Crystal structures of T cell receptor B chains
related to rheumatoid arthritis
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Abstract

The crystal structures of the V17" B chains of two human T cell receptors (TCRs), originally derived from
the synovial fluid (SF4) and tissue (C5-1) of a patient with rheumatoid arthritis (RA), have been determined
in native (SF4) and mutant (C5-1g 04—y cis7—s) forms, respectively. These TCR B chains form homo-
dimers in solution and in crystals. Structural comparison reveals that the main-chain conformations in the
CDR regions of the C5-1 and SF4 VB 17 closely resemble those of a VB17 JM22 in a bound form; however,
the CDR3 region shows different conformations among these three VB 17 structures. At the side-chain level,
conformational differences were observed at the CDR2 regions between our two ligand-free forms and the
bound JM?22 form. Other significant differences were observed at the VB regions 8-12, 40-44, and 8288
between C5-1/SF4 and JM22 VB17, implying that there is considerable variability in the structures of very
similar B chains. Structural alignments also reveal a considerable variation in the VB—Cp associations, and
this may affect ligand recognition. The crystal structures also provide insights into the structure basis of T cell
recognition of Mycoplasma arthritidis mitogen (MAM), a superantigen that may be implicated in the
development of human RA. Structural comparisons of the V3 domains of known TCR structures indicate
that there are significant similarities among VP regions that are MAM-reactive, whereas there appear to be
significant structural differences among those VP regions that lack MAM-reactivity. It further reveals that
CDR?2 and framework region (FR) 3 are likely to account for the binding of TCR to MAM.

Keywords: TCR; crystal structure; superantigen; rheumatoid arthritis; Mycoplasma arthritidis mito-
gen; structure/function studies; proteins of the immune system; crystallography; protein crystalliza-
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Rheumatoid arthritis (RA) is a chronic inflammatory
disease resulting in radiographic joint destruction, severe
functional deterioration, and work disability. Although
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the causes of RA remain unclear, it is thought to involve
autoimmune recognition of self-antigens by autoreactive
T lymphocytes (Van Boxel and Paget 1975; Gregersen
et al. 1987; Nepom et al. 1989; Panayi et al. 1992). The
cause of this breakdown of tolerance to self-antigens is
not known, but both genetic and environmental factors
are probably required to trigger the onset of RA.
Genetic risk for RA has been strongly associated with
certain major histocompatibility complex (MHC) class
IT alleles, in particular those in the HLA-DRBI locus
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(Nepom et al. 1989; Nepom and Erlich 1991; Lanchbury
and Hall 1995). A recognition mechanism involving a
“shared epitope” of the QKRAA motif encoded by the
RA-related DRB1 genes has been proposed (Gregersen
et al. 1987; Nepom et al. 1989; Hiraiwa et al. 1990;
Dessen et al. 1997). However, the autoantigens respon-
sible for the induction of autoimmunity in RA have not
been determined. Type II collagen, as the predominant
protein of joint cartilage, has been proposed as a candi-
date antigen (Banerjee et al. 1988b; Fugger et al. 1994;
Khare et al. 1995; Rosloniec et al. 1997).

RA is a multifactorial disease. In addition to genetic
factors, environmental factors are thought to be of
importance in the disease process. Microbial agents
have long been thought to trigger autoimmune disease
via their possession of epitopes that resemble self-pep-
tides on target organs (molecular mimicry) (Oldstone
1987). In addition, it was proposed that microbial su-
perantigens (SAgs) play a role in the initiation of the
autoimmune diseases through activation of whole
populations of specific VB-bearing T cells, including
pathogenic anti-self T cell clones (Howell et al. 1991;
Paliard et al. 1991; Conrad et al. 1994; Kotzin 1994;
VanderBorght et al. 1999; Chini et al. 2002; Zhang et
al. 2002). In collagen II-induced arthritis (CIA), an ani-
mal model of human RA, T cells expressing VB8.2 and
V6 are found to be selectively expanded in the synovial
tissue, compared to the levels in the peripheral blood of
the same individuals (Banerjee et al. 1988a; Spinella et al.
1991; Haqqi et al. 1992, 1995a,b; Moder et al. 1993;
Chini et al. 2002). In human RA, T cells expressing
VB3, VBI14, and VB17 are most frequently expanded
(Howell et al. 1991; Grom et al. 1993; Li et al. 1994;
Zagon et al. 1994; Alam et al. 1995; Moreland et al.
1996, 1998; Cuesta et al. 1997; Goronzy et al. 1998;
Yen et al. 1998; Zhang et al. 2002), although conflicting
results have also been reported (Uematsu et al. 1991;
Van Laar et al. 1991; Struyk et al. 1995). It has been
speculated that a SAg produced by Mycoplasma arthri-
tidis (MAM) is involved in the pathogenesis of human
RA (Emery et al. 1985; Cole and Griffiths 1993; Knudt-
son et al. 1997b; Mu et al. 2000; Sawitzke et al. 2000).
MAM has been shown capable of triggering and exacer-
bating autoimmune arthritis in the CIA mouse model. In
fact, administration of MAM has been shown to mark-
edly exacerbate arthritis in mice that were convalescent
from CIA, or to trigger arthritis in animals that had
previously been immunized with collagen II but that
had failed to develop clinical disease (Cole and Grif-
fiths 1993). It has also been reported that MAM can
induce human lymphocytes to secrete rheumatoid factor
(Emery et al. 1985), a typical feature of RA. Moreover,
antibodies against MAM were found to be selectively
elevated in sera from patients with RA, compared to
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sera from control patients, whereas elevation of antibod-
ies to Staphylococcus enterotoxins SEA and SEB in sera
from patients with rheumatic diseases was less spe-
cific (Sawitzke et al. 2000). This suggests that, although
M. arthritidis commonly infects rodents, its product,
MAM or a MAM-like molecule, may play a role in
human RA.

While the importance of TCR in RA appears clear, no
crystal structure of a TCR implicated in human RA has
yet been determined. Several TCRs derived from the
synovial fluid and tissue of a RA patient with “classic”
RF™" polyarticular, symmetrical inflammation, and a
DR4,7 haplotype have been cloned (Li et al. 1994).
Among these TCRs, two (SF4 and C5-1)VB17 TCRs
are particularly interesting because they respectively
represent a majority TCR population (C5-1) and a mi-
nority one (SF4) in the synovial fluid and tissue of the RA
patient. SF4 VB 17 was isolated from the synovial fluid of
the patient, 4 mo before synovectomy, while C5-1
VB17 was obtained upon activation of T cells from the
synovial tissue by the SAg MAM (Li et al. 1994). The
CDR3 sequence of the C5-1 VRB17 is highly homologous
(86.4%) to that of a dominant VB17, representing more
than 40% of the VB17 TCR population that was pre-
sent in tissue of the patient (Li et al. 1994). The anti-
gen specificities of the SF4 and C5-1 TCRs are un-
known. However, the T cell clone expressing C5-1
TCR (Va2.3VBI17) could be selectively proliferated by
EBV-transformed lymphoblastoid B cell lines expressing
RA-associated HLA-DR alleles of DR4, Dw4, and Dw14
(Li et al. 1994).

In the current study, we describe the crystal structures
of the two VB17" B chains related to human RA. We
expressed, purified, and crystallized the native SF4 VB 17
and a F104Y/C187S double mutant of the C5-1 VB17
(designated as C5-1yg) in unbound states (see Materials
and Methods). The crystal structures were determined
by the multiple anomalous diffraction (MAD) method.
Structural comparisons with the TCR B chains of known
structures revealed that the overall topology of the two
VB17 TCR B chains derived from the RA patient is very
similar to that of most other known TCR { chains. The
conformations in the complementarity determining
regions (CDRs) of the RA-related VB17 B chains in the
absence of contacts with antigens are very close to the
conformation in a JM22 TCR VB17Val0 recognizing
the matrix protein 58—66 of influenza virus presented by
HLA-A2 (Stewart-Jones et al. 2003), although they were
originated from CD4 " (SF4 and C5-1 VB17) and CD8 "
(JM22 TCR) T cells, respectively. The individual VB and
CpB domains of these two classes of VB17 B chains can be
readily superimposed onto the counterparts of other
TCR B chains; however, structure alignments of the
complete B chains resulted in large root-mean-square
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deviations (RMSDs), implying considerable variation in
the VB—Cp associations. The crystal structures also pro-
vide insights into the structure basis of T cell recognition
of MAM, a superantigen that may be implicated in the
development of human RA. Structure comparison of the
VB17 domains with VB domains of known structures
indicates that there are significant similarities among V@3
regions that are MAM-reactive whereas there appear to
be significant structural differences among those V@
regions that lack MAM-reactivity. Detailed structural
comparison further reveals that CDR2 and framework
region (FR) 3 may account for the TCR binding to
MAM.

Results and Discussion

Overall structure

We have expressed, purified, and crystallized two human
RA-related TCR B chains, designated as VB17SF4 and
VB17C5-1, respectively. The SF4 and C5-1 VB17 B
chains possess different CDR3 sequences (Fig. 1). The
crystal structures of the RA-associated VB17 B chains,
native SF4 and mutant C5-1yg (see Materials and Meth-
ods), were determined to about 2.7 A resolution (Table
I; Fig. 2). For C5-1, a mutation of C187—S was intro-
duced to eliminate the free cysteine, while a mutation of
F104—Y was introduced to generate a TCR VB17 mole-
cule with high affinity to MAM (Hodtsev et al. 1998).
The electron-density maps were of good quality for both
B chains (Fig. 2). Most parts of the structures were well
ordered except for the CDR3 regions, where electron
densities were not observed for some side chains, includ-
ing Arg96 and Arg98 of both B chains in SF4 V17, and
GIn99 (chain A) and Metl00 (chain B) in C5-1 VB17
(Fig. 2A,B).

Sedimentation characterization of
soluble V317 TCR 3 chains

Although the profile of gel filtration chromatography
indicated that the refolded VB17 proteins were mainly
monomeric, the unit cell parameters imply that the TCR
VB17 forms a dimer in the crystal.

93
VBL7SF4  CASRDRGTEKLEFGSGT
VB17C5-1 CAE
VB17JM22 CASSSRSSY

Figure 1. Primary sequence alignment of the CDR3 regions (under-
lined) of three human VB17 TCR B chains: VB17 SF4, C5-1, and JM22
(Stewart-Jones et al. 2003). Identical CDR3 residues are shaded.

To characterize the oligomerization state of the re-
folded VB17 molecules, we performed sedimentation-
velocity (SV) experiments using the analytical ultracen-
trifugation technique. As shown in Figure 3A, the sedi-
mentation coefficient (S value) distribution of VB17SF4
at a concentration of 14 uM (~0.39 mg/mL) displayed
two distinct peaks, at 2.2 S and 3.2 S, corresponding
respectively to the monomeric and dimeric forms of
VB17SF4. Such a dimer formation is noncovalent,
because mutation of the free cysteine (C187) to serine
does not affect the dimerization of the VB17 C5-1,
showing both monomeric and dimeric peaks in the SV
experiment (Fig. 3A). This demonstrated that noncova-
lently associated VB 17 dimer exists in solution, as well as
in the crystal structures. At moderate protein concentra-
tions, it is apparent that the majority of VB17SF4 and
VB17C5-1ys mutant proteins exist as monomers with a
peak at 2.2 S. Higher protein concentration promoted
dimer formation, resulting in an overall increase of the
proportion of the VP17 dimer (Fig. 3A). This shift
strongly implies that dimer formation for VB17 is con-
centration-dependent, which is consistent with a self-
association behavior.

To further investigate the self-association of VB17,
we performed sedimentation equilibrium studies for
the wild-type VB17SF4 at three concentrations (8.7, 14,
and 22.3 uM) with a Beckman Optima XL-I analytical
ultracentrifuge running at three rotor speeds (Fig. 3B).
An equilibrium constant Kp of 380 uM was estimated
using a reversible monomer—dimer model by global anal-
ysis of the equilibrium data. The sedimentation data
clearly demonstrated that the TCR VB17 B chains can
form a dimer in solution.

The homodimer of the V317 TCR 3 chain

The crystals of the SF4 and C5-1ys VB17 B chains are
isomorphous. The VB17 B chains form homodimers in the
crystals. Because noncrystallographic symmetric (NCS)
restraints were used throughout the structure refinement,
the main-chain conformations of the two monomers of the
dimer are nearly identical, with respective RMSD values of
0.05 A and 0.06 A for VB17C5-1ys and VB17SF4.

The packing in the crystal structure suggests two pos-
sible ways in which the homodimer in solution could
form (Fig. 2C,D). A VB17 homodimer could be formed
through interactions between the TCR CB domains (Fig.
2D). Alternatively, a homodimer could be formed
through interactions between the TCR VB domains
(Fig. 2C). In the latter way, the dimer is formed in a
head-to-tail manner, with the CDR loops pointing in
opposite directions. Similar arrangements of homodi-
mers have been found in the crystal structures of the
14.3.d TCR B chain and of its complexes with SAgs

3027

www.proteinscience.org



Li et al.

Table 1. Data collection, phasing, and refinement statistics

VB17C5-1ys
VB17SF4 Native N \2 A3
Data collection
Wavelength (A) 0.9794 0.9798 0.93
Resolution (A) 2.7 2.7 2.8
No. of unique reflections 25,627 24,387 24,442 22,072
Completeness (%) 97.7 97.5 98.1
Ry (%) 7.5 7.8 7.9
Io(I) 35 32 30
MAD phasing
No. of sites 2
Resolution range (/DX) 20-2.8
Figure of merit 0.37
Refinement
Resolution range (A) 42-2.65 39-2.7
Rcryst (%) 23.7
Rfrcc (%) 28.0
No. of non-H atoms in the model
Protein atoms 3886 3884
Solvent molecules 90
RMSD value from ideality
Bond length (A) 0.008 0.007
Bond angle (°) 1.3
Average B factor (Az)
Protein atoms 58.9
Solvent molecules 53.2

(Bentley et al. 1995; Fields et al. 1996; Li et al. 1998b;
Sundberg et al. 2002), as well as in the structure of the
ES204 TCR Va3 (Li et al. 1998a). This type of dimer
arrangement is not analogous to that in the TCR hetero-
dimer; the physiological, active form of TCRs. In the TCR
heterodimer, the TCR Va chain pairs with the TCR VB
using the same buried surface of the TCR V3 domain as is
used in the VB homodimer studied here, but in such a way
that all of the CDR loops of the TCR Va and VB chains
are oriented in the same direction. In this manner, an
antigen-combining site is formed (Garcia et al. 1999).
Similar to the authentic TCR «f3 heterodimers, the
VB17 B chains in the crystals form homodimers mainly
through hydrophobic interactions. In both forms of
homodimers, considerable amounts of the solvent-acces-
sible surfaces of the VB17 B chains are buried (data not
shown). It has also been reported that the TCR Va
domains can form homodimers in the absence of TCR
VB domains (Fields et al. 1995; Li et al. 1997; Plaksin et
al. 1999). Although the homodimer arrangement does
not have relevance to the physiological Va:VB dimers,
the dimerization of TCR V domains may involve a gen-
eral mechanism by which the hydrophobic surface is
shielded so that each TCR Va or V@ can be efficiently
folded, regardless of the presence of their partners
(Rudolph et al. 2001). Therefore, a cross-linking disul-
fide bond is required for the native, heterodimeric o
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TCRs to ensure their correct chain pairing so as to form
the antigen recognition site (Rudolph et al. 2001). In
addition, the self-association mechanism of TCR V
domains may be important for T cell development and
differentiation. Skewed expression of TCR Va gene fam-
ilies into CD4 " or CD8 ™" subsets has been reported, ap-
parently occurring independently of the TCR VB pair-
ing (Utsunomiya et al. 1989). The unpaired TCR Va
chains might be protected through a self-association
mechanism during the early stage of T cell development.

The conformations of the CDR regions
in ligand-free and ligand-bound states

To date, only a limited number of crystal structures of
TCRs have been determined in both a ligand-free and a
bound form. These include TCRs 2C (Garcia et al. 1996,
1998), D10 (Hare et al. 1999; Reinherz et al. 1999), Kb5-
C20 (Housset et al. 1997; Reiser et al. 2002), and Lcl3
(Kjer-Nielsen et al. 2002, 2003). Structural superimposi-
tion of the liganded and unliganded forms of each TCR
revealed that no major domain rearrangements are asso-
ciated with ligand binding. However, it has been pro-
posed that TCRs recognize pMHC molecules through
an induced-fit mechanism involving conformational
changes at CDR regions (Garcia et al. 1998, 1999; Reiser
et al. 2002; Kjer-Nielsen et al. 2003).
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Figure 2. The structures of VB17 TCR B chains. (4,B) Representative (2F, — F.) electron density maps, contoured at 1.0o, of the
CDR3 regions of VB17C5-1ys (A4) and VB17SF4 (B). (C,D) Ribbon diagram of the VB17C5-1ys homodimers in two possible
associations. (C) Dimerization via V@ domains; (D) dimerization via Cf domains. The TCR V3, Cp and CDR loops are labeled.

To date, the crystal structures of three VB17 B chains
of human TCR, namely the VB17SF4 and VB17C5-1yg
B chains in this paper, and a V17 B chain of the JIM22
TCR (Stewart-Jones et al. 2003), have been determined.
The structure of JM22 TCR was determined in a ligand-
bound form, whereas the structures of SF4 and C5-1yg
B chains were determined in a ligand-free form. Struc-
tural comparison between the C5-1ys/SF4 B chains
and the JM22 TCR B chain may allow us to determine
the range of structural changes that occurs upon com-
plex formation, particularly in the CDRI1, CDR2, and
hypervariable 4 (HV4) regions, in which the sequences
are identical. The variable domains of the RA-related
VB17 C5-1ys and SF4 have nearly identical conformation
with an overall RMSD of 0.19 A for the Ca positions. The

largest structural differences are in the CDR3 regions,
which have an RMSD of 0.74 A. Because C5-1ys and
SF4 B chains have nearly identical structures, and because
JM22 VB17 is more similar to C5-1yg in sequence than it is
to SF4 VR17, the structure of C5-1ys VB 17 was used for
interpretation and further discussion, except for the CDR3
regions: In the latter, the conformations of C5-1yg and
SF4 VB17 differ significantly. However, the conclusions
are broadly applicable to SF4 VB17 as well.

The CDRI1, CDR2, and HV4 regions of VB17 C5-
lys adopt canonical CDR conformations (Al-Lazikani
et al. 2000; Fig. 4A.B). In the crystal, VB17 CDRI
residues are not involved in crystal packing (except for
Asn28, which makes one contact with Ser168 of the
NCS-mate). In contrast, both CDR2B and HV4B
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Figure 3. Sedimentation velocity and equilibrium analysis of VB17C5—
lys and VB17SF4 dimerization. (4) Sedimentation coefficient distribu-
tions of VB17SF4 at 14 pM (m) and 140 nM (0), and of VB17C5-1yg at
42 pM (A) concentration. (B) Absorbance distributions for the sedi-
mentation of VB17SF4 at 22.3 uM at 20°C at rotor speeds of 20,000 rpm
(0), 25,000 rpm (A), and 30,000 rpm (m). For clarity, only every second
data point is shown. Distributions were analyzed as part of a global
fitting to the absorbance data at multiple loading concentrations. Solid
lines are the global best-fit distributions using a reversible monomer—
dimer model with an equilibrium constant of K, = 380 wM.

regions participate in crystal contacts, including both
van der Waals contacts and hydrogen bonds, with sym-
metry-related molecules. Nevertheless, regardless of
crystal contacts, the conformations of the CDRI,
CDR2, and HV4 regions of VB17 C5-1ys closely resem-
ble those seen for JM22 VB17 in its liganded form
(Stewart-Jones et al. 2003; Fig. 4A,B). Structural super-
imposition of the VB domains resulted in RMSD values
of 0.5 A (CDR1), 0.6 A (CDR2), and 0.3 A (HV4) in Ca
positions between C5-1yg and JM22 VB17 molecules.
These values are smaller than the RMSD (~0.7/°%) for
the entire VB domain of the two molecules, implying
that the conformations of these loops are well conserved
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upon complex formation. Although no major conforma-
tional differences are observed between the ligand-free
C5-1ys and liganded JM22 VB 17, subtle conformational
differences can be seen at the side-chain level. The largest
conformational differences occur at residues Tyr50 and
Asn55, with positional differences of the tips of Tyr50
and Asn55 as large as 6 A and 4 A, respectively (Fig.
4B). In the crystal structure of JIM22-HLA-A2/MP com-
plex, Asn558 is involved in recognition of the HLA
molecule (Stewart-Jones et al. 2003). In the structure of
C5-1ys VBI17, Asn55B8 makes a number of crystal con-
tacts, including three hydrogen bonds. Nevertheless,
these differences are within the natural range of varia-
tions seen for TCRs (Wang et al. 1998).

In contrast to the CDR1, CDR2, and HV4 regions, the
TCR CDR3 regions are highly flexible. In the absence of
antigen and TCR Va, CDR3 regions of C5-1yg and SF4
VB17 are less well ordered than the other parts of the
structure, as reflected by the high temperature factors and
lack of electron densities corresponding to some side-chain
atoms in these regions. Similar flexibility at CDR3 has been
observed in the structures of other unpaired TCR compo-
nents (Bentley et al. 1995; Fields et al. 1995; Li et al. 1997).
The C5-1ys and SF4 VB17 molecules adopt very different
conformations in CDR3, with an RMSD of 0.74 A that is
much greater than the overall RMSD (0.2 A) between the
two molecules. Therefore, the CDR3 structures analyzed
here may be displaying their native conformations, rather
than conformations induced by the crystal packing. This is
because similar crystal contacts are expected for C5-1ys
and SF4 due to the isomorphism of their crystals. In both
molecules, the conformation of V17 CDR3 is stabilized by
a number of hydrogen bonds between CDR3 and CDRI1
residues, as well as by contacts with symmetry-mates.

The C5-1vys, SF4, and JM22 VB domains encode differ-
ent sequences with C5-1yg more similar to JM22 than is
SF4. The structural differences in CDR3 between C5-1yg
and JM22 (RMSD 1.8 A) and between SF4 and JM22
(RMSD 1.3 A) are greater than the RMSD for the CDR3
regions between C5-1yg and SF4 (0.74 A). Although the
CDR3 regions have different conformations, they all con-
tain B-turns at the tip of CDR3. JM22 VB17 forms a type 11
B-turn composed of residues 98—101, while these residues in
C5-1ys and SF4 form type I B-turns. In addition, regard-
less of their sequence differences and ligand states, the
CDR3 loops of the three molecules are positioned similarly;
each fold back toward CDR1 and CDR2. Moreover, sev-
eral hydrogen bonds, including the one between His31 N1
and conserved Ser95 Oy, are well conserved. The large
structural differences in CDR3 seem not to have a large
impact on other CDR regions, as only small RMSD values
are observed for CDR1 and CDR2. These data could imply
that VB17 molecules are required to undergo only small
conformational changes upon complex formation.
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Figure 4. Structural comparisons of VB17C5-1ys with the known three-dimensional structures of TCR B chains. (4) Structural
comparison of the CDR1 regions of C5-1yg (cyan) and JM22 VB17 (PDB code 10OGA) (gray). Atoms for the C5-1ys VB 17 residues
are colored as follows: nitrogen, blue; oxygen, red; carbon, yellow. (B) Structural comparison of the CDR2 regions of C5-1ys (cyan)
and JM22 VB17 (gray). Atoms for the C5-1ys VB17 residues are colored as in 4. (C) Structural comparison of the complete 8 chains
of VB17C5-1ys (red) and IM22 VRB17 (green). The TCR VB domains have been optimally superimposed. (D) Structural comparison
of the variable domain of human VB17C5-1ys (yellow) with three MAM-reactive TCR B chains: mouse VB8.2 (blue), human VB3
(green), and VB12.3 (red). (E) Structural comparison of the variable domain of human VB17C5-1ys (yellow) with four MAM-
nonreactive TCR B chains: mouse VB2 (red) and VB5.2 (blue), and human VB2.1 (green), and VB6.3 (magenta). The PDB codes for
the TCR B chains used here are as follows: mouse VB2, 1KBS5 (Housset et al. 1997); VBS5.2, INFD (Wang et al. 1998); VB8.2, ITCR
(Garcia et al. 1996); human VB2.1, IKTK (Sundberg et al. 2002); VB3, IFYT (Hennecke et al. 2000); VB6.3, IKGC (Kjer-Nielsen et
al. 2002); VB12.3, IAO7 (Garboczi et al. 1996a); and VB17, IOGA (Stewart-Jones et al. 2003).

Comparison of the V317 domains of MHC that use the same TCR VB to recognize both class I
class I and class Il-restricted TCRs and II peptide/MHC molecules are thus far limited

solely to murine VB8.2. TCR 2C (Va3VB8.2) recognizes
The TCR VB gene products are known to interact with  class I MHC H-2K" (Garcia et al. 1996, 1998), while
both class I and class I MHC molecules (Acuto et al. TCR D10 (Va2VB8.2) and 172.10 (Va2.3VB8.2) are
1985). Although the structures of many TCRs have been respectively specific for class II MHCs I-A* (Reinherz
determined, structural determinations for those TCRs et al. 1999) and I-A" (Maynard et al. 2005). Structural
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comparisons indicate that the overall conformation of
VB8.2 in 2C, D10, and 172.10 TCRs is very well con-
served, with the exception of VB CDR3 regions (Garcia
et al. 1999; Hare et al. 1999; Maynard et al. 2005). It is
not currently known whether other TCRs maintain a
single VB conformation in the recognition of different
classes of MHC molecules.

Structural determination of SF4 and C5-1yg VB17 of
class II MHC-restricted TCRs, together with the struc-
ture of JM22 VB17 of a class-I MHC restricted TCR,
provided additional support for the hypothesis that the
TCR VB domains maintain their main-chain conforma-
tion regardless of their CD4" or CD8" origins. TCRs
encoding VB17 SF4 and C5-1 were derived from CD4 "
T cells with unknown epitopes, while the JM22 TCR
originated from CD8" T cells, recognizing class I
MHC HLA-A2 in the context of a matrix protein pep-
tide (MP58-66) of influenza virus (Stewart-Jones et al.
2003). These three VB17 B chains differ significantly in
their CDR3 sequences (Fig. 1). In other regions, the
sequences of VB17C5-1 and the JM22 VB17 are nearly
identical, except for amino acid 114. Amino acid 114 is
Thr in the JM22 VB17 B chain, while it is Leu in the
VB17 B chains derived from the RA patient. In addition,
VB17SF4 differs from the other two VB17 B chains at
positions 107, 110, 112, 118, and 119. The residues at
these positions are Ser107, GIn110, Ser112, Asn118, and
Lys119 for VB17SF4, while they are Prol07, Argll10,
Thr112, Lys118, and Asnl19 in the other two VB17 B
chains.

The SF4 and C5-1ys VB17 B chains of the class II
MHC-restricted TCRs superimpose closely with the
JM22 VB17 of class I MHC-restricted TCR (Stewart-
Jones et al. 2003), with overall RMSD values of 0.67 A
and 0.74 A, respectively (Fig. 4C). Regions 8-12, 4044,
82-88, and 97-101 showed structure differences larger
than 1.5 A between the B chains of MHC class I and II-
restricted TCRs. The first three among the four regions
are within the VB framework (FR) regions, with identi-
cal sequences. Analysis of the structural differences in
these regions indicated that the structural differences in
loop 40-44 between C5-1yg and JM22 VB17 are likely
due to crystal packing. Residues 40—44 form a loop that
is located at the VB17 dimer interface in the VB17 C5-
lys crystals (Fig. 4C). Loop 4044, which lies at the
interface of the authentic af TCR heterodimer, showed
various conformations when paired with the TCR «
chains in TCRs of known structures (data not shown).
A conformation different from that in JM22 VB17 is
necessary, in order for loop 4044 to avoid steric conflict
with the other monomer of the C5-1yg VB17 dimer. In
all TCR B chains, residues 8-12 form two consecutive
turns linking the interrupted TCR A- and A’-strands
that form B-sheets with the B- and G-strands, re-
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spectively (Bentley et al. 1995). Structural comparison
indicates that the conformation of this linker region is
not conserved among the known TCR structures. Never-
theless, superimposition of the JM22 VB17 onto the C5—
lys VB17 in the crystal structures resulted in only minor
close contact between the JM22 residue S93 and N162 of
the NCS-mate of C5-1ys VB17. Therefore, it is possible
that the structural difference at this region is due to
crystal packing forces. On the other hand, this structural
difference could be due to the TCR B-chain’s intrinsic
nature to recognize different classes of MHC molecules.
Notably, structural comparison of a class II-restricted
D10 TCR with a class I-restricted 2C TCR revealed
similar structural differences at this region (Hare et al.
1999).

In contrast to loops 8—12 and 40—44, loop 8288 is not
involved in crystal packing contacts in the crystal struc-
tures of either JIM22 or C5-1ys VB17. Residues 8288 lie
at the opposite ends of the CDR loops, and are close but
not in the TCR VB-CR interface. When the JM22 VB17
was superimposed on the C5-1yg VB17 or vice versa, the
conformation of residues 82-88 from one molecule is not
such that it would interfere with the crystal packing of
the other. Therefore, the structural differences may not
be due to differences in crystal packing, although the
possibility can not be formally ruled out. Further struc-
tural comparisons revealed that the conformations of
this loop in the JM22 and C5-1yg VR17 domains are
different from those of all other TCR VB domains whose
structures have been determined. With the exception of
murine VB2, which shows a different conformation due
to a unique conformation of the adjacent C” B-strand
(Reiser et al. 2000, 2003), the loops 82-88 of most other
TCR VB domains with RMSD values within 2.0 A
adopt similar conformations that are composed of one
310 helix from residues 83 to 87 (nomenclature from the
2C TCR structure). In contrast, loops 82—88 of human
JM22 and C5-1 VB17 display completely different con-
formations that lack obvious secondary structure ele-
ments (Fig. 4C). The three human VB17 B chains,
IM22, C5-1ys, and SF4, differ from all other TCR B
chains at the loop region (amino acids 82-88) with
RMSD values larger than 3.1 A. The VB17 B chains of
class I and IT MHC-restricted TCRs also differ from one
another with an RMSD of 3.2 A. Although the biologi-
cal significance of this loop is unknown, it is clear that
loop 82-88 is flexible and capable of adopting multiple
conformations.

Comparison of the TCR V(3—C[( associations

The overall topologies of the VB17 TCR B chains
derived from the RA patient are very similar to those
of most other TCR B chains (Fig. 4). Although the
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individual VB and CB domains of these two VB17 B
chains can be readily superimposed onto their counter-
parts in other TCR B chains, structural alignments of the
complete B chains result in large RMSD values, indicat-
ing considerable variation in the VB—CB associations.
Interestingly, although the residues at the VB—Cp inter-
face are identical in the JM22 VB17 B chain (Stewart-
Jones et al. 2003) and in the two VB17 B chains derived
from the RA patient, a rotation angle as large as 23.4° is
required for the best alignment of the CB domains, after
optimal alignment of the V@ domains (Fig. 4C). Struc-
tural comparison with other TCR B chains revealed that
the VB—CR associations of VB17 SF4 and C5-1 are most
similar to that of 2C TCR (PDB code IMWA) in the
crystal structure of a TCR-MHC complex (Luz et al.
2002), with a 15.3° rotation required to optimally align
these CB domains after optimal superimposition of the
VB domains. Comparison with other TCR VB-Cp asso-
ciations resulted in rotation angles ranging from 15.3° to
25.6° (data not shown). This finding implies that the
TCR B chains can tolerate quite large inter-domain
movements, although the overall structures of individual
domains of the TCR f chains are relatively rigid (Bent-
ley et al. 1995).

As discussed earlier, the crystal structures of VB17
SF4 and C5-1yg are in a nonliganded form, while the
structure of the JM22 TCR is in a liganded form (Stew-
art-Jones et al. 2003). Therefore, it is possible that the
difference in VB—CB domain arrangement between C5—
lys and JM22 VB17 represents a conformational change
upon ligand binding, although crystal packing effects
can not be ruled out. The structural differences in V-
CB domain arrangement observed here may have func-
tional significance. A difference in VB—Cp arrangement
may affect the elbow angle of a TCR. Elbow angle is a
term coined to define the angle between the Vi /Vy and
C1/Cy pseudo dyads of a Fab fragment of an antibody.
Due to the structural similarity between TCR and Fab,
the elbow angle terminology can also be used for TCR,
to define the relative orientation between the TCR V and
C modules. Although there is no solid evidence for any
signaling function through the elbow region of the TCR,
the elbow angle of an antibody is thought to be essential
for molecular signaling upon complexing with the anti-
gen (Colman 1988; Lesk and Chothia 1988; Guddat et
al. 1994, 1995; Landolfi et al. 2001). Nevertheless, a
difference in VB—Cp arrangement will affect the relative
orientations of Va and VB domains of the TCR, which
in turn influence the peptide/MHC specificity (Garcia et
al. 1999). It is well known that the relative orientations
of the TCR Va/VB domains vary significantly (Li et al.
1997; Garcia et al. 1999). Although this has not been
extensively studied, due to the limited number of crystal
structures of TCRs available, the impact of Va/VB

pairing variability on the TCR’s ligand specificity has
been demonstrated in a recent study (Maynard et al.
2005). Both TCRs D10 and 172.10 use VB8.2. Their
Va domains, Va2 in D10 and Va2.3 in 172.10, are also
highly similar, with 84% sequence identity. These two
TCRs recognize different peptide/MHC molecules
(Reinherz et al. 1999; Maynard et al. 2005). However,
structural comparison showed that the Va—V[ associa-
tion in the two TCRs differs by a rotational angle of 15°,
resulting in TCR footprints on different regions of the
peptide/MHC molecules. Clearly, differences in TCR
VB-CPB associations will ultimately affect the relative
Va—VB orientations, which may modulate the TCR’s
peptide/MHC specificity (Garcia et al. 1999; Maynard
et al. 2005).

Possible binding site for the superantigen M AM

The SAg MAM has been proposed to be involved in the
pathogenesis of human RA (Emery et al. 1985; Cole and
Griffiths 1993; Knudtson et al. 1997b; Mu et al. 2000;
Sawitzke et al. 2000). The crystal structure of a MAM-
MHC complex (Zhao et al. 2004) reveals that MAM,
like other SAgs, binds very well to class II MHC mole-
cules. In addition, MAM interacts with TCRs in a VB-
restricted fashion, as occurs for other SAgs. It has been
demonstrated that MAM stimulates T cells expressing
murine VB6, 7, and 8.1-3. Although human T cells are
less responsive to MAM than are murine ones, T cells
bearing human V@ 3.1, 5.1, 7.1, 8.1, 10, 11.1, 12, 13.1,
14, 17, or 20 can be polyclonally expanded to various
degrees during MAM induction (Knudtson et al. 1997a).
Structure determination of human VB17 may allow us to
investigate the molecular mechanism by which human T
cells are activated by MAM, a superantigen that may be
implicated in the development of human RA.

Although the crystal structure of a MAM-TCR com-
plex has not been determined, crystal structures of sev-
eral staphylococcal and streptococcal pyrogenic SAgs
complexed with TCR [ chains have been report-
ed (Fields et al. 1996; Li et al. 1998b; Sundberg et al.
2002). In these pyrogenic SAg-TCR complexes, SAgs
bind uniformly to the CDR2 and FR3 regions of the
TCR B chains, although the VB CDRI1, CDR3, and
HV4 regions contribute to a certain extent toward the
binding to various SAgs (Fields et al. 1996; Li et al.
1998b; Li et al. 1999; Sundberg et al. 2002). A SAg-
TCR recognition mechanism, which is highly dependent
on the main-chain conformations of the TCR VB CDR2
and FR3 regions, has been proposed (Fields et al. 1996;
Li et al. 1998b, 1999). The SAgs MAM, SEB, and
SEC1-3 have nearly identical TCR VB specificities
(Fields et al. 1996; Knudtson et al. 1997a). Possibly,
the binding site on the TCR VB domains for MAM is
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similar to the binding sites for SEB and SECI-3. As
indirect evidence, MAM, SEB, and SEC3 bind to class
IT MHC at nearly identical sites (Jardetzky et al. 1994;
Sundberg et al. 2003; Zhao et al. 2004), although MAM
does not show any structural similarity to SEB or SEC1-
3 (Zhao et al. 2004).

Nevertheless, crystal structures have been determined
for both MAM-reactive and nonreactive TCR { chains,
and comparison of these structures may reveal critical
information about the MAM binding sites on TCR
chains. Although there are about 37 PDB entries related
to TCRs, including TCRs (Garcia et al. 1996; Housset et
al. 1997; Wang et al. 1998; Hare et al. 1999; Allison and
Garboczi 2002; Kjer-Nielsen et al. 2002), TCR compo-
nents (Bentley et al. 1995; Fields et al. 1995; Li et al.
1997, 1998a; Plaksin et al. 1999; Machius et al. 2001;
Rudolph et al. 2001), TCRs complexed with class I or
class I MHC/peptide complex molecules (Garboczi et
al. 1996a; Ding et al. 1998, 1999; Garcia et al. 1998;
Reinherz et al. 1999; Degano et al. 2000; Hennecke et
al. 2000; Reiser et al. 2000, 2002, 2003; Hennecke and
Wiley 2002; Luz et al. 2002; Buslepp et al. 2003; Kjer-
Nielsen et al. 2003; Stewart-Jones et al. 2003; Hahn et al.
2005; Maynard et al. 2005), and TCR components com-
plexed with bacterial superantigens (Fields et al. 1996; Li
et al. 1998b; Sundberg et al. 2002), only eight TCR V@
families have been structurally characterized. Three are
of mouse origin (VB2, VB5.2, and V38.2) and five are
from humans (VB2, VB3, VB6.3, VBI12.3, and VB17).
Structural superposition of the human VB17C5-1ys VB
domain in our study onto other TCR VB domains
resulted in RMSD values that fell into two distinct
groups. The VB17C5-1 VB domain superimposed well
onto murine VB8.2, and onto human VB3 and VB12.3,
with overall RMSD values ranging from 0.73 A to 0.98
A (Fig. 4D). It is notable that these four TCR B chains,
murine VB8.2 and human VB3, VB12.3, and VB17, are
the primary ones used by MAM (Knudtson et al.
1997b). On the other hand, the RMSD values between
VB17C5-1 and murine VB2 and VBS5.2, and between
C5-1ys and human VB2.1 and VB6.3, are much larger,
ranging from 1.24 Ato1.67A (Fig. 4E). T cells bearing
these B chains (murine VB2 and VB5.2, and human
VB2.1 and VB6.3) are known to be nonreactive to
MAM stimulation (Knudtson et al. 1997a).

Because MAM can stimulate T cells bearing B chains
of a number of VB families, regions that show large
structural differences among various MAM-reactive 3
chains probably do not contribute greatly to the binding
to MAM. Structural alignments of the MAM-reactive
TCR VB domains reveal that these VB domains super-
impose well onto one another, with exceptions at regions
8-12, 4044, 82-88, CDR3, and HV4; in these regions,
relatively large structural differences are observed (Fig.
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4D). In addition to the regions where large structural
differences were observed among MAM-reactive V[
domains, significant structural differences between MAM-
reactive and nonreactive TCR VB domains were ob-
served at the CDRI, CDR2, and FR3 regions (Fig.
4E). It should be noted that the latter two regions con-
tribute most strongly to the binding to the pyrogenic
SAgs (Fields et al. 1996; Li et al. 1998b, 1999; Sundberg
et al. 2002). Because MAM is known to activate T cells
bearing murine VB8.2, and human VB3, VBI12.3, and
VB17, but not murine VB2, VR5.2, or human VB2.1,
VB6.3, the structural differences in the CDR2 and FR3
regions indicate that these portions of the TCR B chains
account for the binding to MAM. Since the TCR  chains
recognized by various SAgs differ significantly in the
CDR2 and FR3 regions, we could extend the hypothesis
to all SAgs: The CDR2 and FR3 regions of TCR B chains
may determine the SAg specificity. In other words, the
SAgs may uniformly bind to the CDR2 and FR3 regions
of TCR B chains. Structural studies of TCR B-chain
complexed with MAM or other SAgs are needed before
we can determine whether a common recognition
mechanism operates to permit MAM and other SAgs to
interact with various V@ families.

Materials and methods

Expression plasmid constructions

The cDNA plasmids encoding the B chains (VB17) of T cell
receptors (C5-1 and SF4) derived from the synovial fluid and
tissue of a RA patient (Li et al. 1994) were used as the source
for the molecular cloning. The primers used to generate TCR B
chains (residues 1-242) were 5-GGAATTCCATATGGATG
GTGGAATCACTCAGTCC-3’ (upstream primer) and 5-CC
GCTCGAGTCAGTCTGCTCTACCCCAGGCCTC-3" (down-
stream primer), and they contained the Ndel and Xhol restric-
tion sites (underlined), respectively. The PCR products were
subcloned into the TA cloning vector (Invitrogen). The resulting
positive plasmids were confirmed by restriction mapping and
DNA sequencing analysis. The plasmids were double-digested
with Ndel and Xhol, and the extracted inserts were ligated into
the pET26b(+) vector (Novagen), to generate the expres-
sion plasmid. For VB17C5-1 (VB17-DBR2-JR2.1-CR2), further
mutagenesis was carried out to change the free cysteine,
Cysl187, to a serine. In order to generate a TCR V317 molecule
with high affinity to the SAg MAM (Hodtsev et al. 1998), we
introduced a F104Y mutation into VB17 C5-1 (designated as
C5-1ys). Pairs of primers (C187S: S~ AATGACTCCAGATAC
TCCCTGAGCAGCCGCCTGAG-3" and 5-CTCAGGCGGC
TGCTCAGGGAGTATCTGGAGTCATT-3; F104Y: 5-CAG
ATGAATGAGCAGTACTTCGGGCCAGGGACACG-3’
and 5-CGTGTCCCTGGCCCGAAGTACTGCTCATTC
ATCTG) were wused with the expression plasmid
pET26b-VB17C5-1 as the template for site-directed muta-
genesis (Stratagene). The correct mutation of the result-
ing mutant plasmid was confirmed by DNA sequencing
analysis.
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Protein expression, purification, and refolding

Native proteins of VB17C5-1ys and VB17SF4 were expressed
as inclusion bodies in Escherichia coli BL21 (DE3)pLysS
(Novagen). To produce selenium-methionine (Se-Met)-substi-
tuted VB17C5-1vys, the expression plasmid was transformed
into the methionine auxotrophic E. coli strain B834 (Novagen).
Cells were grown in minimal medium containing Se-Met at
37°C. Soluble native and Se-Met-substituted V17 proteins
were refolded from purified inclusion bodies, using the proto-
col as described (Garboczi et al. 1996b). The refolded proteins
were concentrated in an Amicon stirred cell unit (Millipore),
filtered to remove precipitates, and subjected to gel filtration
chromatography on a Superdex-200 column (Pharmacia). The
peak fractions were pooled together and dialyzed at 4° against
20 mM Tris buffer (pH 8.0). Further purification was carried
out on a Pharmacia MonoQ anion-exchange column with a
linear NaCl gradient. Fractions containing the VB17 proteins
were recovered, buffer-exchanged, and concentrated to about 5
mg/mL in the buffer containing 20 mM Tris (pH 8.0), 100 mM
NaCl, 1 mM DTT, for further analysis. For Se-Met-substi-
tuted protein, 5 mM DTT was added, to prevent oxidization
of the Se-Met.

Crystallization, diffraction data collection,
structure determination, and refinement

Using the hanging drop evaporation method, we obtained small
crystals, under condition 16 of the Hampton Crystallization
Screen (1.5 M lithium sulfate as the precipitate) within 30 min
after the start of the crystallization experiment. After optimiza-
tion, the best crystals were obtained at room temperature by
mixing 2 L of protein solution with an equal volume of 0.6-0.7
M sodium citrate, 0.1 M HEPES (pH 7.5). Eye-shaped crystals
grew to dimensions up to 0.3x0.3x0.1 mm> within 1 wk. The
crystals belong to space group P6322, with cell dimensions
a=b=1875 A, ¢=286.7 A for native VB17SF4, and
a=b=1873 A, c =86.3 A for Se-Met-substituted VR17C5~
lys. There are two TCR B chains per asymmetric unit.

Prior to data collection, all crystals were transferred to a
reservoir solution containing 20% glycerol, and then flash-
cooled under a nitrogen stream at 100 K. Data for the native
VB17SF4 crystals were collected to 2.65 A resolution at 100 K
at beamline X25 of the National Synchrotron Light Source
(NSLS) of the Brookhaven National Laboratory (BNL)
(Table 1). All of the diffraction data were processed and scaled
using HKL2000 (Otwinowski and Minor 1997), followed by
truncation with programs in the CCP4 suite (CCP4 1994).

Attempts to determine the crystal structures of VB17SF4 by
molecular replacement with known structures of the TCR V@
domains, including VB17 (Stewart-Jones et al. 2003), as the
search models failed. We therefore determined the crystal
structures using the MAD phasing method. VB17C5-1yg was
selected for the production of Se-Met-substituted protein,
because VB17C5-1ys has two nonterminal Met residues, as
compared to one in VB17SF4. A set of three-wavelength
MAD data was collected to 2.7 A for the Se-Met-substituted
VB17C5-1ys crystals at beamline X25 of the NSLS (Table 1).
MAD calculation using the program SOLVE (Terwilliger and
Berendzen 1999) clearly defined the positions of the two Se
atoms. Further search for additional sites failed to gener-
ate obvious solutions, presumably because other Met resi-
dues were not well-ordered in the crystal. Nevertheless, an

interpretable electron density map could be generated after
density modification using the program RESOLVE (Terwilli-
ger 2001). Polyalanine fragments containing about 60% of the
VB17C5-1ys residues of one molecule and 40% of the residues
of the second molecule could be automatically traced. The
partial structure showed B-strand structure, which is typical
for a TCR. Therefore, the variable and constant domains of
the known VB17 structure of a JM22 TCR (Stewart-Jones et al.
2003) were manually aligned with this partial structure using
the program TURBO-FRODO (Roussel and Cambillau 1989).
The structure refinement was completed using CNS (Brunger
et al. 1998). After the rigid-body refinement, iterative cycles of
simulated annealing and positional, torsion angle, and tem-
perature factor (B) refinements, were carried out with noncrys-
tallographic symmetry (NCS) restrains; these cycles were
interspersed with model rebuilding into os-weighted (F,—F,)
and (2F,—-F,) electron density maps. At 2.7 A resolution, the
final R, is 23.7%, with an Ry, of 28.0%.

The structure of VB17SF4 was determined by the difference
Fourier method, using the partially refined structure of
VB17C5-1ys as a starting model. The structure refinement
was carried out similarly to that done for VB17C5-1yg using
CNS. Omit maps for groups of VB17 CDR3 residues were
frequently calculated, as a check of the correct tracing and
conformations. At 2.65 A resolution, the final R, is 23.3%
with an Rj.. of 28.6%.

For the nonglycine residues, the main-chain torsion angles of
all residues lie in the most favored or allowed regions of the
Ramachandran plot (data not shown). The refinement sta-
tistics are summarized in Table 1. Atomic coordinates for
VB17C5-1ys and VB17SF4 have been deposited in the Protein
Data Bank (PDB) as entries 2AXH and 2AX]J.

Analytical ultracentrifugation

Sedimentation-velocity experiments were done at 20°C in a
Beckman Optima XL-I analytical ultracentrifuge at a rotor
speed of 55,000 rpm. (An50Ti rotor). Double-sector cells
were loaded with 400 L of proteins at a concentration of 14
pM (VB17SF4), 42 uM (VB17CS5-1ys), or 140 uM (VB17SF4),
in 2 mM DTT, 0.1 M NaCl, 10 mM Hepes buffer (pH 7.5).
Data were recorded with absorbance detection at wavelengths
of 280, 294, and 300 nm for low, moderate, and high concen-
trations of protein, respectively. Absorbance fringe displace-
ment profiles were analyzed with the software SEDFIT (http://
www.analyticalultracentrifugation.com) (Vistica et al. 2004),
using a model for continuous sedimentation coefficient distri-
butions ¢(s) (Schuck et al. 2002). Distributions were calculated
with maximum entropy regularization at a predetermined con-
fidence level of 1 standard deviation. In further analysis, the
differential S value distribution was integrated, to determine
weight-average sedimentation coefficients.

Sedimentation equilibrium studies were conducted at a tem-
perature of 20°C and at three rotor speeds of 20,000 rpm,
25,000 rpm, and 30,000 rpm. 110 wL of proteins were respec-
tively loaded into Epon double-sector centerpieces, at a con-
centration of 8.7 uM, 14 uM, or 22.3 uM, in 2 mM DTT, 0.1
M NacCl, 10 mM Hepes buffer (pH 7.5). Equilibrium absor-
bance profiles were acquired at 294-nm wavelength. The equi-
librium sedimentation data were analyzed using the soft-
ware SEDPHAT (http://www.analyticalultracentrifugation.
com) (Vistica et al. 2004). Data analysis was performed by
global least-squares analysis of the data from multiple con-
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centrations and multiple rotor speeds, based on the well-known
superposition of the Boltzmann distributions of ideal species in
the centrifugal field, using conservation of mass constraints
(Vistica et al. 2004).
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