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Summary

Self versus non-self discrimination is at the core of T lymphocyte recognition. To this end, aff T-
cell receptors (TCRs) ligate “foreign’ peptides bound to major histocompatibility complex (MHC)
class I or class I molecules (pMHC) arrayed on the surface of antigen-presenting cells (APCs).
Since the discovery of TCRs ~30 years ago, considerable structural and functional data have
detailed the molecular basis of their extraordinary ligand specificity and sensitivity in mediating
adaptive T-cell immunity. This review focuses on the structural biology of the Fab-like TCRa.3
clonotypic heterodimer and its unique features in conjunction with those of the associated CD3ey
and CD3e8 heterodimeric molecules, which, along with CD3CC homodimer, comprise the TCR
complex in a stoichiometry of 1:1:1:1. The basis of optimized TCRap docking geometry on the
pMHC linked to TCR mechanotransduction and required for T-cell signaling as well as CD4 and
CDS8 co-receptor function are detailed. A model of the TCR ectodomain complex including its
connecting peptides suggests how force generated during T-cell immune surveillance and at the
immunological synapse results in dynamic TCR quaternary change involving its heterodimeric
components. Potential insights from the structural biology relevant to immunity and
immunosuppression are revealed.
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Introduction

Adaptive immunity endows mammals and other jawed vertebrates with precursors of T
(thymus-derived) and B (bone marrow-derived) lymphocytes able to generate a repertoire of
clonotypic antigen receptors [T-cell receptors (TCRs) and B-cell receptors (BCRs)] of
immense diversity from somatic rearrangements of variable gene segments (VDJ and VJ
recombination). Spatio-temporally controlled differentiation and selection processes of those
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cells shape two complementary lineages of the immune system, offering protection with
exquisite specificity, sensitivity, and long-term memory.

Key discoveries during the last 50 years have unraveled the cellular and molecular nature of
adaptive immunity. In the 1960s, T and B lymphocytes were identified and their interactions
shown to be essential for antibody production (1, 2). The basic paradigm of immunoglobulin
(Ig) gene rearrangements that generate antibody diversity was revealed in 1976 (3). The
‘dual’ specificity of T cells for foreign peptide and self-major histocompatibility complex
(MHC) inferred by functional studies was discovered and clearly noted to be distinct from
the ‘single’ specificity of antibody recognition of foreign proteins (4, 5). This realization
then led to an intense effort to understand the molecular puzzle represented by self versus
non-self discrimination and the receptor and ancillary molecules on T cells responsible for
this unusual recognition.

Initial studies suggesting the existence of an ‘I-J-specific’ suppressor factor secreted by T
cells and TCR specificity achieved through Ig genes were refuted. Rather, the discovery of
how to expand T cells in vitro, via IL-2-dependent T-cell cloning (6), in conjunction with
monoclonal antibody (7) and flow cytometry screening (8) technologies plus in vitro
functional analyses were decisive in molecular identification for the long sought-after TCR.
The key breakthroughs came in the early 1980s with the identification in human of a
clonotypic disulfide-linked heterodimer, the Ti af TCR heterodimer, which together with
CD3 molecules, were essential for peptide/MHC complex recognition and cellular activation
(9-14). Biochemical evidence showed that, similar to immunoglobulin (Ig) molecules, both
Ti a and B chains possessed variable and constant regions (9, 10). A comparable aff Ti was
soon identified also in the mouse in 1983, with similar cognate immune recognition features
(15, 16). Those murine studies supported an earlier conjecture that a tumor-specific marker
on mouse T-lymphoma cells might be TCR-related (17). Within two years, cDNAs for
TCRap subunits were obtained beginning with cloning efforts of Davis and Mak (18-20) in
mouse and human, respectively, identifying the f chain as shown by protein sequence (21).
Collectively, these results confirmed the clonotypic nature of the TCRa heterodimer first
identified biochemically. These studies showed that TCR combinatorial diversity was
generated by the same type of site-specific gene recombination mechanisms as with Ig genes
but without somatic hypermutation and led to identification of a second type of TCR, the y&
TCR (reviewed in 3).

CD4 and CD8, surface molecules identified during the same period, were recognized as co-
receptors that optimize TCR recognition and T-cell activation via interaction with
monomorphic segments of MHC class II and I molecules, respectively (22, 23). A few years
later, the dual recognition puzzle was solved when it was shown that MHC class I and class
II proteins bound foreign and self-peptides derived from degradation of intracellular or
exogenous proteins and that such complexes could be recognized by the TCR (reviewed in
24). Structures of peptides complexed with MHC molecules (pMHC) then followed (25, 26),
as did structures of ap TCR heterodimers in complex with pMHC ligands (27-30).

It is now known that the ap TCR is a multimeric transmembrane complex composed of a
disulfide-linked antigen-binding clonotypic heterodimer in non-covalent association with the
signal-transducing CD3 subunits (CD3ey, CD3e6, and CD3C() (31-33). TCR signaling via
CD3 dimers evokes T-cell lineage commitment and repertoire selection during development,
maintains the peripheral T-cell pool, and further differentiates naive T cells into effector or
memory cell populations upon immune stimulation.

This review focuses on selected aspects of the structural biology of the TCR complex. In
particular, we consider those novel structural features of the TCRap heterodimer and their
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functional importance, TCRap heterodimer docking onto pMHCI and pMHCII ligands,
structures of the CD3 heterodimeric ectodomains, and a model of TCR complex topology.
As these structural features can be rationalized in view of recent knowledge that the TCR is
a mechanosensor, the evidence for TCR mechanotransduction function upon pMHC ligation
is reviewed. The bidentate interaction of CD4 or CD8 co-receptors with pMHC in concert
with the TCRa complex coordinates p56!°K-mediated phosphorylation of the exposed
immunoreceptor tyrosine-based activation motifs ITAMs) of the CD3 cytoplasmic tails.
Accessibility of CD3 ITAMs to tyrosine kinase appears to require their release from the
inner leaflet of the plasma membrane post-TCR ligation (34-36). Downstream signaling
then follows (33). Lastly, we shall discuss the implications of these structural biology
insights for translational medicine.

The novel structural features of TCRaf heterodimers and their functional
significance

In the mid-1990s, the first wave of publication of TCRap heterodimer structures and their
complexes with cognate ligand, pMHC appeared (27-29, 37). As expected from their
primary sequence analysis, the ectodomains of these cell surface receptors form an Fab-like
structure with each subunit consisting of one variable and one constant Ig-like domain. In
our MHC class I-restricted N15 TCRap structure (specificity: VSV8 octapeptide bound to
H-2KP"), a monoclonal antibody (mAb) H57 Fab was used to aid in the crystallization (PDB
code, INFD) (37) (Fig. 1A). This complex provided us with an opportunity to directly
compare structures of a TCRap heterodimeric ectodomain with that of an Fab, the antigen
recognition fragment of a BCR. From that comparison, we observed four major features that
make a TCRap heterodimer (hereafter termed TCRap) distinct from an Fab. These
differences can be appreciated in Fig. 1 (panels B and C) (37).

TCRap has a relatively flat ligand-binding surface suitable for pMHC interaction (Fig. 1B),
whereas Fabs often have a concave surface for antigen recognition (Fig. 1C). This difference
stems from the fact that antibodies recognize antigens with a multitude of diverse shapes. A
cavity formed by six complementary-determining region (CDR) loops can better
complement the epitope shape of myriad antigens. In contrast, the binding partners of TCRs
are universally linear antigenic peptides loaded onto an MHC molecule with two flanking
helices exposed for interaction. This pMHC TCR-contacting face is relatively flat. Second,
in general, the C module of the TCRaf} bends more than that of an Fab and has an
asymmetric arrangement relative to the V module, with the C domain significantly angled
more acutely toward the Va domain. This disposition makes the TCR wider than an Fab
(Fig. 1). Of note, the Ca domain substantially deviates from a canonical Ig-like domain. Its
outside face is even difficult to be designated as a B sheet. Instead, there is a helical F strand
and a loosely packed C strand (Fig. 1B). This peculiar Ca domain was first noted by Garcia
and his coworkers (27). The asymmetric Ca-Cp module is topologically conserved among
the first three crystallographically solved structures, 2C TCR (27), A6 TCR (28), and N15
TCR (37). The module was also predicted to be preserved in the pre-TCR in the form of
pTa-CB domain-domain interaction (37). This prediction was confirmed by a recently
solved structure of the pre-TCR pTa-P chain heterodimer (38). The major new discovery of
the pre-TCR structure is that pTa has a more regular Ig-like fold. Our follow-up work
suggests that this conserved C module topology is a critical structural feature for TCR
signaling as will be described below. Third, in contrast to a typical V-set Ig-like domain that
has an ABED B sheet and a C”C’CFG B sheet, the TCR Va domain C” B strand has
translocated, switching from a canonical position to the opposite sheet and thereby creating
an ABEDC” sheet and a C’CFG B sheet (Fig. 1B). This translocation makes the Va. CDR2
C’C” loop more parallel to the a2 helix of the MHC molecule. As a consequence, Va
CDR2 creates additional contacts with a pMHC ligand. Fourth, the Cp domain carries a
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unique 12 amino acid residue insertion, forming an unusually long rigid protruding FG loop
(Fig. 1B). The functional importance of this feature will be elaborated on below.

Diagonal TCRap docking onto pMHCI offers an optimal binding geometry
for adaptive recognition

It has now been well established that TCRap heterodimers dock onto pMHCI using a
common diagonal mode such that the Va domain contacts MHCI a2 helix and the V3
domain overlays the a1 helix. The initial representative TCRap footprints onto MHC are
shown in Fig. 2A,B. One interesting question is what determines the common docking
mode? Garboczi (28) first noted two high points on the TCR-binding surface of MHCI
molecules that force the TCRap to dock diagonally so that the TCR can best achieve
contacts with the antigenic peptide in the MHCI groove (Fig. 2C). We superimposed the
first three TCRaf/pMHCI complex structures using the MHC molecule as a reference to
demonstrate this common docking mode (Fig. 2A, B). Relative to pMHCI, we observed that
different TCRs have their positions twisted, tilted, and shifted with respect to one another
(29). The 2C TCR in 2C-dEVS8-KP complex, for example, appears to twist the most and
hence, assumes the more diagonal orientation with respect to the antigen-binding groove of
pMHCI (Fig. 2B). The A6 TCR in A6-TAX-HLA-A2 complex, on the other hand, is so
tilted that its V subunit can barely touch pMHCI via CDR1 and CDR2 (29) (Fig. 2A).
Furthermore, we indicated that the two high points in the MHCI presentation platform
helices are the result of the inherent left-handed twist of the large 8-stranded [ sheet that
forms the bottom of the antigen-binding groove of the MHC molecule (29) (Fig. 2C). When
the two helices run across this twisted B sheet, the uneven P sheet platform disrupts the two
helices at these two high points, segmenting them into two components each. Note,
however, that the two helices break in relatively different positions. Whereas the a1 helix
breaks near its N-terminal end, the helix a2 (or helix B1 in MHCII molecule) has a break
closer to the middle (Fig. 2B). We discuss the extremely important functional significance of
this difference later. Since the 8 sheet floor in the antigen-presenting platform is a common
feature of every MHC molecule in humans and mouse, whether class I or class II, it enforces
a more or less common TCR diagonal docking onto pMHC (Fig. 2C).

A separate question needs to be addressed with regard to docking polarity. Why does the Va
domain always contact an MHC molecule’s a2 helix (or B1 helix in case of MHCII) and the
VB domain overlay the MHCI a1 helix, rather than the other way around? There is no
definitive answer at the moment. Suggested germline-encoded V docking preferences (39,
40) and/or early thymic selection may mandate such a preference (41).

It must also be noted that there are exceptional TCRaf docking topologies, manifesting a
binding mode significantly different from the conventional docking approach. The first
striking example is the structure of a human autoimmune TCR from a patient with multiple
sclerosis, Ob.1A12, in complex with HLA-DR loaded by a self-peptide [residues 85-99 of
myelin basic protein (MBP)] (Ob.1A12 in dark blue color in Fig. 3) (42). In this complex,
the TCRap largely shifts toward the N-terminal part of the peptide (Fig. 3A) and is also
tilted against the B helix of HLA-DR (Fig. 3B). Strikingly, this TCR actually sits over the
high point of the a helix of HLA-DR in an unfavorable binding mode. Overall, this
orientation results in a reduced TCRap interaction surface with substantially smaller buried
area and hence weaker binding affinity compared with a conventional TCR-pMHC complex.
It is probable, as postulated by the authors, that the unique CDR3 interaction permits
autoreactive T cells to escape intrathymic deletion during negative selection and thereby
induce an inflammatory brain disease (42).
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Another unusual docking is observed in the structure of a natural killer T cell (NKT)
TCRap in complex with the MHC class Ib molecule, CD1d loaded by the lipid a-GalCer
(43). In this case, the NKT TCRa binds to CD1d in a parallel rather than diagonal mode
(NKT TCRap in silver color best viewed in Fig. 3B) and also shifts more to the C-terminal
part of the peptide (Fig. 3A), as opposed to the autoimmune Ob.1A12 TCR. This docking
mode guarantees that the highly conserved NKT TCR a-chain dominates the TCR ligand
binding surface (estimated to be two thirds of total buried surface area contributed by the a-
chain), and ensures its ‘preconfigured’ innate-like contribution to immunity. Notably, the
NKT TCR has an even smaller overall contact area and weaker binding affinity compared to
conventional adaptive afTCRs.

Despite the very unconventional docking modes exemplified above, one key rule remains
intact: the VP domain contacts the a1 helix and the Va domain contacts the a2 helix (or the
B1 helix in the case of MHCII) (Fig. 3B). In that sense, any ‘alternative’ binding topology
can still be regarded as a variation on the conventional TCR docking mode but with a more
dramatic twist and/or shift with respect to pMHC. These ‘unconventional’ TCRs may even
sit on or near the high point of the helices of the MHC. For adaptive TCRap to recognize an
antigenic foreign peptide leading to productive T-cell activation, the conventional docking
mode is most suitable. In fact, more recent structural and functional analysis demonstrated
that a single TCRa may bind with stronger affinity in solution to an MHC molecule loaded
with a non-stimulatory peptide than the same MHC loaded with an agonist peptide (44). The
functionally unproductive non-agonist binding engenders a more parallel docking mode in
the TCR pMHC crystal structure than does the agonist in the complex structure. This
paradox becomes explicable when considering the mechanotransduction function of TCRa 3
described below.

The structural features of TCRap-pMHCII complexes

Fig. 4A shows the first TCRapB/MHC class II structure, the single-chain D10 TCR V
module in complex with the murine class II MHC molecule I-AK loaded with a peptide
derived from conalbumin (CA), dubbed scD10-CA/I-AK (30). Class I and class I MHC
molecules have evolved to facilitate T-cell detection of pathogens residing in distinct
intracellular compartments (45). Accordingly, TCRs are restricted to these two major classes
of MHC molecules. One might have expected to see structural distinctions among TCRs
recognizing peptides bound to the two different classes of MHC molecules. However, when
the structure of first class I MHC-restricted D10 TCR Va VB was determined, it was
striking to observe no significant difference with the known structure of a class I MHC
restricted TCRap, the 2C TCR (30). Fig. 5A represents an overlay of the V module of the
2C TCRap onto the V module of D10 TCRap. The RMSD value for superimposed Va
domain’s 110 Ca atoms is 0.98/0%, while that for the VP domain’s 107Ca is 0.72/0\,
respectively (30). If the two Va domains are superimposed, then the two VP domains only
differ by 3.7° (30). This analysis clearly demonstrates no intrinsic structural differences
between the TCR recognition elements binding to pMHCI and pMHCII ligands. Likewise,
Fig. 5B offers two views of superimposed MHCI and MHCII molecules. As shown, the
overall configuration of peptide presenting platform is also very similar despite a
substantially different chemical composition of the two MHC molecules (26).

It was known from functional data that peptides presented by MHC molecules may be as
long as 25 amino acid residues (46—48). Direct structural analysis of an MHCII molecule
rationalized the biological data and demonstrated how the long peptide is held in an open-
ended groove of an MHC class IT molecule (26). In our scD10-CA/I-AK structure, the CA
peptide used for crystallization is 16 residues long (designated as from position P-3 to P13).
The structure of the entire peptide bound to MHCII molecule I-AK was unambiguously

Immunol Rev. Author manuscript; available in PMC 2013 November 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Wang and Reinherz

Page 6

defined. However, the D10 TCR interaction was restricted to the nine amino acid long P-1 to
P8 segment, with the other peptide residues lacking contacts with the TCR (30) (Fig. 4A).
This 9-residue length peptide antigen-binding interface is the general rule for TCRap/
pMHCII complexes. As first noted by Stern and Wiley (49) and illustrated in Fig. 4B for
CA/I-AK, the peptide bound to an MHC class II molecule assumes a fixed, extended
conformation, being held in the groove through a network of hydrogen bonds between the
peptide’s mainchain atoms and sidechains of conserved residues of MHCII molecules, such
as Asn62 and Asn69 of the a chain and Trp61 and Asn82 of the B chain. This binding
contrasts with that of a peptide loaded onto an MHCI molecule, where a peptide has its N-
and C-termini fixed at the same distance by amino terminal and C-terminal residue binding
pockets (the distance between Ca atoms of N- and C-terminal residues is 22A). For MHCI-
bound peptides, the middle portion of the peptide bulges in a sequence dependent
conformation that is impacted by length of the peptide (generally 8—11 residues but with a
13-14 residue upper limit) with longer length peptides manifesting a greater bulge (50).
Whereas an MHClII-restricted TCR binding specificity is solely dependent upon the exposed
peptide sidechains and the TCR footprint, by contrast, an MHClI-restricted TCR interrogates
both mainchain conformation as well as sidechain residues as it docks to pMHCI. That a
substantially bulged peptide bound to MHCI makes key energetic contribution to TCR
binding is consistent with this view (51).

When we obtained the scD10-CA/I-AK structure, one feature of the complex was the
orthogonal docking of TCRaf onto the pMHCII, in contrast with the previously observed
diagonal docking of three class I TCRa/pMHC structures. We attributed this difference to
the expanded high point on the a1 helix of MHCII molecules (30). However, when
additional TCR-pMHCII complex structures were solved, the orthogonal geometry became
less clear. Currently, we have more than two dozen TCRap/pMHC complex structures in
the database which gives us an opportunity to revisit TCR docking differences onto pMHCI
vs. pMHCIL. Fig. 6 is a side-by-side overlay of representative complex structures with
superposition based on the MHC molecules. For clarity, only a single MHC molecule is
shown, and the TCR V modules of ligated TCRap are displayed in the figure. Overall, the
TCRapB/pMHCII complexes tend to be more orthogonal, whereas class I complexes
manifest a more variable TCRaf docking geometry. With respect to the latter, in addition to
the typical diagonal docking of 2C TCR (blue-grey in Fig. 6, left panel; PDB code 2CKB),
there is also a more orthogonal example (yellow in Fig. 6, left panel; PDB code 2AK4). The
structure of the one extreme outlier autoimmune TCRaB/pMHCII (dark blue in Fig. 6, right
panel; PDB code 1YMM) is also included here for comparison. We speculate that the
orthogonal binding mode may be advantageous for TCR mechanotransduction upon
pMHCII interaction, as described in the CD4/TCR/pMHCII orientation section below.

The functional significance of the unique FG loop of TCR C domain

The af TCR is a complex consisting of the pMHC-binding a3 heterodimer in non-covalent
association with CD3ey, CD3e8 and CD3(( signaling dimers in a 1:1:1:1 stoichimetry.
Structural topological detail of how the TCR complex signals is yet to be further resolved
(52, 53). We noticed early on that one striking structural feature of TCR molecule is the
asymmetric disposition of its C module mentioned above. The CB domain is about 55A long
and bends much more acutely towards the VP domain, compared to the 40A-long Ca
domain to Va domain. Remarkably, a 12-residue long FG loop uniquely protrudes out of C3
domain, as shown in Fig. 1B. This is a well-structured loop. The center is a conserved Trp
residue which forms bifurcated hydrogen bonds with mainchain carbonyl oxygens from
Ser229 and Pro230. These hydrogen bonds fix the sidechains of the Trp 225, which in turn
makes extensive hydrophobic contacts with residues Leu219, Pro226, and Pro232 (Fig. 1B,
inset). The Leu219 and Pro232 are themselves conserved residues located at strand termini
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to form the last hydrogen bond pair between the F and G strands. These interactions lend
rigidity to the loop. This rigid FG loop forms a canopy and side-wall of a cavity created by
the asymmetric disposition of TCR CP and Ca ectodomains. The CD and EF loops of Ca
domain forms another wall (Fig. 1B). Glycans emanating from CaN121, CaN185, CAN186
and CBN236 surround the cave-like structure, as elaborated below. We proposed that this
cavity has sufficient size to accommodate one non-glycosylated CD3e ectodomain (37).
Epitope mapping of an MHCl-restricted TCR suggested that one of the CD3e subunit lies in
close proximity to this C FG loop (54).

Follow-up experiments using TCR transgenic mice bearing either an intact or FG loop-
deleted P chain showed that the loss of the C FG loop attenuates negative selection of
thymocytes and affects cognate peptide-mediated activation of mature T cells, confirming
the functional importance of CP FG loop (55). Subsequent studies using T-cell transfectants
and thymic reconstitution analysis revealed that the unique Cp FG loop appendage primarily
controls af T-cell development through intrathymic selection processes at TCR and pre-
TCR levels (56). In addition, on mature T cells, deletion of the Cp FG loop, while
maintaining TCR expression and surface copy number, dramatically reduced the functional
sensitivity of TCR-mediated activation. That is, 1000 to 10,000-fold higher molar
concentrations of cognate peptide were required to stimulate cytokine production from Cp
FG loop-deleted T cells versus wildtype TCRs (56). We attribute this attenuation to loss of
efficient mechanotransduction from the TCRap to CD3ey heterodimers, as described
below.

Our proposal of the critical association of TCR CB FG loop with the CD3evy gained further
support from analysis of CD3 sequence divergence and TCR evolution in jawed vertebrates
(Gnathostomata) (57). Distinct CD3y and CD36 subunits do not exist in non-mammalian
species such as birds, amphibians, reptiles, and bony fish. Instead, in these species there is a
single CD3vy/6 precursor (CD3P gene). The elongated FG loop with Leu219, Trp225, and
Pro232 conserved in mammalian 3 chains is absent therein (Fig. 7). Concurrently, when the
elongated CP FG loop feature evolved in the mammalian species, CD3P duplicated and
diverged to create distinct CD3y and CD36 genes and their products, as shown in Fig. 7.
Thus, the elongated CP FG loop and the distinct CD3y and CD36 genes appear to have co-
evolved (57).

The elongated CP FG loop and the CD3ey heterodimer are paired for efficient TCR
assembly and signaling in mammalian species (57). Using structure-guided mutational
analysis, we investigated the consequences of a striking asymmetry in CD3y and CD36 G-
strand geometries impacting ectodomain structure (defined in the CD3 section immediately
below). The uniquely kinked conformation of the CD3+y G-strand is crucial for maximizing
pMHC-triggered T cell activation and TCR surface expression, offering a geometry to
accommodate the juxtaposition of CD3y and TCRp ectodomains and to foster quaternary
change that cannot be replaced by the isologous CD36 subunits extracellular region.

Structures of CD3 heterodimers

The signal-transducing invariant CD3 subunits (CD3e, CD3y and CD36) each comprise a
single extracellular Ig-like domain followed by a short stalk region, referred to as a
connecting peptide (CP), a transmembrane (TM) helix, and a cytoplasmic tail. The
interaction between TCRap and pMHC ligand initiates a cascade of downstream signaling
events via the ITAMs in the cytoplasmic tail of the associated CD3 subunits (58—60). To
understand CD3 function in TCR signaling, it was critical to define the CD3 structures
uncovering how these subunits pair into specific heterodimers and assemble with af§ TCR
onto the TCR complex.
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The determination of solution NMR structures of CD3ey (61) and CD3eb (52) as well as
the crystal structures of related antibody in complex with CD3e6 (62) and CD3evy (63)
offered the remaining pieces of the TCR ectodomain architecture. In NMR studies of
CD3evy and CD3e6 ectodomains, a single-chain strategy was employed to create constructs
for E coli expression. For CD3evy, the murine CD3y Ig-like domain was linked to CD3e Ig-
like domain through a 26-residue peptide linker (61). This approach facilitated protein
expression, proper heterodimer pairing, and yielded protein that was stable at neutral pH. A
similar method was used for CD3e&° except that sheep CD36 was linked to the C-terminus
of the murine CD3e through a 33-residue linker. Sheep CD3& was chosen since this
orthologue has fewer surface exposed hydrophobic residues and manifests improved
refolding and solubility characteristics (52).

Fig. 8 illustrates the NMR structures of CD3ey and CD3e6. The major structural
observation can be summarized as follows. First, all three CD3 subunit ectodomains adopt a
C-type Ig-like fold. Whereas CD3e and CD3y belong to the C2-set, CD36 falls into the C1-
set; CD38 has its C’ edge P strand translocated from one B sheet to the other, thereby
becoming a D strand (52). This edge strand translocation is a common phenomena for an Ig-
like domain (64). From Fig. 8B it can be seen that neither the edge strand C” in CD3e nor
the strand D in CD34 is a regular B strand. Another distinct aspect of CD386 is an extremely
short BC loop (Fig. 8B), contributing to the relatively small domain size. Notably, the CD3e
domain in structures of CD3ey and CD3e6 are virtually identical, suggesting its robustness.
Perhaps the most interesting structural feature of the two CD3 heterodimers is how their
extracellular domains associate with each other in a parallel fashion. Their respective G
strands pair with extensive mainchain hydrogen bonds such that one ectodomain’s CFG
sheet merges with another ectodomain’s GFC sheet to form a ‘super’ f sheet. This, in turn,
brings hydrophobic residues into the interface in an interdigitating fashion, thereby
consolidating heterodimer formation. The view in Fig. 8B illustrates the most obvious
parallel G-strand pairing in CD3e8.

This conjoined B-sheet domain-domain amalgamation creates a solid but squat ectodomain
unit vertically arrayed on the cell membrane, well-suited to function in signal transduction
as described below. One obvious difference in the geometry of the two CD3 heterodimers is
a pronounced cleft between the CD3 ectodomain tops in CD3e7y (Fig. 8A). A similar
comparative difference was identified in the antibody bound crystal structures of human
CD3evy (63) and CD3e6 (62), confirming the importance of their surface topological
distinction across species. As noted above, we have experimentally demonstrated that this
uniquely kinked conformation of the CD3y G strand is crucial for maximizing antigen-
triggered TCR activation and surface TCR expression (57). Moreover, this CD3ey geometry
accommodates the TCR  subunit’s juxtaposition as described (57).

The o TCR complex and mechanotransduction

These rigidified CD3 heterodimers in turn are associated with the TCR af} heterodimer
whose own rigid structure is reinforced by the FG loop of the B chain constant domain (37).
Thus, unsurprisingly, comparison of unligated and pMHC ligated TCRa structures does
not show major conformational changes (reviewed in 32). A model of the TCR complex of
af, CD3ey° and CD3ed ectodomains (52) defines a plausible topology and emphasizes its
glycan richness (Fig. 9B). The multiple N-linked glycan adducts of the TCR complex (Fig.
9B, top panel) help guide pMHC ligands to the TCR recognition surface, reducing entropic
penalties by directing binding to the exposed, glycan-free CDR loops. Given that CD3( has
only a 9 amino acid long ectosegment, it is omitted from Fig. 9B as are the CPs. This
rendering incorporates the consequences of several known TCR characteristics: (i) putative
transmembrane charge pairs involving TCR subunit chain association (Fig. 9A) with CD3e-
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CD36-TCRa-CD3(-CD3( as one cluster and CD3e-CD3y-TCRp as a second cluster (65,
66), (ii) extracellular domain associations involving other in vitro chain association data (67,
68), TCR chemical crosslinking results (69, 70), and (iii) proximity of one CD3e subunit to
the TCR CP FG loop revealed by quantitative T-cell surface immunofluorescent antibody
binding analysis (54). In addition, structural insights from crystallographic data on the
glycosylated N15 TCRap heterodimer ectodomain in complex with the CB-FG loop-binding
HS57 Fab discussed above and the likely position of glycans in both CD3ey and CD3e6 (37)
are considered. Evident in Fig 9B (bottom panel) is the central position of the TCRaf
heterodimer with a vertical dimension of 80A projecting from the cell membrane, flanked on
either side by the shorter (401&) CD3 heterodimers, CD3e6 on the ‘left’ TCRa side and
CD3evy on the ‘right’ TCRp side. Note that the width of the CD3eb and CD3evy
components, 50A and 55A, respectively, are comparable in size to that of the TCRaf
heterodimer (58A), and together (excluding glycans) span ~160A. These flanking CD3
ectodomain components will likely impede lateral movement of the TCRap heterodimer
upon pMHC binding.

The 5-10 amino acid squat and rigid CD3 CP segments (71) contrast sharply with the long
(19-26aa) and flexible TCR a and B CP linking their respective constant domains to the
transmembrane segments (Fig. 9A). The functional importance of this contrasting
arrangement was revealed through analysis of interactions of activating (i.e. 2C11 or 500A2)
and non-activating (17A2) anti-CD3e mAbs, which bind to the CD3e7y ectodomains with
virtually identical affinity on T cells (72). Activating antibodies footprint to the membrane
distal CD3e lobe which they approach diagonally (Fig. 9A, bottom), adjacent to the lever-
like CP FG loop noted to facilitate pMHC-triggered activation (56). In contrast, the non-
activating mAb (17A2) binds to the cleft between CD3e and vy in a mode perpendicular to
the T-cell membrane (72). Polystyrene bead-bound 17A2 mAb became stimulatory,
however, upon application of ~50 pN of external tangential force to the bead (Fig. 10B).
Importantly, specific bead-bound pMHC (but not irrelevant peptide bound to the same
MHC) also activates a T cell upon application of a similar tangential mechanical force (MF)
via optical tweezers to initiate intracellular calcium flux (Fig. 10D). These findings imply
that the TCR is a mechanosensor, converting mechanical energy into a biochemical signal
upon specific pMHC ligation that occurs as a T cell moves over antigen-presenting cells
during the course of immune surveillance (Fig. 10A). As shown in Fig. 10C, the pMHC on
the APC is first ligated by a specific TCR. Then as the T cell continues to move, prior to a
stop movement signal mediated through inside-out integrin affinity upregulation, pMHC
functions as a force transducing handle to pull on the TCRaf heterodimer. This force is
amplified and exerted on CD3evy by the lever arm where the TCRP TM acts as a fulcrum.
For activation, force must be applied to the TCR complex tangentially and not perpendicular
to the plane of the T-cell membrane, showing that the TCR is an anisotropic mechanosensor
(i.e. direction matters)(72). The rupture force and bond lifetime under load between pMHC
and TCRap heterodimer are potentially important parameters which can determine the
potency of pMHC stimulation as can the angle of TCR-pMHC interaction (44, 73). The
lateral pull from pMHC most probably causes the Cf FG loop to push on the upper outer
lobe of CD3e. A common TCR quaternary change rather than conformational alterations can
better facilitate structural signal initiation, given the vast array of TCRs and their pMHC
ligands. During this force driven quaternary change, TCR-decorating glycans can serve as
steric and spring-like barriers that require force to overcome in order to deliver signaling to
CD3 subunits. Since our report (72), other groups now have provided evidence that physical
force applied to TCR components activates T cells (74-77).

Several theories on T-cell triggering have been proposed to explain how recognition of
pMHC by a weakly interacting (~1-100 M Ky) clonotypic ap heterodimer on the T-cell
surface evokes intracellular signaling via the adjacent CD3 components with minimal, if
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any, stable a ectodomain interface contacts (78—-81). These include conformational change,
aggregation, and segregation models. The rigidity of af (37) and CD3ey and CD3e6
heterodimeric ectodomains (52, 61, 79) noted above imply that conformational change
within TCR subunits cannot initiate signaling, thereby eliminating earlier conformational
models (80). We suggest that mobility of the ap heterodimeric ectodomains relative to the
fixed CD3 heterodimers allows for transient ectodomain interactions, quaternary TCR
complex change, and pMHC ligation to be sensed. Force must then be transduced via the
individual TCR complex TM segments, potentially modifying individual transmembrane
helices, TM-TM interactions, and/or the lipid environment and cytoplasmic tail exposure/
configuration. In the future, determining the structures of these segments separately and as
relevant oligomers, their adjacent peptide connecting extensions, and cytoplasmic tails will
be the key first step in elucidating the molecular basis of signal transfer from outside the cell
to inside the cell.

A singularly vertical or piston-like motion previously suggested as a basis for T-cell
signaling seems excluded by optical trap analysis (72). The notions of permissive geometry
involving dimers of TCRs and pMHC (82) or pseudodimers (83) are difficult to reconcile
with the extensive glycosylation of the TCR complex (Fig. 9B). Microclustering of TCR
complexes in the absence of TCR and/or co-receptor protein ectodomain oligomerization
can be mediated by intracellular domain interactions with scaffold and/or cytoplasmic
protein (84—-86). Likewise, kinetic segregation involving a partitioning of inhibitory
phosphatases (CD45) away from the activation machinery (p56'¥) in the T cell-APC contact
zone referred to as the immunological synapse can be operative in conjunction with
mechanotransduction (87). The accelerated kinetics of TCR/pMHC interaction, including
off-rate in situ dependence upon the actin cytoskeleton, will impact and contribute to
sustained mechanotransduction at the immunological synapse (88). Studies suggesting that
pMHC applies an external force to push on or ‘deform’ the TCR (61, 89) are consistent with
the optical trap results.

That the TCR is a mechanosensor activated by direction-specific physical force (72) has
immediate implications. First, since the total force applied to the T-cell surface is essentially
defined by movement of the T-cell membrane relative to that of the APC, ligation of several
TCRs by several cognate pMHCs on the opposing APC will exert a greater physical force
per individual TCR than multiple TCR ligations through a large number of TCR-pMHC
interactions on the same T cell. Hence, sensitivity is built into TCR mechanosensor function.
Second, in principle, shear forces can form catch bonds at the TCR-pMHC interface to
enhance binding and/or confer additional ligand specificity. These bonds, which are
strengthened by tensile force, have been described for cell adhesion molecules (90). Third, a
recent study by Adams et al. (44) suggesting that docking geometry impacts 2D binding and
T-cell activation is entirely consistent with the notion of TCR mechanotransduction; the
pMHC-TCR lever arm length and force vector parameters determining torque will be
modified via such differential docking, independent of 3D solution affinity for pMHC ligand
(73). Precedent for mechanoreceptors in the hematopoietic system is the von Willebrand
factor (VWF) receptor on platelets where tensile stress on bonds between the GPIba subunit
and the VWFA1 domain under fluid dynamic conditions triggers integrin ayp,Pryy activation
to support platelet adhesion (91).

CD4 and CD8 co-receptor structures, bidentate attachment to MHC, and
delivery of p56'ck kinase to the TCR-pMHC complex

As early as 1980, it was clear that two major T-cell subsets, cytotoxic T lymphocytes and
helper T lymphocytes, could be distinguished by their surface expression of CD8 and CD4,
respectively (12, 22, 23, 92). Using T-cell clones and monoclonal antibody blocking studies,
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it was shown that MHC class II-restricted T-cell recognition was mediated by CD4* T cells,
whereas MHC class I-restricted T-cell recognition was performed by CD8* T cells. Given
that CD4 and CD8 were invariant structures, we speculated that they interacted with
conserved regions of polymorphic MHC molecules as co-receptors, unlike the clonotypic
TCRap heterodimer whose recognition was dependent on specific peptide and polymorphic
MHC segments (23). From structural studies accomplished in the last two decades (93-97),
we learned that whereas the TCR interacts with the antigenic peptide bound to the MHC
molecule’s membrane-distal helical surface and B-sheet floor (i.e. the antigen presenting
platform), co-receptors contact a conserved membrane-proximal region of their MHC
molecular target (vide infra).

Co-receptor biology

The CDS transmembrane co-receptor is encoded by two distinct genes: CD8a and CD8p.
Each consists of a single Ig-like domain followed by a lengthy stalk region of 30-50
residues with multiple O-glycosylated adducts, a TM helix, and a short cytoplasmic tail
(reviewed in 98). The CD8a but not CDSP tail binds to p56!K, essential for T-cell signaling.
While CD8a.a homodimers and CD8af heterodimers are found on the surface of
lymphocytes, CD8BP homodimers are absent. The CD8ap heterodimer is the dominant
isoform expressed on CTLs (99). The CD8aa isoform is expressed on y6 T cells, some NK
cells, and a subset of intraepithelial lymphocytes (100). By contrast to CD8, CD4 comprises
four Ig-like domains in tandem with a short stalk region and TM helix, but its cytoplasmic
tail also binds p56'°K. In fact, a zinc clasp tethers p56!K to the cytoplasmic tail of both CD4
and CD8a (101).

The major function of the co-receptor in T cell-mediated adaptive responses is not to
facilitate adhesion and/or binding per se but rather to deliver p56'K into the area of TCR-
pMHC interaction so that exposed ITAM(s) on CD3 tails can be phosphorylated on tyrosine
residues therein to allow Zap-70 recruitment and the remainder of downstream signaling
apparatus to assemble (102). This selective co-receptor delivery of an essential TCR kinase
to the MHC during TCR recognition skews ap TCR repertoire selection toward a pMHC
ligand specification. As a result, ap TCRs in mice lacking co-receptors and MHC do not
have a bias for pMHC ligands, instead possessing antibody-like receptor specificities (103).

The affinity of CD4 for pMHCI is extremely weak (200 M or higher)(104) and that of
CD8ap for pMHCII only slightly (several fold) stronger (105, 106). By contrast, ~1 pM
affinities of TCR-pMHC interactions are not uncommon (107). The half-life of TCR-pMHC
is ~1000 times longer than that of CD4-pMHC; thus, little binding contribution for pMHC is
contributed by the co-receptor ectodomain. Likely, CD8ap offers more pMHC interaction
energy than CD4. More importantly, however, for both co-receptors, the ability to recruit
p56!k to the TCR interaction site, although transient, overcomes p56!°k diffusion thereby
affording targeted kinase delivery to the TCR-pMHC complex. A formal mathematical
modeling of this process has recently been performed, consistent with this view (108). Given
that only a fraction of p56!K is catalytically active in unstimulated T cells and that amount
does not increase after TCR and co-receptor engagement (109), rapid entry and exit of co-
receptors into the TCR-pMHC site is critical. If a co-receptor were loaded with inactive
p56!k and bound tightly to pMHC, it could function as a dominant negative inhibitor of
TCR activation. A fast on and off rate of co-receptor-pMHC will likely bring an active
kinase to an accessible CD3 tail ITAM.

The bidentate interaction of TCR and CD8a with a single agonist pMHC has been
elegantly studied by a micropipet adhesion assay (110). Kinetic analysis reveals a two stage
cooperative process with the first stage representing TCR dominant binding to pMHC. The
second stage binding, delayed by one second, is Src-tyrosine kinase-dependent (i.e.
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presumably p56!°K) resulting in the CD8ap co-receptor binding to the TCR-engaged pMHC
molecule. This ordered and cooperative trimeric interaction favors agonist ligands and
synergistically augments the bidentate binding to pMHC in turn linked to T-cell signaling.

Aside from their binding specificities, CD8ap and CD4 differ with respect to their
ectodomain flexibility and tunable biology (98, 111). The combined presence of O-glycans
and prolines in the stalk CD8 subunits indicates that the stalks most likely adopt extended
and somewhat stiff conformations, similar to that observed for leukosialin and mucins.
When mucins are heavily O-glycosylated, they exhibit a threefold expansion in chain
dimension compared to their unglycosylated counterpart (112, 113). Notwithstanding, there
remains some CDS stalk flexibility in counter-distinction to the rigidity of the four
concatamerized CD4 Ig-like domains. This CD8ap co-receptor flexibility perhaps
compensates for and accommodates to the variability of TCRap docking onto pMHCI. In
addition, developmentally regulated glycosylation of the CD8ap stalk modulates pMHC
binding (98). Immature CD4+CD8+ double positive (DP) thymocytes bind MHCI more
avidly than mature CDS single positive (SP) thymocytes. This differential binding is
governed by developmentally programmed O-glycan modification of several CDS stalk
threonine residues proximal to the CD8P headpiece and controlled by ST3Gal-I
sialyltransferase (98, 111). ST3Gal-I specifically localizes to the medulla of the thymus
where SP thymocytes reside. ST3Gal-I induction and attendant core 1 sialic acid addition to
CD8p on mature thymocytes decreases CD8ap-MHCT avidity by altering CD8ap domain-
domain association and/or orientation. Hence, glycans on the CD8p stalk appear to modulate
the ability of the distal binding surface of the dimeric CD8 globular head domains to clamp
MHCI. The DP stage facilitates efficient elimination by negative selection of autoreactive
TCR specificities through this enhanced co-receptor function working in tandem with highly
specific TCR-pMHC triggered apoptosis (114). Once a thymocyte has differentiated to the
CD8 SP stage, however, CD8ap O-glycan sialylation reduces the strength of the CD8ap co-
receptor interaction with pMHC, mandating a greater requirement for TCR-pMHC
interaction to achieve a subsequent activation threshold in mature T-lineage cells (98).

Co-receptor structures

Structures of human and murine CD8aa homodimers and CD8ap heterodimer in complex
with pMHCI molecules (93-95) as well as the N-terminal two Ig-like domains of CD4
complexed to pMHCII (96) are available. Fig. 11 depicts our structures of the murine
CD8aa homodimer in complex with H-2K" (Panel A) and the human CD4 N-terminal two-
domain construct bound to the I-A¥ pMHCII molecule (Panel B).

It is remarkable how the two co-receptors employ divergent strategies to achieve interaction
with the membrane proximal region of their respective MHC molecules. The murine
CD8aa homodimer binds primarily to the CD loop of the MHCI a3 domain in a fashion
similar to an antibody binding to antigen (94), as does the human analogue in binding to
HLA-A*0201 (93). The two Ig-like CD8 homodimer ectodomains are comparable to an Fv
module of an antibody, using the six CDR-like loops to clamp the CD loop of the MHC a3
domain. There are conserved residues engaging in a specific hydrogen bond network
between CD8aa and the CD loop of MHCI molecule residues Glu222, GIln226 and Asp227
(Fig. 11C). The CD loop itself is well structured through an internal hydrogen bonding
network. Therefore, CD8-binding does not require detectable conformational change. A very
similar binding mode has been observed as well for the CD8a.a homodimer interaction with
a non-classical MHCIb molecule, TL (115), suggesting the robustness of the protruding CD
loop of MHC near the plasma membrane for CD8-binding. Based on the relatively shorter
stalk length of the CD8 subunit compared to that of CD8a, we predicted that the CD8
ectodomain would occupy the APC membrane distal position in the CD8a 8 heterodimer
when complexed with pMHCI (94). This hypothesis was confirmed by the recent structure
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of CD8aB/MHCI complex revealing how the CDR loops of CD8ap Ig-like domains also
clamp the CD loop (95).

Since CD4 is a single subunit co-receptor, unlike CD8, an antibody-like MHC-binding mode
is less likely. The structure of the CD4/pMHCII complex unexpectedly showed that the CD4
binding to MHC involves wedging of the CD4 N-terminal domain D1 between the two
membrane-proximal a2 and B2 domains of MHCII (Fig. 11B). The most protruding C” B
strand of CD4 D1 makes a mini-antiparallel § structure with the outermost strand of the
MHCII B2 domain. A pair of mainchain hydrogen bonds illustrated in Fig. 11D mediates
this interaction. This docking topology brings the key hotspot binding residue of CD4 D1,
Phe43, into the hydrophobic environment created by conserved MHCII residues, including
Phe92 and Trp178 from the a2 domain as well as Ile148 and Leu158 from the f2 domain
(Fig. 11D).

The CD4/MHCII structure is of biological relevance in two important respects. First, it
allowed us to build a ternary complex of TCR/MHCII/CD4 by superimposing the known
structures of TCR/MHCII (PDB code 1D9K and 1FYT) and the entire ectodomain of CD4
(D1-D4) (PDB code 1WIO) onto our CD4/MHCII complex (96). This yielded a V-shaped
ternary complex model clearly implying that there was no direct contact between a TCR and
its CD4 co-receptor from the same plasma membrane as shown below. More interestingly,
perhaps, the ternary association geometry suggests how a TCR from a CD4* T cell must
scrutinize an APC surface and trigger its signaling as elaborated below. Very recently, using
yeast display technology, the Mariuzza group has been able to enhance the binding affinity
between CD4 and MHCII (116) to the point where they can successfully co-crystallize a
ternary complex of TCR/pMHCII/CD4 (117). Their ternary structure confirms the complex
model we proposed.

Second, our CD4/MHCII complex structure provided a molecular explanation for how CD4
is subverted by HIV-1 as the virus’s portal of entry into the human cell. By comparing the
CD4/MHCII structure with the previously published structure of CD4/HIV-gp120 (118), it
is obvious that the virus mimics MHCII binding to CD4. HIV surface glycoprotein gp120,
like MHCII, also uses its edge B-strand to pair with the C”-strand of CD4 D1, in turn
bringing the key Phe43 residue into a hydrophobic pocket of gp120. Since gp120 effectively
makes contacts with additional CD4 surface area as well, the CD4/gp120 binding affinity is
~1000 times stronger than that of CD4/MHCII binding (119). In this way, the HIV envelope
protein successfully out-competes the physiological ligand MHCII for CD4-binding. In so
doing, the effectiveness of the immune response is diminished.

Overall topology of the CD4/TCR/pMHCII ternary complex and its
immunological significance

When Bjorkman, Strominger, and Wiley first published their landmark structure of HLA
(25), the view was that the MHCI molecule vertically presented a peptide at a distance from
the APC membrane, well-exposed for TCR binding from an opposing T cell (Fig. 12A). The
same ‘classic’ orientation was assumed for MHCII (Fig. 12B). However, given that MHCI
has a single TM linked to the heavy chain in turn noncovalently associated with 2M,
whereas the MHCII has two TM-containing subunits of similar size, this view requires
modification. The C-terminal stalk regions of a2 and f2 domains of MHCII molecules are
both roughly 10 residues in length. The stalks and TM segments constrain the position of the
a and B ectodomains. Thus, the pMHCII cannot be oriented as shown in Fig. 12B akin to
the MHCI (Fig. 12A). Rather, pMHCII must be oriented in a fashion more equivalent to the
orientation provided in Fig. 12C. There the C-terminal residues (in dark blue stick model) of
the two ectodomains are placed at equivalent distance above the plane of the membrane
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below. In this orientation, the peptide-binding groove appears tilted such that the 1 helix
projects out significantly more above the membrane than the a1 helix.

Once this constraint is applied to the V-shaped ternary complex, the overall CD4/TCR/
pMHCII orientation would appear as illustrated in Fig. 12D. Here, the central break in the
B1 helix serves not only as an interaction site boundary but creates a wall to impact TCR
movement. If this notion is correct, kinetic energy may then be converted into a torque to
pivot the TCRap heterodimer about its TM segments, pushing on the CD3 subunit close to
the membrane as described in the prior section on mechanotransduction. How this geometry
relates to that of CD8-dependent TCR recognition remains to be determined. Given that
MHCI uses a single TM for presentation and is associated with a co-receptor with some
stalk flexibility, differences in ternary complex recognition geometry cannot be excluded.

Summary/implications

Here we have reviewed a wealth of structural information gleaned by many laboratories on
the nature of the TCRap-pMHC interaction. We described the relatively flat Va' V3 module
recognition surface adapted via thymic selection processes and malleable germline
interaction preferences for recognition of linear peptides bound to the groove of MHC
molecules. We analyzed the TCRa 3 docking geometries onto pMHCI and pMHCII.
Whereas a general diagonal footprint with considerable variability in tilt, twist, and shift
accurately accounts for TCRaB-pMHCI interaction, the TCRap approach onto pMHCII is
more limited to the orthogonal footprint. Although there are no apparent intrinsic structural
distinctions between TCR V modules of the CD4+ and CD8* T-cell subsets nor the antigen-
presenting platforms of MHCI and MHCII, differential projection of MHCI and MHCII
from the APC surface, at least in part, may foster binding footprint distinction. The CD8ap
and CD4 co-receptors use different strategies to ligate pMHCI and pMHCII, respectively,
via weak affinities that similarly function to deliver p56!°K into the site of TCRaB-pMHC
interaction.

The current understanding of TCR complex mechanotransduction is reviewed, affording
important insights into the rigidity of the TCRap, CD3ey° and CD3eb heterodimeric
ectodomains, the unusual Cp FG loop adaptation and TCR quaternary change that is
mechanical force dependent. Mammalian development with co-evolution of the Cp FG loop
and CD3vy and CD36& molecular speciation enhances the sensitivity of cognate TCRa
recognition to the level of endowing one or several pPMHC per APC surface with the
capability of triggering T-cell activation. We present data suggesting how
mechanotransduction is operative, both during immune surveillance and within the
immunological synapse.

At a practical level, there are implications of the present work for translational medicine. T-
cell-based vaccines or immunotherapies eliciting effector T cells with specificity for
epitopes on target cells need not focus on pMHC ligands exclusively present at high copy
number, given the sensitivity of TCR mechanotransduction and its mode of action. Thus, the
number of suitable immune targets for T-cell-based preventive and therapeutic approaches is
greater than previously envisioned. Future single molecule analysis of TCR force
transduction will provide additional insights into early T-cell signaling events and, in
conjunction with structural elucidation of TCR subunit CP, TM and cytoplasmic tail
segments, potentially afford new approaches towards development of immunosuppressive
compounds based on disruption of TCR mechanotransduction.
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&)

EF loop

N15 TCRap

Fig. 1. Structure of N15 TCRap ectodomainsin complex with an Fab fragment of the H57 mAb
(A) The complex structure with H57 bound to the protruding FG loop of the N15 Cp domain
(adapted from 37). (B) The structure of the N15 af ectodomains. The a and 8 subunits are
represented in the same color as in (A). The inset offers the detailed internal structure of the
CB FG loop. (C) The structure of H57 Fab fragment. Note the overall narrow shape of the
Fab in comparison to the TCRap. The B strands and the CDR2 loop of Vi, domain are
labeled for comparison with that of the N15 Va domain depicted in (B).
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Fig. 2. TCRap dockings onto pMHCI molecules
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(A, B) Side and top views, respectively, of three TCR/pMHCII complexes (adapted from
29). For clarity, only one MHCI peptide-binding groove is shown. The N15 TCR is in white
(PDB INFD), the 2C TCR in red (PDB 2CKB), and the A6 TCR in green (PDB 1QSE).
Relative to the MHC molecule, the three TCR molecules have a similar diagonal docking
with Va and VP domains on a2 and al helices, respectively. The orientation difference can
be described by parameters of twist, tilt, and shift. (C) The TCR docking constraint imposed
by the MHC molecule is shown by the two arrows indicating the high points on al and a2
helices. The helical breaks are caused by the inherent left-handed twist of the B sheet seen at

the bottom of peptide-binding groove.
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Fig. 3. Unconventional TCR docking orientations

The two examples given are the human autoimmune receptor Ob.1A12 in complex with
HLA-DR (PDB 1YMM) and NKT TCR in complex with MHCIb, CD1d (PDB 2PO6). (A,
B) Two views rotated 90° vertically with respect to each other. The two unconventional
TCR/MHC structures are superimposed together with the conventional N15/H2-KP structure
(PDB INFD) based on their respective MHC peptide-binding groove. For clarity only one
MHC molecule and each TCR V module are shown. N15 TCR is in red, Ob.1A12 is in dark
blue and NKT TCR is colored in silver. N- and C-termini of peptide are labeled in magenta
in (A). The Ob.1A12 shifts more towards the peptide’s N-terminal is seen in A, whereas the
NKT TCR appears more parallel with the MHC groove, as best seen in (B).
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Fig. 4. Structure of a TCR/pMHCII complex, the scD10-CA/I -Ak (PDB 1D9K)

(A) The complex structure with TCR V module in green (Va) and cyan (VB), MHCII in
yellow (a subunit) and orange (B subunit) and CA peptide in magenta. The N- and C-
termini of the TCR contacting portion of the peptide are indicated by the P-1 and P8 labels,
respectively. (B) The peptide-binding groove of I-AK is illustrated. The side chain of
conserved residues from MHC a and B subunits make extensive hydrogen bonds to the main
chain of the peptide such that the 16 amino acid residue peptide adopts a fixed extended
conformation on the groove.
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Top view

D10 TCR-V (Class Il)
2CTCR-V (Class|)

I-A* (MHCII)
H2-K® (MHCI)

Fig. 5. Absence of intrinsic structural differences between the two classes of TCR aswell as
MHC molecules among their interacting domains

(A) The superposition of the V modules of the D10 TCR (PDB 1D9K) and 2C TCR (PDB
2CKB) in Ca is shown using a Ca atom skeleton drawing. (B) Side view (left panel) and
top view (right panel) of superimposed I-Ak (PDB 1D9K) and H2-K® (PDB 2CKB)
molecules represented as ribbon drawings. The two peptide-binding grooves overlay well,
despite their very different chemical compositions.
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Fig. 6. Overlay of selected TCR/pMHCI (class1) and TCR/pMHCII (class 1) complexesreveals
a more conserved docking mode on pMHCI|

The superposition is based on the MHC molecules’ peptide-binding groove. For clarity, only
TCR V modules and one MHC groove are depicted. Left panel: Selected class I TCR
molecules are 2CKB in blue-grey, 1QSE in purple, 3SJV in dark blue, 1QGA in pink, 1BD2
in yellow, 2VLJ in silver, 2AK4 in gold, 3FFC in light blue and 1MTS in red. Right panel:
Selected class II TCR molecules are 1D9K in yellow, 1FYT in cyan, 1U3H in pale-green,
1YYM in dark blue, 3C5Z in sand, 3RDT in bluewhite, and 2IAM in smudge.
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Fig. 7. Co-evolution of the elongated TCRCP FG loop aswell as CD3y plus CD36 genesfrom a
single precursor (CD3P) in Gnathostamata

(Adapted from 57). (A) Sequence comparison of the TCRCP FG loop regions among
various species. The position of the F and G strands is defined based on the N15 TCR
structure (37, 120). The bracketed region defines the elongated FG loop in mammalian
species with well-conserved key residues (L219, W225, and P232) forming the hydrophobic
core of the loop. The two cysteines contributing to the intra-chain and an inter-chain
disulfide bonds are indicated by the filled and open circles, respectively. The conserved
lysine residue in the transmembrane region of Cp is also highlighted in yellow. (B)
Schematic representation of evolutionary relationships between TCRP and CD3 gene
products. Possession of adaptive immunity with recombinatorial-based immune receptors is
known for Agnathans and Gnathostomata. Gnathostomata possess a developed adaptive
immune system supporting various VDJ recombinations for immunoglobulin (Ig) and TCR
rearrangement, whereas Agnathans do not but contain variable lymphocyte receptors (VLR).
Distinctions between mammals versus birds, amphibians, reptiles, and bony fish are
described and shown schematically.
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CD3¢ CD3y

Fig. 8. NMR solution structures of CD3 heterodimers

(A) Structure of CD3ey (PDB 1JBJ): Note the cleft or notch at the top portion of the dimer,
compared to CD3e6 shown in (B). (B) Structure of CD3e6 (PDB 1XMW): The BC loop of
the CD36 subunits significantly shorter compared to that of CD3e and CD3y subunits (52,
61). The linker to make the single-chain constructs is omitted in these two figures.
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Fig. 9. TCR complex interaction with pMHC

(A) TCR components (ectodomains, stalk CP, TM, and cytoplasmic tails) are labeled and
shown in distinct colors. The pMHC on the APC and the interacting CD8a heterodimer are
not colorized. The relative positions of the positively charged residues in TCR a and  TMs
are shown and putative interactions with CD3 acidic residues indicated (boxed insert). In the
bottom right insert, arrows denote direction of mAbs binding to CD3evy relative to the T cell
membrane. The view shown is a 90° Y-axis clockwise rotation relative to (A) above. (B)
Ectodomain structure in ribbon form based upon PDB code IFND, I XMW and 1JBJ are
shown from the perspective of pMHC (top) and side (bottom) views with the position of T-
cell membrane shown in the latter. In the top view, adducted glycans in CPK visualization
are colored according to subunit whereas all sugars are denoted in beige in the side view.
The FG loop is labeled by an * in each panel.
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Fig. 10. TCR activation by mechanical force

(A) Cartoon showing tangential T-cell scanning of an APC surface. (B) A 17A2 anti-CD3
mAb coated bead is approximated to a T cell using an optical trap. A tangential force is
applied on the cell as shown by the double-headed arrow. Fluorescence image reporting of
intracellular calcium dynamics show signaling in the T cells upon application of mechanical
force to the bead but not in the absence of mechanical force (top and bottom rows,
respectively). (C) Torque on TCR-pMHC interaction initiates signaling action (pMHC,
orange; CP FG loop, magenta; and TCR complex, other colors). (D) Signaling (fluorescence
increase) in TCR transgenic N15 T cells [specific for vesicular stomatitus virus octapeptide
(VSV-8) bound to MHC K] occurs only in the presence of tangential mechanical force
(MF) and only for stimulatory VSV8/KP pMHC but not irrelevant SEV9/KP pMHC
molecules (72). Stimulation is achieved at 10 relevant pMHC copies per bead.
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Fig. 11. Structure of TCR co-receptors

(A) Crystal structure of murine H2-KP in complex with CD8a.a. homodimer (PDB 1BQH).
For the H2-KP, the heavy chain is in green and B2 microglobulin is in cyan, whereas the two
subunits of CD8a.a are in yellow and pink, respectively. The peptide is shown as a stick
model within the groove. Note that the CD loop of H2-K? is clamped by CDR loops of
CD8aa homodimer. (B) Crystal structure of murine I-AK in complex with the N-terminal
two domains of CD4 (PDB 1JL4). The a and 3 subunits of I-AX are in cyan and green,
respectively, whereas the CD4 is in yellow. The peptide is in stick model representation
lying in the groove. Note how the CD4 domain 1 wedges between a2 and 2 domain of I-
AK with hotspot residue, F43 poking into the MHCII hydrophobic pocket. (C) Specific
interaction between CD8a.a and H2-K’s CD loop. Conserved residues involved in these
hydrogen bondings are labeled. (D) Specific interaction between CD4 and I-AX. The two
main chain hydrogen bonds between the edge B strands of CD4 and B2 domain of I-A¥
docks the CD4 onto I-AK. This brings F43 of CD4 into hydrophobic pocket formed between
a2 and B2 domains whose key contacts are shown.
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Fig. 12. Overall topology of the CD4/TCR/pMHCII ternary complex

(A) A ‘classic’ view of the MHCI molecule demonstrating how an MHC molecule on an
APC presents the antigenic peptide vertically toward an opposing T cell for TCR
recognition. The light chain, B2 microglobulin (yellow) is non-covalently attached to the
heavy chain. (B) A similar ‘classic’ view of MHCII molecule as that of MHCI in (A). In this
view, the a. subunit in yellow has its C-terminal a2 domain residue (dark blue stick model)
high above the plasma membrane relative to the C-terminal residue (dark blue stick model)
of the B2 domain in orange. (C) Revised MHCII orientation. Given that the stalks of both
the a and P subunits are ~10-residue long, the stalk and TM should impose constraints on
the two subunits such that the MHCII molecule must be oriented in a manner more tilted
compared to the view shown in (B). As a consequence, the two MHC terminal residues are
at about the same height on the membrane. The helical region of the 1 domain would
significantly project upward in comparison to that of the a1 domain. (D) The overall
orientation of the ternary complex (coordinates from PDB 3TOE). This representation takes
into account the V-shaped CD4-MHCII architecture as well as the MHCII topology on the
APC membrane given in (C) above. It becomes obvious how the MHC class II-restricted
TCR must contact the MHCII molecule tangentially from the right in the figure. The
TCRap will ‘bump’ up against the ‘wall’ or barrier of the helical region of the f1 domain to
provide a mechanical force, supporting T-cell mechanotransduction. Note that although the
CPs are not shown from the T-cell side, CD4 has a shorter stalk than that of the TCRa8
heterodimer subunits.
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