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The crystal structure of a complex involving the D l 0  T cell receptor (TCR), 
16-residue foreign peptide antigen, and the I-Ak self major histocompatibility 
complex (MHC) class II molecule is reported at 3.2 angstrom resolution. The D l 0  
TCR is oriented in an orthogonal mode relative t o  its peptide-MHC (pMHC) 
ligand, necessitated by the amino-terminal extension of peptide residues pro- 
jecting from the MHC class II antigen-binding groove as part of a mini p sheet. 
Consequently, the disposition of D l 0  complementarity-determining region 
loops is altered relative t o  that of most pMHCI-specific TCRs; the latter TCRs 
assume a diagonal orientation, although with substantial variability. Peptide 
recognition, which involves P-1 t o  P8 residues, is dominated by the Va domain, 
which also binds t o  the class II MHC @, helix. That docking is limited t o  one 
segment of MHC-bound peptide offers an explanation for epitope recognition 
and altered peptide ligand effects, suggests a structural basis for alloreactivity, 
and illustrates how bacterial superantigens can span the TCR-pMHCII surface. 

The adaptive immune response is dependent 
on the specific recognition function of a p  T 
lymphocytes (I).  Each T cell detects a protein 
fragment (that is, peptide) of a self protein or 
cell-associated pathogen derived from either 
viral, bacterial, fi~ngal, parasitic, or tumor cell 
origin bound to an MHC molecule. The phys- 
ical binding of the peptide-MHC (pMHC) 
complex to the TCR then initiates a series of 
signal transduction events. Once triggered, T 
lymphocytes release cytotoxic molecules or 
inflammatory cytokines (or both) that destroy 
the infected or otherwise altered cells through 
various effector mechanisms. For a given a p  
T lymphocyte, immune recognition is medi- 
ated by a clonotypic a@ heterodimeric stiuc- 
ture (Ti) noncovalently associated with the 
monomorphic CD3 signaling components. 

Sequence analysis of TCR a p  het- 
erodimers first suggested that they would 
share with antibodies a common structure (2, 
3). However, direct evidence supporting this 
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notion has been provided only in the last 
several years, initially from crystal structures 
of a p  TCR components (4) and subsequently 
through analysis of intact a p  TCR het- 
erodimers alone (5) or in complex with 
pMHC (6, 7). As anticipated, aside from the 
C a  domain, the three-dimensional (3D) 
structure of the TCR resembles an antibody 
Fab fragment such that each of the a and P 
chains consists of canonical immunoglobulin 
(1g)-like variable and constant domains, with 
the hypervariable complementarity-determin- 
ing regions (CDRs) from the two variable 
domains (Va and Vp) forming the ligand 
binding site for pMHC within the immu- 
norecognition module. 

Class I and class I1 MHC molecules have 
evolved to facilitate T cell detection of patho- 
gens residing in distinct intracellular com- 
partments (8-10). Although the domain orga- 
nization of the class I and class I1 MHC 
extracellular segments is different, these mol- 
ecules possess a very similar overall antigen- 
presenting groove consisting of a 1  plus a 2  
domains and a 1 plus @ 1 domains for class I 
and class I1 MHC, respectively (11-13). For 
both molecules, the a helices of these two 
domains form the sides of the antigen-bind- 
ing groove with the floor created by an eight- 
stranded P sheet arising from both domains. 
However, unique structural features of the 
two MHC classes dictate the binding of pep- 
tides differing in length and composition 
(14). The bipartite nature of the immune 
recognition molecules expressed on antigen- 

presenting cells is reflected at the level of a p  
T lymphocytes by the evolution of two sub- 
sets bearing specialized MHC binding struc- 
tures, termed CD4 and CD8 (15, 16). CD8 
cells are cytolytic precursor and effector 
cells, whereas CD4 cells comprise the helper 
T cell subset that initiates inflammatory re- 
sponses. CD4 and CD8 molecules have been 
termed coreceptors because CD4 binds to the 
membrane-proximal P2 domain of class I1 
MHC whereas CD8 ( a a  and a p )  isoforms 
bind to the corresponding a 3  domain of class 
I MHC (1 7, 18). 

At present, four distinct class I-restrict- 
ed TCRs have been crystallized in complex 
with their specific pMHCI ligands (6, 7). 
Rather extensive interactions with the 
pMHC a helices have suggested a common 
"diagonal" docking mode, regardless of 
TCR specificity or species origin, in which 
the TCR V a  domain overlies the class I 
MHC a 2  helix and the V@ domain overlies 
the MHC a 1  helix. As a result, the CDRl 
and CDR3 loops of the TCR V a  and VP 
domains make the major contacts with the 
peptide, whereas the two CDR2 loops in- 
teract primarily with the MHC. Given the 
distinct nature of class I1 versus class I 
MHC expression, peptide binding, and the 
differential interactions with CD4 and CD8 
T cell subsets, it was of interest to struc- 
turally define the TCR-pMHCII interac- 
tion. We now report the x-ray crystal struc- 
ture of a TCR-pMHCII ternary complex. 
The complex contains the V module of the 
D l 0  TCR [single chain (sc) Dl01 derived 
from AKRIJ (H-2k) mouse T cell clone 
D10.G4 and a fragment of conalbumin 
(CA) bound to the self-I-Ak molecule (19, 
20). A marked difference in TCR docking 
topology relative to TCR-pMHCI complex- 
es is noted. 

Overview of the Complex Structure 
The crystal structure of the scD10-CNI-Ak 
complex was determined with molecular re- 
placement and alternative cycles of model 
building and refinement (Table 1). In the 
asymmetric unit there are two complexes re- 
lated to each other by a 115" rotation. The 
complex A and D10-B pack together to form 
layers perpendicular to the longest Y axis, 
whereas the I-Ak molecules B connect the 
layers, thus leaving spaces filled with large 
amounts of solvent. The structures of the two 
complexes are very similar. The root-mean- 
square deviation (nnsd) value of C a  super- 
position is only 0.8 A for the whole complex. 
Consequently, only complex A is discussed. 

Figure 1 is a ribbon drawing of the scD10- 
CAJI-Ak complex. Figure 2 is an omit map 
around the CA peptide. In Fig. 1, the view is 
down the peptide-binding groove of the MHC 
molecule, hence the longer dimension of the 
MHC molecule with a and P chains on either 
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side. The immediately striking observation is 
that the scDlO molecule sits on top of the 
MHC with its longer dimension crossing the 
bound peptide in an orthogonal manner, rath- 
er than the "diagonal" mode commonly rec- 
ognized in structures of TCR-pMHCI com- 
plexes (6, 7). The Va domain of scDlO con- 
tacts the p l  helical region of I-Ak, whereas 
the Vp domain touches the a1  helical region. 
Contacts between the Dl0 TCR and the CAI 
I-Ak pMHC ligand are listed in the supple- 
mentary table (21). In contrast to the class I 
pMHC-TCR ternary structures, the much 

R E S E A R C H  A R T I C L E S  

longer peptide stretches out both sides of the 
TCR-MHC complex. In particular, the 
COOH-terminal three residues have no inter- 
action with either TCR or MHC. The orthog- 
onal orientation for the TCR-pMHCII inter- 
action noted herein excludes the possibility 
that direct TCR contact with COOH-terminal 
peptide flanking residues is the basis for any 
observed functional dependence on this pep- 
tide segment in T cell recognition (22). 

Although there have been several struc- 
tures of class I-restricted O L ~  TCRS or deriv- 
ative fragments (4-7), our scDlO represents 

Table 1. Crystallographic analysis. Crystals of the ternary complex were grown by the conventional 
hanging-droplet vapor diffusion method at room temperature. The Escherichia coli-expressed scDlO (57) 
and glycosylated CAII-Ak from CHO Lec3.2.8.1 cells (58) were mixed at a 1:l molar ratio to a final 
concentration of 23 mglml in 0.1 M tris-HCI buffer (pH 8.5). The protein solution was further mixed with 
a crystallization buffer of 8% PEG 8000,O.l M tris (pH 8.5) 0.01 M KC1 and then sealed against a reservoir 
with the same buffer. These crystals belong to the space group P2,2,2 with unit cell parameters a = 97.6 
A, b = 345.3 A, and c = 97.7 A. There are two complexes in the asymmetric unit with 78% solvent 
Crystals were stepwise transferred to cryoprotectant solution that contains 30% glycerol in addition to 
the crystallization buffer before freezing. One data set was collected at the SBC-CAT of Advanced Photon 
Source (APS) at the Argonne National Laboratory with an APSl mosaic 3 X 3 CCD detector at 100 K. The 
wavelength used was 1.069 A. Data were processed with programs DENZO and SCALEPACK (59). The 
structure was solved by molecular replacement with AMoRe (60). The refined structure of CNI-Ak (67) 
was taken as the search model At the beginning only one of the CNI-A' pMHC molecules (molecule A) 
was identified. The CNI-Ak molecule B was located only after the first one was rigid body refined and 
fixed. We then carried out the rigid body refinement of the two I-Ak molecules, each of the domains and 
the bound peptide being treated as one rigid body. A few degrees of rotations were seen for the a2 
and p2 domains. After positional and individual B-factor refinement, the Rf,, dropped, and the Ig-like 
domains of scD10, especially the one in complex A, were already visible in the calculated 2F0 - F, 
difference map. Cycles of model building and refinement gradually improved the density, allowing the 
correct side-chain assignment and eventually the completion of the model building and refinement. All 
the refinement was done with the program X-PLOR (62) and model building with program 0 (55). Ten 
percent of reflections were set aside for R,, calculation. Noncrystallographic symmetry (NCS) refine- 
ment was not used because the two complexes are related by an improper rotation and the two I-Ak 
molecules have very different temperature-factors. Using NCS at an early stage of the refinement led to 
serious intermolecular collision. In the current model, each of the com~lexes contains residues 1 to 182 
and 2 to 190 of I-Ak a and p chains, respectively, all 16 residues of the bound peptide (three 
leader-derived and 13 CA-derived), as well as residues 2 to 117 and 3 to 116A of Dl0 Va and Vp 
domains, respectively. Ten carbohydrate moieties were modeled in three potential glycosylation sites in 
I-Ak molecules. At this resolution no water molecules were included. The final 2F0 - F, map is of excellent 
quality, particularly in the TCR regions and the interface between TCR and pMHC. There are very few 
density breaks, mainly in the BC loops of the I-Ak P2 domains. Figure 2 is an omit map in the bound 
peptide region. 

Data collection 
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the crystal structure of a class 11-restricted 
a p  TCR V module in complex with its cog- 
nate pMHC partner. The structure of the Va- 
Vp heterodimer is very similar to the recently 
published nuclear magnetic resonance 
(NMR) structure of an unligated scDlO (23). 
The rmsd's for all of the backbone atoms of 
residues in p strands between structures in 
the NMR ensemble and the crystal structure 
are 1.3 and 1.4 A for Va and VP domains, 
respectively. Notably, there does not appear 
to be any significant 3D structural difference 
between TCRs that recognize peptides bound 
to class I versus class I1 MHC molecules. The 
human class I HLA-&?/Tax-specific B7 TCR 
is by far the most structurally similar to our 
murine class 11-specific scD10. Virtually the 
entire V module of these two TCRs can be 
superimposed. The rmsd values of the super- 
position for the entire Va domain's 110 Ca 
atoms (excluding the first residue, which is 
not seen in the density map of our scDlO 
structure) and 107 Ca atoms of the VP do- 
main (excluding part of the CDR3) are only 
0.98 and 0.72 A, respectively. Moreover, if 

Fig. 1. Structure of the scD10-CNI-Ak complex. 
Ribbon diagram showing the overall orientation 
of the scD10 V module to  CNI-Ak (pMHC). 
Domains are color-coded and Labeled as fol- 
lows: TCR Va (green), VP (blue), MHC a-chain 
(light green), and MHC P chain (orange). The 
secondary structures, P strands, and a helices 
of all component domains are defined by the 
program DSSP (63). The peptide is drawn in red 
tracing of the Ca atoms with NH,- and COOH- 
terminals labeled. The three glycans (GlcNAc) 
(gray) are drawn in ball-and-stick format. This 
figure was generated with the program MOL- 
SCRIPT (64). 
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the two Va domains are superimposed, then 
the orientations of the two VP domains differ 
only by a 3.7" rotation, indicating that Va- 
Vp dimerization is very similar for these two 
TCRs as well. 

The Orthogonal Binding Mode 
The orthogonal docking mode was not cor- 
rectly predicted by either extensive mutagen- 
esis studies (19) or modeling with a scDlO 
NMR structure in conjunction with a C M -  
Ak crystal structure as a starting point (23). 
To establish a quantitative and comparative 
measurement of binding orientation among 
TCRs and their pMHC ligands, we have de- 
fined an angle between two vectors. One 
vector passes through the mass centers of the 
Va and Vp domains of the TCR, while the 
other is drawn from the NH,-terminal Ca 
atom at the P1 position (the first residue 
bound in the P1 pocket of the MHC) to the 
COOH-terminal Ca  atom (the P9 position, 
the last buried residue) of the bound peptide. 
The angle for scD10-CM-Ak complex is 
80°, very close to a right angle. Table 2 lists 
the orientation angle calculated for all known 
TCR-pMHC complex structures. For class I 
complexes, the peptide vector is defined be- 
tween the anchoring residues at the two ter- 
mini. The angles for TCR-pMHCI complexes 
span a broad range, from diagonal (45') to 
close to orthogonal (70'). The difference be- 
tween orthogonal and diagonal docking is 
illustrated by comparing the scD1 0-CM-Ak 
structure to the 2C-dEV8M-2Kb (pMHCI) 
complex (Fig. 3, A and B). 

Garboczi et al. (6) argue that in pMHCI 
structures, there are two high "peaks" near 
the NH,-termini of the a-helical regions 
forming the side wall of the peptide binding 
groove. These two "peaks" limit the TCR- 
pMHC class I binding to a diagonal mode 
such that the TCR can fit at a low enough 
point on the MHC surface to contact the 
entire complexed antigenic peptide. Teng et 
al. (7) have compared three TCR-pMHC 
class I complex structures and identified a 
common docking mode of the TCR relative 
to the MHC with substantial variation of 
twist, tilt, and shift, however (Table 2 leg- 
end). Furthermore, we have noticed that the 
inherent left-handed twist of the eight-strand- 
ed p sheet that forms the platform of the . 

binding groove is the structural basis for the 
breaks in the two helical regions, resulting in 
the formation of high "peaks." In this context, 
an MHC class I1 molecule is similar to an 
MHC class I molecule because all MHC mol- 
ecules have the same platform. However, 
there are distinct features to the mode of 
peptide binding between the two classes. In 
the class I system, the 8- to 10-residue pep- 
tide has its termini anchored into two binding 
pockets whose unique chemical environ- 
ments determine the polarity of the bound 

peptide. In addition, the bulky side chains of 
the conserved and TyIs4" h m  the 
MHC molecule occlude the peptide-binding 
groove at both ends. In class I1 MHC, these 
blocking side chains are replaced by smaller 
ones or are reoriented (or both); the open 
ends eliminate the peptide length restriction. 
Moreover, the peptide (15 to 20 amino acids 
long) binds to the class I1 MHC molecule 
with hydrogen bonds not only at the tennini, 
but throughout the entire peptide through 
main-chain atoms (14). 

Figure 4A shows the hydrogen-bonding 
pattem between the CA peptide and the I-Ak 
molecule that is conserved in other pMHC 
class I1 structures. Compared with the class I 
system, the P-3 to P-1 segment is an exten- 
sion. This extension plays a unique role in the 
orthogonal docking mode. The peptide bind- 
ing groove is much wider in the middle rel- 
ative to its tapered ends so that the MHC 
class I1 molecule needs to use side chains of 
multiple conserved residues from a 1  and pl  
helical regions to reach the peptide mainchain 
atoms. The residues include asparagine and 
glutamine, which form bidentate hydrogen 

bonds to the peptide backbone. This hydro- 
gen bonding pattem determines the peptide 
binding polarity in the class I1 MHC system 
(11-14). An important characterization of 
class I1 MHC molecules is that the a 1  helix is 
two turns shorter in the NH2-terminus than 
the corresponding class I MHC molecule a1  
helix (Fig. 4A). In particular, from to 
G ~ u ~ ~ " ,  the helix is replaced by an extended 
strand that reaches close enough to the w- 
terminal extension segment of the bound pep- 
tide to form a mini parallel f3 sheet through 
the use of main-chain atoms. The pair of 
main-chain-main-chain hydrogen bonds be- 
tween of the MHC class I1 molecule 
and the P-2 and P1 residues at the w- 
terminal part of the peptide are conserved 
among all known pMHCII structures. The 
beginning of the a1  helix, is at the 
high "peak," SO from G ~ u ~ ~ "  to to- 
ward the NH2 terminus the chain runs down, 
away from the TCR binding surface. Howev- 
er, the left-handed twist of the mini f3 sheet 
then forces the w-terminus of the peptide 
to point in the opposite direction, curving up 
toward the TCR binding sufice. Together, 

M - A  

Fig. 2. Conalbumin peptide omit map. The core of CA (P-1 to P8) involved in TCR-based immune 
recognition is shown. Its a,, weighted 2F0 - F, omit electron density map (in blue) contoured at 
1 . h  was generated with the program 0 (55) and prepared with a cover radius around the atoms 
shown. The omit map was generated by omitting the CA peptide entirely and after a round of 
torsion angle dynamics calculation. Carbon, oxygen, and nitrogen atoms are depicted in yellow, red, 
and blue, respectively. Those key peptide residues interacting with the D l 0  CDR loops are labeled. 

Table 2. The orientation angle of a TCR onto a pMHC ligand. 

TCR-peptide1MHC complex Orientation angle* (") MHC class 

*The orientation angle of a TCR on MHC is defined as the angle between two vectors determined for the orientation 
of the TCR and pMHC, respectively. The vector representing the TCR direction is drawn from the mass center of Va to 
the mass center of Vp. The vector representing the pMHC complex direction is drawn from the NH,-terminal Ca atom 
to the COOH-terminal Ca atom of the peptide in the case of MHC class I. In the case of MHC class II, the vector is drawn 
from the P1 residue to the P9 residue of the peptide. Note that in Teng et dl. (7), twist and tilt were used for 
semi-quantitative comparison among different TCR-MHC complexes. Essentially, the twist and tilt angles are two 
projections of the orientation angle more accurately defined here. Whereas the twist is a top view from the TCR toward 
the MHC, the tilt is a side view, perpendicular to the bound peptide. 
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the extended NQ-terminus of the bound pep- "ridge" (Fig. 4B). For comparison, Fig. 4C is 
tide and the MHC molecule now form a the same view of pMHCI taken from the 
broader high "peak," or a small protruding 2C-dEV8/H-2Kb structure. Our scD10-CM- 

Fig. 3. Comparison of docking modes of TCRs on pMHCl versus pMHCll ligands. (A) Stereo view of 
scDlO (VaVP) on CNl-Ak. The MHC molecule I-Ak is shown in molecular surface representation 
with the a chain in light green and the P chain in orange. The peptide is drawn in ball-and-stick 
format with NH2- and COOH-termini at the left and right, respectively, in this view. The TCR V 
domains are shown as a backbone worm diagram, with Va in green and VP in blue. (B) Stereo view 
of 2C (VaVP) on dEV81H-2Kb. The MHC molecule, H-2Kb, is shown in yellow in molecular surface 
representation. The peptide is drawn in ball-and-stick format with NH2- and COOH-termini 
oriented as in (A). The TCR molecule is shown in brown as a backbone worm diagram. (C) Projection 
of the Dl0  TCR CDRs on the pMHC of CNI-Ak. The CDR loops from Va and VP, as labeled, are in 
green and blue, respectively, shown as a backbone worm diagram. The peptide is in red with NH2- 
and COOH-termini labeled. The a1 and p l  domains of I-Ak are in light green and orange, 
respectively. (D) Projection of the CDRs of TCR 2C on the pMHC of dEV81~-2K~. The CDR loops 
from V domains are drawn in brown. The peptide is in blue with NH,- and COOH-termini labeled. 
The a1 and a2 H-Kb domains are in yellow. Figures 3 to 6 were prepared with the program GRASP 
(56). 

Ak structure shows that a diagonal TCR 
docking would result in a collision between 
the Va domain of TCR and the pMHCII on 
the "leff' side as viewed in Fig. 4B. More- 
over, the tilt angle of a TCR relative to an 
MHC molecule (see Table 2 legend for the 
definition of tilt angle) exacerbates this po- 
tential clash by maintaining the Va domain in 
close proximity to MHC. We propose that 
while the TCR-pMHC class I docking may 
have more variation in terms of the orienta- 
tion angle as demonstrated in Table 2, the 
topology of TCR binding to pMHC class I1 
may be more closely restricted to an orthog- 
onal mode due to the "ridge" described 
above. It is interesting that the protrusion of 
the peptide's NQ-terminus has been suggest- 
ed as a site for disruption by DM in the 
process of exchanging CLIP for an antigenic 
peptide in the MHC class I1 molecule (24). 

The Interface 
The interaction between Dl0 and CAII-Ak bur- 
ies 1718 A' of surface area, 861 A' from the 
pMHC and 857 K from the TCR as deter- 
mined by a 1.7 A probe (25). Twenty-three 
percent of the pMHC buried surface involves 
the peptide. In general, the size of the buried 
surface is comparable to that previously report- 
ed for three class I ternary structures (1700 to 
1880 A'). However, the Sc value (the shape 
correlation statistic, a measurement of the de- 
gree of geometric match between two juxta- 
posed surfaces, where interfaces with Sc = 1 fit 
perfectly, whereas interfaces with Sc = 0 ef- 
fectively define topologically uncomlated sur- 
faces) (26) of the interface between the scDlO 
VaVP module and the CM-Ak ligand is 0.70, 
higher than for class I TCR-pMHC interfaces 
whose Sc values range from 0.45 to 0.64 (27, 
28). Moreover, the number of atomic contacts 
(29) in our class 11 complex structm is about 
twice as many as those for the class I complex- 
es. For I-Ak, 68 atomic contacts exist with D10. 
By contrast, there are just 27 H-2Kb contacts 
with the 2C TCR, and 27 and 34 HLA-A2 
contacts for the A6 and B7 TCRs, respectively. 
These results suggest a much better shape 
complementarity of the scD10-CM-Ak inter- 
face, and agree well with the higher aBhity of 
Dl0 for its pMHC ligand relative to that of 2C, 
for example (1 to 2 p M  versus 100 (6, 7, 
39.  Of particular relevance is the finding that 
the additional interface atomic contacts can 
largely be ascribed to contacts between the 
TCR and the I-Ak molecule rather than between 
the TCR and the CA peptide (21). Assuming 
that these results are representative for other 
class 11 MHC-specific TCRs, the dominance of 
this TCR-MHC class 11 contact may explain 
why expression of a single pMHC class 11 
complex in the thymus can select many differ- 
ent TCRs (31). Our data also show that despite 
having roughly the same buried surface area, 
the complementarity of TCR-pMHC recogni- 

3 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org 



tion surfaces can vary substantially from a low 
extreme to one even better than that of an 
antigen-Fab complex, as is the case for the 
scD10-CA&-Ak complex. In complexes like 
2C-dEV8iH-2Kb, a few large cavities (6, 7) 
contribute to poor shape complementarity. The 
presence or absence of such cavities may vary 
for different TCR-pMHC complexes, thereby 
influencing the shape of complementarity. 

Of the total buried surface area, Va ac- 
counts for 519 A2, whereas VP accounts for 
338 A2 of the TCR buried surfaces. This 
result is consistent with the notion that Va 
dominates in the interaction, which is gener- 
ally true for the class I system as well. Our 
calculations show that the buried surface ar- 
eas of Va and Vp are 480 and 430 A2 for the 
2C-dEV8/H-2Kb complex, 576 and 319 A2 
for A6-TaxIHLA-A2, and 555 and 260 K for 
B7-Tax/HLA-A2, respectively. Perhaps more 
importantly, amongst different TCR-pMHC 
complexes, the variation in buried surfaces is 
significantly smaller for Va than for VP. 
Given that the rotation angle of known TCRs 
relative to their MHC ligands varies by as 
much as 35' (Table 2), these data suggest that 
the pivot point is closer to Va, so that the Va 
domain location on the pMHC will not 
change as much as the VP domain, which can 
alter dramatically (compare Fig. 3, A and B). 
Differences in the disposition of CDR loops 
reflect this pivot point (Fig. 3, C and D). 
Variability in TCR docking also arises from 
differences in the tilt angle as described by 
Teng et al. (7) and noted in the Table 2 
legend. The extreme is the A6-TadHLA-A2 
structure, where the large tilt essentially pre- 
cludes CDRlP and CDR2P from making 
contact with the MHC molecule (6, 7). Given 
that Va is critical for TCR selection in thy- 
mic development as well as mature T cell 
activation (32), this Va dominance in im- 
mune recognition is not unexpected. 

Comparison between the scDlO TCR in- 
teraction with CAD-Ak analyzed here and the 
2C TCR interaction with dEV8/Kb (6, 7) 
shows how a single TCR VP8.2 domain can 
bind in distinct orientations to class I and 
class I1 pMHC ligands (Fig. 3, C and D). In 
the 2C-dEV8/Kb complex, the germ line 
VP8.2 segment recognizes the Kb a 1  helical 
MHC residues Gln72, Val76, and Arg79 
through CDR2, and the Kb a 2  helical resi- 
dues L ~ s ' ~ ~ ,  Gln'49, and AlaIs0 through 
CDRl(6, 7). In the scD10-CAD-Ak complex, 
the identical germ line Vp8.2 segment recog- 
nizes the I-Ak a 1  helical residues L ~ s ~ ~ ,  
Glns7, and Leu60 through CDR2 and Gln6I 
through CDR1. Given that these two docking 
interactions are to highly conserved MHC 
class I and to highly conserved class I1 resi- 
dues, respectively, it is tempting to speculate 
that the Vp domain plays a major role in 
MHC recognition by both classes of TCRs 
and perhaps in pre-TCRs as well (33). 

Antigenic Peptide Recognition 
Although the peptide in our ternary structure 
is 16 residues long, designated as from P-3 to 
P13, the TCR interaction is restricted to the 
P-1 to P8 segment. The supplementary table 
(21) lists all the contacts to the peptide. It is 
noteworthy that of 27 atomic contacts with 
the peptide, 23 involve Va and only 4 in- 
volve Vp. This dominance of the Va domain 

in peptide recognition was not appreciated 
previously, although early molecular model- 
ing efforts correctly suggested that an orthog- 
onal TCR docking mode was possible (3). 
The spiral conformation of bound peptide 
(Fig. 4) (14) dictates that of the deeply buried 
peptide residues, only those at positions P2, 
P5, and P8 are accessible to the TCR mole- 
cule. The Trp at the P7 position is an excep- 

Fig. 4. The high point "ridge" in pMHCll ligands is created, in part, by the peptide. (A) Hydrogen 
bond network between the CA peptide and I-A'. The 10 hydrogen bonds between the CA and I-Ak 
are shown as magenta dashed lines. These bonds are consewed in known pMHCll structures. The 
helical regions from I-A' (colors as in Fig. 3) are shown as a backbone worm diagram with those side 
chains and main-chain atoms involved in the interactions displayed. The HZ a1 helix and H2a and 
H2b p l  helices are labeled. (0) Stereo view of the molecular surface of I-Ak (a lp l )  together with 
the CA peptide (red), showing the surface topology of the D l 0  docking platform on the CAII-Ak 
ligand. (C) Stereo view of the molecular surface of H - Z K ~  (alla2) together with the dEV8 peptide 
(red) (6,7) in the same view as in [B), showing the smaller high point on the left side of the docking 
platform for the MHC class kestricted TCR molecule. The peptide is mostly buried and makes 
little, if any, contribution to the elevated points. Those residues contributing to the high points of 
the platform are labeled in cyan in (B) and (C). 
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tion due to its bulky indole ring, which is 
partially exposed on the TCR binding sur- 
face. As for the rest of the peptide, the back- 
bone of the P-2 residue is engaged in a mini 
parallel P sheet with the MHC molecule as 
discussed above, whereas the P-3 and the 
COOH-terminal three residues (PI1 to P13) 
have no contacts with MHC or TCR whatso- 
ever, although well defined by unambiguous 
densities. 

The P2 residue is an Arg. It forms multiple 
salt bridges with both Asp30" in the Dl0 
CDRla and I-Ak G ~ u ~ ~ B ,  respectively. The 
same TCR Asp30" also interacts with I-Ak 
Arg70B. Moreover, the upward-pointing P2-Arg 
is within van der Waals contacts to backbone of 
CDR3a Gly99a and CDRla w8" (21). This 
knitted local structure packs closely onto the 
side chain of Ile at the P5 position h m  the 
~ - t e r m i n a l  side of the peptide. The P5 resi- 
due is important structurally and biologically. 
Alteration of this residue adversely affects Dl@ 
TCR recognition of CAA-Ak (19). The side 
chain of Ile at P5 fits extremely well into a 
hydrophobic pocket. Apart h m  the neutralized 
network discussed above, on the COOH-termi- 
nal peptide side is the indole ring of the Trp at 
W stacking onto the isobutyl group of the P5- 
Ile. On the top, h m  the TCR direction, the 
P5-Ile contacts the backbone of the tip of 
CDR3a, which consists of Gly--Serl-- 
PhelOla. The phenolic ring of Phe'O'a bends 
toward the P7-Trp position. The exposed tip of 
the indole ring of P7-Trp makes contacts with 
the Phe'O1" aromatic ring. The other peptide 
residue engaged in recognition is the P8-Glu 
residue. P8-Glu forms bifurcated hydrogen 
bonds to side chains of Tyr@'P and Tf17B of the 
I-Ak molecule. Only the aliphatic portion of the 
P8-Glu side chain makes van der Waals inter- 
actions with CDR3a Phelol" and the aliphatic 
part of CDMP Gln97P. In addition, there is one 
hydrogen bond between the carbonyl oxygen of 
Gly9,B and the side chain of PI-Glu. Together, 
it appears that the TCR recognition of the par- 
ticular antigenic peptide in question is largely 
hydrophobic and involves a number of back- 
bone associations with the TCR molecule. Al- 
though scDlO TCR recognition of CAA-Ak is 
centered at the P5 position, it is also coordinat- 
ed with interactions to peptide residues at P2, 
P7, and P8. The observed contacts are consis- 
tent with studies mapping the Dl0 footprint 
onto CAA-Ak (20, 34). 

Implications for Class II MHC-based 
Immune T Cell Recognition 
The current scD10-CAA-A* complex offers 
several insights into immune recognition of 
other pMHC class I1 ligands by other TCRs. 
First, the size of a TCR footprint on the MHC 
covers maximally nine peptide residues (-25 
A). Hence, while MHC class I1 molecules 
capture peptides of substantially larger 
length, only a subset of residues is "read out" 

by the bound TCR. Second, the P5 residue of 
the MHC-bound peptide occupies the central 
position [corresponding to the P4 position of 
the MHC class I-bound peptide (32)l. As 
such, this central, solvent-exposed residue is 
critically important for the TCR binding pro- 
cess. Therefore, even a minor conservative 
substitution at this residue can destroy bind- 
ing (that is, null ligand) or lead to altered 
peptide ligands with very weak agonist or in 
fact, antagonist activity (35-37). Third, for 
all class I1 molecules examined, there appear 
to be three to four pMHC binding pockets (at 
P1, P4, P6, and P9 for I-Ak, I-EL, and DR and 
P1, P4, and P9 for I-Ad). Only several up- 
ward-pointing peptide residues can serve as 
direct TCR contacts. On the basis of the 
observed molecular envelope of the TCR and 
the observed orthogonal orientation for class 
I1 MHC-restricted TCR interaction, it is like- 
ly that these basic principles apply in a gen- 
eral way to recognition of multiple pMHCII 
ligands including HEL4,-,,/I-Ak (12, 38), 
Hb,-,,/I-Ek (39), moth cytochrome C 
(MCC),3-,03/I-Ek (33, and DRZrestricted 
myelin basic protein (MBP),5-,, (40, 41). 
Moreover, it has been suggested that a single 
TCR can recognize multiple pMHCII ligands 
(40,41). As the class 11-specific TCR focuses 
on the central P5 residue, mutations that af- 
fect non-P5 positions may be less detrimental 
to the recognition process. 

Despite overall structural similarity, 
CDM conformations appear to differ be- 
tween free and complexed scD10. In the x- 
ray structure of the complex, the CDM loops 
are close to one another. Packing among the 
side chain of Glnlo6B, Alal@'B, and Leu1@'" 
forms a hydrophobic core between the CDM 
loops. In contrast, there is no evidence that 
CDMa packs with CDR3P in unligated 
scD 10. Numerous nuclear Overhauser en- 
hancements (NOES) are observed between 
the methyl group of Alal@'P and other 
CDMP residues (Gly9,, Gln97, Arg9,, 
Glu105), but contacts to Leu1- or other 
CDMa residues are not observed. In all of 
the calculated NMR structures, the CDMa 
and CDMP loops are well separated. The 
backbones of both CDMs are also highly 
mobile on the picosecond time scale in the 
free protein (23), suggesting that they are not 
tightly packed. Hence, during immune recog- 
nition, the mobile CDM loops of scDlO 
assume their pMHCII binding conformation, 
clamping down on the central peptide region. 

Structural Basis of Alloreactivity 
About 1 to 10% of peripheral T cells are able to 
recognize allogeneic MHC molecules to which 
they were never exposed (42). The precise mo- 
lecular basis of alloreactivity is yet to be l l ly  
defined. In this regard, the complex of scDl@ 
CAA-Ak is informative because the Dl0 TCR 
not only recognizes the antigenic CA peptide 

bound to I-Ak but also responds to all MHC 
class I1 molecules whose I-A P chain contains 
the sequence PEI at positions 65 to 67, includ- 
ing I-Ab. '* P* q, (19). In comparison, MHC 
class I1 molecules having a Tyr at this position 
such as I-AC " ". g7, cannot stimulate Dl0 
cells in the absence of the CA peptide. Various 
mutagenesis studies conducted on Dl0 showed 
that a hybrid I-Akd-AbP MHCII molecule can 
stimulate D 10 cells in the absence of exogenous 
antigen, suggesting that polymorphic residues 
critical for alloreactivity are located on the I-A 
P chain. 

In order to elucidate this source of allo- 
reactivity from the structural perspective, we 
compared the CAA-Ak ligand and the allo- 
reactive I-Ad molecule.   he latter was taken 
from the recently solved x-ray structure of 

Fig. 5. Structural basis of alloreactivity. (A) Vp 
CDR3 interaction with self MHC. The interac- 
tions between the side chains of TyP7 and 
Gln6" on the I-Ak pl  helix (orange) and the Dl0 
Vp CDR3 loop (blue) residues Glyg8 and ArgW 
are shown. The side chains and main-chain 
atoms displayed on the CDRl and CDRZ loops 
of Dl0 V a  make no hydrogen bonds or salt 
bridges to I-Ak pl helix residues. (B) Model of 
scDlO bound to I-Ad based on superposition of 
I-Ad and I-Ak. The a1 HZ helix and the p1 
region between and including H2a-H2b of the 
two class II  MHC molecules were superimposed 
(46 Ca atoms, rmsd = 0.55 A). The potential 
interactions between G L u ~ ~  from the PEI,,.,, 
motif of I-Ad to Ty9' of CDRl and Ala48, SerS0, 
and LysS6 of CDRZ of Dl0 V a  are indicated. The 
hydrogen bonds are drawn as magenta dashed 
lines. The salt bridge is drawn as a brown 
dashed line. 
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ovalbumin (323-339) complexed with I-Ad 
(13). Because all residues from I-Ak involved 
in the interaction with Dl0 as listed in the 
supplementary table are conserved in I-Ad, 
with the exception of p residues Tyf7 in I-Ak 
and P r ~ ~ ~ - G l u ~ ~ - I l e ~ ~  (PEI) in I-Ad, it is like- 
ly that Dl0 docks onto I-Ad in the same way 
as onto I-Ak. A model was constructed with 
the I-Ad superimposed onto the scD10-CM- 
Ak complex (Fig. 5). The major structural 
difference involves the P-chain residues 
Pro65, G ~ u ~ ~ ,  and Ile67 in I-Ad, which form a 
protrusion interrupting the P-chain a helix. 
As a consequence, in I-Ad, residue Ile67 as- 
sumes a similar position to residue Tyf7 in 
I-Ak (Fig. 5, A and B). The aliphatic side 
chain of the Ile67 in I-Ad can replace the 
aromatic ring on the side chain of Tyf7 in 
I-Ak, forming van der Waal's contacts with 
the Vp CDR3 loop. To avoid steric clashes, 
side chains from residue of Dl0 VP 
and residue G ~ u ~ ~  of I-Ad Pl are rotated and 
the main-chain conformation around PEI on 
I-Ad is slightly modified. The backbone NH 
vectors of residues directly adjacent to 
are among the most mobile in scDlO (23). 

G ~ u ~ ~  can form multiple potential interac- 
tions with CDRl and CDR2 of Dl0 Va (Fig. 
5B). Additionally, the hydrogen bond be- 
tween Gln6" and from CDR3 of VP is 
preserved. Therefore, despite loss of one hy- 
drogen bond of Tyf7 to Dl0 VP Gly9* (Fig. 
SA), these potential additional contacts be- 
tween the CDR loops of Dl0 Va and the 
inserted PEI residues can enhance the affinity 
between MHC and D10. Other TCR allo- 
pMHCII interactions cannot be excluded. 
Consistent with this view, it has also been 
suggested that in the case of the 2C allo- 

MHCI response (Ld), allorecognition results 
from increased interaction between the 2C 
TCR VP domain and the allostimulus (43). 
The ability of exposed MHC helical polymor- 
phic residues to permute the number and 
nature of contacts with the TCR is a feature 
of other class I1 MHC-restricted allogeneic 
responses (44,45). For example, the naturally 
occurring I-Ab mutant H-2bm'2 generates a 
strong alloresponse in H-2b mice. This mol- 
ecule differs from I-Ab at only three posi- 
tions: 67P, 70P, and 71P. 

While self peptides bound to MHC have 
been shown to play a critical role in alloreac- 
tivity against MHC class I molecules (49, 
less is known about the nature of peptide 
ligands in class I1 MHC-based alloreactivity 
(46). Given the additional contacts between 
the Dl0 TCR and I-Ad, it is possible that 
there are fewer interactions required between 
the peptide (or peptides) associated with I-Ad 
molecules and the Dl0 TCR. However, a 
peptide (or peptides) must also be involved 
because replacement of the PEI sequence in 
lieu of Tyf7 in the I-Ak P chain is not 
sufficient to create an allostimulatory mole- 
cule for the Dl0 T cell clone (19). 

Superantigen Binding 
Superantigens (SAGS) are a family of imrnu- 
nostirnulatory and disease-causing proteins 
derived from bacterial or endogenous retro- 
viral genes that are capable of activating a 
large fraction of the T cell population (47). In 
general, the activation appears to require a 
bridging interaction between the VP domain 
of the TCR and an MHC class I1 molecule. 
Although crystal structures (48,49) showing 
the detailed interactions between SEB, a rep- 

resentative bacterial SAG, and a TCR Vp8.2 
chain or SEB and the HLA-DR1 class I1 
MHC molecule have been determined, the 
physiologically relevant tripartite TCR-SAG- 
pMHC complex has not yet been character- 
ized. A structural model of TCR-SAG- 
pMHC complex was previously generated 
(48, 49) based on least-squares superposition 
of (i) the 14.3.d VPCP-SEB complex, (ii) the 
SEB-HLA-DR1 complex, and (iii) the 2C 
TCR a p  heterodimer. However, because the 
docking mode of TCR on the class I1 MHC 
was structurally unknown and presumed to be 
similar to the observed diagonal mode of 
TCR on class I MHC, it was noted that the 
rotational orientation of the TCR and MHC 
molecules in the predicted TCR-SEB-pMHC 
complex was substantially different (-40") 
from the 2C-dEV8/Kb complex. The structur- 
al determination of the D10-CM-Ak com- 
plex reported here enables us to offer addi- 
tional insight into the nature of the SAG 
binding to TCR and pMHC. 

Fig. 6A shows the 14.3.d VP8.2 CP-SEB 
complex superimposed onto the D10-CM- 
Ak complex. Because the TCR docks on the 
MHC molecule in a nearly perpendicular 
manner, the SEB directly interacts with the 
MHC a 1  helix without any requirement for 
TCR rotation. However, certain segments of 
SEB and the a 1  helix collide. Because there 
is no significant conformational change ob- 
served for either of  the component domains 
involved in this interaction, we reasoned that 
a relative domain movement could alleviate 
any steric clash. To test this idea, we removed 
I-Ak from the complex and then superim- 
posed the SEB HLA-DR1 complex onto the 
14.3.d VPCP-SEB complex (Fig. 6B). From 

Fig. 6. Model of the A 
xD10-SEB-pMHCII in- 
teraction complex (A) 
Superposition of the 
VPCP-SEB complex (in 
dark blue) and the 
xD10-CAII-Ak com- 
plex The VP domains 
from each complex 
were used for least- 
square fitting (92 Ca 
atoms from residues 
val3-~lyg4 of VP, 
rmsd = 0.67 a). The 
color scheme for the 
complex of D10-WI- 
Ak is as labeled. (B) The 
superposition of the 
SEBIHLA-DR1 complex 
(in brown) to the al- 
ready superimposed 
VPCP-SEB complex (in 
dark blue) and xD10 
(VaVP) module de- 
rived from (A). The 
two SEB superantigen 
molecules were used for least-square fitting (83 Ca atoms, rmsd = 0.63 A). (C) xD10-SEB-WI-Ak interaction complex DR1 in Fig. 6B has been replaced 
with I-Ak on the basis of structural a l iment  of residues of the two helices of each MHC molecule (43 Ca atoms, rmsd = 1.02 a). 
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this second model, we observed that the di- 
rect interaction between Vp and the MHC a l  
helix is disrupted by SAG. The key interac- 
tion site for SEB involves CDR2 (TyrSO, 
AlaS2, Gly53, Ser54, Thr55) and certain other 
Vp residues (GluS6, LysS7, Tyr65, L ~ s ~ ~ ,  
Ala67) as reported by Li et al. (49). In this 
way, the superantigen wedges itself between 
Vp and the MHC class I1 a 1  helix, forcing 
the MHC to swing away from VP and toward 
Va  while preserving the direct interaction 
between the V a  domain of the TCR and 
MHC class I1 p l  helix. This latter interaction 
has been proposed to be critical in stabilizing 
the TCR-SAG-pMHC complex. In fact, T 
cell activation by SAG is believed to be 
dependent on the interaction between a given 
TCR V a  domain and the MHC class I1 p l  
helix (50). In Fig. 6C, we have replaced the 
HLA-DR with the I-Ak molecule on the basis 
of the structural alignment, thereby creating a 
third model. From the latter, we estimate that 
the relative swing angle between TCR and 
MHC in the TCR-SAG-pMHCII complex 
compared with the TCR-pMHCII complex is 
-17". 

Differential TCR Binding and 
Coreceptor Selection in the Thymus 
Given that there are no intrinsic structural 
differences between class I versus class I1 
MHC-restricted TCR V modules as shown 
above, what directs expression of a TCR to 
the proper CD4 or CD8 subset? During thy- 
mocyte development, progenitor cells transit 
from a CD4CCD8- double negative (DN) 
stage through a CD4+CDSt double positive 
(DP) stage and then into a CD4+CD8- or 
CD4KCDSt single positive (SP) stage (51). 
Selection for maturation occurs upon the in- 
teraction of thymocytes with stromal cells 
expressing self-pMHCI or self-pMHCII li- 
gands within the thymus, beginning at the DP 
stage where the TCR first appears. Differen- 
tiation to the SP thymocyte stage, however, 
requires a match between the MHC class 
specificity of the TCR that a thymocyte bears 
and the CD4 or CD8 coreceptor it expresses. 
To explain how a thymocyte precisely coor- 
dinates coreceptor expression and TCR spec- 
ificity, two models have been proposed (52). 
The "instruction model" argues that coen- 
gagement of TCR and CD4 or CD8 on a DP 
thymocyte specifically signals the cell to move 
down one pathway while extinguishing the ex- 
pression of the inappropriate coreceptor. On the 
other hand, the "selection model" postulates 
that cells initiate stochastically or otherwise a 
process that terminates expression of one of the 
two coreceptors. If the correct match was cho- 
sen, then the cell fiuther differentiates, but if 
not, differentiation is stalled. 

Distinctions between class I versus I1 
pMHC complexes and variation in TCR 
docking observed here offer strong backing 

for the notion of the "instruction model." We 
suggest that depending on the degree of 
complementarity of a given TCR recognition 
surface and a self-pMHCI or self-pMHCII 
complex, binding occurs and a diagonal 
docking mode with substantial variability 
onto pMHCI or a preferred orthogonal dock- 
ing mode onto pMHCII is established. Sub- 
sequently, CD8 preferentially coengages with 
the former and CD4 with the latter. Expres- 
sion of the irrelevant coreceptor is then ex- 
tinguished. On the basis of CD8-MHC class I 
crystal structures and on mapping of MHC 
class I1 residues involved in CD4 binding, the 
two coreceptors likely occupy an "homolo- 
gous" orientation relative to the TCR (17, 
18). Thus, we postulate that the differential 
TCR docking to self-pMHCI versus self- 
pMHCII contributes specificity for coordina- 
tion of appropriate coreceptor selection. 
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Eighteen codons in the HA1 domain of the hemagglutinin genes of human 
influenza A subtype H3 appear t o  be under positive selection t o  change the 
amino acid they encode. Retrospective tests show that viral lineages undergoing 
the greatest number of mutations in the positively selected codons were the 
progenitors of future H3 lineages in 9 of 11 recent influenza seasons. Codons 
under positive selection were associated wi th  antibody combining site A or B 
or the sialic acid receptor binding site. However, not all codons in these sites 
had predictive value. Monitoring new H3 isolates for additional changes in  
positively selected codons might help identify the most f i t  extant viral strains 
that arise during antigenic drift. 

Antigenic drift due to mutations in the hem- infection. However, the effects on antigenic- 
agglutinin gene necessitates frequent replace- ity of specific mutations in the hemagglutinin 
ment of influenza A strains in the human gene are not well understood because multi- 
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are a primary determinant of susceptibility to in important antigenic variants. Changes in 
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