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Background: The T cell receptor (TCR) triggers signaling in T cells via an unknown mechanism.
Results: The structure of the signaling subunit, CD3g, is unchanged by signal-inducing antibodies, and mutations that would

block intersubunit rearrangements do not affect signaling.

Conclusion: Antibodies trigger TCR signaling without inducing large structural rearrangements.
Significance: TCR triggering might generally occur in the absence of large structural rearrangements.

Native and non-native ligands of the T cell receptor (TCR),
including antibodies, have been proposed to induce signaling in
T cells via intra- or intersubunit conformational rearrange-
ments within the extracellular regions of TCR complexes. We
have investigated whether any signatures can be found for such
postulated structural changes during TCR triggering induced by
antibodies, using crystallographic and mutagenesis-based
approaches. The crystal structure of murine CD3e complexed
with the mitogenic anti-CD3e antibody 2C11 enabled the first
direct structural comparisons of antibody-liganded and unli-
ganded forms of CD3e from a single species, which revealed that
antibody binding does not induce any substantial rearrange-
ments within CD3e. Saturation mutagenesis of surface-exposed
CD3e residues, coupled with assays of antibody-induced signal-
ing by the mutated complexes, suggests a new configuration for
the complex within which CD3e is highly exposed and reveals
that no large new CD3e interfaces are required to form during
antibody-induced signaling. The TCR complex therefore
appears to be a structure that is capable of initiating intracellu-
lar signaling in T cells without substantial structural rearrange-
ments within or between the component subunits. Our findings
raise the possibility that signaling by native ligands might also be
initiated in the absence of large structural rearrangements in the
receptor.

Understanding the assembly, overall structure, and trigger-
ing mechanism of the TCR® complex remains one of the major
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challenges in molecular immunology. Comprised of six differ-
ent type I membrane proteins, the TCR complex is an unusually
complicated assembly of membrane surface proteins and gly-
coproteins. In contrast to receptors for soluble ligands trig-
gered by tyrosine autophosphorylation, such as growth factor
receptors, the TCR lacks directly associated kinase activity, so
signal transduction is dependent on the phosphorylation of
immunoreceptor tyrosine activation motifs (1, 2) in the cyto-
plasmic domains of the TCR by extrinsic Src kinases (3, 4).

At the level of individual receptors, each TCR complex is
comprised of single antigen-binding af3 heterodimers and
invariant CD3-€9, -€y, and -{{ dimers responsible for signal
transduction (5—8). It has been suggested that, on a larger scale,
the TCR is organized into “protein islands” containing 8 —-20
freely diffusing complexes, which concatenate into microclus-
ters upon activation, prior to formation of the immunological
synapse (9-11), but whether this truly reflects the “resting”
organization of the complex has been questioned (12). Assem-
bly of the TCR complex is tightly controlled and depends on the
formation of disulfide bonds between the « and B chains and
between the CD3{ subunits and on highly conserved trimolecu-
lar, charge-charge interactions involving the transmembrane
helices of (i) TCRa, CD36, and CD3e; (ii) TCRB, CD3, and
CD3e; and (iii) TCRa and the two copies of CD3¢ (13-15).
Superimposed upon these interactions are likely noncovalent
contacts between the extracellular regions of the TCR subunits,
involving both the “connecting peptides” (16) and the immuno-
globulin superfamily domains. Initial mutational data sug-
gested that the DE loop of the constant (Cea) region of TCR«
contacts CD3ed and that CD3ey contacts the TCR via the CC’
loop of CB (17, 18), ruling out the “bunch of balloons” arrange-
ment of nonassociated extracellular domains implied by a lack
of detectable interactions in solution (19-22). Otherwise, we
have limited understanding of the three-dimensional organiza-
tion of the assembled complex.

Another important question concerns whether the TCR
changes structure during triggering or is essentially rigid. Jane-
way (23) first mooted the idea of conformational change after
observing a poor correlation between the signaling effects of
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anti-TCR antibodies and their affinities. A ligand-dependent
structural rearrangement of one TCR has been proposed to
occur in solution and in crystal lattices but has yet to be directly
linked to receptor triggering in vivo (24). Much of the recent
impetus for the conformational change hypothesis, however,
comes from studies of CD3 cytoplasmic domains. A conforma-
tional alteration in CD3e was claimed to initiate TCR signaling
by inducing recruitment of the Nck adaptor protein to a pro-
line-rich region of the cytoplasmic domain of CD3e (25, 26),
although this is controversial (27-29). More recently, Wucher-
pfennig and co-workers (30) have proposed that the cytoplas-
mic domain of CD3e associates with acidic phospholipids, sug-
gesting that triggering requires its release from the membrane,
but this is also controversial (31).

Ifintracellular changes were to occur, the forces driving them
would derive from the extracellular domains of the TCR sub-
units, where ligand binding takes place. In deconstructing the
form and function of the TCR, Kuhns et al. (19) suggested that
this could involve large intra- or intersubunit conformational
changes. However, if a set of specific structural rearrangements
were necessary for “transmission” of the signal across the mem-
brane to the cytoplasmic domains, then such changes would
have to be invoked by all triggering ligands, that is, by peptide-
MHC and by mitogenic anti-TCR/CD3 antibodies. We have
looked for the signatures of large structural rearrangements
induced in the extracellular region of CD3e by mitogenic anti-
body ligation, which has for many years been a widely used
surrogate of ligand-induced signaling. Mitogenic mAbs
directed against the CD3e chain (32) were shown to induce
Ca®" release (33), IL-2 secretion (34), and immune synapse for-
mation (35) through the activation of the same pathways, with
similar kinetics as those induced by agonist peptide-MHC
binding. Anti-CD3e mAbs have also been used as immuno-
modulating agents in the treatment of autoimmune diseases
(36, 37).

The crystal structure of a murine CD3e-mitogenic antibody
complex described herein allows the first direct analysis of the
structural effects of mitogenic anti-CD3e antibodies. Previ-
ously, comparisons could only be made between the structures
of apo and antibody-liganded forms of CD3e from different
species, which were substantially different (20, 21, 38, 39). The
new structure now shows that significant intrasubunit changes
in CD3e structure do not accompany antibody binding, at least
in solution. Furthermore, mutational analysis of the cell sur-
face-expressed complex suggests that large new intersubunit
contacts involving CD3e do not form during antibody-induced
receptor triggering either. Our findings therefore indicate that
the TCR complex is configured in such a way that substantial
structural rearrangements of its component subunits are not a
prerequisite of signaling by antibodies and raise the possibility
that native ligands could initiate signaling via a mechanism
involving relatively minor or no structural rearrangements in
the complex.

MATERIALS AND METHODS
Expression of Stable CD3e Homodimer—Chimeric genes

comprising the globular ectodomain fragments of mouse
CD3e, 6, and 7y subunits fused to residues 213—450 of the mouse
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IgG1 heavy chain (Fc) were designed for the expression of sol-
uble mouse CD3 subunits as noncovalent dimers (mCD3Fc) in
mammalian cells, as described previously for the production of
soluble ectodomain dimers (40, 41). Purified soluble mouse
CD3ee retained native topology for several anti-CD3e mAb
epitopes, as determined by binding to a panel of anti-CD3
mAbs. Specifically, mitogenic mAb 2C11 and the conforma-
tion-dependent mAb 17A2 bound soluble CD3ee material in a
highly specific, dose-dependent manner (supplemental Fig.
S1A). Detailed procedures for the purification of CD3
homodimer are described in the supplemental “Experimental
Procedures.”

Preparation of 2C11 Fab and Purification of mCD3ee-2C11
Fab Complex—Procedures for Fab and Fab complex prepara-
tion are described in the supplemental “Experimental
Procedures.”

Crystallization and Data Collection for 2C11 Fab and
mCD3ee-2C11 Complex—The proteins were crystallized by sit-
ting drop vapor diffusion at 8 and 10 mg/ml for Fab 2C11 and
the mCD3ee-Fab 2C11 complex, respectively. Each drop con-
tained 0.45 pul of protein mixed with an equal volume of precip-
itate solution. Crystals of Fab 2C11 were obtained from a solu-
tion containing 0.4 M potassium nitrate, 0.1 m HEPES, pH 7.5,
23% PEG 4000 and flash cooled to 100 K following immersion
in a cryoprotectant comprising precipitant supplemented with
20% PEG 200. Crystals of mCD3ee-Fab 2C11 were obtained
from a solution containing 1.7 M ammonium sulfate, 0.1 m MES,
pH 5.2, 10% (w/v) dioxane at 16 °C and flash cooled to 100 K
following immersion in a cryoprotectant comprising the pre-
cipitant supplemented with 20% glycerol. The data sets were
collected at 2.5 A for the Fab alone and at 4.1 A for the complex
from single crystals at the Advanced Photon Source Beamline
23-ID and integrated and scaled using Denzo and Scalepack
(42), as implemented in the HKL2000 suite. Unit cell dimen-
sions, data collection and processing statistics are detailed in
supplemental Table S1. Structural determination, refinement
and validation of 2C11 Fab and the mCD3ee-2C11 complex are
described in detail in the supplemental “Experimental Proce-
dures.” Atomic coordinates and structure factors for 2C11 Fab
and the mCD3e-2C11 Fab complex have been deposited in the
Protein Data Bank with accession numbers 3R06 and 3R08,
respectively.

T Cell Activation and NFAT/IL-2 Promoter Reporter
Assay—]Jurkat T cells stably expressing wild-type or mutated
HA-tagged proteins were transduced with a 3X IL-2 Renilla
luciferase reporter construct using lentivirus. Forty-eight hours
after infection, the cells were plated at 1 X 10°/well in 100 wl of
RPMI in 96-well flat bottomed tissue culture plates previously
treated with a 25 ug/ml solution of donkey anti-mouse IgG
(Jackson ImmunoResearch, West Grove, PA) overnight at 4 °C
followed by a second overnight incubation at 4 °C with anti-
CD2 (Miltenyi Biotech, Bergisch Gladbach, Germany) and anti-
CD28 (7.3B6) plus either anti-CD3 (OKT3), anti-HA (HA-7;
Sigma), or anti-Thyl (OX7) at 10 ug/ml each. After 6 h of anti-
body stimulation, luciferase activity was measured by adding
coelenterazine-h (Lux Biotechnology, Edinburgh, UK) at a final
concentration of 10 uM to cells before reading total emission on
a microplate analyzer. The results were plotted as a ratio
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FIGURE 1. Structure of the mCD3e-Fab 2C11 complex. A, cartoon representation of the asymmetric unit containing one copy each of mCD3e (red) and the Fab
fragment from the CD3e-specific monoclonal antibody 2C11 (gray). B, crystallographic homodimer of mCD3e. The two CD3e monomers are colored red and
yellow, respectively. The top panel shows the contiguous B-sheet formed by anti-parallel pairing of the A-strands of the two monomers. The bottom panel shows
a view after a 90° rotation about the horizontal axis. Boxes (i) and (ii) highlight the two main regions of interaction. C, ball-and-stick representation of the
interaction between the A strands in box (i) from B. Potential hydrogen bonds are shown as dashed green lines. See also supplemental Figs. S1 and S2 and

supplemental Table S1.

between appropriate antibodies after background subtraction.
During the 6-h stimulation, cell surface expression of
HA-tagged proteins and GFP levels expressed under an IRES
regulator were quantified by FACS, as described in the supple-
mental “Experimental Procedures.” Procedures for identifica-
tion of residues for mutation, choice of drastic mutations, con-
structs, flow cytometry, and lentiviral transduction of cell lines
are described in detail in the supplemental “Experimental
Procedures.”

RESULTS

Expression and Crystallization of mCD3e as a Soluble
Homodimer-Fab Complex—CD3-¢, -6, and -7y subunits are
present on the surface of T cells as noncovalent heterodimers,
and dimerization appears to be required for their expression as
soluble proteins (20, 21, 38, 39). We tested for new pair-wise
interactions of murine (m) CD3 ectodomains by co-expressing
the noncovalently associated ectodomains in all six combina-
tions (i.e. as €€, €5, €7, 86, vy, and yd pairs) as chimeras with [gG
heavy chain Fc regions in mammalian cells. No combination of
intact extracellular regions yielded nonaggregated chimeric
protein, and of the forms expressed with cysteine-to-serine
mutations of the membrane-proximal Cys-Xaa-Xaa-Cys-Xaa-
Glu motif, only mCD3eFc yielded soluble protein. Following
removal of the Fc region, the mCD3e ectodomain formed a
soluble homodimer that bound strongly to anti-mCD3e mAbs
(supplemental Fig. S1A) and was resistant to dissociation at
micromolar concentrations (supplemental Fig. S1B). Whereas
the mCD3e homodimer failed to form reproducible crystals,
complexes formed with the 2C11 Fab readily crystallized in
cubic space group /4,32 at pH 5.2, with unit cell dimensions a =
b=c=2632A, a =B =1y =90 Preliminary phases were
determined by molecular replacement (see supplemental
“Experimental Procedures”). The 2C11 Fab-mCD3e complex
structure was refined to 4.1 A resolution to R ryst (22.2) and Ry,
(27.7) values within the acceptable range for this resolution.
The 2F, — F_ electron density was well defined for Ca atoms
throughout the complex (supplemental Fig. S2). The apo 2C11
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Fab structure at 2.5 A resolution facilitated refinement and val-
idation. Despite its modest resolution, the availability of high
resolution crystal structures of human CD3e (hCD3¢; Protein
Data Bank code 1SY6; 2.1 A) (39) and the 2C11 Fab (2.54), as
well as the apo mCD3e NMR structures (Protein Data Bank
codes 1JBJ and 1XMW) (20, 21), allowed confident interpreta-
tion of the data. Data collection and refinement statistics are
given in supplemental Table S1.

Overall Structure of mCD3e-2C11 Fab Complex—The
mCD3e-2C11 Fab structure comprises a new, putatively
“homodimeric” CD3e interaction and allows the first direct
comparisons of mitogenic antibody-bound and unbound forms
of CD3e. The crystallographic asymmetric unit consists of one
mCD3e ectodomain bound to a single 2C11 Fab (Fig. 14), with
the “homodimerization” interface straddling a 2-fold symmetry
axis of the crystal. The mCD3e ectodomain has an immuno-
globulin superfamily fold comprised of a sandwich of two anti-
parallel B-sheets with GFCC'/EBA topology, rather than the
GFCC'/DEBA B-strand arrangement of human CD3e (20, 21,
38, 39). The homodimer is formed by a head-to-tail arrange-
ment of the monomers mediated by anti-parallel pairing of the
A strands of each subunit (Tyr®-Ser'?; box (i) in Fig. 1B), thereby
forming a continuous -sheet that spans the interface, com-
posed of the A, B, and E strands of each monomer (Fig. 1B). This
interaction is stabilized by the reciprocal H-bonding of Val'®
and Ile'? (Fig. 1C). A B-sheet also traverses the interfaces of
CD3-€eb and -ey heterodimers, although it is formed by parallel
interactions of the G-strands rather than the A-strands (20, 21).
A second, smaller region of association involves Ala”” and
Arg”® of the C-terminal loops of each monomer (box (ii) in Fig.
1B).

Is mCD3e homodimerization compatible with its het-
erodimerization with CD3y and with CD36? Initially, it
appeared possible to dock CD3+y and CD36 with either of the
CD3e domains in the CD3e homodimer, because the heterodi-
meric interfaces are distinct from the homodimeric interface
(Fig. 2A). However, formation of the small interface involving
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FIGURE 2. The CD3e crystallographic homodimer is unlikely to mediate
CD3 heterotetramerization. A, the crystallographic CD3e homodimer is
shown in red and yellow, with CD38 (blue; Protein Data Bank code 1XMW) and
CD3y (green; Protein Data Bank code 1JBJ) shown docked with the red CD3e
monomer in the positions that CD38 and CD3y occupy in the NMR structures
of the CD3e€d and CD3ey heterodimers (20, 21). Prior heterodimerization of
CD3e with either CD3y or CD34 creates a clash (circled) that prevents the
formation of the small homodimerization interface involving the C-terminal
loops of CD3e (box (ii) in Fig. 1B). B, upper panel, a putative heterotetrameric
CD3 complex, with CD38 (blue) and CD3y (green) each docked with one of the
CD3e monomers in the CD3e homodimer (red and yellow), in the manner
observed in the NMR structures of the CD3ed and CD3ey heterodimers. Most
of the yellow CD3e monomer is hidden behind CD3vy. Lower panel, a section
through the middle of the heterotetramer revealing the positions of the sub-
unit surfaces; the section does not incorporate any part of the second (yellow)
CD3e monomer. Subunit regions that clash are labeled. These clashes would
likely prevent formation of the heterotetramer in vivo. See also supplemental
Fig.S1.

Ala”” and Arg”® of the C-terminal loops of CD3e€ would be pre-
cluded by prior heterodimerization of CD3e with either CD37y
or CD36 (circled in Fig. 2A). If this was avoided by the C termi-
nus adopting another conformation in the presence of CD37y
and CD3§, formation of a CD3y-CD38-(CD3e€), heterote-
tramer via CD3e homodimerization would nevertheless be pre-
cluded by steric clashes between the AB loops of CD3+y and
CD36 and between the EF loop of each CD3e monomer and the
EF loop of the CD37y and CD38 subunit bound to the other
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CD3e monomer (Fig. 2B). In addition, the C termini of the four
subunits would be buried in the center of the CD3y-CD36-
(CD3e), heterotetramer, with the only route of exit being a tiny
hole (~2 A in diameter) too small to accommodate all four
stalks connecting the extracellular regions to the membrane.
Finally, as discussed below, mutations of the region of hCD3e
equivalent to that mediating mCD3e homodimerization do not
prevent TCR complex assembly. Overall, the mCD3e
homodimer seems to be nonphysiological, despite its stability
in solution.

2C11 Fab Epitope and Comparison with Other CD3-Fab
Complex Structures—The 2F, — F_ electron density is of high
quality in the region of the Fab 2C11 combining site, allowing
reliable identification of the interacting elements despite the
modest resolution of the data. 2C11 binds across the BCand FG
loops at the “top” of the mCD3e ectodomain, perpendicular to
the dimerization interface of mCD3eé and mCD3evy (Figs. 14
and 3A4). The 2C11 epitope is centered on Leu**~Asn® and
Lys®° of the BC loop, Tyr®*~Asn”° of the FG loop, and Asp'—
Asn® at the N terminus of mCD3e. The major part (i.e. 79%) of
the Fab surface buried in the complex (total 720 A?) is within
the V,, region of 2C11, a bias commonly observed in antibody/
antigen interactions. The Fab-buried surface area is typical for
antibody-protein antigen complexes (43) and comparable with
that of the Fab UCHT1-hCD3e complex (660 A2 Protein Data
Bank code 1XIW) (38) but much larger than that of the Fab
OKT3-hCD3e complex (445A2 Protein Data Bank code 1SY6;
Ref. 39; Fig. 3A4). Comparison of the 2C11, OKT3, and UCHT1
complexes (Fig. 34) reveals considerable overlap in the regions
of CD3e contacted by the mAbs, despite (i) the significant dif-
ferences between the mouse and human structures and (ii) that
the UCHT1 and OKT?3 epitopes are centered on the FG loop
rather than the BC loop. Together these epitopes define a con-
tiguous area of ~1200 A? likely to be exposed in CD3e prior to
and during antibody triggering. For a CD3 heterodimer posi-
tioned with its pseudo-symmetry axis orthogonal to the mem-
brane, the positions of the Fabs differ by ~60° rotation around
this axis and by a ~50° rotation away from it toward the mem-
brane, with 2C11 the most “upright” of the Fabs (Fig. 3B).
Although the regions of CD3e available for antibody binding
within the complex appear restricted, there is nonetheless con-
siderable variation in the binding orientations and dispositions
of these three mitogenic anti-CD3 antibodies.

Influence of Mitogenic Antibody Binding on CD3e—At the
present resolution (4.1 A), it is only possible to be confident
about the orientation, location, and trace of the C_, backbones
in the complex. With this caveat, comparison of the crystal
structure of the Fab 2C11-mCD3e complex with the NMR
structures of mCD3e7y (Protein Data Bank code 1JBJ) and
mCD3ed (Protein Data Bank code 1XMW) reveals that the
effects of antibody binding on the architecture of the CD3e
ectodomain are remarkably limited (Fig. 3C). In particular,
mCD3e from the mCD3ed and mCD3ey heterodimers is largely
superimposable with the Fab-complexed mCD3e monomer.
Minor variation in the conformations of loops in all three struc-
tures is indicative of limited inherent flexibility in these regions.
The only clear difference in conformation within the domain
on binding is limited to a very minor change to the FG loop and
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FIGURE 3. Mitogenic antibody binding to CD3e. A, surfaces of mouse and
human CD3e that bind mitogenic mAbs. The left panel shows the epitope
buried by 2C11 (blue) on mCD3e, with a subset of the interface residues
labeled. In the right panel, the epitopes of hCD3e (from Protein Data Bank
code 1XIW) that are buried by OKT3 (green, Protein Data Bank code 1SY6),
UCHT1 (orange, Protein Data Bank code 1XIW), or both antibodies (purple) are
shown. The human and mouse structures were superimposed so that each is
seen from a similar viewpoint roughly orthogonal to the 2C11 epitope. B, the
location of the 2C11 Fab (blue) on mCD3e is shown compared with that of
OKT3 (green) and UCHT1 (orange) Fab fragments following superposition of
hCD3e from these complexes onto the mCD3e structure. For UCHT1, the
OKT3 Fab is used but superpositioned on the UCHT1 Fv fragment that is
present in the structure. The location of mCD3y (yellow) is also shown follow-
ing superposition of the CD3ye complex (Protein Data Bank code 1JBJ) onto
the mouse CD3e crystal structure. C, superposition of the Ca traces of the
NMR structures of unbound mCD3e (from CD3e8, Protein Data Bank code
1XMW, blue; and from CD3evy, Protein Data Bank code 1JBJ, green) onto 2C11-
bound mCD3e (red). Two orthogonal views are shown with the N and C ter-
mini, and the FG loop referred to in the text, all labeled.

the top of the G strand (Fig. 3C), presumably because of local
interactions of this loop with the Fab. Outside the folded part of
the Ig superfamily domain, the N and C termini are substan-
tially different. The extended N terminus of mCD3g, in partic-
ular Aspl—Ile6, is fixed by interactions with Fab 2C11 in the
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2C11-mCD3e complex (Fig. 1A), but the equivalent residues
are not constrained in the NMR structures given that their posi-
tions vary considerably between models (Fig. 3C). The largest
definitive differences involve Lys’°~Arg’®, which produce a
hairpin-like structure at the C terminus of 2C11-bound mCD3e
that is stabilized by contacts in the homodimerization interface
(marked C in Fig. 3C). These differences reflect considerable
variability of the N and C termini of mCD3g, as in the case of
hCD3e (Protein Data Bank code 1SY6). No significant back-
bone conformational changes in the variable regions of the Fab
accompany CD3e binding (root mean square deviations for Fv-
equivalent C, atoms are between 0.6 and 1.0 A). 2C11 thus
engages mCD3e using a rigid docking mechanism and induces
only small changes in mCD3e restricted to one of the loops (Fig.
30).

Saturation Mutagenesis-based Subunit Interface Map-
ping—Because significant structural rearrangements within
CD3e did not accompany mitogenic antibody binding, we
investigated whether the interactions of the CD3e subunit with
the rest of the TCR complex change substantially during anti-
body triggering. Assuming an intimately assembled complex
that allows the transmission of structural changes between sub-
units (19), such rearrangements would be predicted to bury
surfaces previously exposed in the assembled complex. Muta-
tions that prevent these surfaces from becoming buried would
be expected to block signaling.

To identify CD3e residues that are exposed in the assembled
TCR complex prior to triggering, we made use of the fact that
the TCR complex is an obligate hetero-oligomer, that is, surface
expression is dependent on the assembly of the entire complex
(44, 45). Thus, “drastic” mutations of residues lining subunit
interfaces, but not residues exposed in the fully assembled com-
plex, should prevent assembly and expression of the complex at
the cell surface, allowing the exposed and buried surfaces of the
subunit to be mapped. By mutating residues exposed to solvent
according to the crystal structures of CD3e (38, 39), we sought
to avoid buried residues whose mutation might prevent assem-
bly via effects on folding. After identifying the exposed and
buried surfaces of CD3e, we went on to determine whether
initially exposed residues are buried during receptor triggering,
by testing whether drastic mutations of these residues prevent
signaling.

To show that the mutational approach was capable of iden-
tifying surface-exposed and buried residues in obligate com-
plexes, we first attempted to classify the surface residues of the
human CD8aa homodimer in this way (46, 47). All residues in
the Ig superfamily V-set domain of CD8«a whose side chains
were >50% solvent-exposed (using NACCESS; (48)) were
“drastically” mutated to Arg, except for basic residues, which
were mutated to Glu. Expression of 80 HA-tagged mutant
forms of CD8« in Jurkat T cells using a lentivirus-based expres-
sion system (as described in the supplemental “Experimental
Procedures”) was tested by flow cytometry with anti-HA
(HA-7; Fig. 4A) and anti-CD8 antibodies (OKT8, DK25, and
SK1; supplemental Fig. S3). Anti-HA antibody reactivity, which
directly measured CD8 expression, was reduced to <15% of
wild-type levels for 13 mutant proteins and to 15—40% of wild-
type levels for four other mutants. All 17 mutations also
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FIGURE 4. Identification of surface-exposed and buried residues in the human CD8a« homodimer. A, histogram showing relative surface expression
levels of drastically mutated, lentiviral expressed, HA-tagged CD8 proteins. The surface expression ratio is calculated as the median fluorescence of anti-HA
antibody binding divided by the median fluorescence of IRES-encoded GFP (as an indicator of the efficiency of viral transduction), each measured by FACS. The
surface expression ratio is normalized against the value obtained for the wild-type protein in the same experiment, and the average values for at least two
experiments, expressed as percentages, are shown along with standard errors of the mean. The bars are colored according to whether mutation of the
indicated residue reduced CD8 expression by more than 85% (red), by 60 - 85% (orange), or by less than 60% (green) versus wild-type HA-tagged CD8 expression
(blue). B-D, the surface of CD8« (from Protein Data Bank code 1AKJ) (46) is shown. In each panel, the upper view looks onto the GFCC'C” face, and the lower view
is rotated 180° about the vertical axis (hence looking onto the DEBA sheet). In B, mutated residues are colored as described in A. In C, residues shown by
crystallographic analysis to mediate CD8«« homodimerization are colored blue. In D, residues whose drastic mutation affects cell surface expression are
colored yellow, and the remaining residues are colored according to whether they drastically reduce (>85%) the binding of the anti-CD8 mAbs DK25 (blue), SK1

(purple), or OKT8 (red) or have no effect on expression or antibody binding (green). See also supplemental Fig. S3.

reduced anti-CD8 antibody reactivity, confirming that these
were bona fide effects on expression (supplemental Fig. S3).
Eight of the mutations that reduced expression to <15% of
wild-type levels, mutations of Ser®*, Leu®®, Phe®®, Try®*, Phe®?,
Ser®?, Met'°2, and Phe'%?, form a cluster comprising a contigu-
ous surface (Fig. 4B) corresponding to the core of the known
CD8aa homodimer interface (Fig. 4C). Ala® is also located at
the known subunit interface, whereas the other four mutations
with large effects (Pro’, Glu'®, Arg®”, and GIu®®) are distributed
at single sites and are interpreted as having folding effects.
Mutations disrupting antibody binding also mapped to clusters
of four to five residues, presumably identifying their core
epitopes (supplemental Fig. S3). We conclude from the analysis
of the CD8 homodimer that subunit interface residues and
exposed residues in obligate complexes are identifiable using
saturation mutagenesis and drastic mutations, guided by
known structures of the subunits.

CD3e Is Fully Exposed in the TCR Complex—Applying this
approach to the CD3e subunit of the TCR complex, we first
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established an assay for CD3e incorporation into the complex.
J.RT3-T3.5 cells, which lack a functional TCRf chain (45), fail
to detectably express lentiviral transduced HA-tagged human
CD3e (Fig. 5A, left panel). ]. RT3-T3.5 cells stably expressing a
TCRp/luciferase chimera (referred to as Jluc™ cells), however,
do express HA-tagged CD3e at the cell surface (Fig. 54, right
panel). Expression of HA-tagged CD3e at the surface of Jluc™
cells was therefore used to assay CD3e incorporation into the
TCR complex (Fig. 5B). Quantitative flow cytometric analysis
revealed that the ratio of HA-tagged to endogenous CD3e at the
cell surface was 9:1 (data not shown), implying that >80% of the
assembled receptors carried two HA-tagged CD3e subunits.
Using the CD3ed and CD3ey crystal structures as a guide, we
drastically mutated the surface-exposed residues of CD3e. For
completeness, we mutated any residue whose side chain con-
tained an atom whose solvent-exposed surface area was >5A>
according to NACCESS (54 HA-tagged CD3e mutants in total).
However, the known UCHT1 (38) and OKT3 (39) antibody
epitopes exposed in the complex were not mutated. Trp>® and
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FIGURE 5. Identification of surface-exposed and buried residues in human CD3e in the TCR-CD3 complex. A, FACS analysis of cells stably transduced with
a lentiviral vector encoding both HA-tagged CD3e and GFP, separated by an IRES sequence. The level of GFP fluorescence (x axis) indicates the efficiency of
transduction. Anti-HA antibody staining (y axis) for transduced J.RT3-T3.5 cells lacking a functional TCRB chain and for transduced J.RT3-T3.5 cells stably
expressing a TCRB/luciferase chimera (Jluc™ cells) is shown in the left and right panels, respectively. B, a schematic showing the assay for CD3e incorporation.
C, three views of the surface of CD3e (from Protein Data Bank code 1XIW), each related by a 120° rotation about the vertical axis. Residues colored blue are buried
by the monoclonal antibodies UCHTT1 (as in Protein Data Bank code 1XIW) or OKT3 (as in Protein Data Bank code 1SY6). Other residues are colored according
to whether their mutation reduces CD3e expression by more than 85% (red), by 60 -85% (orange), or by less than 60% (green) versus wild-type CD3e expression.
D, the same views of CD3e as in C colored according to whether the residues are buried in the heterodimeric interfaces with CD3y (purple; as in Protein Data

Bank code 15Y6), CD36 (red; as in Protein Data Bank code 1XIW), or both (blue). See also supplemental Fig. S4.

Ile* buried in the core of the domain were mutated as misfold-
ing controls.

Forty-one of the mutant CD3e proteins were detectable at
the cell surface with anti-HA antibody at levels similar to
wild-type HA-tagged CD3e (supplemental Fig. S4); the Trp®®
and Ile*® misfolding controls were not expressed. Residues
mutated in 12 of the 13 other nonexpressing mutants (Val'?,
Ile'?,Glu®®, Gly”?, Tyr’*, Tyr?°, Leu®', Tyr®? Leu®®, Arg’,
Arg®®, and Val®”) form a contiguous surface (Fig. 5C) exhib-
iting remarkable overlap with the shared interface that CD3e
forms with CD36 or CD3y (Fig. 5D; Refs. 38 and 39). Muta-
tion of His*°, which lies immediately “behind” the interface,

13330 JOURNAL OF BIOLOGICAL CHEMISTRY

prevents expression, presumably by perturbing neighboring
residues Ser”?, Gly”?, and Tyr’* at the interface with CD3§
and CD3y. Smaller effects were observed for residues at the
edges of the interface (Fig. 5C). These results imply that,
apart from the surface buried with CD36 and CD3vy, CD3e is
completely exposed in the TCR complex. Mutations of resi-
dues in the A strand that are not involved in v/ association
(Lys'®, Ser'®, and Ser®°) do not affect expression, suggesting
that there is no obligate homodimerization of human CD3e
in the manner observed in the mCD3e crystals. However,
this result could also reflect the largely main chain/main
chain character of the contacts at this interface.
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FIGURE 6. Surface mutation of TCRa3 and model for the TCR-CD3 complex. A, three views of the surface of the TCRa3 heterodimer (from Protein Data Bank
code TOGA (71)), each related by a 120° rotation about the vertical axis. The « chain is colored blue-gray, and the 3 chain is yellow. Mutated residues are colored
according to whether their mutation reduces TCR expression by more than 85% (red), by 60 -85% (orange), or by less than 60% (green) versus wild-type TCR
expression. B, cartoon illustration of the proposed quaternary arrangement of extracellular domains within the TCR-CD3 complex based on all of the mutagen-
esis data presented here. It remains unclear whether both CD3yand & contact the TCRa3 heterodimer or whether one (most likely CD36 (17)) forms the major
contact and stabilizes the association of the other in the complex in the absence of direct contacts with TCRa3. See also supplemental Figs. S5 and Sé.

Subunit Interface Analysis of TCRaf3, CD36, and CD3y—
The analysis was extended to the rest of the complex. All of the
residues whose side chains were >50% solvent-exposed in the
TCR-« and -8 constant (C) domains and in CD38 and CD3y
according to NACCESS (apart from those buried by CD3e)
were mutated and tested for expression in Jluc™ cells. Most
mutations of TCR-« and -3 were without effect, indicating that
large regions of the af3 heterodimer are exposed in the TCR
complex (supplemental Fig. S5). Unclustered mutations that
reduced anti-HA-detectable expression were attributed to fold-
ing effects; these included one residue in Cg8 (Lys**” in the FG
loop) and five others scattered throughout Ca (Arg'**, Lys'®?,
Asp'*®, GIn'*”, and Lys'”%; Fig. 6A). Other mutations with large
effects on surface expression clustered in a single, relatively
small contiguous surface comprised of two Ca: DE loop residues
(Ser'®® and Asp*®”) and six C8 CD (Ser'®®, Val'®®, and Asn'®?)
and EF (Phe*®°, Asn®??, and Arg®®) loop residues. Mutations of
six other residues surrounding this region, ie. aMet'®,
BGly'®3, BLys'®*, BThr'®?, BHis*"”, and BArg>’®, had weaker
effects. This set of 14 residues, i.e. aSer*®®, aAsp*®’, BSer*®?,
BVa1166, BAsn162, BPhe200, BAsnzos’ BArgZOS, aMet166,
BGly*®3, BLys'®*, BThr'*?, BHis**’, and BArg>®, likely com-
prises a surface forming the single point of contact of the of3
heterodimer with the CD3 signaling subunits.

For CD36 and CD3y, the analysis was less clear-cut. Incor-
poration of HA-tagged CD36 and CD3y into the TCR complex
was less efficient than for CD3¢, and only the most highly trans-
fected cells could be analyzed. In contrast to CD3e and TCRaf3,
the majority of surface mutants of CD36 and approximately
half those of CD3v failed to reach the surface of Jluc" cells
(supplemental Fig. S6, A and B). The few expressed mutants
nevertheless identify a contiguous surface at a membrane distal
position apparently exposed at the top of the subunits (supple-
mental Fig. S6, C and D). To determine whether the sensitivity
of CD36, and presumably CD3y, to mutation was likely due to
folding effects, we established a CD36 folding assay based on
the observation that in 293T cells, CD3e surface expression
requires only CD36 co-expression (supplemental Fig. S6E;
CD3vy does not rescue CD3e expression). Only two of the CD38
mutants that failed to reach the surface of Jluc™ cells (Leu® and
Lys®") and one that reduced expression (Lys*') rescued CD3e
expression in 293T cells (supplemental Fig. S6, F and G), indi-
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cating that CD36 folding, and presumably also CD3y folding, is
extremely sensitive to mutation. The mutational data neverthe-
less suggest a new interpretation for the configuration of the
quaternary structure of the TCR complex (Fig. 6B), wherein
CD3e s fully exposed and the a8 heterodimer associates asym-
metrically via contacts with CD3y and CD38 only.

Mutations of Exposed CD3e Surface Residues Do Not Block
Triggering—Having identified surfaces in CD3e and the o3 het-
erodimer that are exposed in the fully assembled TCR complex
on the basis that drastic mutation of these surfaces did not
completely prevent receptor expression, we then determined
whether structural rearrangements during antibody triggering
bury these exposed surfaces by testing whether triggering was
prevented by any of the mutations of the exposed surfaces of
CD3e and the aff heterodimer. The HA-tagged mutant sub-
units were expressed in Jurkat cells, and the mutant TCR com-
plexes were triggered with plate-bound anti-HA antibody.
Activation was measured using a reporter assay for NFAT
(nuclear factor of activated T cells) promoter activity in which
Renilla luciferase is expressed under the control of three ele-
ments from the IL-2 promoter (49). After correcting for non-
specific activation, we determined the ratio of IL-2 promoter
activity induced by the anti-HA antibodies versus that induced
by OKT3 and plotted this ratio against the levels of surface
expression of the mutants (Fig. 7). Importantly, all of the CD3e
mutant complexes initiated IL-2 promoter activity in direct
proportion to their levels of expression (Fig. 7, A and B), which
varied up to 4-fold versus the wild-type complex. This implies
that receptor triggering is not dependent on the burial of any
particular surface and is insensitive to the structural effects of
mutations that reduce expression up to 4-fold. Similar data
were obtained for TCRa (Fig. 7C) and S (Fig. 7D). Rossjohn and
co-workers (24) have argued that the AB loop of Ca (Arg'**-
Lys'®') is involved in conformational rearrangements impor-
tant for receptor triggering, but we found that drastic muta-
tions of this loop have essentially no effect on expression or
signaling, apart from the Lys'®" mutant, which failed to reach
the cell surface.

DISCUSSION

Implications for Receptor Triggering—An unusual feature of
antigen receptors is that their ligand recognition and signal-
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FIGURE 7. Effect of CD3e mutations on TCR triggering. Jurkat T cells
expressing a luciferase reporter construct for NFAT/IL-2 promoter activation,
and either wild-type or mutant HA-tagged CD3e was activated with plate-
bound anti-CD2 and anti-CD28 antibodies, plus either an anti-HA antibody,
an anti-CD3 antibody (OKT3), or an irrelevant antibody (OX7, anti-Thy-1). A,
example of data obtained for cells expressing wild-type or Pro’®, Leu®® or
Asp*°-mutated HA-tagged CD3e. Anti-HA 1gG (left panel) and OKT3 (right
panel) responses were normalized against the responses obtained with OX7.
Responses for wild-type CD3e (open bar) or the CD3e mutants (colored by
expression level as in Fig. 5) are shown. B, normalized IL-2 promoter activity
plotted against the normalized cell surface expression level of wild-type or
mutant HA-tagged CD3e. Normalized IL-2 promoter activity was calculated as
the specific response (that is, following subtraction of the response to OX7) of
each cell line to anti-HA antibody, divided by the specific response to OKT3,
expressed as a percentage. Cell surface expression levels were normalized
using the geometric mean of anti-HA antibody staining expressed as percent-
ages of that obtained for wild-type HA-tagged CD3e. Circles corresponding to
the mutant CD3e responses are colored by surface expression level (as in Fig.
5) with wild-type shown as an open circle. C and D, similar results were
obtained for wild-type and mutant forms of TCR« (C) and TCRB (D). The data
shown are representative of two separate experiments; the means of tripli-
cates and standard deviations are shown.

initiating functions are performed by separate subunits. There
is much interest, therefore, in the possibility that for the TCR,
information is transferred between the a8 and CD3 subunits in
the form of concerted structural rearrangements during recep-
tor triggering (24, 26). Functionally linked structural transfor-
mations in proteins are well documented. At different ends of
the spectrum are the relatively subtle intra- and intersubunit
rearrangements of hemoglobin (50) and the radical secondary
structural changes in influenza hemagglutinin trimers (51). The
important point is that very specific rearrangements are
required for these proteins to perform their functions via the

13332 JOURNAL OF BIOLOGICAL CHEMISTRY

structural rearrangements. If changes of this type comprise the
TCR triggering mechanism, it could reasonably be expected
that all triggering ligands would have to effect the same struc-
tural rearrangements in the receptor. With this premise, we
investigated whether antibodies, which are convenient and
widely used but poorly understood proxies of native TCR
ligands, induce large structural rearrangements in the TCR
complex. We find that antibodies are capable of initiating sig-
naling without inducing such changes, which indicates that the
TCR is not configured in such a way that it is always reliant on
conformational rearrangements in the manner of hemoglobin
or hemagglutinin. These findings raise the possibility that
native ligands might also trigger signaling by the TCR via a
mechanism involving relatively minor or no structural rear-
rangements in the complex.

To identify putative structural rearrangements induced
within CD3e by mitogenic antibodies, we crystallized Fab frag-
ments of the mitogenic anti-mouse CD3e antibody 2C11 bound
to murine CD3e for comparison with the previously deter-
mined apo murine CD3e structures. CD3e crystallized as a
homodimer that is unlikely to be physiological because its
formation would be blocked by 8 and y heterodimerization
unless significant rearrangements occur in some of the sur-
face loops in CD3-¢, -8, and -7y on heterotetrameric assem-
bly. Moreover, drastic mutations of the equivalent residues
in the human structure, including a subset of residues that
are not involved in main chain interactions in the
homodimer, do not prevent complex assembly, which also
argues against CD3e homodimerization.

The details of CD3e binding by mitogenic antibodies are sub-
stantially different. 2C11 binds mouse CD3e in a region par-
tially overlapping with the region on human CD3e bound by
OKT3 and UCHT]1, but with the long axis of the anti-mouse
Fab displaying a greater angle with respect to the plane of the
membrane than OKT3 or UCHT1. Conformational rearrange-
ments induced by antibody binding, which are generally
restricted to flexible regions of protein antigens (see, for exam-
ple, Ref. 52), are usually antibody specific, even for antibodies
with overlapping epitopes (53). If a structural rearrangement in
CD3e was required for signaling, it therefore seems highly
unlikely that all three antibodies would induce it. Because the
antibodies are all mitogenic, it follows that a unique conforma-
tional rearrangement is very unlikely to drive signaling. But do
the anti-CD3eantibodies induce conformational changes at all?
This new structure now allows the question to be addressed
directly. In the past, comparisons could only be made between
the structures of the apo and antibody-liganded forms of
murine and human CD3g, respectively, which are substantially
different, most notably in that murine CD3e lacks B-strand D
(20, 21, 38, 39). With the caveat that, at 4.1 A resolution, we can
only be confident about the overall conformation of the protein
backbone, the folded regions of the apo and 2C11-bound struc-
tures of murine CD3e are largely identical, ruling out large
scale, antibody-induced rearrangements. At this resolution, we
cannot exclude more subtle conformational rearrangements,
such as the “stiffening” effects observed in molecular dynamics
simulations of antibody binding to CD3e (26). It is worth not-
ing, however, that configurational entropy (flexibility) losses
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are frequently observed for antibodies interacting with the
globular regions of protein antigens (52) and that such changes
may not necessarily have any functional significance.

It has been proposed (19) that there are at least five ways in
which large scale intersubunit movements within the extracel-
lular region of the TCR complex could initiate signaling. In
large subunit rearrangements of these types, a subset of resi-
dues previously exposed in the folded complex would have to
become buried to some extent during triggering. We identified
what are likely to be all of the surface-exposed residues in cell
surface-expressed CD3e and in the constant regions of TCR«/3
and found that receptor triggering by antibodies is not pre-
vented by mutation of any of these residues. This suggests that
large intersubunit structural rearrangements are not a prereq-
uisite for triggering.

The TCR complex therefore appears to be configured in such
a way that substantial structural rearrangements of its compo-
nent subunits are not invariably required for the initiation of
signaling. The idea that native ligands might induce triggering
via a mechanism involving relatively minor or no structural
rearrangements in the receptor is not a new one. Following
detailed comparisons of a number of complexes, Garcia et al.
(54) concluded that “no large-scale conformational changes are
obvious in the complex structures that might have an impact on
signal transduction.” Similarly, for pMHC antigens that induce
qualitatively distinct signals and focusing particularly on the
well ordered variable regions, Ding et al. (55) proposed that “the
lack of correlation between structural changes and the type of T
cell signals induced provides direct evidence that different sig-
nals are not generated by different ligand-induced conforma-
tional changes in the a8 TCR.” The early structural work thus
implied that ligand recognition by TCRaf involves rigid body
interactions with pMHC. It would now seem that the TCR is
not alone in being capable of signaling via rigid body interac-
tions: the extracellular region of CTLA-4, an inhibitory recep-
tor also phosphorylated by extrinsic kinases (56), is unchanged
by ligand binding, at least in solution (57).

Implications for Receptor Organization—We previously
employed systematic “drastic” mutations to identify the ligand
binding surfaces of the adhesion proteins CD2 and CD48 (58 —
60). We now extend the approach to identifying surface and
buried residues in obligate complexes, having verified the
method by identifying the known site of subunit homo-
dimerization in CD8. The importance of transmembrane inter-
actions in TCR assembly is well established (61), but the extent
to which extracellular interactions stabilize the complex is less
well understood (19, 62). We hypothesized that drastic
mutagenesis might yield a relatively simple pattern of buried
subunit interfaces limiting the number of possible arrange-
ments of subunits within the complex. A single buried surface
on CD3e corresponding almost perfectly with the region buried
in CD3ed and CD3ey heterodimers revealed by crystallography
and a single, relatively small contiguous surface on TCRa that
influences assembly of the TCR complex were identified.
Kuhns et al. (18) proposed that murine TCR complexes may
dimerize via a surface formed by the AB loop and the Cand F 8
strands, but we were unable to identify an equivalent interface
in the human complex, because drastic mutations of residues in
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this region failed to block complex assembly or triggering. The
existence of stable dimers is also incompatible with single-mol-
ecule analyses of both murine (7) and human (6) TCRs showing
that the dominant form of the TCR complex comprises single
TCRap heterodimers.

What can be concluded about the organization of the TCR
complex? First, apart from the interface that it forms with CD38
and CD3vy, CD3e is apparently completely exposed in the com-
plex. This observation explains the greater antigenicity of CD3e
versus CD38 and CD3vy but is inconsistent with early (63, 64)
and more recent (18) studies. The expectation that CD3e inter-
acts directly with TCRaf3 came from early studies in which
CD3e was chemically cross-linked to both TCRa and TCRf3
(63, 65) and from the apparent ability of CD3e to rescue TCRS
expression in co-transfections (62, 64). However, other cross-
linking studies suggest closer association of TCR with CD3y
than with the other CD3 chains (66), and the expression of
chimeric proteins suggests preferential association of TCRa
with CD3ed (67, 68). Preferential associations must involve
CD36 and CD3vy chains directly, because CD3e is present in
both heterodimers. Because of their extreme sensitivity to
mutation, we are unable to assign docking sites for TCRaf3 on
CD36and CD3v. It seems clear, however, that similar regions at
the top of both CD36 and v, where all four of the conserved
glycosylation sites are found in primates (at the start of the C
and G strands in CD3vy and in the BC and FG loops of CD38),
are exposed in the complex.

A second conclusion is that TCR« contacts the CD3 chains
at a single site formed by the CB8 CD and EF loops plus several
Ca DE loop residues. An asymmetric arrangement of closely
associated CD3 heterodimers was first suggested by the
dependence of CD3e7y docking on CD3ed binding (13, 19) and
then confirmed by whole loop mutagenesis of the C8 CD and
Ca DEloops (17). Our data suggest that the “tips” of these loops
probably do not make contact with the CD3 subunits and that
CD3eyand CD3ed make contact at the base of TCRa3 constant
regions. Like Kuhns and Davis (17), we were able to exclude
several regions of Ca, including the C and F strands, considered
previously to be potential docking sites because of their unusual
flexibility (69), electrostatic properties (39), conservation (17),
or overlap with the epitope of mAb H28 whose binding is
blocked by CD3 association (70) or on the basis of in silico
modeling (21). Although the patch on TCRap is relatively
small, it protrudes from the structure in such a way that both
CD3yand CD36 could form small contacts with TCRa3. What
remains to be determined is how such a complex initiates sig-
naling without, in the case of antibodies at least, substantial
changes in the overall structure and disposition of its compo-
nent subunits.
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