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Multiple sclerosis is mediated by T-cell responses to cen-
tral nervous system antigens such as myelin basic protein
(MBP). To investigate self-peptide/major histocompatibil-
ity complex (MHC) recognition and T-cell receptor (TCR)
degeneracy, we determined the crystal structure, at 2.8A
resolution, of an autoimmune TCR (3A6) bound to an MBP
self-peptide and the multiple sclerosis-associated MHC
class II molecule, human leukocyte antigen (HLA)-DR2a.
The complex reveals that 3A6 primarily recognizes the
N-terminal portion of MBP, in contrast with antimicrobial
and alloreactive TCRs, which focus on the peptide center.
Moreover, this binding mode, which may be frequent
among autoimmune TCRs, is compatible with a wide
range of orientation angles of TCR to peptide/MHC. The
interface is characterized by a scarcity of hydrogen bonds
between TCR and peptide, and TCR-induced conforma-
tional changes in MBP/HLA-DR2a, which likely explain
the low observed affinity. Degeneracy of 3A6, manifested
by recognition of superagonist peptides bearing substitu-
tions at nearly all TCR-contacting positions, results from
the few specific interactions between 3A6 and MBP, allow-
ing optimization of interface complementarity through
variations in the peptide.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS) believed to be
mediated by autoreactive T cells (Steinman, 1996; Sospedra
and Martin, 2005). T-cell responses to CNS antigens, such
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as myelin basic protein (MBP), myelin oligodendrocyte
glycoprotein and proteolipid protein, are considered a pri-
mary autoimmune event in MS, both during induction
and perpetuation of the disease. Similar to other polygenic
chronic inflammatory diseases, susceptibility to MS is
associated with certain major histocompatibility complex
(MHC) class II haplotypes, in particular human leukocyte
antigen (HLA)-DR2 (Ebers et al, 1996; Oksenberg et al,
1996). Two HLA-DR B-chains, DRB1*1501 and DR5*0101,
are coexpressed in the HLA-DR2 haplotype (Fogdell et al,
1995). Both pair with the nonpolymorphic HLA-DR a-chain
(DRA*0101), resulting in formation of two functional
heterodimers, HLA-DR2a (DRA*0101, DRB5*0101) and HLA-
DR2b (DRA*0101, DRB1*1501). These two alleles, which
exist in strong linkage disequilibrium (Fogdell et al, 1995),
are thought to act in concert in conferring susceptibility to
MS (Lang et al, 2002).

In humans, an immunodominant T-cell epitope has been
identified in the middle portion of MBP, corresponding to
residues 84-102 (Steinman, 1996; Sospedra and Martin,
2005). The encephalitogenic potential of MBP 84-102 was
shown in a clinical trial with an altered peptide ligand, in
which several patients developed exacerbations of disease
(Bielekova et al, 2000). Moreover, MBP 84-102 can be pre-
sented by both DR2a and DR2b to T-cell clones from MS
patients (Wucherpfennig et al, 1993; Vergelli et al, 1997;
Sospedra and Martin, 2005). We previously determined the
crystal structure of HLA-DR2a in complex with MBP 84-102
(Li et al, 2000), revealing that the peptide is bound in a
strikingly different conformation by DR2a compared to DR2b
(Smith et al, 1998), such that the peptide register is shifted
by three residues. This change in alignment causes the two
alleles to display completely different MBP residues for
interaction with T-cell receptors (TCRs), which explains
why T-cell lines specific for MBP 84-102 presented by DR2a
fail to recognize this peptide in the context of DR2b, and vice
versa (Wucherpfennig et al, 1993; Vergelli et al, 1997).
However, understanding the basis for T-cell recognition of
self-peptide/MHC ligands requires direct information on the
structure of complexes with autoimmune TCRs.

To this end, we have studied the human CD4* T-cell clone
3A6, which recognizes the immunodominant MBP 84-102
epitope in the context of HLA-DR2a (Vergelli et al, 1997;
Hemmer et al, 2000). This autoreactive clone was isolated
from a DR2-positive MS patient with a relapsing-remitting
disease course. Its antigen specificity has been characterized
extensively using peptide analogs and combinatorial peptide
libraries, which reveal degenerate recognition (Hemmer
et al, 1998, 2000; Wilson et al, 1999; Zhao et al, 2001).
We have recently expressed the 3A6 TCR and DR2a molecules
in transgenic mice (Quandt et al, in preparation), and
these mice develop typical symptoms of experimental auto-
immune encephalomyelitis (EAE), an animal disease sharing
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similarities with MS (Steinman, 1996; Sospedra and Martin,
2005). The resulting CNS autoimmunity attributed to specific
TCR recognition of myelin presented by human MHC class II
reproduces, in vivo, the peptide/MHC specificity of the T-cell
clone from which 3A6 was derived and demonstrates the
pathogenic potential of this autoimmune TCR.

To date, structural studies of TCR/peptide/MHC complexes
(Rudolph et al, 2002) have been largely restricted to TCRs
specific for microbial and other foreign epitopes (Garboczi
et al, 1996; Reinherz et al, 1999; Hennecke et al, 2000; Kjer-
Nielsen et al, 2003; Stewart et al, 2003), or displaying
alloreactivity (Garcia et al, 1998; Reiser et al, 2000). The
only exceptions are the mouse autoimmune TCR 172.10,
which recognizes MBP 1-11, an encephalitogenic epitope in
rodents, presented by I-A"Y (Maynard et al, 2005) and the
human TCR Ob.1A12, which recognizes MBP 85-99 in the
context of HLA-DR2b (Hahn et al, 2005). A crucial question
raised by these very recent studies is whether autoimmune
TCRs generally engage peptide/MHC in the same manner
as antimicrobial TCRs, or whether fundamental differences
in binding mode exist that may allow autoreactive T cells
to escape negative selection (Wilson and Stanfield, 2005).
To address this issue, and to gain insights into the basis
for TCR degeneracy (Kersh and Allen, 1996; Holler and
Kranz, 2004; Wucherpfennig, 2004) and molecular mimicry
(Wucherpfennig and Strominger, 1995; Hemmer et al, 1997;
Lang et al, 2002), a major model for the development of
autoimmune disease, we examined the binding of TCR 3A6
to HLA-DR2a bearing the MBP 89-101 self-peptide, and
determined the crystal structure of this autoimmune TCR
in complex with MBP/HLA-DR2a.

Results

Interaction of TCR 3A6 with MBP and a superagonist
peptide

We used surface plasmon resonance (SPR) to demonstrate
specific binding of TCR 3A6 (Va22/VP5.1) to HLA-DR2a
bearing MBP 89-101. To permit directional coupling to strep-
tavidin-coated biosensor surfaces, peptide tags containing
biotinylation sequences were added to the C-termini of the
o-chains of both TCR 3A6 and HLA-DR2a (see Materials and
methods). However, no apparent binding could be detected
upon injection of relatively high (0.1-100 uM) concentrations
of soluble TCR over immobilized peptide/MHC, or by inject-
ing soluble peptide/MHC over immobilized TCR. Indeed,
weak affinity for self-ligands is expected for TCRs expressed
by autoreactive T cells, like 3A6, that have escaped negative
selection (Kappler et al, 1987; Alam et al, 1996; Davis et al,
1998; Stefanova et al, 2002; van der Merwe and Davis, 2003).
To increase the avidity of the interaction with MBP/HLA-
DR2a, we generated TCR 3AG tetramers by mixing the bio-
tinylated receptor with streptavidin. In this case, specific
binding was readily detected by flowing TCR tetramers over
a surface immobilized with peptide/MHC (Figure 1A). No
binding was observed when MBP 89-101 was replaced by an
irrelevant peptide (Figure 1B). By contrast, 3A6 tetramers
bound much tighter to HLA-DR2a bearing a superagonist
peptide (K38-27) than to MBP/HLA-DR2a, as indicated by
the marked reduction in dissociation rate (Figure 1C). The
superagonist, which differs from MBP at all nonanchor
positions except P2, was identified previously using
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Figure 1 Binding of TCR 3A6 tetramers to MBP/DR2a and K38-27/
DR2a complexes. (A) Sensograms showing the binding of 3A6
tetramers at concentrations of 2.3uM (blue), 1.2uM (red) and
0.6uM (green) to HLA-DR2a loaded with MBP 89-101
(VHFFKNIVTPRTP). HLA-DR2a was immobilized on a BIAcore SA
chip by injecting Sl of biotin-HLA-DR2a (0.1 pM) over the chip.
(B) Binding of 3A6 tetramers to HLA-DR2a loaded with an irrelevant
peptide. (C) Binding of 3A6 tetramers to HLA-DR2a loaded
with K38-27 (WFKLTTTKL), a superagonist peptide (Hemmer
et al, 2000).

synthetic combinatorial peptide libraries (Hemmer et al,
2000). K38-27 stimulates 3A6T cells ~ 10 000-fold more effi-
ciently than the MBP self-peptide, consistent with the stron-
ger interaction seen by SPR.
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Although the multivalency of TCR tetramers precludes
determination of binding constants (Ky), it is apparent that
3A6 binds MBP/HLA-DR2a with low affinity, probably with
a Ky at the upper end of the range for TCR-peptide/MHC
interactions (0.1-500 uM) (Davis et al, 1998; van der Merwe
and Davis, 2003). Nevertheless, the 3A6T cell clone is activated
by low concentrations of MBP peptide (ECso~30nM) (Wilson
et al, 1999; Hemmer et al, 2000). Reduced affinity may have
allowed this autoreactive T cell to escape thymic deletion,
without compromising its ability to induce CNS inflammation
in 3A6/DR2a transgenic mice (Quandt et al, in preparation).

Overview of the complex structure

Initially, we attempted cocrystallizing TCR 3A6 and MBP/
HLA-DR2a as individual molecules. However, no complex
crystals were obtained, probably because of the weak inter-
action between them. To stabilize the 3A6 TCR/MBP/HLA-
DR2a complex for crystallization, we covalently attached the
MBP peptide to the N-terminus of the TCR V3 domain via an
octapeptide linker, as described for the influenza hemagglu-
tinin (HA)-specific HA1.7 TCR (Hennecke et al, 2000). The
fused MBP peptide was then loaded into the binding groove
of empty HLA-DR2a molecules using the peptide exchange
catalyst HLA-DM to generate a long-lived 3A6 TCR/MBP/
HLA-DR2a complex that crystallized readily. The structure
was determined by molecular replacement to a resolution of
2.8 A (Table I). The interface between TCR and peptide/MHC
is in unambiguous electron density for each of the four
complex molecules in the asymmetric unit of the crystal
(Figure 2). Several loops in the MHC B2 and TCR constant
domains (mainly Co) lack electron density; however, these
disordered regions are distant from the interface. As also
noted for the HA1.7/HA/HLA-DR1 complex (Hennecke et al,
2000), no density could be detected for the octapeptide linker,

Table I Crystallographic data statistics

Data collection
Space group P1 . X .
Unit cell a=96.48A,b=97.69A, c=124.02A,
0.=74.39°, p=83.19°, y=61.55°

Asymmetric unit 4 3A6/MBP/HLA-DR2a complexes

Resolution limit (A) 2.80
Observations 177348
Unique reflections 81551
Completeness (%)? 86.3 (86.5)
Mean I/c(D)? 5.9 (2.5)
Rinerge (%)*P 8.0 (28.4)
Refinement )
Resolution range (A) 30-2.80
Ryork (%)€ 27.51
Rfree (%)C 32.55
Non-hydrogen protein 23495
atoms
Water molecules 148
R.m.s. deviations from
ideal .
Bonds (A) 0.009
Angles (deg) 1.7

#Values in parentheses correspond to the highest resolution shell
(2.80-2.92).

meerge(I) = (O |I@)—<Ih) >|/>21()), where I(i) is the ith observa-
tion of the intensity of the hkl reflection and <{I) is the mean
intensity from multiple measurements of the hkl reflection.

‘Rwork Riree) = Y NFo|—|Fll/>|Fol; 2% of data were used for Reee-
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Figure 2 Electron density in the interface of the 3A6/MBP/HLA-
DR2a complex. Density from the final 2F,—F. map at 2.8 A resolu-
tion showing the N-terminal region of the MBP peptide. TCR is
yellow, peptide is red and MHC is cyan. Contours are at 1c.

indicating flexibility. The root-mean-square (r.m.s.) deviation
in a-carbon positions for the four complexes in the asym-
metric unit ranges between 0.53 and 0.87 A. For the TCR
VaVB and MHC «1Bl modules alone, including the MBP
peptide, the r.m.s. deviation in o-carbon positions varies
from 0.28 to 0.51 A. Based on this close similarity, the
following description of TCR-MHC interactions applies to
all four complex molecules, unless stated otherwise.

For the 3A6/MBP/HLA-DR2a complex (Figure 3A), the
orientation angle of TCR to peptide/MHC, defined as the
angle between the line formed by the peptide direction and
a line between the centers of mass of the Vaand VB domains
(Reinherz et al, 1999), is 47°, compared to 70 and 80° for the
HA1.7/HA/HLA-DR1 and D10/CA/I-A* complexes, respec-
tively (Reinherz et al, 1999; Hennecke et al, 2000). Thus,
the binding angles for MHC class II complexes span as broad
a range as those observed for class I complexes (Rudolph
et al, 2002). However, 3A6 does not exhibit the highly
asymmetrical interaction with MHC seen with Ob.1A12
(Hahn et al, 2005), whose 110° orientation angle lies
far outside the range for all reported MHC class I- or class
II-restricted TCRs (Rudolph et al, 2002).

The CDR footprint of 3A6 on MBP/HLA-DR2a (Figure 3B)
is shifted toward the N-terminus of the bound peptide and
toward the MHC 1 a-helix, compared to the CDR footprints
of HA1.7 and 172.10 on their class II ligands (Figure 3C and
D). In these other complexes (Hennecke et al, 2000; Maynard
et al, 2005), CDR2f contacts Lys39a, an invariant residue
located in a loop outside the peptide-binding site of the
class II molecule. In the 3A6/MBP/HLA-DR2a complex,
by contrast, the CDR2 loop is positioned directly over the
al o-helix (Figure 4A), thereby precluding an interaction
with Lys39a. Hence, this interaction does not constitute an
obligatory anchor point for docking TCR onto MHC class 1II,
expanding the range of possible docking solutions. Although
the 3A6/MBP/DR2a and Ob.1A12/MBP/DR2b complexes
(Figure 3B and E) display very different orientation angles
(47 and 110°, respectively), it is significant that, in both cases,
the CDR footprints are displaced toward the N-terminus of
the peptide, a feature that may characterize many auto-
immune TCRs (see Discussion).
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Figure 3 3A6/MBP/HLA-DR2a complex and comparison with other TCR/peptide/MHC class I complexes. (A) Side view of the 3A6/MBP/
DR2a complex. TCR o-chain is yellow and B-chain is gray; peptide is magenta; MHC a-chain is cyan and B-chain is green. (B) Top view of the
3A6/MBP/DR2a complex, compared with (C) the HA1.7/HA/DR1 complex (Hennecke et al, 2000), (D) 172.10/MBP/I-A" complex (Maynard
et al, 2005) and (E) Ob.1A12/MBP/DR2b complex (Hahn et al, 2005). Color codes are the same as (A). The central P5 residue of the peptide is

represented as a red sphere.

Interaction of TCR 3A6 with MHC

The 3A6/MBP/DR2a complex buries a total solvent-
accessible surface of 2002 A%, comparable to that in other
class II complexes (Reinherz et al, 1999; Hennecke et al,
2000; Maynard et al, 2005), but substantially greater than
the surface buried in the Ob.1A12/MBP/DR2b complex
(~1600A%) (Hahn et al, 2005). In common with the
HA1.7/HA/DR1 complex, VB buries significantly more
surface on peptide/MHC than Va (59 and 41 %, respectively).
This ratio is reversed in the D10/CA/I-A¥ and 172.10/MBP/
I-A" complexes, as well as in all but one complex involving
MHC class I molecules (Reiser et al, 2000; Rudolph et al,
2002). Overall, 16 VP and eight Vo residues interact with
MHC (Table II).

Because of the overall shift in the 3A6 footprint on MHC,
compared to the footprints of HA1.7, D10 and 172.10, the
CDR2p loop of 3A6, from residue 51 to 56, completely over-
lays the N-terminal portion of the al o-helix of HLA-DR2a
(Figure 4A), making numerous van der Waals contacts with
residues 55-65 (Table II). Residues 98-101 of CDR3p interact
extensively with MHC B1 a-helical residues Asp66f, Phe67p,
Asp70B and Thr77p. Most notably, CDR3pB Arg99 forms two
hydrogen bonds, via its side-chain Nn2 atom, to the main-
chain oxygen and side-chain 082 atoms of Asp66f. In
addition, CDR3f Vall00 is hydrogen bonded, through its
main-chain nitrogen, to the side-chain 051 atom of Asp70p.
By contrast, the CDR1p loop, which is oriented away from the
MHC B1 o-helix, interacts with HLA-DR2a only through

©2005 European Molecular Biology Organization

Arg30f, whose long side chain contacts Tyr60f and Trp61f
(Figure 4A). In other TCR/MHC class II complexes, CDR18 is
positioned directly over the MHC a1 a-helix.

With respect to MHC recognition by Vo, the CDR2a loop of
3A6 is too short to interact with DR2a or MBP. Residue Gly28
of CDR1a contacts the imidazole ring of HLA-DR2a His81p,
while CDR1a Tyr29 packs tightly against Asp76f, Thr77f,
Arg80B and His81p, forming numerous, predominantly
hydrophobic, interactions with both main- and side-chain
atoms of these MHC P1 o-helical residues (Figure 4A).
Residues Ser100 and Ser101 of CDR3ao both contact HLA-
DR2a Glu55a, which is located in an extended strand
immediately preceding the ol a-helix. This strand, which
replaces two turns of the corresponding o-helix in MHC
class I, is a distinctive feature of MHC class II; however, it
is not contacted by TCRs HA1.7, D10 or 172.10 (Reinherz
et al, 1999; Hennecke et al, 2000; Maynard et al, 2005).
A hydrogen bond also links the main-chain nitrogen of
CDR3a Serl0l to the side-chain Oe2 atom of HLA-DR2a
GIn55a. This unique engagement of a nonhelical MHC ol
residue is attributable to the displacement of 3A6 toward the
N-terminus of the bound peptide, relative to other TCRs
(Figure 5A).

Five of the six residues contacted by 3A6 on the nonpoly-
morphic HLA-DR o-chain are also contacted by HAL.7
(Hennecke et al, 2000). Similarly, four of the eight B-chain
residues contacted by 3A6 are contacted as well by HA1.7. All
four (Asp66p, Asp70B, Thr77f, His81f) are polymorphic in
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Asp99a.

Y

Figure 4 Interactions of TCR 3A6 with HLA-DR2a and the MBP peptide. (A) Interactions of the HLA-DR2a a-chains (cyan) and B-chains (green)
with the TCR 3A6 a-chains (yellow) and B-chains (gray). The contact residues are drawn and labeled. Hydrogen bonds are indicated by broken
black lines and the MBP peptide is magenta. (B) Interactions of the TCR 3A6 a-chains (yellow) and B-chains (gray) with the MBP peptide
(magenta) drawn in a ball-and-stick representation. Contact residues are labeled. The P2 Lys N{-O CDR3a Gly94 hydrogen bond is present in
only two of the four complex molecules in the asymmetric unit of the crystal.

human MHC class II alleles, but identical in DR2a and DRI1.
Despite this, the footprint of 3A6 on HLA-DR2a differs much
more from that of HA1.7 on DRI than does the latter from the
footprint of 172.10 on I-A" (Figure 3B-D). In the 3A6/MBP/
DR2a complex, CDR1a Tyr29 and CDR3f Arg99 are the major
MHC-contacting residues: CDR1a Tyr29 alone accounts for
half the contacts made by Vo, while CDR3 Arg99 contributes
a third of those from V. On the MHC side of the interface, the
DR2a 1 domain, which interacts with CDR1o and CDR3p,
makes twice as many contacts with TCR as the o1 domain.
Therefore, the specific orientation of 3A6 on the MHC
molecule, characterized by a tilt toward the B1 «-helix and
a translation to its C-terminal end, may be dictated primarily
by residues CDRla Tyr29 and CDR3B Arg99, serving as
anchor points.
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Peptide recognition by TCR 3A6

Remarkably, few hydrogen bonds (and no salt bridges) are
observed between the CDR loops of 3A6 and MBP 89-101,
involving either main- or side-chain atoms of the TCR or
peptide, in contrast to other TCR/peptide/MHC complexes
(Rudolph et al, 2002). Moreover, none of the hydrogen bonds
exist in all four complex molecules in the asymmetric unit of
the crystal, suggesting that they do not constitute stable,
energetically important interactions. Indeed, only one hydro-
gen bond, linking the amino group of P2 Lys to the main-
chain oxygen in CDR3a Gly94, is found in more than one
complex molecule; this particular bond is present in two of
four complexes in the asymmetric unit (Table II). Interactions
between TCR and peptide are mainly restricted to van der
Waals contacts, with limited juxtaposition of hydrophobic
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Table II Interactions between TCR 3A6 and DR2a/MBP in the 3A6/DR2a/MBP complex

Hydrogen bonds?® van der Waals contacts”
3A6 DR2a
Gly28a His81p
Tyr29a. Asp76p, Thr77p, Arg80p, His81B
Ser100a Glu22a
Serl0la N, Oy Glu55a 02 Glu55a
Tyrl02a Glu55a, Gly58a
Arg30pB Nn2 Tyr60p On Tyr60B, Try61p
Phe50p3 Val650
Ser51PB Alab4a, Val65a
Thr53p Ala6la
GIn54B GIn57a
Arg558 Glu55a, GIn57a, Gly58a
Asn56p Glu55a
Asp98p Phe67f
Arg99p Nn2 Asp66p 0, 032 Asp77f, Phe673, Asp66f3
Val1008 N Asp70pB 001 Asp70B, Thr778

Ne Asp70 052

Asnl01p Thr77p
3A6 MBP
Thr27a ValP3
Gly94a (¢} Lys P2 NC LysP2
Asp99a. ValP3, HisP2, PheP-1
Arg30B ProP?7
Phe50p3 ValP5, ProP7
Arg558 ValP5
Val100pB LysP2
Asnl01p LysP2

“Hydrogen bond distance is 2.5-3.4 A. Listed are all hydrogen bonds present in two or more of the four complex molecules in the asymmetric
unit of the crystal. .
PVan der Waals contacts are <4.0 A.

Figure 5 Position of TCRs along peptide antigen. (A) Ribbon diagram (stereo view) showing the position of the CDR3a (yellow) and CDR3f
(gray) loops of 3A6 along the MBP peptide, compared to the position of the corresponding loops of TCRs HA1.7 and 172.10 (CDR3a loops are
red; CDR3p loops are blue), upon superposition of the MHC o131 modules in the three complexes. The MBP peptide is drawn in a ball-and-stick
format; anchor residues are labeled. Carbon atoms are magenta, oxygen atoms are red and nitrogen atoms are blue. (B) Position of the 3A6
CDR3ua (yellow) and CDR3p (gray) loops along the MBP peptide, compared to the position of the corresponding loops of TCR Ob.1A12 (CDR3a
loop is red; CDR3p loop is blue).
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surfaces. Thus, 3A6 appears at least as structurally degen-
erate in its recognition of the MBP peptide as 172.10, which
forms several hydrogen bonds to MBP 1-11, one of which is
specific for a side chain of the bound peptide (Maynard et al,
2005). The functional degeneracy of the 3A6 interface
is supported by the success of combinatorial libraries in
isolating peptides, such as K38-27 (Figure 1C), with multiple
substitutions at TCR-contacting positions, that stimulate 3A6
T cells far more efficiently than MBP itself (Hemmer et al,
2000) (see Discussion).

TCR 3A6 mainly recognizes four MBP residues: P-1 Phe, P2
Lys, P5 Val and P7 Pro (Figure 4B). On the TCR side of the
interface, CDR3« interacts with the N-terminal portion of the
peptide, whose central and C-terminal portions engage all
three CDR loops of VB. Notably, P-1 Phe is enveloped by the
CDR3u loop, whose tip is 12.7 A from that of CDR3 in the
3A6 binding site. Compared to HA1.7 or 172.10, large differ-
ences are observed in the position of both CDR3 loops along
the peptide (Figure 5A). Thus, the difference in location of
the tip of CDR3o between 3A6 and HAL.7 is 12.6 A and the
difference for CDR3p is 11.5 A (the corresponding differences
are 8.8 and 8.6 A between 3A6 and 172.10). As a result, the
P-1 residue in these other complexes is situated outside the
pocket formed by CDR3a and CDR3p. Indeed, this pocket,
which accommodates a single peptide side chain in other
TCRs, including Ob.1A12 (Hahn et al, 2005), irrespective of
MHC class I or II restriction (Rudolph et al, 2002), accom-
modates residues P-1 and P2 in 3A6 (Figure 4B). However,
both 3A6 and Ob.1A12 mainly recognize the N-terminal
portion of the peptide (Figure 5B).

In agreement with the crystal structure, combinatorial
peptide libraries have shown that replacement of P-1 Phe
by tryptophan markedly augments the stimulatory capacity of
the MBP peptide (Hemmer et al, 2000). By contrast, replace-
ment (or truncation) of the N-terminal P-3 Val of MBP 89-101,
located at the periphery of the interface with TCR, has
minimal effect on T-cell activation (Hemmer et al, 1998,
2000). Besides position P-1, substitutions at TCR-contacting
positions P2, PS5 and P7 also significantly affect T-cell activa-
tion. In the crystal structure, the P2 Lys side chain contacts
CDR3a Gly94 and CDR3f Asnl0l, at the interface between
Vo and VP (Figure 4B). The residue P5 Val contacts
CDR2pB Phe50 and ArgS5 through its side chain, while the
pyrrolidine ring of P7 Pro stacks against CDR1f Arg30 and
CDR2B Phes0.

Conformational changes in self-peptide/MHC induced
by TCR binding

Superposition of the a1pl domains of free MBP/HLA-DR2a
(Li et al, 2000) onto those of MBP/HLA-DR2a in the complex
with 3A6 revealed small, but significant, structural differ-
ences in both MHC and peptide (Figure 6A). Overall, the
peptide-binding groove of HLA-DR2a widens upon TCR
engagement. In the MHC B1 domain, residues 60-74, located
at the bend of the o-helix, undergo an average displacement
of 1.5 A in the position of their Co atoms, away from the MBP
peptide; Asp66f shows the largest individual displacement
(2.7A in its Ca position). The average shift for helical
residues 54-63 in the MHC ol domain is 0.5 A, also away
from the peptide. The net result of these concerted move-
ments is that P6 Thr and P9 Thr are drawn toward the p1
a-helix, with a concomitant loss of contacts to the a1 a-helix.
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Regarding conformational changes in the peptide, the r.m.s.
deviation of Co atoms of MBP 89-101 before and after TCR
binding is 1.4 A, mainly because of rearrangements in resi-
dues P5 through P10, which bring P7 Pro into contact with
3A6 (Figure 6B). In other TCR/peptide/MHC class II com-
plexes, no significant changes in MHC or peptide conforma-
tion are associated with TCR engagement (Reinherz et al,
1999; Hennecke et al, 2000; Hahn et al, 2005; Maynard et al,
2005). As evidence that structural differences between free
and TCR-bound forms of MBP/HLA-DR2a are induced by
3A6, no such differences were observed in the complex
between MBP/DR2a and the superantigen SPE-C, which
also contacts both peptide and MHC (Li et al, 2001)
(Figure 6C). This implies that the superantigen, unlike the
TCR, has evolved to optimize its fit to the ligand.
Interestingly, SPE-C, like 3A6, interacts with the N-terminal
portion of MBP 89-101, but at positions P2, P-1 and P3.

The main consequence of TCR-induced adjustments in
MBP/HLA-DR2a is to create two shallow grooves on the
surface of the ligand for accommodating the CDR3a and
CDR3pB loops of 3A6, in particular Tyrl02o and Arg99f
(Figure 6D). In this way, the geometrical fit between
TCR and peptide/MHC is improved, based on calcula-
tions of the shape correlation statistic (S.) for this inter-
face (Lawrence and Colman, 1993). Thus, the S. value
for the experimentally determined complex is 0.62 (S.=1.0
for interfaces with perfect fits), but only 0.50 for a hypothe-
tical complex constructed using the free MBP/HLA-DR2a
structure that assumes no conformational changes (Li et al,
2000). Although improved shape complementarity is
expected to result in increased affinity, any enhance-
ment would be partially offset by the energetic cost of
distorting MBP/DR2a (and possibly 3A6) from its ground
state conformation.

Discussion

Escape from negative selection

Several mechanisms have been proposed to explain why
some autoreactive T cells, such as 3A6, escape deletion in
the thymus. Thymocytes undergo selection based on recogni-
tion of self-peptide/MHC complexes, such that weak inter-
actions with self-peptide/MHC permit T-cell survival
(positive selection), whereas strong interactions induce apop-
tosis (negative selection) (Kappler et al, 1987; Alam et al,
1996). In some cases, failure of negative selection could result
from unusually weak binding of the self-peptide to MHC,
which would effectively destabilize the complex with TCR.
Indeed, the very short half-life of the MBP 1-11/I-A" complex
could explain the incomplete deletion of T cells like 172.10
(Garcia et al, 2001). Although the affinity of TCR 172.10 for
MBP 1-11/1-A" (Kg~5 uM) is at the high end of the range for
TCR-peptide/MHC interactions (Davis et al, 1998; van der
Merwe and Davis, 2003), SPR binding measurements were
conducted using an engineered version of MBP 1-11/I-A" in
order to stabilize the interaction with TCR (Garcia et al,
2001). By contrast, low affinity of self-peptide for MHC
cannot account for the existence of T cells recognizing MBP
89-101 in MS patients, as this peptide binds tightly to HLA-DR
molecules (Wucherpfennig et al, 1993; Vogt et al, 1994).
Another mechanism for escaping negative selection involves
expression of splice variants of self-proteins in the thymus
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Figure 6 Conformational changes in MBP/HLA-DR2a upon binding TCR 3A6. (A) Top view of the superposition of MBP/HLA-DR2a in
unliganded form (green) and in complex with 3A6 (red). 3A6 CDR loops are shown in a stick format. Carbon atoms are yellow, oxygen atoms
are red and nitrogen atoms are blue. (B) Comparison of the MBP peptide conformation before (yellow) and after (red) binding to TCR 3A6.
(C) Comparison of the MBP peptide conformation before (yellow) and after (red) binding to the superantigen SPE-C (Li et al, 2001). The three
C-terminal residues of MBP 89-101 are disordered in the SPE-C/MBP/DR2a structure. (D) Comparison of the MBP/HLA-DR2a surface after (left
panel) and before (right panel) binding to 3A6. TCR residues, in particular Asp98f and Arg99p, fit better into pockets on the bound MBP/HLA-
DR2a surface (left) than into pockets on the free MBP/HLA-DR2a surface (right). 3A6 residues are shown in a stick format and labeled.

that do not contain the relevant T-cell epitope (Klein et al,
2000). However, it has been demonstrated that MBP T-cell
epitopes are displayed by antigen-presenting cells in active
MS lesions (Krogsgaard et al, 2000). Based on the highly
unusual topology of the Ob.1A12/MBP/DR2b complex, it has
also been proposed that escape from negative selection
involves an alteration in the geometry of interaction with
the CD4 coreceptor (Hahn et al, 2005). However, the more
conventional docking mode of TCR 3A6 makes this possibi-
lity unlikely.

A more plausible explanation for the survival of T cells
reactive with MBP in humans is reduced TCR affinity for
MBP/HLA-DR complexes. Indeed, we have shown by SPR
that 3A6 binds weakly to MBP/DR2a. Despite this, 3A6 T cells
are activated by nanomolar concentrations of MBP peptide
(Hemmer et al, 2000) and mice transgenic for 3A6 and DR2a
develop CNS autoimmunity (Quandt et al, in preparation).
Two main structural features likely explain the low affinity of
3A6 for MBP/DR2a. First, interactions between 3A6 and MBP
are limited to van der Waals contacts, with no hydrogen
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bonds or salt bridges linking TCR and peptide. Second, 3A6
binding is associated with conformational changes in the
relatively rigid MBP/DR2a molecule, and perhaps also in
the more flexible CDR loops of the TCR, which would
effectively reduce the binding free energy.

Structural characteristics of autoimmune TCR/peptide/
MHC complexes

The 3A6/MBP/DR2a complex allows us to address whether
TCR recognition of self-peptide/MHC may exhibit certain
common elements that distinguish autoimmune from anti-
microbial or alloreactive TCRs. Overall, the diagonal orienta-
tion of TCR 3A6 relative to MBP/DR2a resembles that in other
TCR/peptide/MHC complexes (Rudolph et al, 2002; Maynard
et al, 2005), in marked contrast to Ob.1A12, which engages
MBP/DR2b at an orientation angle far outside the normal
range (Hahn et al, 2005). Despite this, and the fact that DR2a
and DR2b present completely different MBP residues to TCR
as a result of a three-residue shift in peptide register (Li et al,
2000), it is striking that both 3A6 and Ob.1A12 primarily
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recognize the N-terminal, rather than central, portion of the
peptide, as do all other TCRs (Rudolph et al, 2002), including
172.10. In the 172.10/MBP/I-A" complex, the CDR3 loops
overlay the central region of the peptide-binding groove in
the classical manner (Maynard et al, 2005). However, the
MBP 1-11/1-A" ligand is unusual in that the N-terminal third
of the binding groove is empty, as a result of a shift of the
peptide (He et al, 2002).

Could this focus on the N-terminal half of the self-peptide
by 3A6 and Ob.1A12 be broadly characteristic of autoimmune
TCRs? Although additional structures are clearly required to
fully assess this possibility, it is tempting to speculate that the
N-terminal site is intrinsically suboptimal for TCR binding,
favoring escape from negative selection. Conversely, anti-
microbial TCRs achieve higher affinities by focusing on the
central portion of peptides, presumably a more favorable site
for TCR engagement. Importantly, however, both binding
modes are compatible with a wide range of orientation angles
of TCR to peptide/MHC: 47-110° (at least) for autoimmune
TCRs and 45-80° for antimicrobial or alloreactive TCRs
(Rudolph et al, 2002).

Basis for TCR degeneracy

The concept of TCR degeneracy has been widely evoked to
explain the ability of a single TCR to recognize the diverse
peptides it encounters during thymic education and periph-
eral surveillance (Kersh and Allen, 1996; Holler and Kranz,
2004; Wucherpfennig, 2004). TCR degeneracy also underlies
the molecular mimicry hypothesis for autoimmune diseases,
whereby autoimmunity can be triggered by bacterial or viral
peptides that mimic self-peptides (Wucherpfennig and
Strominger, 1995; Hemmer et al, 1997). However, the struc-
tural basis for TCR degeneracy has remained elusive. For
example, a T-cell clone from a DR2-positive MS patient was
shown to recognize both a DR2b-restricted MBP and a DR2a-
restricted EBV peptide (Lang et al, 2002). However, crystal
structures of the MBP/DR2b and EBV/DR2a complexes
revealed topologically equivalent surfaces that would be
presented for TCR recognition. Hence, crossreactivity in this
case appears to be achieved by strict conservation of putative
TCR-contacting residues (no complex structures are avail-
able), without recourse to TCR degeneracy.

An unbiased way to study T-cell degeneracy makes use of
positional scanning synthetic combinatorial peptide libraries
(PS-SCL) (Hemmer et al, 1997; Pinilla et al, 1999).
Accordingly, decamer PS-SCL containing all possible combi-
nations (19°) of 10-mers in systematically arranged mixtures
were screened to identify sequences that stimulate the 3A6T
cell clone (Wilson et al, 1999; Hemmer et al, 2000). The
observed proliferative responses to these mixtures indicate
that many peptides are recognized by 3A6, since individual
peptides are present at concentrations of only ~1071°M, or
108-fold lower than typically required for activating CD4™"
T-cell clones. These results, and similar ones for other
autoreactive T-cell clones (Hemmer et al, 1997), imply con-
siderable TCR degeneracy. On the basis of information
obtained using PS-SCL, optimal ligands have been identified
for 3A6 (Hemmer et al, 2000). Remarkably, some of these
superagonists, for example K38-27, stimulate this T-cell clone
with ECsp values in the pico- to femtomolar range. The 3A6/
MBP/DR2a structure provides a basis for understanding TCR
degeneracy in this system, as it enables us to distinguish

2976 The EMBO Journal VOL 24 | NO 17 | 2005

superagonists with differences in TCR-binding residues
(which would indicate true crossreactivity) from super-
agonists that differ simply in MHC-binding residues.

In principle, superagonism may be explained by improved
binding of superagonist peptides to MHC, increased affinity
of superagonist/MHC complexes for TCR, or a combination of
the two. Since the MBP peptide already exhibits tight binding
to HLA-DR2a (Vogt et al, 1994), it is unlikely that enhanced
affinity for MHC can explain the greatly increased stimulatory
capacity of superagonist peptides. In support of this conclu-
sion, all identified superagonists, including K38-27, retain
three out of four anchor residues: P-1 Phe (the primary
anchor), P4 Ile and P6 Thr (both secondary anchors)
(Hemmer et al, 2000; Li et al, 2000). The sole exception is
P9 Thr in the MBP peptide, which is replaced by leucine or
glycine in the superagonists. However, HLA-DR2a is tolerant
of substitutions at the P9 position (Vogt et al, 1994).
Consequently, superagonist activity most likely arises from
increased affinity of superagonist/MHC complexes for TCR,
as demonstrated by SPR analysis of 3A6 binding to HLA-DR2a
loaded with MBP versus K38-27.

In the 3A6/MBP/HLA-DR2a complex, 3A6 interacts di-
rectly with MBP residues P-1 Phe, P2 Lys, P5 Val and P7
Pro. With the exception of P2 Lys, superagonist peptides
contain substitutions at each of the three other TCR-contact-
ing positions, in addition to an asparagine-to-leucine substi-
tution at P3 (Hemmer et al, 2000). Although P3 Asn does not
itself contact 3A6, this residue is nevertheless in the interface
and could indirectly affect TCR binding. The consensus motif
for superagonists is "' WFKLIXTYKZ"®, where MHC anchor
residues are in bold, P5 X is Leu/Thr/Pro, P7 Y is Thr/Lys/
Pro and P9 Z is Leu/Gly (the corresponding MBP sequence
is P'FFKNIVTPRT™®). We propose that substitutions at P-1,
P3, P5 and P7 increase affinity for 3A6 by optimizing shape
and chemical complementary with TCR. For example,
since the volume of the interfacial cavity occupied by MBP
residue P-1 Phe appears sufficient to accommodate the
larger tryptophan side chain found in superagonists, the
stimulatory effect of this replacement likely results from
additional hydrophobic or van der Waals interactions with
3A6, augmenting affinity.

In the case of TCR 172.10, PS-SCL did not identify stimu-
latory peptides with TCR-contacting residues different from
MBP 1-11, despite the apparent paucity of specific inter-
actions between 172.10 and MBP in the crystal structure
(Maynard et al, 2005). By contrast, the degeneracy of 3A6
is demonstrated by the isolation of superagonist mimics of
MBP 89-101 containing substitutions at nearly all TCR-
contacting positions. This degeneracy most likely reflects
the imperfect fit and scarcity of hydrogen bonds between
3A6 and MBP observed in the crystal structure, which offer
ample opportunity for optimizing the TCR-peptide/MHC
interface through variations of the peptide. Finally, it is
conceivable that TCRs like 3A6, which primarily recognize
the N-terminal portion of peptides, are more inherently cross-
reactive than TCRs targeting the central portion, since the
overall conformation of peptides bound to MHC class II
molecules is much more highly conserved for residues P-1-
P4 than P5-P9 (Ghosh et al, 1995). Such crossreactivity could
enhance the pathogenic potential of T cells bearing these
TCRs, as it would increase the probability of self-peptide/
MHC recognition, resulting in autoimmunity.
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Materials and methods

Protein expression and purification

Empty HLA-DR2a was folded in vitro from inclusion bodies
produced in Escherichia coli as described (Li et al, 2000), except
that no peptide was added during folding. The gene encoding
residues Asp1-Cys211 of the TCR 3A6 a-chain was amplified by PCR
and inserted into the pET-22b expression vector (Novagen). The
B-chain construct, which encoded a fusion protein comprising the
MBP 89-101 peptide (VHFFKNIVTPRTP) connected by an octapep-
tide linker (GGSGGGGG) to residues Gly3-Cys248 of the 3A6
B-chain (Hennecke et al, 2000), was cloned into the same vector. The
TCR o- and B-chains were expressed separately as inclusion bodies in
BL21(DE3)pLys E. coli cells (Novagen), as described for antibody
light and heavy chains (Li et al, 2003). The inclusion bodies were
dissolved in 8 M urea, 50 mM Tris-HCI (pH 8.0) and 10 mM DTT. For
in vitro folding, the 3A6 o- and B-chains were mixed in a 1.2:1 molar
ratio and diluted into ice-cold folding buffer containing 1M L-
arginine-HCl, 50 mM Tris-HCI (pH 8.5), 1 mM EDTA, 3 mM reduced
glutathione, 0.9mM oxidized glutathione, 60 mg/l PMSF, 2mg/]
pepstatin A, 3mg/l benzamidine, 2mg/l leupeptin and 2mg/l
aprotin to a final protein concentration of 150 mg/l. After 72h at
4°C, the folding mixture was concentrated 50-fold, dialyzed against
S0mM MES (pH 6.0) and centrifuged to remove aggregates.
Following dialysis against SO0mM Tris-HCl (pH 8.0), the sample
was applied to a POROS 20 HQ (PerSeptive Biosystems) anion
exchange FPLC column equilibrated with the same buffer; disulfide-
linked 3A6 heterodimer was eluted using a linear NaCl gradient.

Assembly of the 3A6/MBP/HLA-DR2a complex

The 3A6/MBP/DR2a complex was formed by loading the MBP
peptide, fused to TCR 3A6, into empty HLA-DR2a using soluble
HLA-DM (Hennecke et al, 2000). 3A6, DR2a and HLA-DM were
incubated at a molar ratio of 6:3:1 for 15h at 37°C in 50 mM sodium
citrate (pH 5.8) containing 2 mg/I leupeptin and 2 mg/1 aprotinin.
The complex was separated from aggregates, HLA-DM, and
uncomplexed MHC and TCR with a Superdex S-200 column
(Pharmacia). Further purification was carried out using a Mono Q
anion exchange column in 50 mM Tris-HCl (pH 8.0).

Crystallization, structure determination and refinement
Small, clustered crystals of 3A6/MBP/DR2a were grown in hanging
drops by mixing 1 ul of protein solution at 12 mg/ml with 1pl of
reservoir solution containing 10% (w/v) PEG 8000, 0.2M ammo-
nium sulfate and 100 mM sodium citrate (pH 5.8-6.2). Large, single
crystals were obtained after 2-3 rounds of seeding. For data
collection, crystals were transferred to a cryoprotectant solution
(mother liquor containing 20% (v/v) glycerol), prior to flash
cooling in a nitrogen stream. X-ray diffraction data were collected
in-house at 100K using a Siemens HI-STAR area detector. The
crystals are triclinic with four complex molecules per asymmetric
unit (Table I). Diffraction data were processed and scaled using
CrystalClear (Pflugrath, 1999). The data set is 86.3% complete to
2.8 A resolution with Ryerge=8.0%. Data collection statistics are
shown in Table I.

The structure of the 3A6/DR2a/MBP complex was solved by
molecular replacement using the program Phaser (Read, 2001;
Storoni et al, 2004). The free MBP/HLA-DR2a structure (PDB
accession code 1FV1) (Li et al, 2000), the CaCp module of TCR
HA1.7 (1FYT) (Hennecke et al, 2000) and the VoV module of TCR
N15 (INFD) (Wang et al, 1998) were used as search models. The
four MHC molecules were located first by automatic rotation and
translation search. After fixing the four MHC molecules, one TCR
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CoCP module was found with a Z-score of 25.06. The positions of
the other three CaCp modules were obtained by superposition
according to the positions of the four MHC molecules. By fixing the
four MHC and CaCp, the four VaVB modules were located in a
straightforward manner; Z-scores exceeded 20 for all four solutions.
Rigid-body refinement gave an initial Rgee 0f 39.1% and Ry of
38.0%, with all nonconserved residues in the VoV domains
mutated to alanine. Refinement was carried out using CNSI.1
(Briinger et al, 1998), including iterative cycles of simulated
annealing, positional refinement and B-factor refinement, inter-
spersed with model rebuilding into cs-weighted F,—F. and 2F,—F;
electron density maps using TURBO-FRODO (Roussel and Cambil-
lau, 1989). The final model includes 23495 non-hydrogen protein
atoms and 148 water molecules, resulting in a final Ryapue 0f 27.51 %
and Rgee Of 32.55 at 2.80 A resolution. Refinement statistics are
summarized in Table I.

Production of biotin-HLA-DR2a, biotin-3A6 and 3A6 tetramer
For production of biotin-DR2a and biotin-3A6, 17-amino-acid tags
were added to the C-termini of the a-chains of both TCR and MHC
(Cull and Schatz, 2000): GGGLNDIFEAQKIEWHE for DR2a and
GSLHHILDAQKMVWNHR for 3A6. The lysine residue in both tags
can be recognized by biotin-protein ligase and specifically
biotinylated. The tagged proteins were produced and purified in
the same way as the wild-type proteins. Biotinylation was
performed using a Biotinylation Kit (Avidity, LLC). Briefly, protein
at a concentration of 2mg/ml in 10mM Tris-HCl (pH 8.0) was
mixed with 1/8 volume of Biomix-A and 1/8 volume of Biomix-B;
birA enzyme was added to a final concentration of 1 ug/100 ul. The
reaction mixture was incubated at 30°C for 30 min; biotinylated
protein was separated from excess biotin with a Superdex S-200
column. To produce TCR tetramers, streptavidin dissolved in PBS
was added dropwise into a biotin-3A6 solution at the final molar
ratio of 1:4; 3A6 tetramers were purified using a Superdex S-200
column.

SPR analysis

The interaction of TCR 3A6 with HLA-DR2a was assessed by SPR
using a BIAcore 1000 biosensor. Typically, biotin-DR2a was
immobilized on the sensor chip by flowing a biotin-DR2a solution
(~20pg/ml) containing 0.5M NaCl over a BlAcore SA chip
preimmobilized with streptavidin at high surface density. After
immobilizing 1000-2000 RU, 20 ul of a 20 uM biotin solution was
injected to block the remaining streptavidin sites. As the blank,
biotin alone was injected. To assess TCR binding, solutions
containing different concentrations of 3A6 (monomer or tetramer)
were injected sequentially over flow cells immobilized with DR2a.

Protein Data Bank accession code

Atomic coordinates and structure factors for the TCR 3A6/
MBP/HLA-DR2a complex have been deposited under accession
code 1ZGL.
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