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Abstract

‘Superantigens’ (SAgs) trigger the massive activation of T cells by simultaneous interactions with
MHC and TCR receptors, leading to human diseases. Here we present the first crystal structure, at
2.5-A resolution, of a complete ternary complex between a SAg and its two receptors, HLA-DR1/
HA and TCR. The most striking finding is that the SAg Mycoplasma arthritidis mitogen, unlike

others, has direct contacts not only with TCR Vf but with TCR Va.

To investigate the molecular mechanism of SAg recognition by host receptors, we
determined the crystal structure of a complete ternary complex involving Mycoplasma
arthritidis mitogen (MAM, the SAg in the complex), murine single-chain T-cell receptor T7
(SCTCR-T7) derived from mouse CD8+ clone 2C (refs. 1,2), and a human class Il major
histocompatibility complex (MHC 1) HLA-DR1 receptor bound to a hemagglutinin peptide
(HLA-DR1/HA,; peptide-bound MHC in general is abbreviated pMHC) (Fig. 1,
Supplementary Methods and Supplementary Table 1 online). In the ternary complex, MAM
acts as a bridge between the TCR and MHC molecules (Fig. 1a). As a consequence, the
TCR-T7 interacting with MAM does not have any contacts with the MHC 11 and the
associated HA peptide. Similar findings have also been reported for the hypothetical models
of other TCR-SAg-pMHC complexes, although the overall orientations of TCRs relative to
MHC 11 are very different from that in the TCR-MAM-MHC complex34. These results
indicate that recognition of TCR by a SAg does not require specificity for the pMHC that
presents the SAg. The structure of the T7-TCR-MAM-HLA-DR1/HA complex readily
accounts for immunological evidence indicating that SAgs can activate both CD4+ and
CD8+ T cells®. However, unlike the peptide antigens that are normally presented to CD8+
TCR by MHC I, SAgs stimulate CD8+ T cells via MHC II. Nevertheless, in the presence of
MHC Il-expressing cells, MAM can stimulate the activation of TCR-2C transfectants and
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other CD8+ T cells, as efficiently as MAM does for CD4+ T cells (data not shown and ref.
6).

The MAM-scTCR interaction buries a total of 3,444 A 2 of surface area, which is
substantially larger than those (1,200-2,000 A 2) in TCR-pMHC, SAg-pMHC and other
SAg-TCR complexes (Fig. 1b)347. Upon MAM binding, the Va domain of TCR
contributes a buried surface area of 622 A 2, which accounts for more than one-third of the
total contribution from TCR (Fig. 1b). The buried surface area from TCR Va is comparable
with those (600-900 A 2) from TCR VP domains in other SAg-TCR-f complexes®4. A total
of 17 Va residues, from Va complementarity-determining region-1 (CDR1; 6% of total
TCR contribution), framework region-2 (FR2; 3%), CDR2 (14%); FR3 (3%) and CDR3
(10%), are involved in both van der Waals contacts and specific hydrogen bonds at the
MAM-TCR interface (Fig. 1b, Supplementary Fig. 1 and Supplementary Table 2 online).

The specific MAM-Va contacts could imply that MAM-TCR recognition has sequence
specificity for the TCR Va, a property that could be manifested in skewed Va expression by
MAM-reactive T cells. Although the issue has not been systematically investigated, several
functional studies have indicated that recognition of MAM is associated with selective use
of particular Va regions®9. Sequence alignment indicates that two residues, Leu/lle46 and
Ser51, are conserved or nearly conserved among MAM-reactive a chains (Fig. 1¢). In
addition, Leu45 is a dominant residue for the MAM-reactive a chains, but it is not present in
the MAM-unreactive ones. Upon MAM binding, these residues also make large
contributions to the buried surface area and/or form hydrogen bonds with MAM residues
(Supplementary Fig. 1 and Supplementary Table 2). Therefore, these residues may represent
a MAM-binding motif on TCR Va and could be crucial for MAM recognition.

The crystal structure of the ternary complex clearly indicates that MAM directly interacts
with the TCR a chain. This finding is quite distinct from previous studies of SAgs, which
have defined their superantigen properties as a result of interactions with only the TCR V8
region3, and it significantly advances understanding of SAg structures and functions. Thus,
certain SAgs may have specificity for not only TCR Vp but also Va. It is even possible that
certain SAgs, such as staphylococcal enterotoxin H (SEH)0, may have only TCR Va
specificity. Direct interactions similar to those we observed between MAM and TCR-T7
could exist between TCR Val0 and SEH, leading to skewed Va expression.

In our complex, MAM also binds the TCR B chain, with a buried surface area of 1,131 A 2
(Fig. 1b). A total of 27 Vj residues, from FR1 (2% of total TCR contribution), CDR1
(19%), CDR2 (20%), FR3 (9%), HV4 (4%) and CDR3 (10%), contact MAM
(Supplementary Fig. 1 and Supplementary Table 2). The crystal structure readily accounts
for mutational and immunological evidence implicating VV§ CDR3 residues, Tyr107 in
particular, in MAM recognition (Fig. 1b)8.

Other than the involvement of V§ CDR3 (CDR3p), the MAM-binding site on TCR V3
nearly overlaps with that for staphylococcal enterotoxins B and C3 (SEB and SEC3) and
streptococcal pyrogenic exotoxin A (SpeA)34. However, the mechanisms for SAg
recognition by TCRs are quite different for MAM and for SEB and SEC3. It has been
hypothesized that recognition of SEB and SEC3 by TCR is conformation dependent but may
be highly independent of the TCR VP sequence?.

In contrast, MAM forms numerous specific hydrogen bonds and van der Waals interactions
with both main chain and side chain atoms of V8.2 (Supplementary Fig. 1 and
Supplementary Table 2), implying that MAM recognition by TCR is sequence dependent.
Indeed, MAM recognizes fewer TCR 3 chains than do SEB and SEC3. T cells bearing
murine V8.1, V8.2 or V6, or human V17, are most frequently activated by MAM.
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Sequence alignment indicates that several MAM-contacting residues are conserved among
these Vp regions (Fig. 1d), including Asn28, His29 and Asn/Asp30 of CDR1, Tyr48 and
GIn/Glu56 of CDR2, and Lys57, Gly58 and Asp59 of FR3. Five of these residues are
completely or nearly completely buried upon MAM binding, and ten hydrogen bonds are
formed via the side chain atoms of these residues (Supplementary Fig. 1 and Supplementary
Table 2). Therefore, the conserved residues may represent a MAM-binding motif and
account, at least in part, for the TCR Vp specificity in MAM recognition. Sequence
alignment of TCR Vf regions less frequently activated by MAM supports the notion that
these residues, collectively, account for the binding specificity of the V3 regions in the
interaction with MAM, as none of the less frequently activated Vs have all of the conserved
motif residues (Fig. 1d).

In agreement with our crystal structure, marked structural differences between MAM-
reactive and unreactive TCR V[ domains have been observed at the CDR1, CDR2 and FR3
regions!. It should be noted that the latter two regions also contribute most strongly to the
binding of pyrogenic SAgs, suggesting a common recognition mechanism that permits
MAM and other SAgs to interact with various Vf families. Accordingly, CDR2 and FR3
regions of TCR f chains are required for binding and may determine the SAg specificity.

The TCR binds in a deep, curved groove between the two domains of MAM (Fig. 1b). A
total of 45 residues from both the MAM N- and C-terminal domains (NTD and CTD) are
involved in the contacts. Involvement of the CTD is consistent with previous observations
that two C-terminal deletion mutants of MAM, terminated at positions 132 and 176,
respectively, do not trigger T cell activation!2. The structure can also reconcile the finding
that peptides composed of MAM residues 14-31 or 11-38 inhibit MAM-induced T-cell
activation, as residues 18—29 contact TCR and residues 11-18 interact with pMHC13,

Superimposition of the preformed pMHC-MAM (NTD only) binary complex3 onto the
ternary complex resulted in only a small r.m.s. deviation of 0.65 A (Fig. 2a). No large
movement of the domains relative to each other occurs in either the MAM NTD or pMHC.
This indicates that, upon TCR binding, the preformed MAM—pMHC binary complex
preserves its binding geometry.

In contrast with the MAM-pMHC interaction, substantial domain movement in MAM is
associated with TCR binding (Fig. 2a), although no global change was observed for the
VaVp geometry of TCR. The MAM CTD rotates about 11.8° toward the MAM NTD upon
TCR binding. This differs from conventional TCR—-pMHC and other TCR-SAg—pMHC
complexes, in which no major domain movements of the interacting species have been
observed3 . Thus, such a domain movement in the ligand seems to be required for
optimization of domain orientation to favor TCR binding, but not for signaling.

In addition to global domain movement, both MAM and TCR undergo substantial main
chain conformational changes at the binding interface (Fig. 2b,c). In contrast, no major
rearrangements in the polypeptide backbones of the interacting species have been observed
in the pyrogenic SAg-mediated complexes34. In TCR, three of six CDRs (CDR1a, CDR3a
and CDR3p), as well as Va HV4, undergo marked conformational changes upon MAM
binding (Fig. 2¢). The conformational changes imply an induced-fit mechanism for MAM-
TCR recognition.

Notably, CDR1a, CDR3a and HV4a of TCR-2C (ref. 2) also undergo substantial
conformational changes of similar magnitude upon pMHC | binding’, but these
conformational changes are quite different from those found in the TCR-MAM interaction
(Fig. 2c). Thus, although the MAM-HLA-DR1/HA complex and the MHC | peptide/H-2KP
complex!* are very different ligands for TCR-2C, they both induce conformational changes
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in TCR, and these unique conformations provide sufficient binding energy to yield
productive signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Crystal structure of sScTCR-MAM-HLA-DR1/HA ternary complex. Lime, MAM; blue,
DR1a; cyan, DR1; red, HA; purple, TCR Va; green, TCR V. (a) Structure of the sScTCR—
MAM-HLA-DR1/HA complex. (b) Interaction surfaces of MAM and scTCR T7. Center,
surface presentation of the MAM-scTCR structure; left, opened-up view of the MAM-
binding surface of scTCR; right, opened-up view of the TCR-binding surface of MAM.
Hydrophobic surface patches are colored in cyan. CDR and HV4 loops of TCR are shown as
‘worms’. Selected aromatic residues of TCR at the interface are shown as rods. () Sequence
alignment of the Va residues of MAM-reactive (indicated by +) and unreactive (=) TCRs.
Conserved or conservatively substituted residues (red boxes) and MAM-contacting residues
(red asterisks) are indicated. (d) Sequence alignment of MAM-contacting residues of TCR
Vs that are most frequently activated by MAM (indicated by +) and TCR Vs that are less
frequently activated by MAM. Conserved residues indicated as in c; green boxes mark
strictly conserved cysteine residues.
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Figure 2.

Conformational changes in MAM and TCR upon complex formation. (a) Superposition of
the MAM-HLA-DR1/HA complex (green) determined in our earlier study3 onto its
counterpart (red) in the ternary complex. The MAM CTD is not included in superposition.
(b) Superposition of the MAM CTD in the previous MAM-HLA-DR1/HA binary
complex3 onto its counterpart (red) in the ternary complex. (c) Superposition of the ligand-
free TCR-2C (ref. 2), and TCR-2C in complexes with H-2KP MHC I with an agonist!4 and a
superagonist peptidel®, onto TCR T7 in our ternary complex. Light gray, non-CDR regions;
purple, CDRs of Va; green, T7 VB; lime, free 2C; pink, 2C with agonist peptide; cyan, 2C
with superagonist peptide.
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