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An ap ToCell Receptor Structure 
at 2.5 A and Its Orientation in 

the TCR-MHC Complex 
K. Christopher Garcia, Massimo Degano, Robyn L Stanfield, 

Anders Brunmark, Michael R. Jackson, Per A. Peterson, 
Luc Teyton, Ian A. Wilson* 

The central event in the cellular immune response to invading microorganisms is the 
specific recognition of foreign peptides bound to major histocompatibility complex 
(MHC) molecules by the ap T cell receptor (TCR). The x-ray structure of the complete 
extracellular fragment of a glycosylated ap TCR was determined at 2.5 angstroms, and 
its orientation bound to a class I MHC-peptide (pMHC) complex was elucidated from 
crystals of the TCR-pMHC complex. The TCR resembles an antibody in the variable Va 
and Vp domains but deviates in the constant Ca domain and in the interdomain pairing 
of Ca with Cp. Four of seven possible asparagine-linked glycosylation sites have ordered 
carbohydrate moieties, one of which lies in the Ca-Cp interface. The TCR combining site 
is relatively flat except for a deep hydrophobic cavity between the hypervariable CDR3s 
(complementarity-determining regions) of the a and p chains. The 2C TCR covers the class 
I MHC H-2Kb binding groove so that the Va CDRs 1 and 2 are positioned over the 
amino-terminal region of the bound dEV8 peptide, the Vp chain CDRs 1 and 2 are over 
the carboxyl-terminal region of the peptide, and the Va and Vp CDR3s straddle the peptide 
between the helices around the central position of the peptide. 

1 lymphocytes respond to a wide variety of 
foreign antigens that are presented as pep­
tides in the context of major histocompati­
bility molecules (MHC) (1). Specific recog­
nition of peptide-MHC (pMHC) complexes 
is accomplished by a membrane-bound, mul-
ticomponent, cell surface glycoprotein 
termed the T cell receptor (TCR). The 
TCR complex consists of highly diverse, 
clonotypic a p or 78 heterodimers and the 7, 
8, 8, and £ chains of the invariant accessory 
protein CD3 (2). The a and p chains par­
ticipate in the interaction with the pMHC 
complex, whereas the CD3 chains partici-
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pate in signal transduction. The genes en­
coding the TCR resemble immunoglobulin 
(Ig) genes not only in sequence, but in their 
assembly by somatic rearrangement of 
linked variable (V), diversity (D), joining 
(J), and constant (C) gene segments during 
lymphocyte development (3, 4). The for­
mation of functional a chain polypeptide 
requires the in-frame rearrangement of a 
V-region gene segment to a J-region gene 
segment, whereas functional p chain 
polypeptide is formed by two successive re­
arrangements of V-, D-, and J-region gene 
elements (5). The rearranged V-J and V-
D-J regions are then attached to their re­
spective C regions to assemble the mature a 
and p chain gene products. A vast number 
of potential protein sequences can result 
from these recombinations (4), as with Igs. 
Although not as striking as in Igs, four 
regions of hypervariable amino acid se­
quence are found on both the a and p 
chains, three of which are analogous to the 

antibody complementarity-determining re­
gions (CDRs) (6), which serve as the pri­
mary contact points between antibody and 
antigen (7). Both CDRs 1 and 2 are encod­
ed within the V genes; CDR3 occurs at the 
V-J junction in the a chain and at the 
V-D-J junction in the p chain (4). 

The high degree of sequence identity 
between various V and C elements of TCRs 
and Igs (30 to 70 percent) suggested that 
TCR domains are folded into p-sheet sand­
wich structures (8, 9), resembling Ig do­
mains (10), that would pair in a manner 
similar to the heavy (H) and light (L) 
chains of antibodies. However, the recogni­
tion requirements of a TCR are more re­
stricted than that of an antibody. Antibod­
ies can bind ligands of extensive chemical 
and structural diversity, as reflected in the 
different shapes of antibody combining 
sites, from flat surfaces to deep grooves (7). 
The function of the TCR is to discriminate 
among different peptide antigens embedded 
in the largely flat, undulating surfaces of 
MHC molecules, whose dimensions and 
shape are relatively constant. Therefore, a 
more conserved binding site topology 
among different TCRs could be expected. 
Limited sequence diversity of the CDRs 1 
and 2 suggested that most of the peptide 
specificity of the TCR would reside in 
CDR3, which is the most variable because 
of the junctional diversity of the V(D)J 
recombination (4). Site-directed mutagen­
esis studies confirmed that substitutions in 
CDR3 can either alter antigen specificity or 
abolish the response (11). Various models 
have been proposed for TCR recognition of 
pMHC in which the CDR3s of Va and Vp 
contact the peptide, whereas CDRs 1 and 2 
interact primarily with the MHC a helices 
(4, 12, 13) or the ends of the peptide (14). 

The x-ray structures of an individual 
TCR p chain from a T cell clone termed 
14.3.d (15) and an isolated Va fragment 
from a T cell clone termed 1934.4 (16) 
have confirmed that the TCR does indeed 
contain Ig-like domains. The Va and Vp 
domains resemble a v-type Ig fold (17), 
whereas Cp more distantly resembles a c-
type Ig fold (17). The monomeric p chain 
was proposed to be rather rigid because of 
extensive contacts between Vp and Cp, 
and a large protruding loop from Cp that 
might limit "elbow" motion between Vp 
and Cp domains (15). Both CDRs 1 and 2 
appear to be conformationally restricted by 
main-chain interactions with framework 
residues but, in the absence of the buttress­
ing effect of their respective a and p chains, 
the CDR3s fold away from the domain sur­
face toward the solvent. 

The absence of a TCR a p heterodimer 
crystal structure until now has been due to 
difficulties in producing large quantities of 
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soluble, homogeneous ct a1111 P chains that 
are correctly paired an11 folc1ei1. Recornbi- 
nant techniques, although effective for the 
expression of antibodies, have not worked 
as well for TCRs. Prokaryotic and eukary- 
otic systems have been used to express 
TCRs (18), TCR-variable domain con- 
structs (TCR-Fv) (Is), and chimeras with 
Ig C domains (19), membrane-bound lipid 
linkages (20), tlie CD3 i: chain (21), and 
leucine zippers (22), but with low yields. 
Even for correctly paired ctp TCRs, suffi- 
cient purity for obtaining diffraction quality 
crystals has not been achieved, even with 
deletion of asparagine-linked (N-linked) 
glycosylation sites (23). The conclusion is 
that chain pairing and secretion is less effi- 
cient (24), and refolding from Escherichin 
coli does not reliably yield f~~nc t iona l  TCRs. 

TCR 2C (V,3 J,58 C,; Vp8.2 Dp2 J,2.4 
Cp2) ,  which was one of the first TCRs 
cloned (3, 25), is a rnurine receptor of a 
cytotoxic T cell wit11 specificity for MHC 
class I H-2K" molecules (syngeneic), hut 
cross-reactive (allogeneic) with H-2L" in 

association with a self-peptide (p2Ca) de- 
rived from a ~nitochondrial protein (25). 2C 
has a relatively high affinity for the H-2L"- 
p2Ca co~nplex (Kc, - 0.5 X 1OP6M) (26), 
compared to H-2Kb-dEV8 (Kc, - 0.5 x 
10-jM) (26). 

Structural allalysis of the TCR 2C has 
been made possible by crystallization of a 
fully glycosylated form of 2C expressed in 
Drosophiln mrlnnognstrr cells. The three-1116. 
mensional structure deterlnination at 2.5 A 
provides insights into the architecture, as- 
sembly, and folding of a TCR. In addition, 
crystallization of a co~nplex of 2C and 
H-2K"-dEV8 has allowed us to determine 
by molecular replacement tlie orientations 
of both the TCR and the pMHC in the 
TCR-pMHC complex. 

TCR expression, crystallization, and 
structure determination. Expression of 2C 
from D. melanognster cells (27) yielded a 
heterogeneous mixture of iiisulfide-bonded 
heterodimers and free lnonoiners that, after 
purification, could be crystallized in bulldles 
of needles that diffracted to low resolution. 

The COOH-terminal 10 to 15 residue: 
were then digested away by successive treat- 
ment with carboxypeptidases A anc1 I3 so 
that 2C could be purified on a liydrophobic 
interaction chromatography (HIC) column 
(28). The correctly paired disulfide-linked 
heterodimers (28) could n o ~ r  be crystallized 
anii macro-seeded to a size sufficient for 
x-rav data collection. Interestinelv. 2C ex- - ,  
pressed without N-linked glycosylation, by 
including the glycosylation inhibitor t u n -  
camycin in the growth media, is soluble and 
binds to pMHC a1111 all conformation-spe- 
cific mAbs available (28), but it did not 
produce crystals (29). 

The crystal structure of 2C was deter- 
mined by means of a combination of mo- 
lecular replacement (MR) a1111 lnultiple iso- 
morphous replacement (MIR). A n  initial 
room temperature data set to 2.9 A was 
collected from a  non no clinic crystal (30), 
space group P2, (Table 1).  Solutions (MR) 
[rere obtained for the P chain and V a  
(Table 1 )  but coulii not be determined for 
Ca even with a [ride range of Ig-like do- 

Table 1. Data collection heavy atom, and refnement statstics. Monoclinic 2C crystals were grown In slttlng drops from 2C (I 5 mg/m) o1 .8 M ammonlum 
sulfate, 50 mM sodium acetate and 50 mM sodium ctrate (pH 6.4) at 22°C. The crystals were P2,, wlth unit cell parameters a = 136.9 A, b = 76.9 A, c = 

57.0 A, and P = 101 . l o  with two apTCR heterodimers in the asymmetric unit [V,,, = 2.95 A3 per daton (31); solvent content = 58 percent]. The crystals have 
pronounced pseudo-face centering with h + k = 2n t 1 reflections being systematcally weak but not absent, The frozen 2C crystal had slightly altered unlt 
cell parameters a = 138.0 A, b = 72.9 A, c = 57.3 A, and (3 = 101.2" that resulted in an exact CP centering through a slight adjustment of one molecule (30). 
X-ray data were collected on a MAR Imaging Plate mounted on a Siemens rotating anode operating at 40 kV and 50 mA with Supper double-focusing long 
mirrors. Data were integrated, scaled, and reduced with DENZO and SCALEPACK (31). An MR solution was obtained with the free P chain (1 bec) as a search 
model (15) and the program AMoRe (31). The V a  domain position was determined in X-PLOR wlth an R E  light chain monomer (68) as a search model, after 
positioning the p chain. A set of 11 56 reflections (5 percent) was excluded from refinement for cross-val~dation (R.,,,) (31). lsomorphous heavy atom derivatives 
were obtaned by soaking 2C crystals in 20 FM ethyl mercury thiosaliciate (EMTS) or 500 FM trimethyl lead acetate (TMLA) in 2,2 M ammonium sulfate, 50 
mM sodium acetate (pH 7.0). Heavy atom sites were dentlfied and refined with PHASES (31) and PHASIT (31). Phases to 3.2 A were improved by solvent 
flattening and molecular averaging with DM (31) and by combining MIR and partial model phases by means of SIGMAA (31). Noncrystallographic symmetry 
restraints were Imposed in simulated annealing refinement in X-PLOR (31). After one cycle of reflnement and manual model building with 0 (311, SIGMAA- 
weighted Fo-F, difference maps showed density for four N-nked glycans. After several cycles. the R,,,, and R,,,, were 0.20 and 0.37 for data with F > 2af. 
The model was then placed In the new C2 unit cell with the M R  procedure In AMoRe (31) and refined with an R,,,, data set of 1536 reflections (5.4 percent). 
The high quality of this electron density map allowed unambiguous tracing of Ca, The R,,,, and R,,,, values are 0.208 and 0.285, respectively (F > 2aJ with 
Individual B values. The 2C model contans 437 amno acds [residues a(1-213) and P(3-24711 (341, ten carbohydrate moietes. 30 ordered solvent molecules, 
and three sulfate Ions. Of the resdues in the 2C model, 85 percent f a  in the most favorable regions of a Ramachandran plot [generated from PROCHECK (31)] 
with no residues In a disallowed region. Anayss by 3D-PROFILE (31) and ERRAT (31) shows the 2C model is consistent with highly refined protein structures. 

Data set Resolutjon Rsyrn* Completeness (Ifu(1)) Sites Phasing 
limit (A) (last shell) (last shell) (%) (last shell) in Rlso-l  RC~Jlllsj: R K ~ a ~ ~ t s  POwerJJ 

Mean figure of merit = 0.340 (low because the EMTS and TMLA stes are almost identical) 

Refinement statistics 

rms from ideal values Average B values (A2) 
Resolution R 

(A) value 'free Bond Bond 
lengths Impropers angles Vu Ca VP C P 

R,,, = 1 OO'C ( / , (hk / )  - ( / , (hk/))) lZ/ , (hk/) ,  where /,(hki) are the Intensities of multlple measurements and (/,(hk/)) IS the average of the measured intensities of the ith reflecton, with the 
summation extended over all measured reflections: .I.Rls0 - 1 00 -2 (FpH  - F,,I)ICF,, where FpH is the dervative structure factor and Fp IS the natlve structure factor and the sum 
is extended over all reflections common between the two data sets; :I.R,,,,,,, = 100'CF,,(hk/) ? CF,(hk / )  - F,(hk/)/CF,,(i?k/) i- CF,(hkl) ,  where the sum 1s extended 
over all centric reflectons; SR,,,,,, = 1 0 0 ~ Z ( F p H ( h k / )  - ~ , ( h k l ) ) / Z ~ ~ ( h k ~ [ ,  where the sum IS extended over all acentrc refectons; Phasny power = (FH)/&, where E IS the 
lack-of-closure error. 
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mains. The Va, VP, and CP domains were 
refined by X-PLOR simulated annealing 
(31) to an R value of 0.25. The Ca region 
showed some continuous density only for 
three p strands of the back sheet of the 
classical Ig fold (17), but there was no 
interpretable density for a top sheet. Al- 
though Ca had very few crystal contacts 
and there was ~recedent for constant do- 
main disorder in some Igs (32), extensive 
disorder in a single Ig domain was puzzling. 
A n  MIR structure determination was un- 
dertaken to eliminate the possibility of MR 
model bias (Table 1); MIR and partial 
structure factor phases from the refined co- 
ordinates of the other three domains were 
combined and used to retrace and refine the 
entire molecule. Four of the B strands of Ca 
could be traced in an unambiguous register, 
but the outer strands remained fraemented. " 
Successive rounds of model building, refine- 
ment, and phase combination resulted in an 
R value of c21,  but with an R,,, (31) of 
0.37 at 2.9 A. In addition, the presence of 
the pseudo-centering caused half of all the 
observed reflections to be vanishingly weak. 
Finally, a crystal of 2C was successfully 
cryocooled to 100 K, and a complete data 
set with very high redundancy was collected 
to 2.5 A. A small change in the crystal 
lattice on freezine (33) resulted in exact " .  , 

crystallographic centering and a C2 space 

Fig. 1. Electron density in the 2C Ca-Cp interface 
around Asnlma, showing an occupied N-linked 
glycosylation site (A~nl~~-GlcNAcl P34 GIcNAc2 
5 4  Man, -2 Fucl), as well as an invariant Trp 
residue (Trpi8*). Close interaction with Cp is 
shown by hydrogen bonds (dotted lines) of the 
fucose residue to side chains of Cp. The electron 
denslty map was generated from SIGMM-weight- 
ed 2F,-F, coefficients (31) and contoured at 1.0 u 
with the program TOM (69). NAG, GlcNAc. 

group (30). Refinement improved the elec- 
tron density map (Fig. I), especially in the 
Ca domain, where iterative cycles of model 
building and refinement allowed a complete 
trace, up to and including the COOH-ter- 
minal disulfide-linked cysteine residues 
(Cys213"-Cys247P) (34), with good geometry 
and a substantial drop in k,, to 0.285 
(Table 1). The carbohydrate density also 
improved, and at present ten sugar moieties 
have been located (Figs. 1 and 2A; Table 1). 

Overall structure. The 2C a and P chains 
[a(l-213), P(3-247)] fold into a quaternary 
structure that resembles the antigen binding 

region (Fab) of antibodies (Fig. 2). Each chain 
contains two domains, three of which (Va, 
Vp, and Cp) are related to Ig domains, and 
one of which (a) substantially deviates from 
the standard Ig fold (17). The overall dimen- 
sions of 2C are 61 by 56by 33 A, compared to 
about 65 by 46 by 30 A for a representative 
Fab (35), whose elbow angle and CDR 
lengths are similar to the 2C TCR. The 2C 
appears slightly compressed in its length and 
wider across its middle elbow region than does 
an Fab. A classical measurement made in Fabs 
is the angle between the vectors that repre- 
sent the pseudo-dyad axes relating VL to VH 

Fig. 2 Three-dimensional 
structure of an org TCR. (A) 
Stereoview of the backbone 
ribbon representation of 2C, 
showing four N-linked glyco- 
sylation sites that have or- 
dered carbohydrate moieties 
as represented by white ball- 
and-stick models. (6) Back- 
bone ribbon repremnWon of 
the 2C TCR. The a chain is In 
pink (residues 1-21 3), and the 
p chain is in blue (residues 
S247). The p strands are rep- 
resented as arrows and la- 
beled according to the stan- 
dard convention used for Ig 
folds (1 71. The disuhlde bonds 
(yellow dslls for sulfur atoms) 
are shown within each domain 
and for the COOH-terminal In- 
terchain disuW (Table 1). 
The CDRs are numecically la- 
beled (1 to 4) for each chain. 
Figures 2 through 6 and 8 
through 9 were produced with 
AVS (69). 
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and CL to CHI, otherwise known as the elbow 
angle, which at present ranges from 133" to 
220" (7). For 2C, the elbow angle is 148.6" 
(36), within the normal range for an Fab, but 
about 6" as small as the 14.3.d P chain struc- 
ture, indicating some segmental flexibility be- 
tween the V and C domains. The pseudo- 
dyad relating Ca to CP is shifted toward the 
a chain by about 4.6 A relative to the Va-VP 

pseudo-dyad, giving the TCR a somewhat 
more asymmetric appearance. 

In the Va  crystal structure (16), the Va  
forms homodimers that themselves dimer- 
ize, leading to a proposal (16) that this 
arrangement is spatially compatible with 
the dimer seen in the class I1 MHC crvstal 
structure (37) and could therefore be part of 
a dimeric TCR-MHC signaling assembly. 

Fig. 3. Backbone ribbon representation of Ca. 
The Ca domain (pink) begins at residue 1 16a and 
ends at the COOH-terminal residue 21 3a, and is 
shown lying on top of the Cp domain (blue). The p 
strands of the back p sheet in Ca, in lighter pink, 
are depicted as arrows, with the unusual Ca "top 
strands" in darker pink. The strands are labeled 
according to the designations used for standard 
lg folds (1 7). The back p sheet actually comprises 
strands g, a, b, e, and d with strand g H-bonding 
in a parallel arrangement with strand a. Strand f 
contains a short helical segment that is disulfide , 
bonded (partially hidden yellow balls represent the 
sulfurs) to the back b strand. The other side of the 
back p sheet of Ca (light pink) forms the interface 
with the back p sheet of Cp. The carbohydrate 
moieties of the two N-linked glycosylation sites (AsniE5" and Asn2-) in Ca are also shown. The TrpiE3" 
in the Ca-Cp interface is shown as a white ball-and-stick representation. Abbreviations for the amino 
acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, 
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

Fig. 4. The Ca-Cp interface is highly polar. A stereoview of the interacting p sheets of Ca (pink) and Cp 
(blue) is shown along with side chains making either salt bridges, H bonds, or van der Waals contacts 
across the interface [H bonds calculated with HBPLUS (52) and van der Waals and salt bridges 
calculated with CONTACSYM (52)]. The complementarity of the Ca-Cp interface is emphasized by the 
superposition of a cross-section of the interacting surfaces as a translucent ghost. A predominance of 
basic side chains lies on the Cp side of the interface, and acidic side chains on the Ca side, along with 
many other polar amino acids. Aspi45u makes salt bridges with Arglg7p and Lys140p. G l ~ l ~ ~ a n d T y r l ~ ~  
H-bond to Lysi40e and Thr14& to Arglg5e. Metq7& is in van der Waals contact with L y ~ l ~ ~ e .  The buried 
water molecules within the interface are shown. The molecular surfaces were calculated by means of 
AVS (69) with a 1.4 A probe and the PQMS program (69). 

The 2C TCR, however, is monomeric both 
in solution and in the crystals (38). 

The amino acid sequences (39) of mouse 
and human TCR C regions suggested struc- 
tural homology with Ig C domains (4) al- 
though the sequence similarity is substan- 
tially higher for CP than for Ca. About 30 
percent sequence identity is seen for up to 
100 Cp residues in antibody C domains CL 
and CHI, with similar spacings between the 
intrachain disulfide cysteine residues, and 
preservation of key structural residues such 
as Trp161 in the c strand. The CP contains 
an unusual insertion between residues 219P 
and 232P (Fig. 2B) that otherwise is found 
only in TCR Cy sequences (39, 40). The 
CP2 structure of 2C is indeed similar (41) 
to the C domains of b o g  heavy and light 
chains of Igs (2.0 to 2.2 A root mean square 
(rms) deviation for 89 matched residues for 
CL and CHI),  but it is more similar to the 
CH3 domain of the human Fc fragment of 
an Ig (1.6 A rms deviation for 89 residues). 
The 2C CP2 gene sequence is almost iden- 
tical to the 14.3.d C p l ,  and their domain 
structures overlap with small differences 
(1.6 A rms deviation for all residues) except 
in two major areas. Residues 217P to 2368, 
which comprise the large, solvent-exposed 
insertion in Cp, has a different loopo con- 
formation from that of 14.3.d (2.0 A rms 
deviation for 20 a carbons), indicating 
some conformational flexibility in this re- 
gion (42). The other difference occurs for 
the a-b loop (residues 133P to 144P) that 
folds into a short a helix in 2C in the 
interface with Ca. In Ig CL-CHI and CH3- 
CH3 pairings, the analogous residues also 
form a short a helix that is close to the a, b, 
e, d interface p sheet. In 14.3.d, these res- 
idues drift away from the $ sheet in the 
absence of an opposing Ca chain. 

Four of the seven possible N-linked gly- 
cosylation consensus sequences (43) have 
ordered carbohydrates (Figs. 1, 2A, and 3). 
In Va, three carbohydrate moieties from 
Asn70a (GlcNAcl PA4 GlcNAc2, aA6 F U C ~  ) 
(43) extend out into a large solvent chan- 
nel in the crystal, with the amide nitrogen 
of the first N-acetylglucosamine moiety 
(GlcNAcl) H-bonded back to the side- 
chain carbonyl of Asn70a (Fig. 2A). 
Asn236P has a visible disaccharide (Glc- 
NAcl PA4 GlcNAc2) in which the 0 6  of 
GlcNAcl is in a water-mediated H bond to 
Arg2"P of CP. In Ca,  density for one Glc- 
Nac moiety extends from AsnZo3" toward 
the solvent. The largest ordered carbohy- 
drate stretch extends from  AS^'^^" (Glc- 
NAcl DL4 GlcNAc2 824 Man, a2 Fucl) 
(Figs. 1 and 3) and is involved both in 
crystal contacts and Ca-CP interactions. 
The fucose moiety (43) is H-bonded to 
G1u181P and Ser182B (Fig. 1). A water mole- 
cule bridges the fucose exocyclic oxygen and 
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the side chain of Arg150P. The GlcNAc2 
moiety also H-bonds to a symmetry-related 
molecule. This N-linked sugar possibly 
strengthens association of Ca with Cp and 
may also influence the crystal packing of 2C, 
which perhaps explains why non-glycosy- 
lated 2C TCR does not crvstallize on its own 
or why it cannot be seeded with glycosylated 
crvstals. The other carbohvdrate moieties in 
2C are presumably disordered or heteroge- 
neous, or the N-linked sites are not occupied 
(43) although all the Asn residues are on 
exposed strands or fi turns. 

The Car structure. The TCR Cor and C8 
domains are the most divergent from known 
Ig sequences (4), showing only 12 to 18 
percent sequence identities with Ig C do- 
mains. Ca was predicted to be an Ig fold 
because of the presence of the two charac- 
teristic cysteine residues that normally link 
the top (g, f, c) and bottom (a, b, e, d) p 
sheets. Manv other structurallv conserved 
residues in Igs are missing, such as the Trp 
residue that normally occurs in the c strand 
14 or 15 residues after the first cysteine of the 
intrachain disulfide. The Ca has a relatively 
short span (50 amino acids) between its two 
cysteine residues compared to Ig C domains 
(60 to 65 amino acids), indicating a deletion 
of about 12 to 15 residues whose locations 
are not obvious from seauence alimments. u 

The Ca structure shows that the a, b, e, 
and d strands comprising the back P sheet 
are highly similar to the corresponding back 
sheet of Ig C domains (Fig. 3). An overlap 
of this p sheet with the structurally equiv- 
alent residues of Ig C domains gives an rms 
deviation of -1.3 for 29 Ca residues 
(41 ). However, large differences emerge for 
the c, f, and g strands, which would normal- 
ly make up the top fi sheet in a standard 
Ig-fold (Fig. 3). Instead, these strands are 
loosely packed against the bottom sheet 
(44) and are too far avart to form main- 
chain hydrogen bonds' with each other. 
Gaps between these top elements result in 
exposure of some of the hydrophobic inte- 
rior of the bottom sheet to solvent. The c 
strand connects directlv from the b to the d 
strand and eliminates about six residues of 
the c' strand found in the classical c-type Ig 
set (1 7). Only 14 residues connect the c and 
e strands, compared to 21 in c-type folds 
and would place the Ca in the h- or s-type 
of Ie folds (17). However. classification is - . . 
complicated by the absence of an outer P 
sheet that represents a major structural de- 
viation from all other Ig-type folds. The c 
strand is loosely tethered to the bottom 
sheet, as reflected in the higber thermal 
parameters of this strand (-69 A2) (44), by 
interactions between small hvdrovhobic 

3 .  

residues (Pro, Val, Ile), as compared to a 
standard Ig-fold in which a conserved Trp 
residue   TI^'^'^, Trp157H) anchors this 

strand to the bottom sheet. 
Another divergence from c-type folds 

comes in the loop connecting the e and f 
strands. Normally, this loop is large (about 
ten residues) and often adopts a minihelix 
containing a second conserved Trp residue 
that occupies the internal core of the loop. 
In Ca,  the connection consists of a three- 
residue turn (Fig. 3). TrplS3" does occur at 
the carboxyl end of the e strand (Figs. 1 and 
3). iust before the turn. but it is on the ,, 

opposite side of the strand, rather than in its 
usual interior p-sheet position and is buried 
in a hydrophobic pocket at the Gx-CP 
interface. The e-f turn contains a conserved 
N-linked glycosylation site (AsnlS5") for 
which clear electron density exists for four 
carbohydrate moieties adjacent to the Ca- 
Cp interface (Fig. 1). The deletion of about 
six residues between the c and d strands. 
and five in the turn connecting the f and g 
strands. accounts for the 10 to 15 fewer 
amino acids between the Ca cysteines (50 
residues) than for antibody C or V domains 
(60 to 65 residues). 

After the e-f turn, the Ca again deviates 
from a canonical Ig fold (Fig. 3). The f 
strand is also not H-bonded to a neighbor- 
ing strand, although the second cysteine 
(Cys191a) remains disulfide linked to 
Cys141a in an ideal disulfide geometry, as in 
Igs (45). Surprisingly, Cys191a is in a short 
helical turn (residues 191 to 195) that plac- 
es the side chain of Phe19'" into a hydro- 
phobic pocket created by Phe14'" and 
Phe145a of strand b of the back P sheet. This 
short a-helical stretch (Gln192a-Asp193a- 
Ile194a-Phe195a) does not appear to be 
chemically compatible with the normal hy- 
drophobic-hydrophilic alternation of resi- 

Fig. 5. The ball-and- 
socket joint of antibodies 
is conserved in the TCR. 
The elbow region be- 
tween variable and con- 
stant domains for (top) 
2C (a, pink; p, blue) and 
(bottom) Fab NC41 (L 
chain, pink; H chain, 
blue) is shown for these 
two structures with simi- 
lar elbow angles (148") 

dues in a surface-exposed p strand. After 
the minihelix, the chain adopts a short turn 
from which another carbohydrate moiety 
extends from AsnZo3" at the tip of the loop 
(Fig. 3). Three residues of the final g strand 
(Alazo4" to Ty?06") do, in fact, form a P 
strand, but, surprisingly, H-bond with the a 
strand of the bottom sheet, a variation not 
seen in Ig C domains or other Ig folds (46). 
ProZo7" then kinks the P strand toward the 
fi chain so that its C-terminal Cys213" can 
make the interchain disulfide with CP 
Cys247P (28). 

Studies on TCR biosynthesis and signal- 
ing allow us to consider the functional rel- 
evance of the unusual top strand topology 
and possible flexibility. The a chain is un- 
usually unstable and susceptible to degrada- 
tion in the endoplasmic reticulum (47), 
that limits high-level expression in trans- 
fected eukaryotic cells (21 ). The instability 
of the a chain may be partly related to a 
less-compact fold of the Ca domain. Sev- 
eral site-directed mutagenesis studies have 
implicated residues in the top elements of 
the Cor domain as being critical for inter- 
action with the CD3 { chain (48). Some 
flexibility in these outer elements of Ca 
may provide a mechanism for adaptability 
in binding CD3. 

The Car-CP interface. The. Ca-CP as- 
sociation is more like that of CH3-CH3 than 
it is CHI-CL-like with respect to the geom- 
etry of the domain interaction, the buried 
surface area, and a predominance of charged 
interactions in the Ca-CP interface (Fig. 
4). The total buried surfacg area (49) be- 
tween Cor and Cp is 20f9 A2, as compared 
to an average of 1700 A2 for CHI-C, (the 
range is 1500 to 2100 W2). The equivalent 

(35). The amino acid res- 
idues for the ball-and- 
socket joint are colored 
yellow for 2C residues 
Vali2@, Serl 15@, Leu1 16@. 

Phe153@, and Pro154@ and 
for Fab-NC41 (35) resi- 
dues Leu1IH, ThrlloH, 
SerHZH, Phe148H, and 
Pro149H. Other interdo- 
main (Va-Ca, Vp-Cp, VL- 
C, , Vu-C-1) contact resl- - . .  . . .  
dues, as determined by CONTACSYM (52), are shown to highlight the comparative number of residues in 
the V-C interface of 2C TCR and an Fab. 
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$ 3 dimerization in Fc buries about 2200 Y A . The crossing angle between opposing P 
sheets is -41°, as opposed to around -53" 
for most CHI-C, associations, and -45" for 
CH3-CH3 (50). The more parallel Ca-CP 
intersection angle gives the TCR structure 
its squat appearance (Fig. 2). Although the 
C a  and C p  are related by a 180" dyad (36), 
similar to CHICL,  a pairwise superposition 
also reveals a higher degree of similarity to 

CH3 domain interactions (51). When a 
CHI domain is superimposed onto the CP, 
a 15" rotation is required to bring C, to 
optimal superposition with Ca. However, 
when a domain of CH3 is superimposed 
onto Cp, only a 3" rotation is required to 
overlap the other CH3 domain with Ca. 

The Ca-CP interface is highly polar, 
with a skewed distribution of acidic residues 
on C a  and basic residues on C p  (Fig. 4). A 

highly conserved salt bridge, found in all 
CHI-CL and CH3-CH3 
(G1~357H-L~s'~O~) interfaces, is retained in 
a similar location as a constellation of 
charged residues at one end of the Ca-CP 
interface (Fig. 4). This cluster of charges 
includes acidic C a  residues Asp'45a and 
G ~ U ' ~ ~ "  that form multiple salt bridges and 
H-bond interactions (52) with CP basic 
residues Lys140P, Arg195P, and Arg'97P. In 
addition, G ~ u ' ~ ~ P  and two buried water 
molecules provide polar contacts along with 
a number of other side-chain H bonds. The 
other end of the interface is largely hydro- 
phobic involving Trp18'", Phe161a, Tyr179P, 
and L ~ u ' ~ ~ P .  Interaction of C p  with a car- 
bohydrate extending from C a   AS^'^^" is 
discussed above. 

Elbow region. An extensive interaction 
occurs between the V 2nd C domains (Fig. 
5), with about 700 A2 of burjed surface 
between Vp and Cp, and 650 A2 between 
Va and C a  (49). The VP-CP interaction 
area is highly polar, with a conserved salt 
bridge (G~u '~~P-A~~" 'P)  and eight interdo- 
main H bonds, most of which are between 
conserved p chain residues. The Va-Ca 
interface, on the other hand, is composed 
primarily of van der Waals interactions, 
with only one H bond between the 
hydroxyl and the main-chain carbonyl oxy- 
gen of Pro'16". The VP-CP interface is sub- 
stantially larger than a corresponding VH- 
CH1 interface (390 A2) in an Fab with a 
similar elbow angle (35). The Va-Ca inter- 
face is also larger but differs less from corre- 
sponding VL-C, interfaces (-500 A2). The 
conserved "ball-and-socket joint" in the VH- 
CHI interface of antibodies is present (Fig. 
5) in the 2C P chain (Val12f', Ser115f', 
Leu1 16*f', Phe15'f', and as predict- 
ed (9). A superposition of 2C and 14.3.d 
shows that 2C VP-CP has rotated around 
this ball-and-socket joint relative to 14.3.d 
so that the elbow angle in 2C is 148.6" (36), 
compared to about 155" in 14.3.d. The con- 
servation of the ball-and-socket joint sug- 
gests some possible flexibility in the TCR 
elbow angle, contrary to some hypotheses of 
TCR signal transduction that invoke rigid- 
ity of the p chain (40). 

The variable regions. As predicted from 
sequence alignments (4), the 2C variable 
domains resemble antibody variable do- 
mains (Fig. 2B). Both Va and VP have 
residues that are conserved across all mouse 
and human TCRs and many of these are 
similarly conseked in Fab sequences. Their 
locations in Fab x-ray structures correspond 
to structurally important locations, such as 
the V,-VH interface or the P-sheet frame- 
work. The TCR has its own subset of con- 
served residues, which are not found in Fab 
sequences and, hence, indicates residues or 
regions that relate directly to their own 

Fig. 6. S ta~~view of the Va-VP II ~terface. (Top) Backuu~ 16 representation including interacting con- 
sewed interdomain TCR side chains (a, pink; p, blue). The labeled side chains are consewed across all 
mouse and human TCRs and are also conserved in antibody V,-V, interfaces. Water molecules (small 
blue spheres) are present along the edges of the interface. (Bottom) The Va-Vp complementarity is 
shown by this molecular surface cross-section. The cluster of aromatic side chains between V a  and Vp 
accounts for most of the buried surface area in the interface. 
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specific function. 
In 2C, Va and VP associate closely in a 

pseudo-dyad arrangement of 174", well 
within the normal range for V,-VL associa- 
tions (7, 53, 54). Woithin theova-VP inter- 
f$ce (Fig. 6), 1160 A2 (610 A2 for Va; 550 
A2 for Vp) of surface area (49) is buri$d, as 
opposed to an average value of 1420 A2(7, 
54) f o ~ n d  in Fabs (ranges from 1068 to 
1700 A2). About 33 percent is contributed 
by CDR residues (mostly CDR3s), which 
is again smaller than the 40 to 50 percent 
average in Fabs (54). The p-sheet crossing 
angle (50) between the inside sheets of Va 
and Vp is -62O, which is larger than for 
any Fab (ranges from -38" to -60°), and 
10" larger than for the Va homodimer 
1934.4 (16). 

General conclusions about trends in the 
Va-VP association must await other TCR 
structures. Notwithstanding, the 2C Va- 
Vp domain buried surface area value is at 
the extreme end of the range seen in anti- 
bodies. The only Fab determined thus far 
whose VL-VH buried surface area is a: small 
as 2C Va-VP is Fab 50.1 (1063 A2), of 
which -35 percent is contributed by the 
CDR loops (54). Fab 50.1 experiences a 
very large VL-V, rotational displacement of 
16.3' on binding its peptide antigen, which 
may be the largest interdomain rotation 
observed so far between free and bound Fab 
structures (54). Smaller VL-VH contact sur- 
face areas appear to correlate with an ability 
to use changes in domain association for 
better complementarity of fit with antigen 
(54, 55). 

The interdomain contact residues be- 
tween Va and Vp are conserved in TCRs 
(Fig. 6) and in the corresponding VL-V, 
interface in antibodies (9). These residues 
form a twofold symmetric core with an in- 
variant pair of side-chain to side-chain H 
bonds between Gln37a and Gln37P at the 
base of the interface. Both Tyr'ja and 
Tyr3jP H-bond to the opposing backbone of 
CDR3 residues Leulo6P and Leulo4*, respec- 
tively. Three interdomain H bonds form 
along the edge of the inner p sheets, which 
are water mediated (Le~~~"-water-Leu'~~P, 
Phe106a-water-Leu43P, Ser108a-OH-water- 
Gly40P). The other conserved residues 

Leu45U, PheE9", Ala91", 
Leu4jP, Phe9lP, and Ala93P) form a symmet- 
rical hydrophobic core between the Va-VP 
inner p sheets, as predicted (9). 

Within each Va and VP, about 24 res- 
idues form the core of the P-sheet sandwich 
and are conserved in mouse and human 
TCRs, as well as in Igs (8, 9). When VP is 
superimposed onto six representative Fab 
V,'s (56) by overlapping 36 structurally 
equipalent framework residues, an average 
1.6 A rms deviation is obtained for up to all 
70 p-sheet framework residues (56). A sim- 

ilar overlap of Va onto six ~ L ) s  yields an 
average rms deviation of 1.2 A for 76 struc- 
turally equivalent Va residues, indicating 
that Va is more similar to VL than Vp is to 
V, (56). Superimposition of VP (57) is 
equally good with all VH9s0 and VL's in the 
Protein Data Bank (-2.0 A rms deviation), 
but Va appears to superjmpose better with 
VL than with V, (1.6 A versus 2.0 A rms 
deviation). 

In the 2C Va domain, as in the 1934.4 
Va structure (16). the c" strand is H-bond- 
ed to the d siraid of the outer p sheet as 
opposed to the c' strand, as in v-type Ig 
domains ( 17). Framework residue Lys77a, 
which is highly conserved in Va subgroup I 
but not in Ig frameworks, is at the carboxyl 
end of the e strand and H-bonds to the 
main chain of the d strand, possibly keeping 
the solvent-exposed strand-switched c"-d 
loop pinned next to the core of the Va 
domain. The VP domain folds into a ca- 
nonical v-type Ig set (17). An invariant 
residue in the framework of subgroup I1 P 

chains, but not in Igs, is H ~ s ~ ~ P ,  which 
H-bonds to the d strand and helps tether 
the c"-d loop, known as HV4, to the main 
body of VP. HV4 is an additional region of 
hypervariability observed in TCRs thought 
to be involved in superantigen (VP) or 
accessory molecule (Va) interaction (58). 
Since His47" is not conserved in any other 
mouse or human subgroup, the position of 
Vp HV4 may differ in other TCRs. 

The relative positions of the 2C CDRs, 
with the exception of Va CDR2, are close 
to, but not exactly coincident with, corre- 
sponding CDRs in antibodies (Fig. 7A). 
The Va CDRl is eight residues long and is 
stabilized by hydrophobic interactions be- 
tween highly conserved residues Tyr24a, 
Leu32", and Phe66" (Fig. 7B). An H bond 
between the Tyr26" and Serloza hydroxyls 
serves to anchor both CDRl and CDR3 
(Fig. 7B). As the TCR CDRl does not vary 
in length by more than three residues, its 
conformation is probably rather similar in 
most TCRs. However, CDR2, is more vari- 

Fig. 7. The antigen binding 
site of a TCR. (A) Compari- 
son of TCR and antibody 
combining sites. An overlap 
of 2C Va and Vp is shown 
with three representative 
Fab V, and V, domains (56). 
The relative dispositions of 
the CDRs can then be com- 
pared. Va was optimally su- 
perimposed with three Fab 
V,'s, and Vp was separately 
superimposed with three 
Fab V,'s with the program 
OVRLAP (36). The 2C CDRs 
are colored in red (except 
HV4, which is orange, and 
its equivalent in a chains, la- 
beled a4). The Fab CDRs 
are labeled (Ll, L2, L3, H I ,  
H2, and H3) and are in differ- 
ent colors. The a chain is to 
the left and CDRs a l ,  a2, 
a3, and a4 correspond to 
the Fab CDRs L1, L2, L3, 
and L4 (only exists in TCRs, 
so is not colored in the 
Fabs), respectively. The p 
chain is to the right and 
CDRs pl, p2, p3, and HV4 
correspond to the Fab 
CDRs HI, H2, and H3, with 
the fourth Vp CDR again 
with no corresponding hy- 
pervariability in Fabs. (6) CDR stabilizing residues in the 2C TCR. The view into the combining site of 2C 
shows side chains that are important for CDR main-chain conformations and positions. The a chain is 
to the left, p chain to the right. Backbone representations of the 2C CDRs are as follows: a1 , navy; a2, 
magenta; a3, green; a4, orange; p1, cyan; p2, pink; p3, yellow; and HV4, orange. The assignment of 
structurally important residues is based on contacts [van der Waals, H bond, or salt bridge as deter- 
mined by CONTACSYM and HBPLUS (52)] of framework (colored white) or CDR (colored by CDR code) 
residues with main-chain or side-chain residues of a CDR. These residues may affect the conformation 
of the CDR itself or regions outside of the CDR that are critical to the positioning of the CDR within the 
combining site. [Figure produced with Midasplus version 2.0 (69)] 
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able, as reflected by its different conforma- 
tion in 2C versus 1934.4 (1 6). The top of 
the loop bulges away from the center of the 
combining site, with the phenolic ring of 
Tyr49" taking the place of the main-chain 
path in CDRZ of 1934.4. Tyr49a provides 
most of the specific interactions for this 
loop (Fig. 7B), through an H bond from its 
hydroxyl to the main-chain carbonyl of res- 
idue 5201. Hydrophobic interactions of the 
Tyr49" aromatic ring with Phe66u and 
Phe73" pack the CDRZ (cr-c" strands) 
against the Va core (Fig. 7B). The main 
chain of Va CDRZ is almost perpendicular 
to that of CDRZ in antibodies (Fig. 7A) 
because of the c" strand switch. Va CDR3 is 
short (eight residues long) and has a type-I1 
p turn conformation, with Pheloo, protrud- 
ing from the surface of the binding site (Fig. 
8B). Two H bonds from the strand leading 
to the CDRl turn (Ser93a-OH-Ty?1a-OH 
and Ser102a-OH-Tyr26a-OH) connect to 
residues in CDR3 (Fig. 7B). Ala103" in 
CDR3 is within the Va-VP interface and 
buried in a hydrophobic pocket composed 
entirely of Vp aromatic residues (Fig. 7B). 

The conformation of VP CDRl is simi- 
lar to 14.3.d CDRl (15) and is strongly 
constrained by main-chain H bonds with 
the side chain of Gln25P (Fig. 7B). CDRZ 
also has the identical hairpin conformation 
as 14.3.d and maintains a similar set of H 
bonds between Ser49B and Arg69p. HV4, 
which is entirely solvent accessible, has its 
conformation maintained by intraloop H 
bonds from the Arg69P guanidinium group 
to the main-chain atoms of residues 7 1 and 
72. The tip of HV4 is held toward the 
center of the binding site by H bonds be- 
tween Gln72B and side-chain and main- 
chain atoms of residues 28P and 29P at the 
tip of CDRl (Fig. 7B). CDR3 has a classic 
gamma-type turn at its tip (59) with an 
unusual repeat of four consecutive glycine 
residues (Fig. 8A). The VP CDR3 interacts 
with Va CDRl through an H bond from 
Ty?3a to the main-chain carbonyl of VP 
Leulo6P (Fig. 7B). Additional stabilization 
of the loop position may be derived from a 
water-mediated H bond from the main 
chain of Gly98p to the Ser9&-OH in CDR3. 
The VP CDR3 moieties of many TCRs are 
glycine-rich, which is the consequence of 
TCR D regions coding for a high proportion 
of glycines in all three reading frames (60). 

The structural elucidation of the CDRs of 
2C enables us to address the issue of CDR 
boundaries. The CDR boundaries in TCRs 
have been chosen by analogy to the Kabat 
hypervariable regions in antibodies but are 
not as clearly delineated (6,39). A structural 
definition of a CDR as those residues within 
the hypervariable loops that are actually ac- 
cessible to antigen reveals that the structural 
CDRs can be shorter than the sequence- 

defined CDRs (61 ). Using this accessibility 
criterion, the CDR ranges for 2C would be as 
follows: CDRla, 24-31; CDR2a, 48-55; 
CDR3a, 93-104; CDRl P, 26-31; CDRZP, 
48-55; and CDWP, 95-107. 

Five of the six CDRs in antibodies fall 
into a small number of main-chain structur- 
al subclasses (61 ) that can now be predicted 
on the basis of loop size, composition, and 

the presence of certain conserved residues. 
These commonly occuring conformations of 
the CDRs, called canonical structures (61 ), 
are universal for antibodies and are not spe- 
cific to individual Kabat subgroups (39). 
Whether canonical CDR structures exist for 
TCRs has not been clearly identifiable from 
modeling of TCR sequences on antibodies 
(40). The 2C TCR structure shows that 

Fig. a. The malearlar 
~ O f t h e T C R c o m -  B 
bining site. (A) Close in- 
teractkndtheCDFMar 
loklk mfaX31 and 

A- 
CDR~B w '- 
loops.TheCDR3bouxl- 
aries ~ 1 0 4 a  and 
958-10761 are inUicated 
by' cdah;g the back- I 
bonesgrsen;sidechains 
w iw l  the c m  are cd- 
orxi w (4 @I. 
Themdecularsurface 
wMghsgtlts-deep 
c k f t ~ t h e t w o  
c m  and the Phel- 
residue that protrudes 
from the sufaca. A water 
-wsphere)18 
H-bonded to W. The 
w = a f w i s -  

dues 9553 to are al 
glydnes. (B) MoIee& r 
sufaceoftheX*hat- 
erodkner.7hecanbbrlng 
site (Vl% Wf for the 
pMtlC is a% the top and 
the txmmt domeins 
(ca, CB) -. The 
baddxxleofxisutslble 
through t17e semimm- 
~ ~ . ' l h e c o m -  
bining site is mainly flat and undulating. 
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canonical CDR conformations would most 
likely exist only within Kabat subgroups, but 
not across all TCRs. Many of the CDR- 
stabilizing residues in 2C are conserved only 
within p subgroup I1 and a subgroup I. For 
instance, Gln2'P appears to play a major role 
in stabilizing CDRlP but is invariant only 
in subgroup I1 of the mouse and human, 
whereas in suberou~ I it is Pro. Ser49P and 

invariant in p subgroup 11, but in other 
subgroups can be Phe (human subgroup I) or 
Phe(His) (mouse subgroup I). The CDR2a 
loop conformation and position appear to 
require a hydrophobic interaction between 
Tyr49a and Phe6&, which are conserved in a 
subgroup Ia, but are small hydrophobic res- 
idues in other subgroups. Subgroup distinc- 
tions in TCRs then amear to be im~ortant . . 

Arg69P, H - b o n h  io CDR2P ( ), are determinants of 

DRs. The surface and loop trace of the Va  and Vp CDRs a1 and a2 are magenta; CDRs P1 and 82, 
blue; Va  and VP CDR3s, yellow; and VP HV4, orange. (B) Footprint of the 2C binding site molecular 
surface on the H-2Kb-peptide molecular surface. The outline and footprint of the TCR molecule was 
obtained by slicing through the TCR surface in the vicinity of the combining site and projecting that 
surface onto the pMHC molecule. The view is looking directly onto the H-2Kb-peptide surfaces as in (C) 
through the 2C TCR in the complex. The TCR molecular surface is outlined in black and the borders 
delineating CDR subregions (a1 -3, PI-3, and HV4) are indicated. The pink lines separate the molecular 
surfaces of the CDRs a1 and a2; blue, the CDRs pl and 82; and yellow, the CDR3s. (C) Molecular 
surface of the H-2Kb-OVA model used to determine the position of the H-2Kb-dEV8 in the crystals of the 
2C-H-2Kb-dEV8 complex. The peptide in the figure still retains the OVA sequence of the search model 
(66). (D) Backbone tube representation of the oriented 2C-H-2Kb-peptide complex from the molecular 
replacement solution. The pMHC is below with the octamer peptide (PI-P8) shown as a large tube in 
yellow. The 2C TCR is above with the a1 and a2 CDRs colored pink, aHV4, white; CDRs P1 and P2, 
blue; PHV4, orange; and the CDR3s, yellow. 

dividual TCR functions (62). 
The overall binding surface of 2C is rel- 

atively flat (Figs. 2B and 8B). With the 
exception of a hydrophobic pocket between 
CDR3a and CDR3P (Fig. BA), the absence 
of large protruding loops or deep clefts is 
characteristic of the undulating surfaces of 
antibodies to proteins (7). The CDR surface 
is neither exceptionally hydrophobic or po- 
lar, but rather presents an even distribution 
of residues of both chemical types. One fea- 
ture of the binding surface is the paucity of 
large side chains protruding from the tips of 
the CDRs. Many glycine and other small 
residues are at the apices of the CDRs 
(Ala2&, G1J2", Gly99a, Alalol", Alalo3", 
GIJIP, Gly53P, Gly95P, Gly97P, and 
Gly9*P) in positions that would seem likely 
to be within TCR-pMHC interface. The 
absence of protruding side chains could al- 
low the TCR to approach the pMHC surface 
more closely so that a smaller subset of side 
chains could supply the main binding energy 
for specific TCR-pMHC interactions. 

Several models have been proposed to 
describe the relative orientation of a TCR 
with respect to a pMHC (4, 12-14). The 
CDR3s of the a and P chains are proposed 
to interact predominantly with the bound 
peptide, whereas the locations of the less 
diverse CDRs 1 and 2 are thought to lie over 
the a helices of the MHC (4, 12, 13) or 
partially interact with both helices and pep- 
tide (14). The approximate overall dimen- 
sion (63) of the 2C binding surface is 36 A 
by 20 A (Fig. BB), as compared to the H-2Kb 
binding surface of 32 A by 22 A. The tips of 
CDR3a (101a) and CDR3P (97P) are 7.3 
A apart (Fig. 8A). A hydrophobic pocket 
between the two CDR3s (-10 A deep) 
appears ideally situated to accommodate one 
large side chain (64) that would presumably 
come from the peptide component of the 
pMHC complex (Fig. 8A). The gxposed 
peptide surface in H-2Kb is -12 A wide; 
that could allow both CDR3a and CDR3P 
to fit between the MHC a helices and 
hence interact with the peptide side chain? 
The a helices of the pMHC are about 18 A 
apart from each other, nearly the same as 
the separation between CDRs 1 and 2 of the 
a chain and CDRs 1 and 2 of the P chain. 

Orientation of the TCR-pMHC Com- 
plex. Crystals that diffract to beyond 3 A 
have been grown of the 2C TCR in com- 
plex with the class I MHC molecule H-2Kb 
bound to the self-peptide dEV8 (26, 65). A 
complete x-ray data set has been collected 
to 3.4 %r, and the positions of the TCR and 
pMHC molecules have been determined by 
molecular replacement (65) with the use of 
the refined crystal structures of the 2C TCR 
reported here and the 2.5 %r H-2Kb-OVA 
class I MHC crystal structure reported pre- 
viously (66). 
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In the 2C H-2K"-dEV8 complex (Flg. 9),  
the TCR combin~ng site interacts with the a 
helices froln a, and a, and the exposed resi- 
dues of the bound peptlde of the pMHC. A 
footprint of the TCR interaction surface on 
the pMHC molecule (Fig. 9, '4 to C )  indi- 
cates that the long dimensions of the TCR 
and pMHC binding surfaces are not quite 
parallel to each other, but tilted about 20" to 
30" toward the diagonal. The  footprint (Fig. 
9B) reveals that V a  CDRs a 1  and a 2  form a 
patch coverlng the peptide NH2-terminal res- 
idues and parts of both pMHC a, and a, 
helices. The C D R a l  lies over both the NH2- 
terminal regloll of the pMHC a ,  helix and 
the three NH,-termmal residues of the pep- 
tide, whereas CDRa2 lies mostly over the 
COOH-terminal end of the pMHC a, helix. 
Conversely, VP CDRP2 rnosrly covers the 
COOH-terminal end of the pMHC a, helix 
with some slight coverage of the COOH- 
terminal end of the peptide. CDRPl is mostly 
over the NH2-terminal end of the a2 helix, 
but also appears to have some lnteractlon 
with the COOH-termlnal residues of the pep- 
tide. The V a  and VP HV4s, even though 
they lie over the pMHC in the footprint (Fig. 
9B), do not appear close enough to the 
pMHC surface (Fig. 9D) to take part in sig- 
ndicant interatonlic contacts. The  V a  and 
V p  CDR3s appear to play the prominent role 
in peptide ~ntefaction and straddle the central 
region of the octarneric (PI  to P8) peptide 
within the pMHC a, and a2 helices, w ~ t h  the 
P4 position of the peptide lying between the 
two CDR3s. The  footprint of CDRP3 extends 
from the P4 pos~tion of the  peptide all the way 
to P7. Refinement of the structure should 
yleld further, detalled inforrnatlon (67). 

T h e  orientation of 2 C  to H-2K"-dEV8 
resembles the   nod el (14) for a TCR-MHC 
class I1 co~nplex (D10-IAK), Ln which the 
CDRs a 1  and a 2  lie over the NH,-terminal 
region of the  peptide, C D R 3 a  Interacts with 
the central P5 positlon of the peptide, and 
CDR3P has interactions extending from P5 
to P8. These restrictions would place the 
CDRs P1 and P2 over the P and a l  helices, 
respectively. T h e  ~ c - H - ~ K I ' - ~ E v ~  orienta- 
tion differs from the tnodel (4 ,  12),  in which 
the  T C R  is rotated about 90" relative to the 
pMHC surface. In  that model, the CDRs 1 
and 2 of both the a and P chain interact 
predominantly wlth the a helices of the a 
and p chains of the pMHC. However, both 
models (4 ,  12-14) were deri~red for class I1 
TCR-MHC systems, and the absence of sim- 
ilar structure-function data for class I M H C  
interactions with T C R  has precluded pro- 
posals for a more detailed model until 
now. I n  our T C R - p M H C  orientation, the  
T C R  and o M H C  surfaces have substantial 

and 2 contact  both peptide and the  a -he -  
lical segments of the  M H C  molecule. 
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