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The three-dimensional structure of a T-cell antigen
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The crystal structure of a mouse T-cell antigen receptor
(TCR) Fv fragment complexed to the Fab fragment of
a specific anti-clonotypic antibody has been determined
to 2.6 A resolution. The polypeptide backbone of the
TCR Vo domain is very similar to those of other
crystallographically determined Vas, whereas the \B
structure is so far unique among TCR \ domains in
that it displays a switch of the ¢ strand from the inner
to the outer B-sheet. TheP chain variable region of
this TCR antigen-binding site is characterized by a
rather elongated third complementarity-determining
region (CDR3B) that packs tightly against the CDR3
loop of the a chain, without leaving any intervening
hydrophobic pocket. Thus, the conformation of the
CDR loops with the highest potential diversity distin-
guishes the structure of this TCR antigen-binding
site from those for which crystallographic data are
available. On the basis of all these results, we infer
that a significant conformational change of the CDR8
loop found in our TCR is required for binding to its
cognate peptide—MHC ligand.

Keywords antigen-binding site/complementarity-
determining region/crystal structure/T-cell receptor/Fv
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Introduction

that peptide loops homologous to Ig complementarity-
determining regions (CDRs) protrude at the membrane-
distal ends of both TCR & and \3 domains where they
collectively form the antigen-binding site. As previously
observed for Ig V domains, the first and second CDR
equivalents are encoded within V gene segments, whereas
the third CDR equivalent is formed during somatic DNA
recombination events involving the juxtaposition ofiV
and & gene segments in TCR chain genes, and of [}/

DB and B gene segments in TCR chain genes. During
V(D)J recombination, the coding ends of the TCR gene
segments are subjected to various degrees of base deletion,
addition or both. Due to this extensive junctional diversity,
the Vo and V3 CDR3s are responsible for most of the
diversity observed inaf3 TCRs (Davis and Bjorkman
1988; Joreegt al, 1990). Then3 TCRs recognize peptides
that are bound to either class | or class Il products of the
major histocompatibility complex (MHC). X-ray structures

of MHC class | molecules complexed with different
peptides have shown that the latter are buried in the
groove formed between thel anda2 helices, leaving
only a few of their side chains available for direct TCR
contact (Fremonet al, 1992, 1995; Zhangt al, 1992;
Maddenet al,, 1993; Younget al, 1994). These data have
led to the view that TCR ®WV[( regions most likely
recognize a composite surface made of residues belonging
to a given antigenic peptide and to both MHQ anda2
helices (Suret al, 1995).

Here we report the 2.6 A resolution structure of a TCR
single chain Fv fragment (scFv) derived from the KB5-
C20 mouse cytotoxic T cell clone complexed to a Fab
fragment of the specific monoclonal anti-clonotypic anti-
body Desire-1 (Albert et al., 1982; Huaet al, 1985; Hue
et al, 1990; Gfgoire et al, 1991, 1996). While this
manuscript was in preparation, two reports on TCR crystal
structures have appeared. The first one describes the
structure of a complete3 TCR ectodomain derived from
the 2C mouse alloreactive cytotoxic T-cell clone (Garcia
et al, 1996a). Interestingly, the antigen-binding sites of
the KB5-C20 and 2C TCRs use distinctoa¥V[3 gene
segment combinations and exhibit TQRchain CDR3

The specific recognition of antigen by T cells and its region lengths which lie at opposite tails of the TGR
ensuing transduction into intracellular signals are accomp- CDR3 size distribution (Candies et al, 1991; Pannetier
lished by a multi-subunit complex denoted as the T-cell etal, 1993). Despite these marked differences, both TCRs

receptor (TCR)-CD3 complex. The TC®R and TCR[3

recognize the same MHC class | molecule (H2Rihen

polypeptides, which confer antigen-binding capacity to complexed to different peptides. Comparison of their
these membrane-bound complexes, consist of an amino-combining sites thus provides a unique opportunity to

terminal variable (V) region and a carboxy-terminal

examine the range of TCR conformational variability

constant (C) region. The determination of the three- allowed for the recognition of a given class | MHC

dimensional structure of an isolated T@Rhain (Bentley
et al, 1995) and of a homodimer ofd&/domains (Fields
et al, 1995) indicated that both & and \p regions are

molecule. The second report corresponds to the structure
of a complex containing a human3 TCR bound to an
HLA-A2 molecule loaded with a nonapeptide derived

structurally related to the V domains of the heavy (H) and from the HTLV-1 virus (A6 TCR-Tax—HLA-A2 complex,

light (L) chains of immunoglobulins (lgs), and showed

© Oxford University Press

Garboetzial,, 1996). Using the atomic coordinates of
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Table I. Data collection statistics

Resolution No. of No. of ym Completeness Redundancy <l/o(l)>
A) measurements reflections (last shell) (%) (last shell) (last shell) (last shell)
[F>30(F)]
Form 1 29 147 342 29 732 0.091 86.7 5.0 7.2
(27 746) (0.400) (67.4) 3.1) (1.8)
Form 2 2.6 75774 24 517 0.086 86.7 3.1 -
(18 474) (0.300) (75.6) (2.5)

Table Il. Molecular replacement and refinement statistics

Molecular replacement statistics

Resolution range (A)

R-factor (%)

Correlation coefficient (%)

One G—Cy1 15.0-3.5 58.6 13.9
One V| -Vy 15.0-3.5 59.0 1.1
Two C—Cyy 15.0-3.5 53.4 35.8
TwoV| -V 15.0-3.5 54.1 329
Two Fabs 15.0-3.5 51.3 40.7
Two Fabs+ two Va-Vf 15.0-3.5 48.8 48.3
10.0-2.9 48.7 48.1
Refinement statistics
Resolution No. of No. of R-factor Riree Stereochemistry
A reflections atoms (SD from ideality)
Form 1 F >30(F) 26 296 24.9 31.6 bonds 0.014 A
8.0-2.9 10 280 angles 0.039 A
all 28 266 27.0 33.9
Form 2 F >30(F) 18 105 21.0 304 bonds 0.013 A
10.0-2.6 5438 angles  0.034 A
all 20 232 221 315

Roym = 2 Zllin=<I=pl/F 2 <I>p).
R-factor = %lFobs—Fcaml/%lFobsL correlation coefficient <(Fops<Fops™>)(FeaicFcaic™)>/<Fops™> <Fcaic>-

Riree iIs anR-factor calculated on a subset of reflections (5%), not used in the refinement.
Non-crystallographic symmetry restraints have been used during refinement of crystal form 1.

this ternary complex, we have carried out rigid-body
rotations of the KB5-C20 TCR scFv and H-2Ktructures the complex. All six Fab CDRs interact with the TCR
onto the positions occupied by their respective human scFv (CDsM residues; CDR2 one residue; CDR3
counterparts, and found that a significant conformational three residues; CDR three residues; CDR?2 five
change of the KB5-C20 CDM3loop is required for residues; CDRJfive residues). The antibody-accessible
binding to its cognate peptide—MHC ligand. Moreover, surface area buried by the interaction with the TCR Fv is
this hypothetical model allowed us to define a minimum 1343 a8 calculated with X-PLOR (Bnger, 1990)
set of plausible interactions between the KB5-C20 TCR using a 1.5 A radius probe. Conversely, the areas of the
and H-2K molecule, and to compare them with the ones buried surfaces onctte® V3 domains correspond to
reported in the A6 TCR-Tax—HLA-A2 complex. 545 A2 (22 residues) and 8332426 residues), respectively.
Consistent with the anti-clonotypic nature of thésbe-1
antibody, the segments of the KB5-C20 TCR scFv that
interact with Dsire-1 encompass both&/and V3 CDRs.
As shown in Figure 1, the ¥ CDR3 interacts with Fab
residues contributed by the CORR1, and CDR3,

Figure 1 shows the backbone ribbon representation of

Results and discussion

Overall structure

The crystal structure of the complex of the KB5-C20 TCR
scFv  [V02.3(AV2S3)-&1A10/VB2(BV2S1)-0B32-132.3] whereas the § CDR2 interacts with CDR3and CDR2

and Desire-1 Fab has been determined to 2.6 A resolution residues. It should be emphasized that the only contact
(see Materials and methods and Table I). The model is between the ¥ CDR3 and the Dgrel Fab is the

well defined except for the extra eight amino acids unique perpendicular interaction of the aromatic rings gf W100
to the N-terminus of @2 polypeptides (Gahg-Segard and Y32CDRY1. The limited number of TCR CDRs

et al, 1996; Gfgoire et al, 1996) and the 24 residue involved in the interaction with theif@éd Fab fragment

linker used to connect thea/and \3 domains (Grgoire is reflected by the fact that the geometrical centre of the

et al, 1996). All these residues were omitted from the Fab-TCR interface lies nedrshrard of the TCR 3

final model. Structure solution and refinement statistics domain. This is in contrast with the structure of an Fab—

are given in Table II. anti-idiotype Fab complex (Bentley al., 1990) where
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Structure of a T-cell receptor antigen-binding site

Fig. 1. Overall stereoscopic view of the complex between the KB5-C20 TCR scFv asideDleFab fragment. The TCR scFv is at the top of the
figure. Thep strands were determined with the program PROCHECK (Laskoeisél, 1993), and are represented as arrows othelices are
depicted in green, and the CDRs as black coils.Bretrands are labelled according to Barkal. (1994). The linker connecting the C-terminus of
Va to the N-terminus of Y is not seen in the electron density map and is depicted as a dotted line. Its path appears to influence neithérfithe V
association, nor the CDR conformation. This figure was produced with MOLSCRIPT (Kraulis, 1991). Abbreviations are as follows: & TCR V
domain; b, TCR \B domain; H, Ig heavy chain; L, Ig light chain; N-ter, NHerminus; C-ter, COOH-terminus.

the two Ig Fab fragments are roughly aligned along found to remove a surface protrusion from dioengin
their longest dimension and interact mostly through their and, based on the packing found in & rystal (Fields
respective CDRs. Therefore, bacterial superantigenset al, 1995), was hypothesized to permit the initiation of
(Fieldset al, 1996), peptide—MHC complexes (Garboczi T-cell activation viaof3 TCR dimerization (Field®t al,

et al, 1996) and the Dare-1 antibody (this paper) differ 1995). In the KB5-C2@\domain, the ¢t strand is also
markedly in the way they bind to TCR V domains. switched (Figure 2A). Moreover, consistent with their

Nevertheless, these TCR ligands are all capable of effici- relative levels of primary sequence identities, the KB5-
ently activating T cells. C20 V2.3 polypeptide backbone superposes better with

A6 Va2.3 than with \&i4.2 [root mean square (r.m.s.)
The topology of Va and V3 domains differences of 0.77 and 0.92 A are obtained for the
The amino acid sequence of thex®.3 segment used by positions of 98 pairs and 86 pairs of structurally equivalent
the KB5-C20 TCR is 26% identical to that of then¥.2 a carbons, respectively; Figure 2A].
segment used by the 1934.4 TCR (Fiektsal, 1995). The amino acid sequence of thB2ksegment used by

Despite their identical names, note that theed/3 segment  the KB5-C20 TCR is 27% identical to that of the3¥.2

used by the KB5-C20 TCR does not constitute the mouse domain used by both the 14.3.d and 2C TCRs (Bentley
homologue of the ¥2.3 segment found in the human et al, 1995; Garciaet al., 1996a), and 28% identical to

A6 TCR (Clark et al, 1995; Garbocziet al, 1996). the human f12.3 segment used by the A6 TCR (Garboczi
Accordingly, these two YW segments share only 48% et al, 1996). When the KB5-C20 [ domain is super-
identity at the protein level. Based on the analysis of the imposed onto its 14.3.d and A6 counterparts, r.m.s. differ-
three-dimensional structures of the 1934442 and 2C ences of 0.98 and 1.04 A are obtained for 78 and 80
Va3 segments, TCR & domains have been shown to be pairs of equivatertarbons, respectively. The major
unigue among lg-related V domains in that their fifth differences are restricted to the CDRS3 region dhstiand.
B-strand (also known as”cBork et al, 1994) forms As shown in Figure 2B, the four residue lofigsttand
hydrogen bonds with the d strand of the oufesheet found in the KB5-C20 B domain is hydrogen-bonded to
(Fieldset al, 1995; Garciaet al, 1996a). Such a switch the d strand of the otasheet. This folding topology is

of the ¢ strand from the inner to the out@rsheet was  different from those of the §8.2 and \312.3 domains
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CDR3 CDR3

Fig. 2. Stereoscopic view of tha-carbon backbone of TCR&/and 3 domains. V domains were optimally superimposed with the program
ALIGN (Satow et al, 1986). Thef strands are represented as thick lines and labelled according toeBatk(1994). @) Diagram of the KB5-C20
Va2.3 domain (black) superposed onto the AG2/3 (dark grey) and 1934.4a4.2 (light grey) domains. Note that the CDR loops found in the
KB5-C20 Vu2.3, 1934.4 \44.2 and A6 \W2.3 domains display closely related conformatiom®. Diagram of the KB5-C20 2 domain (black)
superposed onto the A6P12.3 (dark grey) and 14.3.dP8.2 (light grey) domains. The’strand of the KB5-C20 B domain is switched and
hydrogen bonded to strand d, as previously observed in the B3/ 2C W3, 1934.4 \4.2 and KB5-C20 \42.3 domains. In the KB5-C20 82
domain, both thecand d strands are three residues longer than those found in the 1482 domain (see Table 1lI). The 14.3.d CDRB three
residues shorter than the KB5-C20 COR2nd adopts a different conformation, presumably due to the lackoopaftner in the 14.3.d f/
structure. The A6 CDRBIis two residues shorter than the KB5-C20 CIBRahd its tip folds away from CDRS8 opening a cavity at the
CDR30—-CDR33 interface that accommodates the side chains of the central residues of the HTLV-1 peptide (Gatrbbczb96).
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Structure of a T-cell receptor antigen-binding site

Fig. 3. Stereoscopic view of the KB5-C20a+-V[3 interface. The W and V3 domains are on the left and right sides, respectively. Only side chains
of residues involved in interdomain interactions are shown. Residues are colour-coded according to their chemical nature. Acidic residues are red,
basic residues dark blue, polar residues light blue, hydrophobic residues yellow and aromatic residues purple.

(Table lll, Bentleyet al, 1995; Garbocziet al., 1996;
Garciaet al, 1996a), and reminiscent of the ones observed
for the strand-switched & domains found in the 1934.4,
2C, A6 and KB5-C20 TCRs (Fieldst al,, 1995; Garboczi

et al, 1996; Garcieet al, 1996a; this paper). Therefore,
the switch of strand’cfrom the inner to the oute-sheet
does not constitute an exclusive attribute of TCR V
domains. Inspection of the crystal structure of the KB5-
C20 TCR scFv (this paper), and of available full-length
TCR B chain structures (Bentlegt al, 1995; Garboczi
et al, 1996), further indicates that the switch of the c
strand observed in the KB5-C203¢ domain results
neither from artefactual contacts with the @1 Fab
fragment, nor from the absence of the TCR Gomain

[in the structures solved by Bentlegt al. (1995) and
Garbocziet al. (1996), the @G domain does not contact
this part of the \B domain].

The Vo-Vp interface
In the KB5-C20 TCR scFv, the & and V3 domains are

Table Ill. List of the B-sheet hydrogen bonds found between thelc
and ¢—¢’ strands in the KB5-C20 & domain and in the KB5-C20,
14.3.d and A6 8 domains

KB5-C20 V2.3 KB5-C20 \B2 14.3.d \B8.2 and
A6 hVB12.3
¢ d ¢ d ¢ ¢
540 N66 540 N69
56N 064 56N 067 480 N56
560 N64 560 N67 48N 056
58N 062 58N 065 460 N58
580 N62 580 N65
60N 063
600 N63

As discussed below, in the absence of peptide—MHC
ligand, the KB5-C20 & and V3 CDR3s protrude from
the plane formed by the remaining CDRs and show a
rather extensive contact surface area. A major feature of
this CDRB-CDR3 interface is the presence of an

related by a 175° rotation axis. The accessible surfaceionic interaction between R@3and E10p (Figure 3).

areas buried at the &V interface are 1029 Afor Va
and 1067 & for V. Thus, a total surface area of 2098 A

is buried at the KB5-C20 interface, as opposed to values

of 1160 and 1575 Ain the cases of the 2C and A6ov
VB interfaces, respectively (Garboc al,, 1996; Garcia

Additional stabilization of this composite protrusion comes
from several van der Waals contacts and two hydrogen
bond(F85W10®BO and G6AN-S10POY). Com-
posed of 13 residues, the KB5-C20 CORBop contrasts
with the shorter CDB3oops found in the 2C and A6

et al, 1996a). Such scattered values are mostly accountedV 3 domains (Figure 4), and interacts with CDiRthrough

for by the differential contribution of residues belonging
to CDRs (mainly CDR3s), which is higher in the KB5-
C20 and A6 TCRs than in the 2C TCR. Many of the
contacts between the KB5-C20avand V3 domains are
conserved in the 2C and A6 TCRs, as well as in Ig V
domains (Chothiaet al., 1985; Garbocziet al, 1996;
Garciaet al,, 1996a). Figure 3 shows theoV[3 contacts
found in the KB5—-C20 TCR scFWrhey include a pair of
side chain—side chain hydrogen bonds betweenoQ8¥l
Q37B, a symmetric pair of side chain—main chain hydrogen
bonds involving Y385-L1063 and L104-Y353, and a
hydrophobic core formed by Y85 P43, F8%, F106x,
Y3503, L43B, L1063 and F108. Other interdomain con-
tacts occur between residues |t0&nd W43, as well as
between the main chain oxygen of Ft0&nd Q43.

a hydrogen bond betweem &80G108. On the other
hand, the KB5-C20 CDRS loop interacts with CDRR

through a hydrogen bond between the main chain oxygen
of R101a and the side chain of T8 Comparison of our

data with those reported by Greila (1996a) and
Garbocziet al. (1996) indicates that the KB5-C20, 2C
and A6 TCRs adopt very similar interdom@isheet
packings, and suggests that neither the binding of the
Desire-1 Fab nor the absence of TCR C domains have
significantly modified the native association of the V
domains present in the KB5-C20 TCR scFv. Considering
that some of the V segments used by these three TCRs

share30% amino acid sequence identity, our data further

suggest that the identical mode of packing observed in
these three TCRs is likely to constitute a general model
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CDR1 o CDR2 o <« CDR3 o »
Clone Va | N | Jo CDR3 length
24 32 48 56 88 109
KB5-C20 YEDSTFNYF SIRSVSDKEK YFCAA R YOQGGRALIFGTG 8
(Vo2.3-JaA10)
2C YSYSATPYL KYYSGDPVVQ YFCAVS GFASALTFGSG 7
(Vo3-Jas8)
1934.4 YSASGYPAL RASRDKERKG YYCAL S E NYGNEKITFGAG 9
(Vod.2-Jod0)
A6 YSDRGSQSF SIYSNGD-K YLCAV TTDSWGKLQFGAG 8
(hVo2.3-Jo24)
CDR1p CDR2 < CDR3B >
Clone vB | N/DB/N [ B
25 32 48 56 90 111
KB5-C20 LEKNSQYPWM TLRSPGDKE LYCTCSA APDWGA SAETLYFGSG 13
(VB2-DB2-JP2.3)
2C TNNHN-NM YSYGAGSTE YFCASG GGG TLYFGAG 6

(VB8.2-Dp2-JB2.4)
14.3.d Q TNNHN-NM YSYGAGSTE YFCASG GGRGS YAEQFFGPG 10
(VB8.2-JB2.1)
A6

(hVB12.3-DB2-JB2.7)

QDMNHE-YM YSVGAGITD YFCAS RPGLAGGRP EQYFGPG 11

Fig. 4. Comparison of primary sequences of the KB5-C2® &d V3 complementarity-determining regions (CDR1, 2 and 3) with those found in

Va and 3 domains of known three-dimensional structure. Note that the CDR3s found in the KB5-C20 and 2@ df@is differ both in their

length and glycine residue content. The KB5-C20 CPBRB8ntains proline, tryptophan and aspartic acid residues which are contributed by N or D
nucleotides and appear to be selected for in the JDR8boured by CD8 cells (Candms et al, 1991). The CDR boundaries are as defined in
Chothiaet al. (1988). Pannetieet al. (1993) have organized mouse\6egments into six groups sharing amino acid sequence homologies within

their CDR1 regions. The B2 segment used by the KB5-C20 TCR is characteristic of a group having CDR1s composed of nine amino acids (instead
of eight amino acids as in most othef3§), and containing GIn at position 29. Residues are numbered according to&aba1991). In the case

of the KB5-C20 \3 domain, the primary sequence alignment deduced from the three-dimensional structures differs slightly from the one based on
the comparison of primary sequences (Kaskaal, 1991), and it is Cys92 (and not Cys9B) that forms the highly conserved disulfide bridge with
Cys23. Gaps are represented as dashes. Sequences are shown in the single-letter amino acid code and referenced in the text.

for the association of TCR & and 3 domains. A similar Vo VB
conclusion has been drawn by Garboeti al. (1996)

when comparing the 2C and A6 TCRs.

TCR CDR loop conformations

In the case of Igs, five of the six CDRs that form the
antibody-binding sites are known to adopt a small reper-
toire of main chain conformations stabilized by interactions
between a few conserved residues belonging to the CDRs
themselves and to th@g-sheet framework buried beneath
them (Chothieet al, 1989). We have aligned the primary
sequences of the KB5-C20, 2C, A6, 1934.4 and 14.3.d
TCR V domains to determine the extent to which their
CDR primary structures are similar (Figure 4). As pre-
viously Observed for the &3 and W4.2 CDR1s, the Fig. 5. Depiction of thea-carbon backbone of the KB5-C200vand
conformation of the KB5-C20 CDRlLand CDR3 loops V[ domains. The following colour codes have been usenfivlight
appears to be stabilized predominantly by hydrophobic brown, \B in light blue, CDR1s in green, CDR2s in red, CDR3s in
interactions involving residues F&%nd P30/B, respect- blue and HV4s in violet. In this orientation, the antigen-binding site is
ively [these two residues are structurally equivalent to VieWed from above, asin Figure 78 in Garaal. (1996a).

P30 of Va3 (Garciaet al, 1996a) and %4.2 (Fields

et al, 1995)]. This mode of stabilization contrasts with ¢4and four other hydrophobic residues (63264a,

the intraloop hydrogen bonding observed in the case of F66a and L73x). Lys68 is conserved in the KB5-C20,
the VB8.2 CDR1 (Bentleyet al, 1995). The KB5-C20 1934.4 and A60, where it forms hydrogen bonds with
CDR13 and CDRB are stabilized through additional neighbouring CDRa& residues. Finally, the KB5-C20
interactions with residue R@9of the d—e loop [a loop CDRs8forms two main chain—main chain hydrogen bonds
also known as the fourth hypervariable region (HV4); with CDR1a and is stabilized by an intraloop hydrogen
Joreset al,, 1990)]. As shown in Figure 2B, in the absence bond involvingdR&3d the main chain oxygen of G&7

of peptide—MHC ligand, the tip of CDRB3is stabilized

by a hydrogen bond between the main chain NH group Structural comparison of Va2 subfamily members

of W100 and the side chain of S103. The CDhRaf The V02.3 used by the KB5-C20 TCR belongs to a
KB5-C20 is very similar to the corresponding region of subfamily of yene segments composed of 10 members
A6 except for the insertion of residue V52, a protruding which display>80% identity in their amino acid sequences
residue that may be implicated in peptide—-MHC recogni- (®pl¥egard et al, 1996). Comparison of their
tion (Figure 2A). As shown in Figure 2A, the KB5-C20 sequences shows the presence of conservative and non-
and 1934.4 CDR&s are more dissimilar. The predominant conservative replacements within the CDRs (CDR1, posi-
interaction in the KB5-C20 CDR2 takes place between tions 26, 28, 30; CDR2, positions 48, 50, 51, 54), as well
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Structure of a T-cell receptor antigen-binding site

KB5-C20 TCR H-2Kb MHC KB5-C20 TCR H-2Kb MHC

Fig. 6. Stereo pairs depicting plausible contacts between the KB5-C20 TCR CDR loops (dark grey), a bound octapeptide (medium grey) and the
H-2KP a1 anda2 helices (light grey). In this orientation, the TCR—peptide—-MHC complex is viewed from the side, so that theot2-BKlix is in

the foreground and thel helix is behind the peptide. The interactions between the KB5-C20 TCR and its cognate peptide—MHC complex were
modelled by rotating these molecules onto the positions occupied by their human counterparts found in the A6 TCR-Tax—HLA-A2 complex
(Garbocziet al,, 1996). These plausible interactions are depicted as dashed lines connecting the correspondingifzairsasfs. The interactions

also present in the A6 TCR-Tax—HLA-A2 complex are shown as bold dashed lines, whereas those specific to the KB5-C20 TCR—peptide—H-2K
complex are depicted as thin dashed lines. The configuration adopted by the peptide—MHC-unligand@dsCibieR@n as a dashed loop. Note that
the interaction of residue Q@5with the second carbonyl group of the bound octapeptide is topologically equivalent to the one observed between
residue Q36 of the A6 TCR and the second carbony! function of the Tax nonapeptide. The superpositioradbthelomains of H-2R (PDB
accession No. 1VAC) and HLA-A2 gives r.m.s. deviation of 0.66 A. Abbreviations: a, TGRh&in; b, TCR \B chain; p2, position 2 of the
octapeptide bound in the groove of the H2iolecule.

as in the framework (positions 7, 16, 18, 19, 21, 36, 40, loops. As shown in Figure 5, the elongated KB5-C20
42, 64, 72, 73, 78). Based on the three-dimensional CDR33 loop packs tightly against the CDBR3oop without
structure of the 2.3 segment reported here, most of the leaving an intervening hydrophobic pocket as found in
residues varying within the mouseo¥ subfamily could  both the A6 and 2C TCR binding sites (Garboetial,

be assigned to lateral, solvent-exposed regions, and thel996; Garciaet al, 1996a). Moreover, in the absence of

few which are buried (positions 18, 36, 42, 64, 73), or peptide-MHC ligand, the KB5-C20 CDR3and CDR®
located at the -V interface (position 48), should not Protrude from a plane formed by the remaining CDRs,

modify the overall three-dimensional structure. Thus, the thereby occupying a central position in the binding site.

within a given \&x subfamily. C20 TCR combining site is the presence of a tryptophan
residue (W10p) at the tip of CDRB (Figure 7B). A few
other large side chains are also present at the apex of the
KB5-C20 CDRs (R50, R6%, Q95n, Y30B, R5®).
Solvent-exposed aromatic residues frequently have been
observed in the CDRs of antibody-binding sites (reviewed
in Padlan, 1994; Davis and Cohen, 1996), as well as in
the binding site of the growth hormone receptor, where

The TCR antigen-binding site

As shown in Figure 5, the six CDRs cluster together at
the membrane-distal tip of the KB5-C20 TCR scFv, the
a and3 HV4 loops lying at opposite ends of the binding
site. Visual inspection of the recently published structure

of the 2C TCR combining site (Garcet al, 1996a) and they occupy the centre of the contact interface and

rigid-body rotation of the KB5-C20 TCR scFv onto the  contrinute to virtually all the binding energy (Wells, 1996).
A6 TCR structure reported by Garbocet al. (1996) When considered together, the above features significantly
indicate that the relative positions of the CDRs, with the yitferentiate the peptide—-MHC-unliganded KB5-C20 TCR
exception of CDRB, are rather conserved in these three pjnding site from those of the unliganded 2C and liganded
TCR antigen-binding sites (compare Figures 2 and 5 with A6 TCRs, both of which present relatively flat surfaces
Figure 7B in Garcizet al, 1996a). However, as expected (Garbocziet al, 1996; Garciaet al, 1996a). Moreover,
from the fact that their respective CDR3equences lie  the comparison of the three-dimensional models of KB5-
at three scattered points of the size distribution observedC20, A6 and 2C TCRs and the isolated\1934.4 and
for TCR 3 chain CDR3s (Candaset al, 1991; Pannetier V(3 14.3.d domains mostly confirms the prediction that
et al, 1993), the major differences between the structures the CDR1 and CDR2 loops are less structurally diverse
of these TCR binding sites are confined to the CBR3 than the CDR3 loops (Figures 2 and 5).
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How does the KB5-C20 TCR see its ligand?

The approximate orientation of the 2C TCR docked to a
peptide—H-2KR complex has been determined using a set
of X-ray data collected at 3.4 A resolution (Gareiaal.,
1996a). A higher resolution picture of a TCR—peptide—
MHC complex has been reported more recently by
Garbocziet al. (1996). In the latter complex, the TCR is
orientated diagonally across the peptide-binding site of
HLA-A2, with the TCR Wu straddling the left end of the
peptide-binding groove, so that CD&tovers the amino-
terminal part of the MHCal helix and CDR& covers
the carboxy-terminal part of the MH@2 helix. In that
orientation, the CDR& and CDRJ loops contact the
central region of the bound peptide and additionally
interact with the MHQx1 anda2 helices, whereas CDR1
and CDRJ each contribute a single peptide-binding
residue. Interestingly, the positioning of thex M\CDR1
and CDR2 over a zone of the peptide-binding groove,
which distinguishes MHC class | and class Il molecules
(Brown et al, 1993), provides a structural framework for
recent functional data indicating that polymorphism in the
CDR1 and CDR2 loops of & segments plays a salient
role in distinguishing class | and class Il MHC molecules
(Simet al, 1996). In contrast to theoretical models (Davis
and Bjorkman, 1988; Claveriet al, 1989), in which all
six TCR CDRs were hypothesized to interact simul-
taneously with the peptide—-MHC complex, in the A6
TCR-Tax—HLA-A2 complex both CDHA and CDRB
loops approach the carboxy-terminal end of the M&T
helix without contacting it. Moreover, contrary to these
models, the TCR binding site solved by Garboetial.
(1996) is not divided into two split binding surfaces, made
of the CDR3s and of the remaining CDRs, and devoted
to the independent recognition of the peptide and of the
MHC, respectively. The diagonal orientation observed by
Garbocziet al. (1996) for the A6 TCR-Tax—HLA-A2
complex may indeed constitute a general binding mode
between TCR and MHC, in that it allows the flat surface
of the TCR to interact maximally with the peptide, by
fitting down between the two highest points on the
MHC peptide-binding groove (see also Setnal., 1995).

Structure of a T-cell receptor antigen-binding site

reported by Garboczet al. (1996) have allowed us to
build a model from which plausible interactions between
the KB5-C20 TCR and its cognate peptide—-MHC ligand
have been deduced. In the resulting hypothetical model
shown in Figure 6, D2 HV43 make no direct
contact with the MHC molecule, whereas the CIBR1
establishes only one interaction with PHQRPB—
Q149KP). As a consequence, the surface of the H-2K
peptide-binding groove is only partially engaged by the
KB5-C20 TCR. Without resorting to translations along
the peptide-binding site or rotations from the orientation
observed by Garbocat al. (1996), the inspection of the
modelled complex using computer graphics revealed the
existence of several plausible interactions involving three
salt bridges (D26—-R62K°, R5(—E154K and K6&i—
E166KY), three hydrogen bonds (TA8W167KP, N30o—
T163K, Q9%u—main chain oxygen of peptide position
P2) and one unambiguous van der Waals contact w52
GIB2KRwo of these interactions are conserved in the
A6 TCR-Tax—HLA-A2 complex, whereas the remaining
ones would be specific to the KB5-C20 TCR—peptide—H-
2KP complex (Figure 6).
The model shown in Figure 6 further indicates that the
configuration of the KB5-C20 CDRBloop found in the
peptide—-MHC unliganded TCR scFv structure is incom-
patible with ternary complex formation. To avoid colliding
with the cognate peptide—MHC complex, a conformational
change of the tip of the KB5-C20 CDR300p is required.
By analogy with the configuration adopted by the CBR3
loop found in the A6 TCR-Tax—HLA-A2 complex
(Garbocziet al, 1996; see also Figure 2B), we suggest
that, when complexed to its cognate peptide—MHC ligand,
the tip of the KB5-C20 BMDddp adopts a different
conformation removed from CDR@3(i.e. points upwards
relative to the plane of Figure 6), so that it can interact
with the C-terminal region of the bound peptide. No
information is available yet on the primary sequence of
the KP-bound peptide(s) recognized by the KB5-C20 TCR
(Guimezaekal., 1992). Its identification should allow
us to determine crystallographically whether the KB5-C20
TCR recognizes peptide2¢omplexes with an orientation

Considering that over half of the peptide surface is covered similar to the one observed for the A6 TCR-Tax—HLA-2

by CDR33 residues (Garbocat al, 1996), it should be
noted that the short, glycine-rich, CDR3oop which
characterizes the 2C TCR binding site (Figure 4) is
likely to account for its capacity to accommodate distinct
peptide-MHC complexes (Tallquist al, 1996). Con-
versely, owing to their longer CDR3loops, the KB5-
C20 and A6 TCRs may have less flexibility in contact-

complex, implying a concurrent conformational change of
its CDR33 loop. Finally, our data also bear on the role of
the CD8 molecule during TCR recognition. It has been
demonstrated recently that CD8 enhances the half-life of
the interaction between a TCR and a peptide—-MHC
complex (Luescheet al, 1995; Garciaet al, 1996b).
In addition to this well-documented off-rate decreasing

ing the MHC-bound peptides and consequently display function, CD8 may also help some TCRs, such as the one
markedly increased peptide specificity relative to the expressed by the KB5-C20 T cell, to adopt configurations
peptide-promiscuous 2C TCR (Gavin and Bevan, 1995; that allow their proper interaction with the surface of the
Gilfillan et al,, 1995). Moreover, the long CDRS found peptide-MHC ligand. For instance, once trapped closely
in the KB5-C20 and A6 TCRs may act as a wedge and together via CD8, the TCR may undergo multiple docking
contribute to lift the \ CDR1 and CDR2 over the MHC trials on the peptide—MHC ligand. Thus, by favouring
peptide-binding groove. ‘lengthy collisions’, CD8 may increase the probability of
Rigid-body rotations of the KB5-C20 TCR (this study) producing the correct complementarity of the interacting
and H-2K (Fremontet al, 1992; Zhanget al, 1992) surfaces between some TCR CDRs and their corresponding
structures onto the A6 TCR-Tax—HLA-A2 complex peptide—MHC ligands.

Fig. 7. Stereo pairs of the electron density map of the model contoured at kineel, and generated from SIGMAA-weighted Bg-DF
coefficients (Read, 1986)A] The switched ¢tstrand and the d strand of thZ\domain are shown to illustrate their extended interactions.
(B) The CDR3 loop is very well defined in the electron density map.
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Materials and methods (Fields et al, 1995) was used to generate rotation function solutions.
These solutions subsequently were tested in translation searches, after
Protein expression and purification having fixed the Fab position in the asymmetric unit. Significant

KB5-C20 is an alloreactive mouse cytotoxic T-cell clone specific for improvement in the correlation coefficient afdfactor indicated that
H-2KP molecules complexed with a peptide of unknown primary structure this approach was correct. Previous attempts to use the individual TCR
(Albert et al,, 1982) A recombinant KB5-C20 TCR scFv was produced domains (either ¥ or V) in the rotation search systematically yielded
in myeloma cells and purified as described previously ¢Gire et al,, only one of the two possible solutions, namely the one corresponding
1996). N-terminal sequencing of the KB5-C20 TCR scFv gave a unique to the Vo domain. After applying the rigid-body refinement option of
amino acid sequence (QQQEKRDQQVRQSQSLTVW in the one-letter AMoRe, theR-factor for data between 10.0 and 3.0 A resolution was
code for amino-acids). A preparation yielding a single peak by ion- 0.48. A few cycles of rigid-body refinement were sufficient to place
exchange chromatography was obtained by treatment of the native correctly the structure of the refined model from the first crystal form
protein with neuraminidase. The neuraminidase-treated KB5-C20 TCR in the second crystal form, and the correspondifactor was 0.41 for
scFv is soluble and binds to all conformation-specific monoclonal data between 10.0 and 3.0 A.
antibodies available (Ggwire et al, 1996). The monoclonal anti-
cIorjotypic antibody Dsire-1 specific for the native KB5-C_20 T(;R Model building and refinement
(Gregoireet al, 1991; Huaet al, 1985) was cleaved by papain to yield  1hq regylting rigid-body refined TCR scFv—Fab model was inspected in
an Fab frag_ment. The resultmg Fab was purified fL_thher to homogeneity , SIGMAA-weighted (Read, 1986) electron density map using the
b){ successive runs on protein A—Sepharose an_d ion-exchange C°|umnsgraphics program O (Jones al, 1991). Most of the Fab regions were
Désire-1, a mouse |gG2a, expresses a H chain made ofyagshe very well defined in the electron density, including the elbow segment
segment of the J558 family, aDgene segment not assignable to any  hat was not part of the search model. As expected from the amino acid
known group and ayP gene segment. Its L chain is composeq o_fKa v sequence comparisons, major disagreements between the search model
gene segment strongly homologous to thegéne segment K2 (Nishioka a4 the electron density were restricted to the TGRS domains. At
and Leder, 1980) and of 32 gene segment. this point, the model was corrected in those areas where modifications
were immediately obvious. Other, more difficult parts were dealt with
Protein crystallization and data collection by temporarily setting their atomic occupancies to zero. A simulated
Two crystal forms of the neuraminidase-treated KB5-C20 TCR scFv annealing procedure using the program X-PLOR™(@gyer, 1990) was
complexed to the Fab fragment of the monoclonal anti-clonotypic then carried out. After several cycles of crystallographic refinement
antibody Deire-l (TCR scFv—Fab complex) were obtained from pre- [using either X-PLOR or refmac (CCP4, 1979)] and model rebuilding
incubated solutions containing a 1:1.5 TCR scFv:Fab ratio by using using computer graphics, a much improved model was obtained. The
the hanging drop method (Wlodawer and Hodgson, 1975). The final following regions are still missing from the model: the N-terminal eight
crystallization conditions were 15% PEG6000, 100 mM HEPES buffer, residues of W and the linker 24 residues. THefactor for data with
pH 6.9-7.5, 200 mM NaCl and 0.1% NaNK-ray diffraction data for the F >30(F) between 8 and 2.9 A was 0.249 (see Table II).
first crystal form were collected at —150°C at the European Synchrotron  Refinement of the second crystal form allowed for a significant
Radiation Facility (ESRF), beam line D14, using a CCD area detector. improvement of the model (Table I). The approximate half-unit cell
Images were corrected for spatial distortion with the program FIT2D translation in thec-axis direction observed in the first crystal form is
(Hammersleyet al,, 1994). Indexing and integration of the diffraction now an exact crystallographic operation. The curfgactor is 0.210
data were carried out using the program MOSFILM (Leslie, 1991). Data for data with aF >30(F) cut-off. The final electron density map is of
reduction and scaling were performed with SCALA and AGROVATA good quality (Figure 7). All figures were generated using this second
(CCP4, 1979). These procedures indicated that the crystals belong tocrystal form. The atomic coordinates have been deposited with the
the orthorhombic space grolg2;2;2 with a = 184.3 A,b = 80.4 A Protein Data Bank (accession code 1kb5).
andc = 104.2 A. A maximum resolution of 2.9 A was obtained under
these conditionsV,, calculations, 5.0 AD for one complex in the
asymmetric unit (Matthews, 1968), indicated the likely presence of two
TCR scFv—Fab complexes per asymmetric unit. Data collection statistics ACknOWIedgements
are shown in Table I. Subsequently, data were collected for a secondwe thank Anne-Marie Schmitt-Verhulst, Annick Guimezanes, Jean
crystal form present in the crystallization drops (space grB@g2;2 Davoust, Ginette Boulot, Lee Leserman and Pierre Golstein for discus-
with a = 187.3 A,b = 81.0 A andc = 52.1 A, with one molecule per  sions and comments on the manuscript, Anne-Marie Schmitt-Verhulst
asymmetric unit). These experiments were carried out at the D2AM for originally providing the KB5-C20 T-cell clone and Bigemonoclonal
beam line of the ESRF, at cryogenic temperatures to a resolution of antibody, P.Ghosh and D.C.Wiley for making the A6-TCR—Tax—HLA-
2.5 A. Data were processed using a modified version of XDS (Kabsch, 2A complex coordinates available to us prior to release by the Protein

1988, 1993). Data Bank, Roy Mariuzza for providing the coordinates for 19344 V
Christine Gaboriaud and Pierre Legrand for their advice in the use of
Structure solution O, FIT2D and BLAST, Andy Thompson of Beam Line D14 from the

Since related three-dimensional structures were available for both the EUropean Synchrotron Radiation Facility, Grenoble, France, Jean-Luc
TCR and the Fab components of the complex, the molecular replacementFerrer and Michel Roth from the French CRG D2AM beamline at ESRF
program AMoRe (Navaza, 1994) was used for the structure solution. and Noelle Guglietta for typing the manuscript. This work was supported
Data from the first crystal form between 15 and 3.5 A were used DY institutional grants from CNRS, CEA, INSERM and by specific
throughout. A search for amino acid sequence homologies with the grants from Ministee de I'Education Nationale et de la Recherche,
Désire-1 Fab fragment in the Protein Data Bank (Bersteiral, 1977, Association pour la Recherche sur le Cancer and Ligue nationale Contre
program BLAST, Altschulet al, 1990) indicated that the best models € Cancer.

were the corresponding domains of 1VFA (Bletal, 1994) for \{,

1MLB (Bradenet al, 1994) for \{; and 1FLR (Whitlowet al, 1995)

for both_ G and (_3,41. Because of the flexi_bility of the elbow _angle References
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