial or viral SAGs (5, 142, 159). For example, it was
shown that Vα4 is expressed by Vβ6+ T cell hybridomas that react with SEB but
not by Vβ6+ hybridomas that do not respond to this SAG (160). Transfection
experiments demonstrated that the Vα4 α chain transferred SEB responsive-
ness regardless of whether the Vβ6 β chain was derived from a responsive or
nonresponsive hybridoma (161). These effects of the TCRα chain on T cell ac-
tivation by SAGs may be mediated through an interaction between Vα and the
MHC class IIβ chain (5, 142, 161, 162). Thus, mutations at position 77 of the
I-Ek β chain (141) and at positions 77 and 81 of HLA-DR1β chain (140) were
found to greatly reduce the T cell response to SEB without affecting binding
of the SAG to MHC class II, which suggests contacts to the TCR. In addition,
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the affinity of SEB for a soluble human TCR was observed to be significantly
enhanced by the addition of soluble HLA-DR1 (109). These results may be
understood in terms of the model of the TCR-SEB-peptide/MHC complex in
Figure 6A, in which the Vα domain of the 2C TCR is predicted to interact with
the MHCβ1 helix. A close-up of putative contacts (<4 Å) between Vα CDR2
residues Ser51, Gly52, and Asp53 and the class IIβ chain residues Asp76 and
Thr77 is shown in Figure 7A (see color plates). Thus, the overall stability of
the TCR-SAG-peptide/MHC complex is probably determined by the combined
strengths of three separate sets of interactions: TCRβ chain–SAG, SAG–MHC
α chain, and MHCβ chain–TCRα chain.

The preferential expression of certain Vα regions among SAG-reactive T cells
has been interpreted as evidence that these particular Vαs interact with MHC
more favorably than do other Vαs during SAG-mediated T cell activation
(5, 142, 159–161). The availability of crystal structures for severalαβ TCR
heterodimers (29–31, 33) allows an examination of the possible effects of dif-
ferent TCRα chains on Vα-MHC interactions in the TCR-SAG-peptide/MHC
complex. By superposing the Vβ domain of the 14.3.dβ-SEB complex onto
the Vβ domain of TCR A6 (33), N15 (31), or KB5-C20 (30), as described above
for the 2C TCR, it is apparent that the extent of interaction between the Vα

and MHCβ1 domains in the TCR-SEB-peptide/MHC complex depends mostly
on the relative orientation of Vα and Vβ domains in each TCR heterodimer.
Because the variability in the geometry of Vα/Vβ association among these
TCRs is considerable (2, 31), large differences are observed in the extent of
Vα-MHC β1 interactions. These are illustrated in Figure 7. For the 2C TCR,
as discussed above, Vα CDR2 Ser51, Gly52, and Asp53 are predicted to contact
MHC β1 Asp76 and Thr77 (Figure 7A). For the A6 TCR, Vα CDR1 Gln30, and
CDR2 Tyr50, Ser51 and Asn52 contact MHCβ1 Glu69, Ala73, Asp76, Thr77,
and His81 (Figure 7B). For the N15 TCR, Vα CDR1 Leu29 and CDR2 Thr51
contact MHCβ1 Ala73, Thr77, and His81 (Figure 7C ). For TCR KB-C50, no
contacts are predicted because of the particular geometry of Vα/Vβ association
of this TCR (not shown). In all cases where contacts between Vα and the MHC
molecule are expected to occur, however, these involve Vα CDR2 and residues
on the MHCβ1 helix pointing away from the peptide-binding groove. Thus,
depending on the geometry of Vα/Vβ association and on the structure of the
Vα CDR2 loop, Vα-MHC class II interactions may (a) contribute to stabilizing
the TCR-SEB-peptide/MHC complex and thus increase reactivity toward the
SAG, (b) have no net effect on complex stability and not affect reactivity, or
(c) destabilize the complex through unfavorable contacts and thereby decrease
reactivity. In this way, the TCRα chain may modulate the level of activation
by SEB of T cells expressing the same Vβ but different Vαs.
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Figure 7 Differences in Vα-MHC β chain contacts as a result of differences in Vα/Vβ orientation
and Vα CDR sequences. (A) Close-up of putative contacts between the MHC class IIβ chain
(yellow) and Vα of the 2C TCR (blue) in the model of the TCR-SEB-peptide/MHC complex in
Figure 6A. The bound peptide isred. Only those MHC and Vα residues predicted to form direct
contacts are labeled. In the upper right hand corner is a portion of the MHC class IIα chain in
green. (B) Contacts between the MHC class IIβ chain and Vα of the A6 TCR (orange). The model
of the TCR-SEB-peptide/MHC complex was constructed in the same way as that in Figure 7A,
except using TCR A6 (33) instead of TCR 2C (29). The Vβ domain of TCR A6 was superposed
onto 14.3.d Vβ by overlapping structurally equivalent FR residues. (C) Contacts between the MHC
class IIβ chain and Vα of the N15 TCR (pink). The Vβ domain of TCR N15 (31) was superposed
onto 14.3.d Vβ by overlapping structurally equivalent FR residues.
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POTENTIAL THERAPEUTIC APPLICATIONS
OF SUPERANTIGENS

Because bacterial SAGs are such extremely potent activators of the immune
system, efforts are currently underway in a number of laboratories to engineer
them for therapeutic applications (163). Knowledge of the three-dimesional
structure of SAGs, and of their binding sites for TCR and MHC, may be used to
design variants with altered binding properties toward these ligands, resulting
in desired biological effects. The potential applications of SAG derivatives
include cancer immunotherapy and the treatment of infectious and autoimmune
diseases.

The recruitment of antigen-specific cytotoxic T lymphocytes (CTLs) is a ma-
jor goal for the immunotherapy of malignant tumors. However, the frequency
of tumor-specific CTLs is generally too low to interfere with progressive tu-
mor growth. An attractive approach for immunotherapy is to use antibodies
specific for tumor-associated antigens to target large numbers of T cells to
the tumor. Taking advantage of the ability of SAGs to activate large pop-
ulations of T cells, chemical conjugates of SEA and the colon carcinoma–
reacting monoclonal antibodies (mAbs) C215 or C242 were shown to mediate
T cell–dependent destruction of colon carcinoma cells lacking MHC class II
molecules (164). The SEA-mAb–mediated cytotoxicity was MHC class II
independent and did not require antigen-specific effector CTLs. In subse-
quent work, a recombinant fusion protein of SEA and the Fab region of the
C215 mAb was found to efficiently target T cells to lyse C215+ MHC class
II–negative human colon carcinoma cells (165). Treatment of mice carrying
B16 melanoma cells expressing transfected C215 antigen resulted in 85–99%
inhibition of tumor growth and allowed long-term survival. In similar exper-
iments, SEA bound to specific anti-carcinoma cell or anti-ganglioside GD2
mAbs displayed T cell–mediated cytotoxicity toward MHC class II–negative
lymphatic leukemia cell lines or neuroblastoma cells, respectively (166, 167).
The demonstration of a Zn2+-dependent MHC class II binding site with high
affinity in the large domain of SEA (14, 128, 129), which is distinct from the
low-affinity SEB-like binding site in the small domain, prompted the introduc-
tion of a point mutation (Asp227→ Ala) in the high-affinity site in order to
lower the systemic toxicity of Fab-SEA conjugates (168). Thus, after treat-
ment with Fab-SEA Asp227→ Ala, a 100- to 1000-fold reduction in serum
levels of IL-6 and TNF was observed in mice compared with the wild-type
conjugate, without affecting anti-tumor activity. These results suggest that bac-
terial SAGs can be converted into tolerable immunotoxins for cancer therapy
(169).
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Inactivated forms of SAGs might be useful as vaccines to protect against
staphylococcal or streptococcal toxic shock. Mutants of SEB that do not bind
TCR do not induce T cell proliferation and therefore do not cause toxic shock
(170). Animals immunized with mutants of SEA with attenuated binding to
TCR or MHC class II developed high titers of anti-SEA antibodies and were
fully protected against challenge with the wild-type toxin (171). Formalinized
SEB toxoid–containing microspheres have been tested for efficacy in rhesus
monkeys as a vaccine candidate for respiratory toxicosis and toxic shock (172).
Protective immunity correlated with antibody levels in both the circulation
and the respiratory tract. Similar results were obtained with intranasal or in-
tramuscular immunization by using meningococcal outer-membrane protein
proteasome-SEB toxoid. The proteosome-SEB toxoid vaccine was efficacious
in protecting 100% of monkeys against severe symptomatology and death from
aerosolized-SEB intoxication (173).

T cell activation by SAGs is generally followed by the disappearance or
inactivation of the responding T cells, resulting in clonal deletion of cells bearing
specific Vβ elements (3, 4). Chronic exposure to low concentrations of SAGs
permits clonal deletion to occur directly, without the cells first passing through
a state of hyperreactivity (174, 175). In mice with EAE or lupus nephritis, both
of which serve as models for human autoimmune diseases, treatment with SEB
resulted in a reduction in symptoms or in a cure of the disease (176–179). In
both models, autoimmunity is known to be mediated by self-reactive T cells
expressing a single Vβ element (mouse Vβ8), such that the effect of the SAG
most likely results from the specific elimination of pathogenic T cells bearing
that particular Vβ. These experiments suggest that SAGs could potentially
be used for the prevention of autoimmune disease by selectively eliminating
specific T cell populations. In cases where T cells from several Vβ families
might be involved in the disease process, SAGs engineered to recognize these
Vβs could be used for therapy. Knowledge of the three-dimensional structure
of TCR-SAG complexes should facilitate the design of SAGs with predefined
Vβ specificities.

A number of concerns must be addressed, however, before SAGs can be used
as therapeutic agents (180). Administration of SAGs may lead to the release
of dangerous levels of cytokines such as TNF, resulting in toxic shock. In
addition, inadvertent stimulation of autoreactive T cells could trigger autoim-
mune disease. It appears likely, however, that the systemic toxicity of SAGs
can be dissociated from the superantigenic effects of these molecules through
structure-based genetic engineering, as described above for SEA-Fab conju-
gates (168) and SEA vaccines (171). Similarly, mutations of TSST-1 have been
described that alter either lethality or superantigenicity, without significantly
affecting the other property (181–183).
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FUTURE DIRECTIONS

Although the X-ray crystallographic studies described above represent impor-
tant advances in our understanding of SAG interactions with TCR and MHC,
the apparent diversity of these interactions clearly illustrates the need for fur-
ther work in this area. For example, TSST-1 binds differently to MHC class
II molecules than does SEB (Figure 1) (122–124), and its interaction with the
TCR presumably differs as well. Unlike SEB and TSST-1, which have only one
class II–binding site, mutagenesis and biochemical experiments indicate that
SEA has two such sites (127–129). However, because the crystal structure of an
SEA–MHC class II complex has not been determined, the precise locations of
these sites are unknown. SED and SPEC crystallize as homodimers (15–16),
which may facilitate TCR oligomerization and T cell triggering. However,
X-ray crystallographic studies are required to elucidate the geometry of the
putative SED2TCR2, SED2MHC2, SPEC2TCR2, and SPEC2MHC2 tetramers.
Our knowledge of SAG structure is currently limited to the staphylococcal
and streptococcal pyrogenic toxins (9–16) and to a staphylococcal exfoliative
toxin (17, 18). No structural information is available for SAGs produced by
mycoplasma, such as MAM (19), or by viruses (22–26), including the much-
studied MMTV SAGs. Human endogenous retroviral SAGs that are associated
with autoimmune diseases (26) may become a focus of future attention. Fi-
nally, the structures of entire TCR-SAG-MHC complexes must be determined
in order to define experimentally the putative Vα-MHC interactions discussed
in this review.

X-ray crystallographic studies of TCR-SAG, SAG-MHC, and TCR-SAG-
MHC complexes will open the way for the design of SAG variants with altered
binding properties for TCR and MHC for use as tools in dissecting structure-
activity relationships in this system. The relative contributions of TCR-SAG
and SAG-MHC interactions to T cell stimulation can be defined by engineering
panels of mutant SAGs with both higher and lower affinities for TCR and MHC
than the wild-type toxins have. It has been shown that SAGs mimic the interac-
tion of peptide/MHC complexes with the TCR in terms of affinities and kinetics
(109–112). It remains to be established, however, whether there is an optimum
affinity for T cell activation by SAGs (or by peptide/MHC), as predicted by
the serial triggering (118, 119) and kinetic proofreading (120) models of T cell
activation, such that SAGs with either higher or lower affinities than this opti-
mum value exhibit decreased ability to stimulate T cells. Alternatively, SAGs
with progressively higher affinities for the TCR relative to the wild type may
stimulate T cells increasingly well, until some plateau of maximum stimulation
is attained. Mutants with altered affinities for the TCR can be used to dis-
tinguish between these possibilities and thereby define the affinity and kinetic
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parameters governing T cell activation by SAGs. The role, if any, of coopera-
tive interactions involving the TCRα chain in stabilizing the TCR-SAG-MHC
complex can be similarly addressed. By thus combining X-ray crystallography
with mutagenesis and binding studies, a comprehensive understanding of the
physical basis of T cell activation by microbial SAGs should emerge.

ACKNOWLEDGMENTS

This research was supported by NIH grants AI36900 and AI42937 and National
Multiple Sclerosis Society grant RG2747 to RAM. ELM is supported by grants
from CONICET, UBA, and Fundacin Antorchas. We thank IA Wilson for coor-
dinates of the 2C TCR-dEV8/H-2Kb complex, CV Stauffacher for coordinates
of SEC3, EN Baker and J Fraser for coordinates of SPEC, and DC Wiley for
coordinates of the TSST-1/HLA-DR1 complex.

Visit the Annual Reviews home pageat
http://www.AnnualReviews.org

Literature Cited

1. Bentley GA, Mariuzza RA. 1995. The
structure of the T cell antigen receptor.
Annu. Rev. Immunol.14:563–90

2. Wilson IA, Garcia KC. 1997. T-cell recep-
tor structure and TCR complexes.Curr.
Opin. Struct. Biol.7:839–48

3. Kotzin BL, Leung DYM, Kappler J, Mar-
rack P. 1993. Superantigens and their po-
tential role in human disease.Adv. Im-
munol.54:99–166

4. Scherer MT, Ignatowicz L, Winslow GM,
Kappler JW, Marrack P. 1993. Superanti-
gens: bacterial and viral proteins that ma-
nipulate the immune system.Annu. Rev.
Cell. Biol.9:101–128

5. Webb SR, Gascoigne NRJ. 1994. T-cell
activation by superantigens.Curr. Opin.
Immunol.6:467–475

6. Bohach GA, Fast DJ, Nelson RD, Schliev-
ert PM. 1990. Staphylococcal and strepto-
coccal pyrogenic toxins involved in toxic
shock syndrome and related illnesses.
Crit. Rev. Microbiol.17:251–272

7. Betley MJ, Borst DW, Regassa LB. 1992.
Staphylococcal enterotoxins, toxic shock
syndrome toxin and streptococcal pyro-
genic exotoxins: a comparative study of
their molecular biology.Chem. Immunol.
55:1–35

8. Bohach GA. 1997. Staphylococcal en-
terotoxins B and C. InSuperantigens:
Molecular Biology, Immunology and Rel-
evance to Human Disease, ed. DYM

Leung, BT Huber, PM Schlievert, Mar-
cel Dekker Inc. NY, pp. 167–198

9. Swaminathan S, Furey W, Pletcher J, Sax
M. 1992. Crystal structure of staphylo-
coccal enterotoxin B, a superantigen.Na-
ture359:801–806

10. Prasad GS, Earhart CA, Murray DL,
Novick RP, Schlievert PM, Ohlendorf
DH. 1993. Structure of toxic shock syn-
drome toxin–1.Biochemistry32:13761–
13766.

11. Acharya KR, Passalacqua EF, Jones EY,
Harlos K, Stuart DI, Brehm RD, Tranter
HS. 1994. Structural basis of superanti-
gen action inferred from crystal structure
of toxic–shock syndrome toxin–1.Nature
367:94–97

12. Hoffmann ML, Jablonski LM, Crum KK,
Hackett SP, Chi Y–I, Stauffacher CV,
Stevens DL, Bohach GA. 1994. Predic-
tions of T cell receptor and major his-
tocompatibility complex binding sites on
staphylococcal enterotoxin C3.Infect. Im-
mun.62:3396–3407

13. Papageorgiou A, Acharya KR, Shapiro R,
Passalacqua EF, Brehm RD, Tranter HS.
1995. Crystal structure of the superanti-
gen enterotoxin C2 fromStapylococcus
aureusreveals a zinc–binding site.Struc-
ture3:769–779

14. Schad EM, Zaitseva I, Zaitsev VN,
Dohlsten M, Kalland T, Schlievert PM,
Ohlendorf DH, Svensson LA. 1995.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:4
35

-4
66

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 F
or

dh
am

 U
ni

ve
rs

ity
 o

n 
12

/1
3/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



       
P1: SAT/spd P2: KKK/plb QC: KKK/uks T1: KKK

January 21, 1999 15:3 Annual Reviews AR078-15

T CELL ACTIVATION BY SUPERANTIGENS 459

Crystal structure of the superantigen
staphylococcal enterotoxin type A.
EMBO J.14:3292–3301

15. Sundstrom M, Abrahmsen L, Antonsson
P, Mehindate K, Mourad W, Dohlsten M.
1996. The crystal structure of staphylo-
coccal enterotoxin type D reveals Zn2+–
mediated homodimerization.EMBO J.
15:6832–6840

16. Roussell A, Anderson BF, Baker HM,
Fraser JD, Baker EN. 1997. Crystal struc-
ture of the streptococcal superantigen
SPE–C: dimerization and zinc–binding
suggest a novel mode of interaction with
MHC class II molecules.Nature Struct.
Biol. 4:635–643

17. Vath GM, Earhart CA, Rago JV, Kim MH,
Bohach GA, Schlievert PM, Ohlendorf
DH. 1997. The structure of the superanti-
gen exfoliative toxin A suggests a novel
regulation as a serine protease.Biochem-
istry 36:1559–1566

18. Cavarelli J, Prevost G, Bourguet W,
Moulinier L, Chevrier B, Delagoutte B,
Bilwes A, Mourey L, Rifau S, Piemont Y,
Moras D. 1997. The structure ofStaphylo-
coccus aureusepidermolytic toxin A, an
atypic serine protease, at 1.7Å resolution.
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