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Crystal Structure of a yo T Cell
Receptor Ligand T22: A
Truncated MHC-Like Fold

Christer Wingren,'* Michael P. Crowley,? Massimo Degano,’{
Yueh-hsiu Chien,? lan A. Wilson§

Murine T10 and T22 are highly related nonclassical major histocompatibility
complex (MHC) class Ib proteins that bind to certain y3 T cell receptors (TCRs)
in the absence of other components. The crystal structure of T22 at 3.1
angstroms reveals similarities to MHC class | molecules, but one side of the
normal peptide-binding groove is severely truncated, which allows direct access
to the B-sheet floor. Potential yd TCR-binding sites can be inferred from
functional mapping of T10 and T22 point mutants and allelic variants. Thus, T22
represents an unusual variant of the MHC-like fold and indicates that yd and
af TCRs interact differently with their respective MHC ligands.

Classical MHC class I (class Ia) molecules
participate in immune responses by present-
ing peptide antigens to cytolytic a3 T cells
(1). Many nonclassical MHC class I (class Ib)
molecules have distinct antigen-binding ca-
pabilities, suggesting that they have evolved
for specific tasks that are distinct from those
of MHC class Ia (2). Although the majority of
cells that respond to class Ib ligands express
the o TCR, the murine H-2T—encoded T22
and the closely related T10 (94% sequence
identity) have been identified as specific li-
gands for two yd T cell clones, G8 and KN6
(3-5). Recognition of T22 and T10 by G8 T
cells is fundamentally different from MHC
class Ia recognition by o T cells (4-6).
Whereas the MHC class Ia—peptide interac-
tion is essential for both pMHC cell surface
stability (7) and a8 T cell recognition (1),
T22 and T10 do not appear to require peptide
or any other ligand for cell surface expression
or recognition by yd T cells (4—6). Recog-
nition and stimulation are dependent only on
a properly folded and stable heterodimer as-
sociation of the T22 or T10 heavy chain with
B,-microglobulin (B,M) (4,.6). Escherichia
coli—produced T22 and T10 can be refolded
in vitro with B,M to form a stable het-

'Department of Molecular Biology and the Skaggs
Institute for Chemical Biology, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA
92037, USA. 2Program of Immunology and the De-
partment of Microbiology and Immunology, Stanford
University, School of Medicine, Stanford, CA 94305,
USA.

*Present address: Department of Immunotechnology,
Lund University, Post Office Box 7031, SE-22007
Lund, Sweden.

tPresent address: Howard Hughes Medical Institute,
Duke Medical Center, Durham, NC 27706, USA.
}Present address: Structural Biology Laboratory, Sin-
crotrone Trieste in Area Science Park, S.S. 14 Km
163.5, 34012 Basovizza (TS), Italy.

§To whom correspondence should be addressed. E-
mail: wilson@scripps.edu

erodimer in the absence of peptide (6).

The primary sequences of T22 and T10
suggested that the necessary structural features
to bind peptide are absent because of a three—
amino acid deletion within the al domain, a
13-residue deletion in a2 (3), and substitution

of four of the eight amino acids that are key for
peptide binding by class Ia molecules (8).
These sequence and structural differences are
not shared by other nonclassical and MHC-like
molecules, such as CD1 (9), H-2M3 (9), Zn-
a,-glycoprotein (ZAG) (10), MIC-A (11),
hemochromatosis protein HFE (9), and the neo-
natal Fc receptor (FcRn) (9). However, these
molecules all have modified binding grooves,
which are structurally distinct from class Ia
proteins, in order to bind alternate ligands such
as formylated peptides, glycolipids, and intact
proteins (9—11). Nevertheless, by comparison,
T10 and T22 represent an unusual way for
MHC-like molecules to adopt a peptide- or
ligand-free structure yet still function in the
immune system.

T22 mRNA is expressed by many differ-
ent cell types in a great variety of tissues
similar to MHC class Ia, whereas T10 mRNA
is detectable only in cells of the immune
system (3). Recently, T10 and T22 were dem-
onstrated to be cell activation markers, and a
population of T10- and T22-specific y& T
cells was identified in normal mice (I2).
Thus, changes in the level of T10 or T22 ex-
pression on cells may act as a trigger for an

Table 1. Crystallization, data collection, structure solution, and refinement statistics for T22°. Crystals
were obtained by mixing purified T22 at 13 mg/ml with 0.1 M imidazole-maleate (pH 5.0), 0.2 M calcium
acetate, and 10% PEG8000 (34). The crystals are orthorhombic P2,2,2 (a = 167.1A, b = 91.5A, c =
122.5A) with four molecules in the asymmetric unit and a V,, of 2.78 A%/dalton (32). Crystals were
flash-cooled to —176°C with 25% glycerol as the cryoprotectant, and data were collected at beamline
9-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) on a MAR image plate detector. Data were
integrated and reduced with DENZO and SCALEPACK (32). The structure was determined by molecular
replacement with truncated coordinates of HLA-A2 (76, 77) as the search model. Normalized structure
factors from 12.0 to 4.0 A were used in AMORE rotation and translation functions and X-PLOR Patterson
correlation refinement (R, . = 0.47, correlation coefficient = 0.54) (32). Phases to 3.1 A were improved
by solvent flattening and fourfold density averaging with DM (final average correlation > 0.85) (32). The
resulting electron density maps allowed unambiguous rebuilding of the molecule including some
previously uninterpretable regions. Multiple rounds of slow-cooled torsion molecular dynamics refine-
ment and model rebuilding were carried out with X-PLOR, CNS, and O (32). Ry, (32) was calculated from
3% of the unique data, and only procedures that minimized both R__ . and R, were used. Tight NCS
restraints were applied to all regions (rmsd < 0.04 A), except for two flexible loops involved in lattice
contacts (22). The final model included 95% of all residues fitted to both averaged and unaveraged
o ,-weighted 2F -F_ and F_-F_ electron density maps (32) and “shake” omit maps (32).

Data collection statistics

Resolution range (A) 50-3.0
Unique reflections 34,819 (2597)*
Ry (%) 8.3 (346)*
Average I/o (/)T 8.6 (1.6)*
Completeness (%) 90.7 (69.2)*
Redundancy 2.9(1.8)*
Refinement statistics rmsd from ideality}

Resolution range (A) 20-3.1 Bond length (A) 0.009
Reryett 0.245 Bond angle (°) 1.5

free 0.301 Dihedrals (°) 259
Reflections (completeness) Impropers (°) 1.0

Working set 29,371(85%) Ramachandran plot}

Test set 1040 (3%) Favored (%) 79.1
Number of atoms (Ca) 11,657 (1430) Allowed (%) 18.9
Average B value (A?) 49.4 Generous (%) 20

Disallowed (%) 0
*Statistics for outer shell of 3.1 to 3.0 A data are shown in parentheses. tSymbols: R_,,=100 X (EZ|I, — (H|/=1,),

sym
where (/) is the average of equivalent reflections and the sums are extended over all measured observations for all unique
reflections. For //o(l), I is the measured intensity. R, = Z|F,| — |F|l/SF,, where F, and F_are the observed and
calculated structure factors, respectively, and the sum is extended over all unique reflections. For Ry ., the sum is
extended over a subset of reflections excluded from all stages of refinement. 1The rmsd’s were calculated with CNS
(32), and the Ramachandran plot was generated in PROCHECK (32).
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immunoregulatory yd T cell function (/2-14).

To gain further insight into the functions
of T10 and T22 and to provide a structural
context for understanding yd T cell-mediated
antigen recognition, we determined the crys-
tal structure of T22" at 3.1 A. The murine
T22° heavy chain and human B,M het-
erodimer (/5) were produced in a soluble
form in E. coli and crystallized (Table 1). The
crystal structure was determined by molecu-
lar replacement, with HLA-A2 (16, 17) as a
search model (Table 1 and Fig. 1). Four
independent copies of T22° were found in the
crystal asymmetric unit.

T22° adopts an overall MHC-like fold that
is structurally more similar to MHC class Ia
than to class II and class Ib molecules (/8)
(Figs. 1 and 2). The « chain folds into the
standard three domains (al, o2, and 3) that
are closely associated with ,M. The relative
quaternary arrangement of the al-a2 platform,
a3 domain, and B,M is within the range of
orientations observed for MHC class Ia mole-
cules (19). The total buried surface area and the
number of hydrogen bonds between B,M and
the heavy chain are at the lower end of the
normal range (20) and may explain why the
closely related T10-8,M complex is less stable
to thermal denaturation than class Ia molecules
(6). Although the related H-2T—encoded T18
protein is able to bind CD8 (8), no data are
available on whether T22 can bind CD8. How-
ever, most of the MHC class I heavy chain
residues of the a3 domain in the CD8-binding
site (16, 17) are conserved in T22° (21); the
highly acidic loop in a3 is structurally similar to
other class I molecules (27).

The three—amino acid deletion in the al
domain (residues 46 to 48) maps to or near the
outermost B strand (S4) and the long o helix
(H2) of class Ia molecules (9). In MHC class Ia
(Fig. 1B), the ol domain has two «-helical
segments, named H1 (~ residues 49 to 54) and
H2 (~56 to 85) (9). T22" lacks the entire H1
segment and does not start the H2 helical struc-
ture until residue 60. Thus, the a1l H2 o helix is
substantially shorter in T22® (Figs. 1 and 2).
The conformation of the connecting loop (res-
idues 53 to 59) between S4 and H2 adopts
slightly different conformations in the four
T22° monomers, partly because of crystal lat-
tice contacts (22) (Fig. 1).

The o2 domain has the least structural
resemblance to any known classical or non-
classical MHC-like molecule (/8) (Fig. 2).
This region also displays the greatest struc-
tural heterogeneity among nonclassical class
I molecules. The 13—amino acid deletion
maps to an equivalent region in the o2 do-
main around the outermost $ strand (S4), the
loop preceding the first a2 o helix, and the
H1 helical segment of class la MHC (Fig.
1B), consistent with previous predictions (3).
Compared with MHC class Ia molecules,
T22° lacks the S4 B strand; the preceding S3
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[ strand is now connected to the H2a helical
segment through an extended chain contain-
ing two type IV B turns. The B turns are
anchored to the adjacent B strand (S2) by an
additional disulfide bond (Cys a110 to Cys

a133) that does not occur in any other MHC
class Ia or Ib structure (Fig. 1) (23). This
arrangement may in part account for the
COOH-terminal part of S2 being raised 1 to 3
A compared with class Ia molecules (Figs. 1

o
Fig. 1. Three-dimensional structures of T22" and a classical MHC class | molecule (HLA-A2) (76,
17). (A) Ribbon diagram of the mouse T22® heavy chain and human B,M heterodimer. The two
loop regions that adopt slightly different conformations in the four T22° monomers of the
asymmetric unit (22) are shown and colored yellow, cyan, magenta, and dark blue. No electron
density was observed for residues o148 to o153 in molecule 3 (yellow) (22). Cysteine side chains
(yellow) are shown in a ball-and-stick fashion (23). The Asn residues (86 and 150) of probable
N-linked glycosylation sites are colored in black [(C) and (D) only]. (B) Ribbon diagram of HLA-A2.
The molecule is color coded as for T22" (C) Top view of the a1 and a2 domains of T22°. (D) Top
view of the a1 and a2 domains of HLA-A2. PROMOTIF was used to identify secondary structure
elements (32). Figures 1, 2, and 3 were generated with MOLSCRIPT (32) and RASTER3D (32). N,
NH,-terminal; C, COOH-terminal.

Fig. 2. Stereoview comparison of the a1a2 domain of nonclassical murine T22" (blue) with that of
classical human and murine MHC class la molecules HLA-A2, HLA-B3501, H-2K®, H-2D®, and H-2L¢
(pink) (9). The structures are overlapped by superimposition of the B-sheet floor. The B-sheet
platform superimposes closely, with the exception of a few loops, whereas there are substantial
differences between the helical segments. The overall average rmsd is ~1.6 A for 70 homologous
Ca positions (~0.51 A for 54 Ca positions). The rmsd values were calculated with SUPPOS (32),
and DALI (32) was used for the structure-based sequence alignment.
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‘and 2). The conformation of the hairpin loop

connecting S1 and S2 is also affected. The
bulged loop region between S3 and the H2
helices adopts a less well-ordered structure
(as indicated by higher than average B val-
ues) before it connects to the remnant of the
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a2 H2a helix; different lattice contacts in the
crystal primarily account for the slightly dif-
ferent conformations in the four T22° mono-
mers (22) (Fig. 1). The H2b a2 « helix is
conserved as in class Ia molecules (Fig. 1)
(24). In MIC-A, the a2 a helix segments H1

A

Fig. 3. Top view of the a1a2 domains of T22°. (A) Stereoview of the molecular surface of the a1a2
domains of T22. Electrostatic potentials were calculated in GRASP (32); positive potential (=15
mv) is colored blue, neutral potential (0 mv) is colored gray, and negative potential (=—15 mv) is
colored red. (B) Stereoview showing potential y3 T cell-binding sites on the a1a2 domains of T22°.
G8 and KN6 recognize T10°, T10%, and T10"2° and T22° and T22"2° (3, 4). T22* and T229 are not
expressed on the cell surface (3, 35); thus, the following amino acid changes are tolerated: Asn®°
— Asp, Arg®> — His, Gly'®® — Asp, Arg'®7 Gln, Asn'2” — Ser, His">> — Gln, Asp'>® — His, Lys"®"
— Glu, Ser'®2 — Gly, and Leu®” — Val (yellow) (33). In contrast, neither G8 nor KN6 recognizes
T104 Antibody staining and surface immunoprecipitation indicate that this molecule is expressed
on the cell surface (35). Three differences occur in T10¢ as compared with T10° and T22": Arg®®> —
Leu, Asp®® — Gly, and Phe'?* — His (red). Although one of these mutations could affect the
epitope for G8 and KN6, Asp®® is on the negatively charged NH,-terminal loop, whereas Phe?* is
on the exposed B-sheet floor. In addition, KN6 can be stimulated by mutant T22° molecules with
single alanine substitutions at positions Arg®, Tyr®, Ile?3, Val?*, or GIn'> (green), but not at
positions Leu®, Tyr’, Leu®®, Leu®®, or Leu®'® (purple) (30). Because Tyr” normally forms a hydrogen
bond with Gln63, a mutation at this position is more likely to affect the interaction between the
3 TCR and T22 by secondary effects, such as local disruption of the T22 structure (hence, Tyr” is
colored in green). It is also unclear whether any of these mutant proteins were expressed on the
cell surface (30). The limited sequence heterogeneity between T22 and T10 is located mainly in the
exposed portion of the a1a2 platform; therefore, T10 is predicted to have a closely similar fold to
T22. (C) Similar to (B), but now displaying the accessible molecular surface. (A) and (C) were
generated with GRASP (32). The two possible binding sites for the y3 TCR are shown by arrows and
emphasize the data obtained from the allelic variants (red).

and H2b are preserved, whereas segment H2a
appears to form a flexible, disordered loop
region; unlike T22 and T10, MIC-A does not
have deletions (/7).

The relative position of the al and o2
helical segments, as well as the curvature of
the al H2 o helix, differs substantially when
compared with class Ia molecules (Fig. 2).
The minimum distance between the al and
a2 helical structures (including the loop pre-
ceding the al « helix) is only about 6 to 10 A
(Ca to Ca), compared with 12 to 20 A (class
Ia and II), 10 to 13 A (FcRn), and 7 to 10 A
(MIC-A) (9, 11) for other MHC molecules.
The short distance observed in T22° is mainly
a result of the curved al a helix, which is
more correctly described as a shortened al
H2 « helix consisting of two segments (H2a
and H2b), a feature not yet observed in class
Ia molecules (9, 24). The decreased distance
between the al and a2 o helices creates
many noncovalent interactions, including
three hydrogen bonds that may substantially
stabilize the structure in the absence of li-
gand. Thus, T22® adopts a severely modified
MHC-like fold that lacks a classical peptide-
binding groove (Figs. | and 3A), consistent
with biological data that indicate that T22
(and T10) do not present peptide for recog-
nition by and stimulation of y3 T cells (4-6).

Analysis of the electrostatic surface po-
tential reveals the top of the ala2 domains to
be mainly neutral, although a negatively
charged patch is present near the NH,-termi-
nal region of the a1 H2a «a helix (Fig. 3A).
The importance of this patch remains to be
elucidated. T22® has two probable N-linked
glycosylation sites at residues 86 and 150 in
the ala2 domains. The first site corresponds
to the highly conserved glycosylation site in
MHC class Ia molecules, also located at res-
idue 86 (9), but the second site is located right
in the middle of the protruding loop in the a2
domain (Fig. 1, C and D). Although the E.
coli-produced T22° is not glycosylated, we
modeled in the carbohydrates to assess their
potential functional importance; carbohydrate
has been shown to play a role in folding of
the heterodimer in MHC class I (a86) (25),
but not to confer specificity in the T22%-yd
TCR interaction (6). However, the carbohy-
drate bulk may be important in guiding the yd
T cell to its binding site.

Analysis of the length distribution of
complementarity-determining region 3 (CDR3)
of v and & chains indicates more similarity to
those of immunoglobulins than to af TCRs
(26). The structural differences between T22°
and MHC class Ia molecules (Fig. 2) further
support the idea that y8 and o TCRs recog-
nize antigens differently (4, /4, 27) and that yd
TCRs may be more like immunoglobulins in
their recognition properties (4, 14, 28). Indeed,
v8 TCRs are not restricted in their choice of
ligands or epitopes. LBKS 8 T cells recognize
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an epitope on MHC class II I-E¥, independent
of bound peptide and distinct from that recog-
nized by peptide-specific o T cells (4, 27).
MHC homolog MIC-A has recently been
shown to interact with the NKG2D receptor on
most yd T cells, CD8* o T cells, and natural
killer (NK) cells (29). Structural mapping of
MIC-A sequence variations suggests that the
potential binding site for the receptor is on the
underside of the B-sheet platform (/7).

To define a potential yd TCR-binding site
on T22°, we mapped allelic sequence differenc-
es between T22 and T10 (and two allelic vari-
ants thereof) and amino acid substitutions,
whose effects on the yd T cell recognition and
activation process are known (3, 4, 30), onto the
crystal structure (Fig. 3, B and C) (37). The
now exposed B-sheet floor (about 19 A by 18 A
at the widest dimensions) lies at the base of a
deep, hydrophobic cavity, closed on two sides
by the a1 H2b and o2 H2a « helices that rise 6
to 10 A (surface to surface) above the B plat-
form. Two potential interaction sites for the yd
TCR are highlighted on the exposed (-sheet
floor and on the acidic patch at the opposite
edge of the T22° surface (red arrows in Fig. 3C)
(31). Several of these mutations and allelic
differences cluster in a patch on the exposed
floor and may be a direct contact site fora CDR
loop of the yd TCR. Thus, the crystal structure
of T22° reveals another way for the versatile
MHC fold to adapt to a different function in the
immune system.
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class la molecules.
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Although vd T cells are implicated in regulating immune responses, yd T
cell-ligand pairs that could mediate such regulatory functions have not been
identified. Here, the expression of the major histocompatibility complex (MHC)
class Ib T22 and the closely related T10 molecules is shown to be activation-
induced, and they confer specificity to about 0.4% of the y3 T cells in normal
mice. Thus, the increased expression of T22 and/or T10 might trigger immu-
noregulatory y3 T cells during immune responses. Furthermore, the fast on-
rates and slow off-rates that characterize this receptor/ligand interaction would
compensate for the low ligand stability and suggest a high threshold for v T

cell activation.

af and yd T cells contribute differently to
host immune defense. Mice deficient in yd T
cells generally exhibit more profound defects
in the regulation of immune function than in
the clearance of intracellular pathogens (7).
However, neither the ligands nor a normal
population of y8 T cells responsible for me-
diating such immunoregulatory functions
have been identified in any of the systems
studied.

The closely related nonclassical MHC class
I molecules T10 and T22 (94% amino acid
identity) have been identified as ligands for two
independently isolated yd T cell clones KN6
and G8 (2, 3). T10-B,-microglobulin (3,M)
and T22-3,M heterodimers do not bind peptide
and adopt a structure distinct from that of clas-
sical MHC molecules (4, 5). Both heterodimers
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are recognized directly by G8, without a re-
quirement for other component (3, 4). Lipo-
polysaccharide (LPS)- or concanavalinA
(conA)—activated splenocytes stimulate G8 and
KNG better than resting cells (6), implying that
activation of lymphocytes results in increased
expression of T10 and/or T22 on the cell sur-
face. To monitor T10 and T22 expression and
to understand its relationship to yd T cells, we
generated a monoclonal antibody (mAb), 7H9,
specific for T10 and T22 (7). The 7H9 mAb
recognizes in vitro folded T10-B,M, T22-3,M
proteins and stains T10 and T22 transfected cell
lines [CHO-T10 and T2-T22 (8)], but not cells
transfected with the MHC class I molecule L¢
or the MHC class II molecule I-E* (Fig. 1A)
(9). Both T10 and T22 are recognized equally
by 7H9 with a high affinity around 0.1 nM
determined by surface plasmon resonance with
immobilized 7H9 (9).

In B10.BR (H-2¥) mice in which the T22
gene is nonfunctional (/0), cell surface expres-
sion of T10 was only observed if splenic cells
were activated by LPS or conA. An increase in
T10 expression was also observed, after anti-
genic stimulation, on a3 T cells from B10.BR
mice transgenic for the SCC7 a3 T cell recep-
tor (TCR), which is specific for the cytochrome
c-I-EX (Fig. 1B). The induction of T10 or T22
on splenocytes, including B cells and cells other
than B and T cells, has also been observed in a
peripheral tolerance induction model (11, 12).
Because yd T cells can recognize their ligands
directly, without a requirement for antigen pro-
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cessing and presentation, the induction of T10
and T22 on the cell surface of lymphocytes may
provide a mechanism by which vd T cells
specific for T10 and/or T22 to regulate immune
cells.

If T10 and T22 are biologically important
v3 T cell ligands, then the yd T cells specific
for these molecules should be detectable in
unimmunized mice. Tetrameric peptide-MHC
reagents have been used to track both MHC
class I and class II restricted a3 T cell pop-
ulations (11, 13). We therefore used the T22
protein to produce a tetrameric flow cytom-
etry staining reagent (/4). This reagent stains
the G8 hybridoma but not a8 T cell hybrid-
omas or the y8 T cell LBKS (specific for
I-E¥) (9). Nearly all splenic yd T cells in
G8 yd TCR transgenic mice were stained by
the tetramer (Fig. 2A). Staining of a3 T cells
was not observed in either spleen or intestine
9, 15).

In normal animals, approximately 0.3 to
0.6% of splenic yd T cells stained with the
tetramer (Fig. 2C) (/6). Greater than 90% of
these cells are CD4~8~, while the rest are
either CD4 or CD8 single positive (about 3 to
4% each) (15). A similar frequency of tetramer-
positive yd T cells was also found in the intes-
tinal intraepithelial lymphocyte (ilEL) popula-
tion (9). Tetramer binding was abolished
when cells were first incubated with mono-
meric T22-B,M (Fig. 2D), further demon-
strating the specificity of the tetramer-posi-
tive cells for T22. Further, splenic yd T cells
from normal mice activated by plate-bound
T22-B,M complex, or by Chinese hamster
ovary (CHO) cells expressing T10, showed
an induced activated phenotype on tetramer-
positive, but not on the tetramer-negative cell
populations (Fig. 3) (/5). Taken together,
these results demonstrate that a population of
v8 T cells in the spleen respond to T22 and/or
T10 and that they can be identified by the T22
tetramer staining reagent. It should be noted
that MICA/B, human inducible nonclassical
MHC class I molecules, have been shown to
trigger human yd T cell lines. Subsequent
experiments demonstrated that MICA/B are
ligands for the activating natural killer cell
receptor NKG2D and that the reactivity of vy
T cell lines to MICA/B-expressing cells is
inhibited by antibodies to NKG2D. It was
proposed that MICA/B might also act as li-
gands for the yd TCR, because antibodies to
the receptor also inhibited the reactivity (17,
18). A direct interaction between MICA/B
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