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Unusually long major histocompatibility complex (MHC) class I–restricted epitopes are important in immunity, but their

‘bulged’ conformation represents a potential obstacle to ab T cell receptor (TCR)–MHC class I docking. To elucidate how such

recognition is achieved while still preserving MHC restriction, we have determined here the structure of a TCR in complex

with HLA-B*3508 presenting a peptide 13 amino acids in length. This complex was atypical of TCR–peptide–MHC class I

interactions, being dominated at the interface by peptide-mediated interactions. The TCR assumed two distinct orientations,

swiveling on top of the centrally bulged, rigid peptide such that only limited contacts were made with MHC class I. Although the

TCR-peptide recognition resembled an antibody-antigen interaction, the TCR–MHC class I contacts defined a minimal ‘generic

footprint’ of MHC-restriction. Thus our findings simultaneously demonstrate the considerable adaptability of the TCR and the

‘shape’ of MHC restriction.

CD8+ cytotoxic T lymphocytes (CTLs) generally recognize short
peptide fragments1 approximately nine amino acids in length,
bound to major histocompatibility complex (MHC) class I molecules
(pMHC-I)2. This recognition is genetically restricted to the MHC
molecules of the host3. However, the underlying structural basis of this
MHC restriction is unknown4. Nonetheless, the nature of T cell
receptor (TCR) interactions with such pMHC-I complexes has been
elucidated by many structural and biochemical studies5,6 that have led
to some general observations regarding this engagement. The TCR
usually engages the pMHC-I in an approximately diagonal orientation,
whereas MHC class II–restricted TCRs were initially considered to
dock orthogonally7. However, considerable variations to such general-
izations have been noted8–10. Typically up to three upward-facing,
solvent-exposed residues from the antigenic peptide contribute directly
to the TCR interaction5. Accordingly, relative to the bound peptide,
the polymorphic MHC class I heavy chain dominates the interface,
thereby defining the complexities underlying MHC restriction.

The size limitation of peptides binding to MHC class I is dictated in
part by a highly conserved hydrogen-bonding network at the amino-
and carboxy-terminal ends of the antigen-binding cleft11–13. However,
the antigen-processing machinery also influences the length of MHC
class I peptides through the concerted actions of the proteasome14, the
transporter associated with antigen processing15,16 and aminopepti-
dase-trimming enzymes in the endoplasmic reticulum16–18. Despite
these restrictions, some longer peptides can bind to MHC class I

(refs. 19–26), where they generally bulge centrally from the antigen-
binding cleft or occasionally can extend beyond the conventional
carboxy-terminal anchor site27. Longer MHC class II peptides have
even been noted to form hairpin turns at one terminus28. Some of these
unusually long, bulging MHC class I peptides demonstrate substantial
mobility24 and might be easily displaced upon TCR ligation. In
contrast, other longer peptides assume a more rigid conformation
that has the potential to pose considerable steric obstacles to
TCR ligation26.

There is a growing appreciation of the role of longer peptides in
MHC class I–restricted immunity, including evidence that these
determinants can form natural targets for MHC-restricted CTLs in
virus infections25,26 and antitumor responses24,29. However, the stra-
tegy used by TCRs in recognizing bulged pMHC complexes is poorly
understood. For example, it is not known whether the interaction of
these TCRs is mainly peptide driven or whether they effectively
deform the bulged peptide to facilitate docking. Nor is it known
whether diagonal docking prevails or how MHC restriction is main-
tained in the recognition of such ligands.

In addressing these issues, the CTL response to a 13–amino acid
peptide, LPEPLPQGQLTAY (LPEP), has been studied. LPEP is derived
from positions 52–64 of the BZLF1 (ZEBRA) antigen of Epstein-Barr
virus. This 13-residue Epstein-Barr virus determinant is presented by
HLA-B*3508 (ref. 25), whereas the closely related HLA-B*3501
allotype induces CTL responses only to the overlapping 11-residue
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epitope EPLPQGQLTAY (positions 54–64). A single-residue poly-
morphism distinguishes HLA-B*3508 (Arg156) from HLA-B*3501
(Leu156) and controls differential peptide selection, even though
HLA-B*3501 can bind the LPEP epitope in vitro26. The structures of
both the HLA-B*3508–LPEP and HLA-B*3501–LPEP complexes have
shown the peptide to be centrally bulged and rigid26, indicating the
peptide presents an obstacle to TCR ligation. Nonetheless, people with
HLA-B*3508 generate a robust CTL response to LPEP that is notably
biased in variable a-region (Va region) usage and, to a lesser extent, Vb
usage26. We reasoned that the steric obstacle presented by rigid, bulged
peptides might constrain TCR–MHC class I contacts and give a clearer
picture of the essential requirements for MHC restriction, thus
providing a general mechanism for this central but unresolved hall-
mark of T cell immunity4.

Here we describe the structure of a canonical TCR from a CTL
clone, SB27, in complex with its cognate HLA-B*3508–LPEP ligand.
We demonstrate that ab TCR recognition of this unusually long
epitope involved an orthogonal docking mode of TCR-pMHC binding
that was dominated by peptide-mediated, antibody-like interactions.
The TCR adopted different docking modes on top of the prominently
bulged peptide epitope in a TCR-pMHC ‘superdimer’. Accordingly,
there was no notable deformation of the prominent LPEP peptide,
resulting in very limited MHC-mediated interactions. Hence, these
interactions define the critically important sites on the MHC class I
a1- and a2-helices that control MHC-restricted recognition by this
TCR. Notably, although these sites demonstrated limited polymorph-
ism, they represent conserved MHC class I contact points in almost all
other reported TCR–pMHC-I structures, suggesting they are ‘generic’
docking points for MHC restriction.

RESULTS

Structure determination

We expressed and purified the HLA-B*3508–LPEP complex and the
SB27 TCR as described30. We used crystals of the SB27–HLA-B*3508–
LPEP complex to collect a 2.5-Å resolution data set (Table 1). The
pseudo-orthorhombic crystals belonged to the space group P21 with
unit cell dimensions of a ¼ 79.15 Å, b ¼ 213.28 Å, c ¼ 122.30 Å and
b ¼ 89.941, consistent with the presence of four TCR-pMHC com-
plexes in the asymmetric unit. We refined the structure to Rfactor and
Rfree values of 24.8% and 28.0%, respectively (Table 1). Although the
individual TCR and pMHC components were almost identical, two
TCR-pMHC complexes had distinct conformations (called ‘complex
A’ and ‘complex B’ here). All TCR-pMHC complexes had well ordered
electron density, and the electron density at the TCR-pMHC interface
was unambiguous. The salient features of complex A are presented
below first, followed by complex B for comparison.

The TCR–HLA-B*3508–LPEP complex

With respect to the long axis of the HLA-B*3508 peptide-binding
groove, the SB27 TCR bound in an orthogonal mode (Fig. 1) distinct
from the ‘conserved diagonal footprint’ used by other MHC class I–
restricted TCRs. The SB27 TCR was positioned over the amino-
terminal end of the antigen-binding cleft, where the Va domain tilted
toward the a2-helix such that the Vb domain formed very few
interactions with the HLA-B*3508 heavy chain (Figs. 1a and 2a and
Table 2). The amino-terminal focus of pMHC recognition noted in
SB27 is in contrast with that of the LC13–HLA-B8 nonamer complex,
which interacts with the carboxy-terminal end of the pMHC com-
plex30 (Fig. 2a,b), suggesting that TCRs can potentially ‘scan’ pMHC
surfaces to obtain optimal docking, rather than being rigidly con-
strained to focus on one or the other end of the MHC cleft31,32. The

SB27–HLA-B*3508–LPEP structure also shows that the bulged peptide
does indeed act as a substantial hurdle to full engagement of the TCR
with the HLA molecule. Despite the atypical binding, the affinity for
the TCR-pMHC interaction26 was well within the normal range noted
for other TCRs (discussed below)5,32. The total buried surface
area after binding between the TCR and MHC was about 1,900 Å2,
which is also in the range for TCR–pMHC-I structures that
have already been determined5. The SB27 TCR made an unusually
small number of contacts with the HLA-B*3508 heavy chain, with
only 3 direct hydrogen bonds, 1 salt bridge and 46 van der Waals
contacts, in contrast to the 13 direct hydrogen bonds and 91 van der
Waals contacts for the LPEP peptide (complex A, Table 2). There
were subtly different TCR-MHC contacts made in complex B,
whereas the TCR-peptide contacts were much the same (Supplemen-
tary Table 1 online). Accordingly, the LPEP peptide was particularly
prominent in the buried surface area after TCR-pMHC binding
(peptide, 45%, versus MHC, 55%), in contrast to typical
TCR-pMHC structures5, in which the peptide has been noted to

Table 1 Data collection and refinement statistics for the

SB27–HLA-B*3508–LPEP complex

Data collection

Temperature (K) 100

X-ray source BioCars, APS

Space group P21

Cell dimensions (Å) 79.15, 213.28, 122.30, b ¼ 89.941

Resolution (Å) 2.5

Total observations 377,399

Unique observations 134,769

Multiplicity 2.8

Data completeness (%) 95.5 (97.6)

Data 4 2sI (%) 81.3 (53.2)

I / sI 12.98 (2.60)

Rmerge (%) 8.7 (50.1)a

Refinement statistics

Nonhydrogen atoms

Protein 27,036

Water 239

Iodide 22

Rfactor (%)b 24.8

Rfree (%)b 28.0

r.m.s.d. from ideality

Bond lengths (Å) 0.007

Bond angles (1) 0.989

Impropers (1) 1.22

Dihedrals (1) 27.9

Ramachandran plot

Most favored 91.3

Allowed regions 8.7

B factors (Å2)c

Average main chain 11.0

Average side chain 12.9

Average water molecule 18.3

r.m.s.d. bonded B factors 0.60, 2.01

Values in parentheses are for the shell of highest resolution.
aRmerge ¼ S|Ihkl – /IhklS|/SIhkl.
bRfactor ¼ Shkl8Fo| – |Fc8/Shkl |Fo| for all data except 3%, which were used for Rfree calculation.
cResidual B factors calculated by REFMAC (does not include the contribution to atomic
displacements from translation, libration and screw-rotation displacement62).
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contribute between 18% and 34% of the buried surface area
after TCR-pMHC binding. For example, in the LC13–HLA-B8–FLR
complex, the peptide contributes only 18% to the buried surface area
after TCR-pMHC binding30 (Fig. 2). Thus, the SB27 TCR is highly
unusual in its pMHC-I interactions, adopting an orthogonal mode of
binding and assuming a small MHC ‘footprint’ relative to that of other
MHC class I–restricted TCRs.

Biased TCR gene usage

The CTL response to the LPEP epitope had limited TCR gene
selection, with almost exclusive choice of TRBV5-6, TRBV6-1,
TRBV7-2, TRBV20-1, TRBV27 or TRBV28 among the Vb chains
used in three different HLA-B*3508 donors26. Notably, the choice of
Va regions and joining a-regions (Ja regions) was highly restricted,
with TRAV19 and TRAJ34 found in nearly all clones in association
with different TCR b-chains26. Moreover, despite multiple codon
usage in the nontemplated nucleotide (N) regions of the Va-Ja

junctions, a conserved, nongermline Gly-Phe motif encoded at this
site was present in nearly all CTL clones, indicating stringent selection
for these residues in creating the HLA-B*3508–LPEP specificity. The
fact that the SB27 TCR represents an archetypal clonotype of the
HLA-B*3508–LPEP-specific repertoire (encoded by the TRAV19,
TRAJ34, TRBV6-1 and TRBJ2-7 genes) allowed us to address the
structural constraints determining these TCR biases.

There was an overall skewing toward pMHC contacts with the Va
domain buried surface area (58%) versus the Vb domain (42%) at the
binding interface, providing an immediate clue to the structural basis
for the restricted Va gene usage (Figs. 1b and 2a and Table 2).
Reduced Vb usage at the TCR–pMHC-I interface has been noted
before33. Complementarity-determining region-1a (CDR1a) contrib-
uted 10% of the buried surface area and CDR2a interacted almost
exclusively with the MHC (14% buried surface area), whereas CDR3a
had considerable involvement (34% buried surface area) in interacting
with both the MHC and the peptide (Fig. 2a and Table 2). Collec-
tively, the CDR1a, CDR2a and CDR3a loops of the Va domain
provided the main contacts with HLA-B*3508, forming a ‘footprint’
onto the a2-helix-spanning residues 150–158 (Fig. 2a). The CDR1a
lay over the a2-helix of HLA-B*3508 but did not engage this region
much, whereas the CDR2a loop lay peripheral to the a2-helix,
yet made considerable contacts (Fig. 2a,c). Of note, Asn50a and
Phe52a bridged the void between the TCR and the MHC (Fig. 2c).
Phe52a ‘packed against’ Arg157, Glu154 and Ala158 of HLA-B*3508,
whereas Asn50a made a hydrogen bond and van der Waals
interaction with Glu154. Notably, neither Asn50a nor Phe52a was
present in these positions for the CDR2a of any other Va gene
family sequence, reflecting the selective use of TRAV19 in the LPEP-
specific CTL response.

The CDR3a loop ‘sat’ on the central axis of the antigen-binding
cleft, making contacts with both the a-helices of the MHC and the
peptide (Figs. 1b and 2a,c). The fact that Gly94a of the conserved Gly-
Phe motif from the Va-Ja junctional N region did not contact the
antigen indicates that its conservation reflects a structural function, as
noted before for other TCRs30,33,34. However, Phe95a and the neigh-
boring Tyr96a formed a focused contact site in which Phe95 inter-
acted with Gln155 of HLA-B*3508 (Fig. 2c). Notably, the MHC
residue Gln155 changed conformation upon TCR ligation. Before
TCR ligation, Gln155 participates in a large network of water-
mediated hydrogen bonds to the peptide30,33,34. After ligation, how-
ever, it swung around to interact with Phe95a and Leu98b while also

CDR1β
CDR3α

CDR1α
CDR3β

CDR2αR151

F52α

L98βF95α

Y96α
Q65

Q155

T29α

T69
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L163
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N97α

N50α

N30β
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Figure 2 SB27 TCR contacts at the interface. (a) ‘Footprint’ of the SB27 TCR on the HLA-B*3508–LPEP complex. There are limited MHC-mediated

contacts with the SB27 TCR on the gray surface representation of the HLA-B*3508 heavy chain. (b) ‘Footprint’ of the LC13 TCR in complex with HLA-B8–

FLRGRAYGL, showing the focus toward the carboxy-terminal end of the peptide5. (c) Closer view of the SB27 TCR contacts with the HLA-B*3508–LPEP

complex. HLA-B*3508 a-helices, light gray; peptide, orange; conformation of Gln155 as it appears in the binary complex (HLA-B*3508–LPEP)3, dark gray;

side chains from the triad of residues mediating MHC-restriction, gold. CDR loop colors are as in Figure 1b.

β-chain α-chain

α2-helix

α1-helix
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Figure 1 Overview of the SB27 TCR in complex with HLA-B*3508–LPEP.

(a) SB27–HLA-B*3508–LPEP complex. SB27 TCR a-chain, light red; SB27
TCR b-chain, blue; HLA-B*3508 heavy chain, light green; HLA-B*3508

b2-microglobulin domain, darker green; bound 13-residue epitope

(LPEPLPQGQLTAY), orange. (b) The orthogonal mode of binding, viewed

along the antigen-binding cleft. CDR loops: CDR1a, red; CDR2a, magenta;

CDR3a, dark blue; CDR1b, green; CDR2b, pink; CDR3b, cyan. Black line
indicates the centers of mass of the Va and Vb domains.
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forming a hydrogen bond to the main chain of Phe95 (Fig. 2c). This
multifunctional switching of Gln155 interactions between peptide and
TCR has been noted before30, suggesting that this residue may act as a
‘gatekeeper’, guiding MHC class I–restricted T cell recognition.

In the Vb domain, CDR1b (20% total buried surface area) interacted
prominently with the peptide; CDR3b contributed 19% to the

interface, whereas CDR2b contributed only minimally (3% buried
surface area). The Vb domain made substantial interactions with the
peptide (Fig. 2a), consistent with the biased selection of certain
Vb regions in this LPEP-specific CTL response. In comparison, the
Vb domain interacted minimally with the MHC (Table 2 and
Fig. 2a,c). The CDR3b loop made two of these interactions via

Table 2 Contacts at the TCR-pMHC interface and the genetic origin of TCR residues

SB27 TCR MHC Type of bond Contacts TCR gene segment

CDR1a Thr29 Ala158 VDW 5 Va

CDR2a Asn50 Glu154 VDW 3 Va

Asn50Nd2 Glu154Oe2 H bond 1 Va

Phe52 Glu154, Ala158, Arg157 VDW 5 Va

CDR3a Phe95 Gln155, Ala158 VDW 12 N region

Phe95O Gln155Ne2 H bond 1 N region

Tyr96 Leu163, Ala158,Tyr159, Gln155 VDW 10 Ja

Asn97 Gln65 VDW 2 Ja

Asn97Nd2 Gln65Ne2 H bond 1 Ja

CDR1b Asn30 Thr69 VDW 1 Vb

CDR2b Ser51 Gln65 VDW 1 Vb

CDR3b Leu98 Arg151, Ala150, Gln155, Glu154 VDW 7 Db-N

Glu101Oe1 Arg151NH1 Salt bridge 1 N-Jb

SB27 TCR Peptide

CDR1a Tyr31 Gln7 VDW 3 Va

Tyr31OZ Gln7Oe1 H bond 1 Va

CDR3a Ser93 Gln7 VDW 1 Va

Ser93 Gln7Oe1,Ne2 Two H bonds 2 Va

Gly94 Gln7 VDW 3 N regiona

Phe95 Pro6, Gln7 VDW 2 N region

Tyr96 Leu5, Pro4, Gln7 VDW 15 Ja

Asn97N,Od1 Leu5O Two H bonds 2 Ja

Asn97 Leu5, Pro6, Gln7 VDW 13 Ja

Asp102 Gln7 VDW 1 Ja

CDR1b Met27 Gln9 VDW 4 Vb

Asn28 Gln9 VDW 9 Vb

Asn28Od1 Gln9Ne2 H bond 1 Vb

His29Nd1 Gln9N H bond 1 Vb

His29 Gly8, Gln7, Gln9 VDW 12 Vb

Asn30N Gln7O, Gly8O Two H bonds 2 Vb

Asn30 Leu5, Gln7, Pro6, Gly8, Leu10 VDW 12 Vb

Asn30Nd2 Pro6O, Gly8O Two H bonds 2 Vb

Ser31N Gln7O H bond 1 Vb

Ser31 Gln7 VDW 5 Vb

Tyr33OZ Gln7Ne2 H bond 1 Vb

Tyr33 Gln7 VDW 3 Vb

CDR3b Pro95 Gln7, Gly8 VDW 8 Db-N

Water-mediated TCR-peptide interactions

TCR Peptide Type

CDR3b Ser94Og, Pro95O Gln7O H bond

CDR1b Ser31O Gln7O H bond

Water-mediated TCR-MHC interactions

TCR MHC Type

CDR3a Tyr96OZ, Thr29OZ Leu163N, Ala158O H bond

The SB27 TCR designation is TRBV6-1, TRBD indeterminate, TRBJ2-7, TRAV19 and TRAJ34 according to the nomenclature of the IMGT (the international ImMunoGeneTics database).
aTRAV19 has undergone remodeling of the Va exon encoding the carboxy-terminal end of Va at the V-J junction, creating the amino acid sequence CALSG instead of the germline sequence
CALSE66. Superscripted designations indicate element involved in hydrogen bonding. H bond, hydrogen bond; VDW, van der Waals.
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Glu101b and Leu98b, both encoded by the nongermline, remodeled
diversity b-region (Db)–N-J segment. Leu98b from the CDR3b loop
formed many van der Waals interactions, nestling between the long
aliphatic side chains of Gln155 and Arg151, whereas Glu101b made a
salt bridge to Arg151 on the a2-helix of HLA-B*3508. The other Vb
contacts (discussed below) involved Ser51b from the CDR2b loop and
Asn30b from the CDR1b loop. These findings provide a structural
basis for the highly constrained ab TCR repertoire restricted toward
the HLA-B*3508–LPEP complex.

MHC-restricted recognition

Given that the SB27 TCR ‘struggles’ to contact HLA-B*3508, what
does this atypical complex indicate about the structural features of
MHC class I that mediate generic mechanisms of MHC-restriction4?
The SB27 TCR interacted with only two residues on the HLA-B*3508
a1-helix, Gln65 and Thr69: Asn30b formed van der Waals contact
with Thr69, whereas Asn97a formed a hydrogen bond to Gln65,
which also made van der Waals interactions with Ser51b (Fig. 2c).
Despite their limited polymorphism, these two positions are involved
in TCR-mediated contacts in almost all the TCR–pMHC-I structures
determined so far9,30,33,35–40. Moreover, alanine-scanning mutagenesis
has also shown that these two positions (and a1-helix residue 66)
represent energetic ‘hotspots’ in two different TCR–pMHC
systems41–43. Accordingly, positions 65 and 69 seem to represent a
‘generic’ MHC class I restriction element.

Moreover, the SB27 TCR is exquisitely MHC restricted in its antigen
recognition in that the single-residue polymorphism that distinguishes
HLA-B*3501 (Leu156) from HLA-B*3508 (Arg156) resulted in a loss
of staining of the SB27 T cells with B*3501–LPEP pentamers (Fig. 3a).
This polymorphism also considerably impaired SB27 recognition of
B*3501 targets; approximately tenfold more LPEP peptide was
required for equivalent killing of HLA-B*3508 targets (Fig. 3a). Sur-
face plasmon resonance binding studies were also consistent with
restriction of the SB27 TCR to HLA-B*3508, as the HLA-B*3508–
LPEP complex bound the SB27 TCR with higher affinity

(Kd ¼ 9.9 mM) than the HLA-B*3501–LPEP complex (Kd ¼ 35.2
mM)26. These observations collectively define the ‘binding window’ for
MHC restriction and productive CTL recognition of the HLA-
B*3508–LPEP versus HLA-B*3501–LPEP complexes. Notably, how-
ever, when tested for CTL lysis of a panel of allogeneic cells without
exogenous peptide addition, the SB27 CTL clone was crossreactive
with the allogeneic class I molecule HLA-B*4402 (Fig. 3b). Although
the structural basis of T cell alloreactivity is not completely known,
recognition of allogeneic MHC class I is thought to involve interac-
tions with a mixture of residues from the MHC and endogenous
peptide and is considered to reflect a bias of thymically selected TCRs
toward recognition of pMHC. Hence, despite 21–amino acid differ-
ences between HLA-B*3508 and HLA-B*4402 (16 of which are
located in the a1- and a2-domains), the MHC class I residues forming
the ‘footprint’ of SB27 on HLA-B*3508 (Gln65, Thr69, Ala150,
Arg151, Glu154 and Gln155) were all present in HLA-B*4402,
suggesting a shared docking mode that dictates this alloreactive
recognition (Fig. 3c). The alloreactivity of SB27 is typical of other
MHC class I–restricted, antiviral CTLs that recognize peptides of
canonical length26.

The structural basis for restricted SB27 recognition of HLA-B*3508
versus HLA-B*3501 was not the result of differences in the conforma-
tion of the LPEP peptide bound to these two allotypes, as these
conformations are essentially identical26. Accordingly, the TCR dis-
crimination of HLA-B*3508 and HLA-B*3501–LPEP complexes rested
mainly with the rigid body shift (spanning residues 145–158) in the
a2-helix in the B*3508–LPEP complex. This MHC class I alteration
broadened the antigen-binding cleft of HLA-B*3508 compared with
that of HLA-B*3501 (ref. 26), thereby favoring TCR interaction
with HLA-B*3508. Notably, this region corresponded to the SB27
‘footprint’ on HLA-B*3508, where it made contacts with a2-helix
residues 150, 151, 154 and 155 (Table 2) and also shared close
similarity with the corresponding part of the a2-helix of
HLA-B*4402 (ref. 44; Fig. 3c). However, the narrower antigen-binding
cleft in this region of HLA-B*3501 would result in a sterically
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response cytotoxicity assays with the SB27 CTL clone, the LPEPLPQGQLTAY peptide, and either HLA-B*3501+ or HLA-B*3508+ phytohemagglutinin blast

target cells. Data are representative of two independent experiments with similar results. (b) Specific lysis by SB27 CTLs of target cells positive or negative

for HLA-B*4402 expression, including the HLA class I–negative mutant cell line C1R that was transfected with a plasmid containing cDNA encoding the

HLA-B*4402 molecule (C1R-B*4402). SB5, CTL clone that recognizes another Epstein-Barr virus epitope (specific for HPVGEADYFEY-HLA-B*3508;

negative control). DY, MW and BM, cell lines. Data are representative of two independent experiments with similar results. (c) SB27 TCR MHC class I

docking sites on the a1- and a2-helices of HLA-B*3508–LPEP (purple), HLA-B*3501–LPEP (orange) and an HLA-B*4402–nonamer complex (green)5.

The triad of residues that mediate MHC restriction are in purple.

1118 VOLUME 6 NUMBER 11 NOVEMBER 2005 NATURE IMMUNOLOGY

A R T I C L E S
©

20
05

 N
at

u
re

 P
u

b
lis

h
in

g
 G

ro
u

p
  

h
tt

p
:/

/w
w

w
.n

at
u

re
.c

o
m

/n
at

u
re

im
m

u
n

o
lo

g
y



unfavorable ‘clash’ between Arg151 of HLA-B*3501 and CDR3b,
which is also likely to disrupt the hydrogen bond between the TCR
Asn50a and the MHC class I Glu154. In analysis of the available TCR–
pMHC-I a2-helix interactions, position 155 represents the only MHC
position that has a conserved function in interacting with the TCR
that might potentially be preserved in the lower-affinity interaction
between HLA-B*3501–LPEP and SB27. Thus, constraints imposed by
the bulged peptide in this complex have considerably limited the
number of TCR-MHC contacts and shed light on the minimal
requirements for MHC-restriction.

TCR interaction with the bulged epitope

The mode of interaction of the SB27 TCR with the prominent bulged
epitope has not been reported before to our knowledge in ab TCR
recognition, but it is reminiscent of antibody-mediated recognition of
proteins45 and peptide antigens46 (Fig. 4a–c). The LPEP peptide
contributed twice as many contacts with the TCR interface as the
MHC (Table 2). Whereas one to three peptide residues from most
pMHC ligands interact with the TCR5, seven peptide side chains from
the HLA-B*3508–LPEP complex interacted with SB27. Nonetheless,
the free LPEP peptide did not bind the SB27 TCR directly, because
high concentrations of peptide did not inhibit TCR recognition of the
HLA-B*3508–LPEP complex on antigen-presenting cells (data not
shown). The buried surface area of the TCR-peptide was 855 Å2,
which is very similar to that of antibody-antigen interactions45,
including Fab¢-peptide complexes46. The bulged region of the epitope
was not deformed by TCR ligation, but instead became walled by
CDR3a, which interacted with the amino-terminal slope of the

peptide (Figs. 2a,c and 4c). CDR3b crossed over the tip of the bulged
epitope, whereas CDR1b ran approximately antiparallel to the bulged
region (Fig. 4c). All the residues in the CDR1b loop were prominent
in recognition of the peptide in this highly unusual arrangement.
However, among the different Vb segments used in the response to the
HLA-B*3508–LPEP, the germline-encoded CDR1b sequences varied
substantially, preventing any firm conclusions regarding the structural
basis for their biased selection. Residues 4–9 of the peptide interacted
directly with the TCR, whereas Leu at position 10 made a water-
mediated interaction (Table 2). Hence, Thr at position 11 was the only
surface-exposed residue that did not interact with the TCR (Fig. 4c).
These results are consistent with the substantial loss of CTL activity
after substitution of residues at positions 4–8 with other amino acids
that do not affect MHC binding26 (Fig. 4d). The relative insensitivity
of CTL recognition to substitutions at positions 9, 10 and 11 was cons-
istent with their minimal or lack of involvement in making TCR
contacts (Fig. 4c and Table 2). The small side chain of the Gly at
position 8 allowed the Gln at position 7 to protrude deeply into a
pocket in the SB27 TCR binding surface such that this Gln side chain
formed hydrogen bonds with CDR1a Tyr31a and Ser93a. It is not
certain that this pocket exists in the TCR not in complex, but it
represents another antibody-like feature of antigen recognition by the
SB27 TCR.

Alternative docking modes of the TCR

There was a TCR-pMHC dimer present in the crystal lattice
(complexes A and B; Fig. 5a). Superimposition of complexes A
and B showed that the SB27 TCR adopted two different docking

Peptide
changea d

c

b
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P3
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Peptide concentration (pM) for half-
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NT
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NT

NT
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NT
NT
NT
NT
NT
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NT
NT
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NT
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NT
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NT
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L→D
L→Y

L→S
L→V
L→K
L→D
L→Y

L→S
L→V
L→K
L→D
L→Y
T→S
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T→K
T→D
T→Y
A→S
A→V
A→K
A→D
A→Y

E→S
E→V
E→K
E→D
E→Y
P→S
P→V
P→K
P→D
P→Y

P→S
P→V
P→K
P→D
P→Y
Q→S
Q→V
Q→K
Q→D
Q→Y
G→S
G→V
G→K
G→D
G→Y
Q→S
Q→V
Q→K
Q→D
Q→Y

B*3508
binding

No change

Figure 4 SB27 TCR recognition of the HLA-

B*3508–LPEP complex is antibody like and

is dominated by TCR-peptide interactions.

(a,b) GRASP image of the SB27 TCR-peptide

interaction (a) compared with that of a complex

between an Fab and a peptide from human

rhinovirus viral capsid protein VP2 (b; Protein

Data Bank accession number, 1A3R)46. TCR Va
and Fab VH, red; TCR Vb and Fab VL, blue;

Epstein-Barr virus LPEP and rhinovirus VP2

peptides, yellow. (c) Closer view of the SB27 TCR

interactions with the solvent-exposed side chains

of the LPEP peptide. Peptide, orange; CDR loop

colors are as in Figure 1b. (d) Dose-response

assays of analogs of the 13-residue peptide

(LPEPLPQGQLTAY) that include single–amino

acid substitutions, assessing recognition by SB27

CTLs (chromium-release assays, left) and binding

to ‘empty’ HLA-B*3508 with the transporter

associated with antigen processing–deficient

T2-B*3508 (right). Peptides recognized well in

the cytotoxicity assays are assumed to bind well

to HLA-B*3508 and are therefore excluded from

the MHC-binding assays (NT). Data represent

peptide concentrations for half-maximal lysis or

binding calculated from dose-response curves

for each peptide and are representative of two
independent experiments with similar results.
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strategies that differed by 121. This rotation axis was parallel to the
peptide-binding groove, causing atomic shifts in excess of 7 Å,
resulting in leaning of the TCR more toward the a2-helix of the
MHC (Fig. 5b). Such differential docking resulted in a few more
contacts mediated by the a2-helix in complex B (Supplementary
Table 1 online), mainly by means of the CDR1a loop (the buried
surface area contribution increased from 10% to 15% in the two
complexes). In addition, the increased contacts included a salt bridge
between Asp53a and Arg157. However, because of the loss of other
contacts, there was no net increase in the buried surface area between
the complexes. Although the peptide-mediated contacts were mostly
conserved, there was clearly increased mobility of the noncontacting
region in the CDR3b loop. The structure of the gd TCR G8 has shown
potentially functional TCR dimerization that might provide a
mechanism for the TCR oligomerization47 that is known to be
essential for T cell signaling and activation32,48. The dimer interface
of the G8 gd TCR involves an extensive hydrogen-bonding network
between the ‘a’ strands of the Vd domains. In contrast, the dimeriza-
tion of SB27 is mediated by seven hydrogen bonds involving residues
from the constant a-region (Ca), Cb, Va and Vb domains. The TCR
oligomerization may represent a crystal artifact, however, as we did
not find TCR dimers in solution by size-exclusion chromatography.
Nevertheless, TCR-pMHC ‘superdimers’ may potentially be relevant
after coreceptor recruitment or the higher-order arrangement
of molecules in the immunological synapse in the context of the
crowded cell surface.

DISCUSSION

Noncanonical, longer peptides are important in MHC class
I–restricted immunity, yet the mechanism of TCR binding to
these peptides has remained an enigma because they expose many
more side chains than usual and their bulging from the MHC class I
cleft poses a steric challenge to MHC-restricted ab T cell recognition.
The SB27 ab TCR engaged a rigid, ‘superbulged’ epitope bound to
HLA-B*3508 by adopting an orthogonal binding mode, thus
challenging previous generalizations regarding MHC class–specific
modes of recognition7,8,32. Despite the limited MHC contacts, the
recognition of SB27 remained MHC restricted and provides insights
into the minimal requirements for MHC restriction; that is, positions

65 and 69 on the a1-helix and 155 on the a2-helix. Position 155 seems
to act as a ‘gatekeeper’ residue, switching upon TCR ligation from
stabilizing the peptide to interacting with the TCR. Given this minimal
‘restriction triad’, it seems likely that coreceptors must provide
a guiding function in TCR-pMHC recognition49, as demonstrated
by their involvement in the immunological synapse and supported
by finding that T cells can respond to a single molecule of specific
pMHC ligand50–52.

The limited MHC-mediated contacts noted in the SB27–HLA-
B*3508–LPEP complex are also consistent with published find-
ings7,41,43. That is, despite many MHC-mediated contacts in an
extensive TCR-pMHC interface, it seems that only a limited number
of MHC residues have an essential energetic function in mediating
ligation. For example, in the LC13–HLA-B8–FLR complex, positions
65, 66, 69, 72 from the a1-helix and 146, 150 and 155 from the
a2-helix have been suggested as likely energetic ‘hotspots’, whereas in
the A6–HLA-A2–Tax complex, positions 65, 66 and 69 from the
a1-helix have been suggested as crucial interaction sites. These
energetic ‘hotspots’, as noted in other receptor systems53,54, seem to
dictate the interaction between the ab TCR and pMHC-I.

Our findings document a much more extensive role for TCR-
peptide interactions than reported so far for other TCR-pMHC
complexes. The complex formed a TCR-pMHC ‘superdimer’ with
two distinct docking orientations, as if the TCR might ‘see-saw’ back
and forth on the prominent epitope, emphasizing the scanning
function of the TCR and the finely balanced nature of SB27 MHC
restriction. Notably, the minimal ‘generic footprint’ was preserved in
both docking orientations. The exaggerated function of the LPEP
epitope in mediating interactions with the SB27 TCR is reminiscent of
the ‘peptidic-self ’ model of MHC-restriction. This early theory of
T cell recognition suggested that TCRs interact mainly or exclusively
with peptide antigen and that MHC restriction is a consequence of the
orientation of peptide antigen by the polymorphic MHC molecules55.
This is not the case with the MHC-restricted recognition of the HLA-
B*3508–LPEP complex by the SB27 TCR, in which despite the
antibody-like TCR recognition of the bulged peptide, we found a
minimal structural basis for MHC restriction through TCR interaction
with relatively conserved MHC class I residues. This observation
suggests an inherent mechanism that determines TCR bias toward
the recognition of MHC class I molecules.

METHODS
Protein expression, purification and crystallization. The HLA-B*3508–LPEP

complex26 and the SB27 TCR were expressed and purified as described56,57.

Crystals of the SB27–HLA-B*3508–LPEP complex were formed at 4 1C with

the hanging-drop vapor-diffusion technique, in which an equal volume

of SB27–HLA-B*3508–LPEP (10 mg/ml) was mixed with the reservoir

(200 mM potassium iodide, 16% PEG 3350 and 100 mM cacodylate, pH 6.7).

Data collection, structure determination and refinement. Crystals were

directly transferred to cryoprotectant containing 20% glycerol and were

‘flash-frozen’ before data collection. Data were collected on an in-house

radiation source and at Advanced Photon Source and were processed and

scaled with the HKL2000 (ref. 58) suite (Table 1). Crystals were initially

assigned to the space group P21212, with a solvent content consistent with two

TCR-pMHC complexes per asymmetric unit.

The structure was determined with the molecular replacement method, as

implemented by the PHASER program59, although the structure determination

was nontrivial. The crystals were pseudo-orthorhombic and actually belonged

to the space group P21 with the unit cell dimensions a¼ 79.15 Å, b¼ 213.28 Å,

c ¼ 122.30 Å, b ¼ 89.941, consistent with the presence of four TCR-pMHC

complexes in the asymmetric unit. Using individual superposed ensembles of

pMHC-I and TCR structures, we were able to locate two TCR-pMHC class I

a b

Figure 5 The SB27 TCR–HLA-B*3508–LPEP complex forms a TCR ‘super-

dimer’ with two subtly different TCR–pMHC-I orientations. (a) The ‘super-

dimer’ of the TCRs. TCR of complex A, red; TCR of complex B, blue; MHC,

green; peptide, yellow. (b) Superimposition of the two orientations of the

TCR to demonstrate the 121 rotation of one complex relative to the other.
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complexes in the asymmetric unit. After that, we were able to further locate two

additional MHC molecules in the asymmetric unit. However, there were

substantial ‘clashes’ between the TCRs when the four TCR-pMHC class I

complexes were assumed to be identical. Unbiased features of the electron

density maps suggested that the two remaining TCRs to be located were not

identical in their docking relative to the pMHC-I. The TCRs in these two

complexes (A and B) are rotated 121 with respect to each other.

Unbiased features in the initial electron density map confirmed the correct-

ness of the molecular replacement solution. The progress of refinement was

monitored by the Rfree value (3% of the data) with neither a sigma nor a low-

resolution cutoff being applied to the data. The structure was initially refined

with rigid-body fitting of the individual domains to a resolution of 4 Å, which

led to an Rfree value of 38.9%. Maximum likelihood refinement followed, as

implemented in the REFMAC program60, interspersed with rounds of model

building with the ‘O’ program61. Tightly restrained individual B-factor refine-

ment was used, and bulk solvent corrections were applied to the data set. Tight

noncrystallographic symmetry restraints were used throughout the refinement,

unless deviations from noncrystallographic symmetry were noted, and transla-

tion, libration and screw-rotation displacement refinement62 was used to model

anisotropic displacements of defined domains. Water molecules were included

in the model if they were within hydrogen-bonding distance to chemically

reasonable groups, appeared in Fo – Fc maps contoured at 3.5 s and had a

B-factor of less than 80 Å2. With these criteria, 239 water molecules were added.

Table 1 presents the final refinement and model statistics and Supplementary

Table 1 online presents a detailed description of TCR contacts with the HLA-

B*3508 heavy chain and LPEP peptide in complex B.

Cell lines. Cells of a B lymphoblastoid line were established by exogenous

transformation of peripheral B cells with Epstein-Barr virus derived from the

supernatant of the B95.8 cell line and were maintained in growth medium

(10% FCS in RPMI 1640 medium). The mutant B lymphoblastoid cell line � T

lymphoblastoid hybrid cell line 174 � CEM.T2 (called ‘T2’ here)63 expressing

HLA-B*3508 (T2.B*3508) was also used and has been described25. The

Hmy2.C1R mutant B lymphoblastoid cell line was also used. This line was

generated by irradiation of the fast-growing lymphoma LICR.LON.Hmy2 and

selection with antibodies to HLA-A and HLA-B alleles and complement. This

resulted in a cell line with no detectable HLA-A or HLA-B gene products but

with intact antigen-processing and antigen-presentation pathways64. Thus,

these cells were able to support high expression of individually transfected

HLA-A, HLA-B or HLA-C gene products64. HLA-B*4402 was transfected into

C1R by electroporation (975 F and 200 V) with a plasmid containing cDNA

encoding the HLA-B*4402 molecule and a selectable marker (pREP7) at a ratio

10:1. Phytohemagglutinin blasts were generated as described65. CTL clones

were generated by agar cloning as described26.

Cytotoxicity assay. CTL clones were tested in duplicate in the standard 5-hour

chromium-release assay for cytotoxicity against 51Cr-labeled target cells, some

of which had been treated for 1 h with various concentrations of peptide. The

percent specific lysis was calculated, and the peptide concentration required for

half-maximum lysis was determined from dose-response curves. Peptides were

synthesized by Mimotopes. A b-scintillation counter (Topcount Microplate;

Packard Instruments) was used to measure 51Cr in assay supernatant samples.

The mean spontaneous lysis for target cells in culture medium was always less

than 20%, and variation about the mean specific lysis was less than 10%.

Cell staining and HLA class I peptide-binding assays. For assessment of

staining, the SB27 clone was incubated for 30 min at 4 1C with an

HLA-B*3508-LPEP, phycoerythrin-labeled pentamer or with an HLA-

B*3501–LPEP, phycoerythrin-labeled pentamer (ProImmune). Cells were then

washed twice and labeled for 30 min at 4 1C with Tricolor-labeled antibody to

human CD8 (Caltag). Cells were again washed and analyzed on a FACSCanto

with FACSDiva software (Becton Dickinson).

For assessment of peptide binding to HLA-B*3508, T2.B*3508 cells were

incubated at 26 1C for 14–16 h in AIM V serum-free medium (Invitrogen) with

various concentrations (0.01, 0.1, 1, 10 and 100 mM) of peptides, followed by

incubation at 37 1C for 2–3 h and staining for HLA-B35 surface expression.

HLA-B35 surface expression was measured by flow cytometry on a FACSCalibur

(Becton Dickinson) with a monoclonal antibody to HLA-Bw6 (SFR8 Bw6).

Accession codes. Protein Data Bank: structures and translation, libration and

screw-rotation displacement parameters, 2AK4.

Note: Supplementary information is available on the Nature Immunology website.
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