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Tcellsinjawed vertebrates comprise two lineages, a3 T cellsand y§ T cells, defined
by the antigen receptors they express—that s, afp and y5 T cell receptors (TCRs),

respectively. The two lineages have differentimmunological roles, requiring that

y6 TCRs recognize more structurally diverse ligands'. Nevertheless, the receptors
use shared CD3 subunits to initiate signalling. Whereas the structural organization
of a TCRs is understood®?, the architecture of y§ TCRs is unknown. Here, we used
cryogenic electron microscopy to determine the structure of a fully assembled,
MR1-reactive, human Vy8V63 TCR-CD368ys,{, complex bound by anti-CD3¢ antibody
Fab fragments*®. The arrangement of CD3 subunits in y6 and oy TCRsis conserved
and, although the transmembrane a-helices of the TCR-y6 and -af3 subunits differ
markedly in sequence, packing of the eight transmembrane-helix bundles is
similar. However, in contrast to the apparently rigid afs TCR**%, the y5 TCR exhibits
considerable conformational heterogeneity owing to the ligand-binding TCR-y6
subunits being tethered to the CD3 subunits by their transmembrane regions

only. Reducing this conformational heterogeneity by transfer of the Vy8V63 TCR
variable domains to an a3 TCR enhanced receptor signalling, suggesting that y6 TCR
organization reflects acompromise between efficient signalling and the ability

to engage structurally diverse ligands. Our findings reveal the marked structural
plasticity of the TCR on evolutionary timescales, and recast it as a highly versatile
receptor capable of initiating signalling as either arigid or flexible structure.

of3 and y8 T cells each span around 500 million years of vertebrate
evolution, underscoring theirimportant and non-overlappingimmune
functions’”. af T cells survey the intracellular milieu of target cells via
recognition of specific peptide fragments complexed with classical
major histocompatibility complex (MHC) molecules, as well as lipids
and metabolites presented, respectively, by non-classical MHC pro-
teins, including CD1 and MRI (ref. 7). Conversely, y5 T cells, which
comprise adistinct T cell lineage with animportant role in tumour
and mucosal immunity, recognize a variety of structurally diverse
ligands. For example, y6 T cell receptor (TCR) ligands include CD1,
MR], stress-induced MHC I-like molecules and non-MHC-like ligands,
including butyrophilin and butyrophilin-like molecules’.

Despite these differences inligand specificity, both TCRs consist of
equivalent subunits: aligand-binding module—that is, the TCR-a or -y
heterodimer—and non-covalently associated signal-transducing
dimers (CD3-(,, -6¢ and -ye). However, the y& TCR exhibits struc-
tural differences in the constant (C) C-y and C-6 domains versus the
equivalent regions of the af TCR, and the position of an interchain
disulfide bond differs, suggesting that y§ TCRs might form signal-
ling complexes different to o TCRs®®. The cryo-electron microscopy

(cryo-EM) structures of fully assembled unligated and peptide/MHC
(pMHC)-bound o TCRs were recently determined**®, revealing the
principles of oy TCR assembly and showing that as TCRs are apparently
rigid structures. We explored whether all TCRs share these proper-
ties or vary in organization, by determining the structure of a yd TCR
using cryo-EM.

Expression and purification ofayd TCR

Giventhelargerepertoire of y5 TCRs, and the diversity of their ligands,
animportant consideration was which yd TCR toinvestigate. Although
VY9V62 TCR-expressing T cellsare thelargest y8 T cell subsetin human
peripheral blood, much remains unknown about how these recep-
tors engage their ligands to induce activation. We chose to focus on
aVy8V63y8 TCR (called G83.C4) restricted to the highly conserved
MHC-I-related molecule, MR1 (refs. 4,10). Given that the CD3 compo-
nentsassemble alongside the constant regions of the yd TCR, it canbe
expected that the structural features of the Vy8V63 y6 TCR will gener-
ally reflect those of other y6 TCR assemblies incorporating different
combinations of Vyand V& domains. However, the well-characterized
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Fig.1|Overallstructure of the fully assembled y8 TCR. a, Overview of the
3.01 A consensus cryo-EM map of the G83.C4 y6 TCR bound by UCHT1antibody
Fab fragments and viewed parallel to the plane of the membrane, with the inset
showing arepresentative reference-free, two-dimensional class average from
anequivalentorientation for reference. b, Ribbonrepresentation of the subunits

biophysical and structural properties of aff and y6 TCRs interacting
with MR1 afforded the opportunity to compare the reactivities of af3
and y8 TCRsinteracting with ashared ligand*". Importantly, whereas
of TCR-MR1 complexes adopt a ‘classical’ end-to-end docking mode
inthe manner of all ap TCR-pMHC interactions’, some y8 TCRs devi-
ate from this paradigm—for example, binding underneath or to the
side of the antigen-binding platform of their MHC-I-like ligands*'*'2,
The MR1-reactive G83.C4 y56 TCR and the AF-7 o TCR conform to
this general pattern, binding to the side and to the top of the antigen-
presenting cleft of MR1, respectively*.

To express the MR1-reactive human G83.C4 y§ TCR*, two poly-
cistronic constructs comprising full-length complementary DNAs
encoding all six subunits of the receptor—separated by viral 2A
ribosome-skipping sites and with the CD3-¢ chain tagged with GFP2
to monitor receptor expression and purification—were cloned sepa-
rately into lentiviral vectors (Extended Data Fig. 1a). The y6 TCR was
purified from detergent-solubilized membranes prepared directly
from lysed Chinese hamster ovary (CHO) cells transduced with both
lentiviruses as described previously?, using a Twin-StrepTag attached
to the CD3-y subunit to avoid the purification of complexes lacking
this subunit™, The receptor, expressed at the surface of CHO cells,
bound strongly to anti-y6 TCR and anti-CD3¢ antibodies, showing that
it was correctly folded (Extended Data Fig. 1b). The G83.C4 y6 TCR
yielded monodisperse, stable, purified complexes as confirmed by
size-exclusion chromatography (Extended Data Fig. 1c), obviating
the need for cross-linking. The presence of all six y& TCR subunits was
confirmed using SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
withtypical yieldsin the order of around 1.9 mg I cultured cells, testify-
ing to the quality and stability of the purified G83.C4 y& TCR (Extended
DataFig.1d).

Structural overview

Purified detergent-solubilized G83.C4 y§ TCRs were attached to Fab
fragments of the well-studied CD3e-specific antibody UCHT1 (ref. 5),
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~130 A

ofthe G83.C4 yS§ TCR, individually colour coded: TCR-& (yellow), TCR-y (blue),
CD3-¢ (orange), CD3-6 (green), CD3-y (cyan), CD3-{ (purple) and UCHT1Fab
heavy andlight chains (red and pink, respectively); membrane boundaries are
indicated by black lines. Approximate complex dimensions are 165 x 130 A2,
Thethreelayersrefer to distinct regions of protein contact forming the assembly.

toaid high-resolution structural analysis. Because anti-CD3 Fab frag-
ments™'® and UCHT1 antibodies" are reported to affect T cell activ-
ity, we used signalling assays to confirm that the Fab fragments we
prepared were inert (Extended Data Fig. 1e,f). The purified complex
was vitrified and imaged by single-particle cryo-EM, yielding a3.01 A
consensus map (Extended Data Fig. 2 and Extended Data Table 1).
Overall, the G83.C4 y6 TCR-UCHTI1 complex comprised a bilobed,
V-shaped structure formed by two UCHT1 Fab fragments that each
engaged a CD3 extracellular domain (ECD), converging above the
transmembrane (TM) helical assembly (Fig.1). Additional refinement
centred on the TM core yielded a focused map with a global resolu-
tion of 3.39 A and well-resolved TM and membrane-proximal regions,
improving on the overall map in these regions (Extended Data Fig. 3
and Extended Data Table 1). High-resolution features across the two
maps enabled many side-chains to be assigned for the two models,
with ambiguous regions left unmodelled (Extended Data Figs.4 and 5).
The G83.C4 y6 TCR-UCHTI1 complex consensus reconstruction con-
firmed that TCR-y6 heterodimers associated 1:1:1:1 with CD3-6¢, -ye
and -¢C dimers (Fig. 1a), indicating that our method of tagging the
CD3-y chain had avoided differential CD3 stoichiometries"*. Unex-
pectedly, the TCR-y6 ECDs were poorly resolved in the consensus map
despite clear signal, indicating that this region is notably mobile, in
marked contrast to detergent-solubilized a TCRs**but analogous to
Fabregions of B cell receptor (BCR) complexes'®. The arrangement of
the CD3-6¢ and -ye heterodimer ECDs was highly reminiscent of the
of3 TCR which, in that receptor, places the TCR-aff heterodimer in a
tilted position>**but, in the yd TCR, probably facilitates only receptor
assembly. Each CD3-¢ subunit was bound by a UCHT1 Fab fragment,
creating a pseudosymmetric, V-shaped structure roughly 165 A in
width and 130 A in length (Fig. 1b). The UCHT1 Fab fragments were
readily interpretable within the consensus map (Fig. 1a), in contrast
to the pMHC-af TCR-UCHT1 Fab complex®. Attempts to determine
the structure of the y6 TCR in the absence of UCHT1 Fab fragments
were unsuccessful. Comparison of Fab-bound and -unbound o TCRs
has previously shown that UCHT1Fab binding is not accompanied by
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Fig.2|Interactionsinthe TMhelical bundle of the y6 TCR. a, Overview of the
3.39 A TM-focused model of the G83.C4 y6 TCR. b, Ribbon representation of
the G83.C4yS§ TCR TMregion and the TCR-y§, CD3-8¢, CD3-ye and CD3-{Chelical
dimers comprising layer 3 of the receptor assembly. ¢, Conserved charged TM
contacts (theviewis the same asin b (left), rotated by 90° along an axisin the
plane of the page).d, TM contacts of the TCR-y and -6 subunits. e, Comparison
ofthe organization of the TM helicesin the apo af TCR (PDB 6JXR, grey) versus

conformational rearrangementsinthe CD3 or other subunits of the ap
TCR??. The conserved CD3 arrangement extended to the TM regions
where, despite large TCR-yS and -af TM region sequence differences,
equivalentinteractions formed. Limited density was observed for the
cytosolic regions of the TCR-y6 and CD3 subunits, as in the case of
the apo form of the o TCR?, indicating that these regions are highly
mobile. In the following analysis of the structure, we work from the
membrane outwards—thatis, fromlayer 3 out tolayers1and 2 (ref.3)
(Fig. 1b)—emphasizing, in particular, differences and similarities in
the organization of y& and af TCRs?. We then consider the implica-
tions of ligand-binding domain mobility for y8 T cell responsiveness,
having investigated its effects on receptor signalling using chimeric
constructs.

Y6 TCRTM assembly

The G83.C4y6 TCR was anchored to the membrane via an eight-chain
helical TM core (Fig. 2a) that was well resolved in the TM-focused map
(Extended DataFig.3) and comprised asingle-pass TM helix from each
chainofthe TCR-y8, CD3-6¢, CD3-ye and CD3-{C dimers, in the manner
of the ap TCR**¢. The sequences of TCR-y and -§ TM regions exhibit
limited similarity to their a3 counterparts—thatis, 36 and 32% for the
6/a and y/B TM regions, respectively (Extended Data Fig. 6). Despite
this, the eight-chain helical TM core is assembled around the cen-
trally located TCR-y and -6 chains, wholly inthe manner of the afs TCR
(Fig. 2b). Whereas, for the a3 TCR, the TM regions of the CD3 dimers
packaround the centrally located TCR-a3 TM helical core partly due to
interlocking interactionsin the linker region®*¢, in the y8 TCR, similar
interactions with the TCR-y6 subunits are absent and the assembly relies
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their counterpartsinthe yd TCR. Arrows and arrowheads represent changes
in position between the two complexes, measuring below 5 A throughout.
f,Sequencelogos for the y§ TCR TM regions showing the conservation of key
TM contacts, highlighted by the yellow (TCR-8) and blue (TCR-y) rectangles.
Subunitsare coloured asin Fig.1, with dashed lines indicating unmodelled
regions of the structure. Residues are numbered throughout according to the
full-length (thatis, unprocessed) sequence.

heavily oninteractionsinvolving strictly conserved, charged TMregion
residues® (Fig. 2c). Lys258 and Arg253 of TCR-8 form salt bridges with
Aspl11of CD3-6 and Asp137 of CD3-¢’ in the CD3-6¢ heterodimer, and
withthe two Asp36 residues of the CD3-{C dimer, respectively, replicat-
ing the interactions of the TCR-a chain. Similarly, Lys261 of the TCR-y
chain forms salt bridges with Glu122 of CD3-y and Asp137 of CD3-gin
the CD3-ye heterodimer, matching those formed by the TCR-f chain.
The degree of interdigitation of TM helices varies across the mem-
brane in the manner of the a3 TCR, with ‘splayed’ CD3 heterodimer
TMregion interactions in the outer, but not inner, leaflet, favouring
neutralization of the TMregion charged residues (Fig. 2b,c). Similarly,
the CD3-C chains are also asymmetrically arranged, with the CD3-’
chain displaced from the rest of the TM region assembly, especially
towards the cytosol (Fig. 2b,c).

The positions of the TCR-yand -6 TM helices relative to one another
are fixed by a pair of interactions close to the centre of the mem-
brane (Fig. 2d), between Ser262 and Thr259 and between Tyr265
and Thr267 of TCR-y and -5, respectively. The TCR-af3 heterodimer
is similarly stabilized by membrane-buried hydrogen bonds, specifi-
cally Tyr272 and Thr245 of TCR-f and -a, respectively®. Sandwiched
between these bonds, Asn263 of TCR-6 interacts with Phe266 and
Tyr265 of TCR-y, which slightly repositions the TCR-y and -6 TM hel-
ices. Coupled with small movements of the CD3 ECDs, this creates
coordinated rigid body movements in the TM regions resulting in
minor shifts (roughly 2 A) in the positioning of each of the TM helices
ofthe eight-helix TM core of the y6 and oy TCRs (Fig. 2e). The residues
involved in TCR-y and -6 TM region interactions are highly conserved
across species, like the charged residues that direct interaction of
these subunits with the CD3 heterodimers (Fig. 2f). The hydrophobic
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Fig.3|Interactionsinvolving CD3 ECDsin the G83.C4y8 TCR.a, Comparison
ofthe organization of the CD3 heterodimersin the TM-focused model of the
G83.C4y8 TCRand an a3 TCR (PDB 7PHR). The TCR-y and TCR-8 subunits of the
Y8 TCR, and the CD3 subunits, are coloured asin Fig. 1, with the «f TCR shown in
greyscale.b, Comparison of CD3 ECD displacement within the two complexes,
with the centres of mass of the CD3 heterodimers coloured red for the y6 TCR
and black for the ap TCR, showing shifts of up to around 8 Ain positions of

the subunits between the complexes. Both complexes were solved bound to

residues that surround the charge clusters are also invariant or
conservatively replaced (Fig. 2f). Accordingly, the general mode of
y6 TCR TM region packing observed here is likely to be conserved
across species.

Alongside the TCR-8 TMregion ontheinner leaflet side of the mem-
brane, both the consensus and TM core-focused maps exhibited density
suggestive of a coordinated cholesterol molecule, located within a
pocket formed by Phe264 of TCR-8, Tyr265 of TCR-y and Phel35 of
CD3-y, thatis capped on the cytosolic side by Arg52 of CD3-{ (Extended
Data Fig. 7a,b). Mass spectrometric analysis of the purified complex
identified chromatographicfeatures and adducts consistent with the
presence of cholesterol (Extended DataFig. 7c-e). A second potential
cholesterol-binding site towards the outer leaflet was empty, even
thoughitislined by hydrophobicresidueslike thosein the equivalent,
sterol-occupied region of the o TCR*® (Extended DataFig. 7f). Within
this site, however, Lys30 of CD3-{ is repositioned towards Met254 of
TCR-y, probably preventing the outer leaflet site from binding cho-
lesterol in the y§ TCR. Because the potential cholesterol-binding site
of the y6 TCR corresponds to the second site in the a3 TCR on the
inner leaflet side, we tentatively modelled it into the cryo-EM map?°
(Extended DataFig.7a,b). Although aVy9V52 TCR was reported not to
bind cholesterol®, this seems unlikely to be the case for the Vy8V83 TCR
investigated here, suggesting that cholesterol could have important
structuraland/or regulatory roles®?. Despite the notable divergence of
the TMsequences of the TCR-y6 and TCR-af3 subunits, the architecture
of thisregion s highly conserved and reliant on key charged residues
shared across TCR subtypes and species®.

CD3 subunit ECD interactions

Thetilted geometry of the CD3-ye and -6 ECDs of the o TCR, imposed
by two structural layers comprising the CD3 ECDs (layer 1, Fig.1b) and
their connecting peptides (CPs; layer 2, Fig. 1b), which allows close
association of their TMregions?, isreprised in the y8 TCR, as expected
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UCHT1Fab fragments, allowing comparison. ¢,d, Layer linteractions between
CD3-8gand -ye heterodimersinthe af3 (c) and y8 (d) TCRs. Ind, the view of

the af TCR presentedin cisshowningreyscale, and because the main-chain
positionintheregion of Glu38inthe y§ TCR could not be confidently modelled,
movementinthe region of the adjacentresidue, Asp39,isshown. e,f, Stabilizing
effects ofinteractionsin the regions of the layer 2 vicinal cysteines of CD3-6¢ (e)
and CD3-ye (f).

(Fig.3a). However, the TCR-y6 subunits do not contribute contacts to
eitherlayerinthe y6 TCR, in contrast to the TCR-a3 subunits of the a3
TCR.Thestructures of the folded ECDs of the CD3-e6 and -ey heterodi-
mers are conserved between the y6 and af3 TCRs, each stabilized by
well-characterized B-strand G aromatic ladders*?. However, although
the structural underpinnings of the layer 1 interactions are similar,
they are not identical: the centres of mass of the CD3-6¢ and -ye ECDs
of the y8 TCR differ by about 5-8 A from those of the o TCR (Fig. 3b).
Inthe y§ TCR, the CD3-6¢ and -ye heterodimer ECDs have scarcely any
identifiable pairwise interactions. For the o TCR, the heterodimers are
held in position via multiple contacts, including a three-way interac-
tioninvolving an AB loop glutamate in CD3-y (Glu38) and argininesin
CD3-6 (Arg63) and CD3-¢ (Argll5; Fig. 3¢c) supported by asalt-bridge and
H-bond involving Glu28 of CD3-8 and Tyr113 of CD3-¢, respectively, and
interactions of the CD3-gy and -€6 heterodimer ECDs with the base of
the TCR-af constant regions. These interactions position CD3-ey next
to TCR-f and CD3-€6 alongside TCR-a, producing the tilted arrange-
ment of TCR-af relative to the membrane?>. The side-chains creating
this three-way interaction betweenthe CD3-y ABloop, CD3-6 and CD3-¢
ECDsare poorly resolvedin the y6 TCR, but main-chain displacements
in this region (Fig. 3d) suggest that this interaction might not occur,
perhaps due to the absence of stabilizing contacts with the TCR-y5
constant domains.

The positioning ofthe CD3-6¢ and -ye ECDs inthe y6 TCRreliesalsoon
acomplex network of layer 2 contacts within their membrane-proximal
CPs. This includes coordinated intra- and interchain contacts involv-
ing the highly conserved vicinal CXXC cysteines of the CD3-6,-eand -y
chains?. The CD3-8¢ heterodimer ECD is stabilized by disulfide bonds
formed by Cys93 and Cys96 of CD3-8, and by Cys119 and Cys122 of CD3-¢
(Fig.3e,f). The second cysteine within each CXXC motifresides within
short 3-strands, capped by arginine at their N termini—for example,
Arg91in CD3-6 and Argl02 of CD3-y—and glutamate at the C termini—
forexample, Glu124 of CD3-¢ (Fig. 3e,f). These B-strands, which ensure
that the CD3 ECDs are packed against the top of the TM helix bundle,
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Fig.4 |Structural heterogeneity of the G83.C4 y8 TCR. a, A Gaussian-filtered
version of the 3.01 A consensus G83.C4 y8 TCR reconstruction (grey volume),
showing the clear signal for the TCR-y8 heterodimer ECD, which was variably
positioned relative to the CD3 assembly, showninribbon formatand coloured
asinFig.1.b, Additional data processing allowed the reconstruction of a low-
resolution map of the G83.C4 TCR-y8 heterodimer ECD (grey surface), at the
costof knowing the position of the remainder of the receptor. Positioning
ofthe previously determined structure of asoluble, chimeric G83.C4 TCR-y8
heterodimer ECD (comprising C-aand C- domains; PDB 7LLI) within the

are highly conserved in afp TCRs**® and explain the residual posi-

tional stability of the CD3 heterodimers in the absence of layer 1and
2 contributions from the TCR-y and -6 subunits. The two UCHT1 Fab
fragments bound the FG loops of both CD3-¢ chains of the y6 TCR, as
observed in the complex of a single-chain UCHT1 fragment bound
to CD3-6¢ (ref. 24) (Extended Data Fig. 8). Accordingly, the arrange-
ment of the CD3 heterodimers was broadly unchanged relative to
theaff TCR.

Y6 TCR extracellular domain mobility

Anunexpected findingin theinitial reconstructionand consensus map
was the mobility of the TCR-y5 subunit ECDs (Fig. 4a and Extended
DataFig. 9). The strong signal for the ECDs enabled signal subtrac-
tion and local refinement to yield an ab initio reconstruction of the
TCR-y6 subunit ECD heterodimer (Fig. 4b). Although the small size
of the heterodimer hindered further processing, the reference-free
convergence of the TCR-y8 ECD reconstruction confirmed the con-
formational mobility of this region relative to the CD3 assembly. This
contrasts with the equivalent region of the o TCR, which, as judged
by multiple cryo-EM analyses, is apparently rigidly positioned®*®.In
this sense, the TCR-y5 ECD heterodimer is instead analogous to the
Fab regions of BCR complexes'®.

The contrasting mobilities of the TCR-y6 and -af heterodimersresult
from key C region differences. First, the & and y6 C domains share
little sequence identity (roughly 12 and 25% for the C-6/C-a and C-y/C-8
comparisons, respectively) and are structurally divergent. Notably,
automated comparisons (https://search.foldseek.com/search)
rank, on average, as the domains most like C-y and C-6 structures,
24-and >100-antibody CH or CL domains above C-f and C-a domains,

TCR-v3

subunit
signal
¥

reconstruction was undertaken using Chimera. ¢, Superposition of aknown
TCR-y8 heterodimer ECD* with the TCR-af heterodimer ECD (PDB 7PHR) within
the CD3 complexindicates thatashortened TCR-6 constant domain DE loop,
relative to that of TCR-a, would remove key contacts to CD3-6.d, The longer CPs
ofthe G83.C4 y8 TCR are clearly mobile, although the reconstruction shows a
10 A shiftin the positions of the TCR-a and -8 CPs when aligned with the af TCR.
Y8 TCRsubunits are coloured asin Fig.1a; TCR-acand -B subunits are coloured
red and pink, respectively.

respectively (although the results obtained for C-6 varied for other
algorithms). C-a and C-y domains also have altered surface electro-
statics and lack the prominent FG loop of the C- domain reported
tobeimportantinaf T cell function (for example, ref. 27), alongside
other loop structure differences®. Superposition of the TCR-y§ ECD
heterodimer with TCR-a3 in the af TCR complexindicated that steric
clashes do not prevent y6 TCR assembly inthe manner of the s TCR
(Extended Data Fig. 10). Instead, it shows that the structural differ-
ences have the effect of removing key CD3-8¢- and -ye-interacting
residues. Specifically, the DE loop of C-6 is three residues shorter than
the corresponding C-a loop, preventing C-a-like contacts with the
CD3-6 ECD—that is, of Argl183 of C-a with Glu27 and Arg57 of CD3-6
(Fig.4c).Similarly, achargereversalin C-y prevents contact of Trp260
with Tyr36 of CD3-y and Leu90 of CD3-gin the manner of C-f. Second,
the membrane-proximal C-y and C-6 CPs are 14 and 13 residues longer,
respectively, in the y§ TCR compared with the equivalent CPs of the
op TCR*?, Although the density was weak in this region, limiting
modelling of the y§ TCR CPs, the consensus and local maps suggested
that the CPs extend directly away from the membrane, in contrast to
the TCR-a and -f3 CPs (Fig. 4d). We also note that the human TRGC2
gene encodes an extra 16 amino acids in the TCR-y CP and removes
the membrane-proximal interchain disulfide?”?°. Moreover, other
mammals express several C-y CPisoforms, with most mammalian C-y
genes encoding CP segments of equivalent length or longer than that
of human TRGCI (ref. 30) (Extended Data Fig. 6e). However, the overall
size of y6 TCR complexes might in most instances be constrained by
therelatively short, largely invariant-length CPs encoded by the single
TRDC genes (Extended Data Fig. 6f). Finally, the base of the TCR-6 C
domainisglycosylated'®*and, very probably, also the C-y CP regions™,
working against the formation of a compact &3 TCR-like assembly.
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Fig.5|Effects of y8 and o TCR flexibility on TCRIligand sensitivity.

a, Representative flow cytometry plots depicting the level of CD69 expression
by either TCRknockoutJurkat T cellsor AF-7WT or G83.C4 WT TCR-transduced
Jurkat T cells, cocultured for either 20 h (top) or 4 h (bottom), with CIR cells
treated with1nM 5-OP-RU. b, Mean fluorescence intensity (MFI) of CD69
expression by AF-7and G83.C4 TCR-transduced Jurkat T cells cocultured for

4 hwith C1R cellstreated with 5-OP-RU at arange of concentrations (0.0001-
1.0 nM). ¢, TCR phosphorylation analysis based on single-molecule imaging

of TCRand phospho-CD3{ clusters and the degree of their colocalization
(Methods), following stimulation of Jurkat T cells expressing the AF-7 TCR (red),
G83.C4 TCR (darkblue) or achimeric TCR (G83/AF7,, lightblue; seed), on
ICAM1orICAM1 + MR1(5-OP-RU)-bearing bilayers.d, Cartoon schematic of the

y6 and o TCRreactivities towards a shared ligand

Our choice of the Vy8V63 G83.C4 TCR allowed us to compare the
reactivities of a y6 and an o TCR—that is, AF-7—with a shared ligand,
MR, presenting the bacterial metabolite 5-(2-oxopropylideneamino)-
6-D-ribitylaminouracil (5-OP-RU). AF-7is asemi-invariant TCR, expressed
by mucosal-associated invariant T cells, that binds MR1(5-OP-RU)
with a dissociation constant (1.75 puM) comparable to that of G83.C4
(0.57 pM)*. Jurkat T cells lacking endogenous TCRs and expressing,
instead, the G83.C4 y6 and AF-7 af TCRs (Extended Data Fig. 11a)
were incubated with MR1-expressing CIR cells pulsed with 5-OP-RU,
with CD69 upregulation used as a marker of their activation. By alate
time point (20 h post stimulation), both sets of cells had responded
equally well to MR1(5-OP-RU) stimulation; at 4 h post stimulation, how-
ever, AF-7-expressing Jurkat T cells produced higher levels of CD69
compared with cells expressing the G83.C4 TCR (Fig. 5a and Supple-
mentary Fig. 1). At the early time point, G83.C4 TCR-expressing cells
required about tenfold more MR1ligand to reach the same level of
activation as AF-7 TCR-expressing cells (Fig. 5b). This difference was
not duetoanintrinsic signalling deficiency in G83.C4-expressing cells,
because both sets of cells expressed similar levels of CD69 inresponse
to plate-bound anti-CD3e OKT3 antibodies (Extended Data Fig. 11b).
This trend suggested that larger differences might be observed during
proximal TCR signalling. Single-moleculeimaging of cellsinteracting
with ICAMI-bearing supported lipid bilayers presenting MR1(5-OP-RU)
showed that 10-100-fold larger amounts of ligand were required by
G83.C4 TCR-expressing cells to produce levels of receptor phospho-
rylation matching those of AF-7 expressors (Fig. 5¢).

To investigate the structural basis of these effects, we generated
chimeric TCR constructs in which the variable regions of the G83.C4
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G83.C4and AF-7WT and chimeric TCR constructs (AF7/G83,,and G83/AF7).
e, FLIM-FRET efficiency for Jurkat T cell transductants labelled with fluorescent
donor MR1(5-OP-RU)-Atto 594 and fluorescent acceptor UCHT1Fab-Alexa
Fluor 647.f, Schematic depicting the structures of the antigen receptors,
including depictions of the y§ TCR (this work), the IgM BCR'® and the a3 TCR?.
b,e, Pvalues were calculated using Student’s ¢-test (b) or one-way analysis of
varance with Tukey’s multiple-comparisons test (e). Error barsrepresent +s.d.
(b) ors.e.m. (e).c, Thick horizontal lines indicate the median, and thin lines
the quartiles. a-c,e, Dataare representative of n=2 coculturesin either two
independentexperiments (a), twoindependent experiments analysingn=3
cocultures each (b), two independent experiments eachincludingn >12 cells
(c) ortwoindependent experiments eachincluding n > 14 cells (e).

and AF-7 TCRs were swapped, called G83/AF7,and AF7/G83, (Fig. 5d).
The chimeric constructs reached the cell surface, albeit slightly less
efficiently than the wild-type (WT) proteins (Extended Data Fig. 11a).
For AF7/G83, we observed bothimpaired MR1(5-OP-RU) binding asa
function of CD3 expression (Extended Data Fig. 11c) and reduced signal-
ling on plate-bound OKT3 (Extended Data Fig. 11d), so this construct
was not analysed further. Cells expressing G83/AF7,, however, bound
MR1(5-OP-RU) comparably (Extended Data Fig. 11c) and responded
similarly to plate-bound OKT3 (Extended Data Fig. 11d). Notably, the
G83/AF7, receptor produced levels of TCR phosphorylation substan-
tially higher than those generated by G83.C4 and comparable to those
produced by AF-7 (Fig. 5c and Extended Data Fig. 12a-c). The transfer
of yd variable regions to aff TCRs has previously been shown also to
enhance TCRsignalling in response to MHC-like moleculesinamurine
setting®.

Finally, todirectly link the signalling differences between WT and chi-
meric TCRs to their flexibility, we used Forster resonance energy trans-
fer and fluorescence lifetime imaging microscopy (FLIM-FRET). For
this, we labelled WT and chimeric TCRs with fluorescent MR1(5-OP-RU)
ligand in solution, and measured FLIM-FRET efficiency (Extended
Data Fig. 12d) between the ligand and TCR-bound, anti-CD3g UCHT1
Fab fragments. Because G83.C4-, AF-7- and G83/AF7,-expressing cells
bound MR1(5-OP-RU) equally well (Extended DataFig.11c), FLIM-FRET
efficiency can be used as anindirect measure of the distance between
the TCR-y6 or -af3 and CD3-¢ subunit ECDs in the TCR assembly. We
observed reduced FLIM-FRET efficiency for cells expressing the G83.C4
TCRversus those expressing AF-7 (Fig. 5e and Extended Data Fig. 12d).
FLIM-FRET efficiency was insensitive to local TCR density (Extended
Data Fig. 12e), implying that it measures differences in intramolecule
flexibility and/or distance. Importantly, FLIM-FRET efficiency was



restored in G83/AF7,-expressing cells, matching the levels obtained
for the AF-7 receptor (Fig. 5e). Given the similarity in the organization
ofthe CD3 subunits and TMregions of the y6 and a3 TCRs, we interpret
these dataasindicatingthatitis the shorter CPsand greater rigidity of
the AF-7 and G83/AF7, TCRs that account for theincreased reactivity
of T cellsexpressing these TCRs versus the G83.C4 TCR. An overview of
the major structural differences in the three classes of antigen recep-
torsisshowninFig. 5f.

Discussion

We determined the structure of afully assembled y6 TCR. The organi-
zation of the CD3 ECDs and overall arrangement of the TM regions of
the aff and y6 TCRs are conserved. As in the case of the aff TCR, the
cytosolic regions appear to be unstructured. However, whereas the
ECDs and TM regions of the a3 TCR form an apparently rigid struc-
tural unit*?, its TCR-y8 CPs and constant regions ensure that the y&
TCRis especially flexible. The ECDs of the TCR-y& heterodimer do
notadoptany single arrangement, presumably allowing the y§ recep-
tor to engage a variety of surface-immobilized ligands in different
ways, as implied by recent crystallographic studies*'®"2, Along with
extended CPregions and C domain structural differences, glycosyla-
tion of the TCR-6 C domain'®*' and the CP of TCR-y*’ is likely to have
aspecial role in ensuring that the TCR-y5 ECD is mobile. In certain
respects, the y6 TCR is more BCR than «f3 TCR like, with the CPs and
TCR-y8 ECDs corresponding to the hinge and Fab regions of antibod-
ies. Consistent with this interpretation, along with the known, larger
variationin CDR3 loop lengths®, structural comparisons were sugges-
tive of the existence of an especially close evolutionary relationship
between the TCR-y6 ECD and Fab regions (for example, ref. 30). The
number and diversity of y6 TCRisotypes versus o3 TCRs among verte-
brates previously led to the notion that the y6 TCRis the more ancient
receptor and that BCRs and y§ TCRs share a direct ancestor, with the
of TCR emerging secondarily from the y5 lineage (the so-called MHC
capture hypothesis). Ally TCRs will probably formintrinsically flex-
ible complexes given that their organization seemsto be determined
by subunitinteractions involving only non-clonotypic (that s, shared)
regions of thereceptors. Thisis now exemplified by the determination
by Xin etal.* of the structure of a Vy9V52 TCR that also exhibited very
high levels of intrinsic flexibility. Their determination also of a Vy5V&1
TCRstructure, which forms dimers, further underscores the structural
plasticity of TCRs**.

A commonassumption has held that yd TCR triggering would paral-
lel that of the a receptor because they share CD3 signalling subunits,
and the largely conserved arrangement of the CD3 subunits observed
in the new structure strengthens this view. The yd TCR is not thought
to be amechanotransducer as has been proposed for the o TCR*, or
to rely on conformational rearrangements”. TCRs with either rigid or
mobile ligand-binding subunits could be triggered by local phosphatase
exclusion®, however, if their ligands are needed only to trap recep-
tors in phosphatase-depleted cell contacts to initiate signalling®. y&
TCRs can engage their ligands with affinities comparable to those of
of3 TCRs, but some y56 TCRs are known to signal poorly and some y&
T cellsare hyporesponsive'®'>**¥, We observed substantial differences
in the sensitivity of the G83.C4 y6 and AF-7 a3 receptors, effects we
linked to the profoundly different mobilities of their ligand-binding
domains with respect to their signalling subunits. The link between
flexibility and signalling needs to be explored further, but one expla-
nation for why T cells expressing y6 TCRs might exhibit constrained
sensitivity is that the receptor occupies more conformational states
and engages ligands less efficiently, in contrast to the apparently rigid
organization of the aff TCR, which seems to be optimized for binding
an essentially monomorphic ligand®. In effect, y§ TCR organization
could reflect acompromise between efficient signalling and the ability
to engage structurally diverse ligands. However, itis also possible that,

if the y& receptor was to form ‘taller’ complexes owing to its extended
CPs (albeit constrained by the single, relatively short TCR-8 chain CP,
as we have noted), the efficiency of phosphatase exclusion would be
lower and signalling reducedif, asis suggested®, y5 TCR triggering does
depend on local phosphatase exclusion®*’, In each case, y5 TCR trig-
gering may require relatively high levels of ligand expression ensuring
that, during lineage commitment, development or activation, y5 T cells
donotreacttoself-elements of their ligandsin the case of, forexample,
VY9V82T cells that respond to butyrophilins'. The structure reported
here should be helpful for re-engineering the y6 TCR and optimizing
thereactivity of y8 T cells to MHC-like and other ligands in therapeutic
settings.
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Methods

Cell culture

The adherent human HEK293T cell line (ATCC, no. CRL-3216) was
cultured at 37 °C, 5% CO, in DMEM (Gibco, no. 41965-039) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS),1 mM
sodium pyruvate, 4 mM L-glutamine, 50 U mI™ penicillin, 50 pg ml™
streptomycin and 100 pg ml™ neomycin. The adherent Chinese ham-
ster cell line CHO-K1 (Lonza) was cultured at 37 °C, 5% CO, in CHO-K1
medium—DMEM (Gibco, 10938-025), supplemented with 10% (v/v)
heat-inactivated FBS, 1 mM sodium pyruvate, 4 mM L-glutamine,
50 U ml™ penicillin, 50 pg ml™ streptomycinand 100 pg ml™ neomycin.
The Chinese hamster CHO-S cellline (Gibco, no.R80007) was cultured
in CHO-S medium, comprising FreeStyle CHO Expression Medium
(ThermoFisher, no.12651-022) supplemented with 8 mM L-glutamine.
Cells were maintained in suspension culture in Erlenmeyer flasks and
cultured at 37 °C with rotation at 125 rpmin an atmosphere of 8% CO,
with 80-85% humidity.

Lentivirus production

Stable protein expression was achieved using lentiviral transduction.
Constructs were introduced into the pHR-SIN plasmid for expres-
sionunder the SFFV promoter?. For lentivirus production, HEK293T
cells were cotransfected using GeneJuice (Merck, no. 70967-6) with
asingle pHR-SIN plasmid and the packaging plasmids pMD.G and
p8.91, as previously described?. The culture supernatant was col-
lected 48-72 h post transfection, filtered using 0.45 um PES filters
(Sartorius) and used immediately to transduce mammalian cell lines,
as described below.

UCHTI1 Fab production
Aconstructencoding the Fab fragment of the anti-human CD3e murine
antibody UCHT1 (ref. 40) was designed. Both Fab chains were expressed
under amodified cPTPRo signal peptide (MGILPSPGMPALLSLVSLLS-
VLLMGCVAGT, with the final two residues modified to introduce a
Kpnlrestrictionsite), followed by the chainsequences. The Fab heavy
chainwas designed using the VH domain of UCHT1 (NCBI Protein, no.
PHO0887), followed by the C-yl domain of murine IgGl1 (UniProt, no.
P01868-1, residues1-103),a GGS linker and a C-terminal C-Tag affinity
tag (EPEA). The Fab light chain was designed using the Vk domain of
UCHTI (NCBI Protein, no. PHO888, residues 1-107), followed by the
murine constant kappa domain (UniProt, no. PO1837). Constructs were
introduced into the pHR-SIN plasmid and lentiviral particles for both
chains were produced as described above.

For UCHTI1 Fab production, 10° CHO-K1 cells were transduced with
2 mlofviral supernatant for each chainand expanded. Culture medium
was replaced with harvest medium (CHO-K1 medium with 1% (v/v)
FBS) for 5 days. Culture supernatant was 0.22 pm filtered and applied
directly to a CaptureSelect C-tagXL Affinity Matrix (Thermo Fisher,
no. 943072050) pre-equilibrated in PBS pH 7.4. The affinity resin was
washedin 20 column volumes of PBS pH 7.4, and the bound protein was
eluted by competition in PBS pH 7.4 supplemented with 3 mM SEPEA
peptide (custom-made, GenScript). Eluted protein was concentrated
using a 10 kDa MWCO filter (Amicon) and purified into PBS pH 8.0
using a HiLoad 16/600 Superdex 200 pg chromatography columnin
an AKTAPure system (Cytiva). Fab fragment purity was further verified
using SDS-PAGE.

Y6 TCR protein expression

For expression of a human y8 TCR, the previously described MR1-
restricted Vy8'V83* clone G83.C4 was used*. The TCR-y chain was
designed using the Vy domain paired with the TRGCI1-encoded C-y
domain (UniProt, no. POCF51). The TCR-6 chain was designed using the
G83.C4 V& domain paired withthe TRDC-encoded C6 domain (UniProt,
no.B7Z8Ke6).

Two polycystronic constructs were designed, containing all chains
required for the assembly of a complete TCR with TCRy8CD3y64,¢,
stoichiometry (Extended Data Fig. 2a and Supplementary Table 1).
This was achieved making use of the viral self-cleaving peptides E2A
((GSG)QCTNYALLKLAGDVESNPGP) and T2A ((GSG)EGRGSLLTCGD-
VEENPGP). The full-length G83.C4 TCR-y chain, with an N-terminal
SpyTag003 sequence and TEV protease cleavage site, was encoded
after the endogenous TRGVS-encoded leader sequence in combina-
tion with the full-length human CD3-6 (UniProt, no. P04234-1) and
GFP2-fused?, full-length CD3-¢ (UniProt, no. P07766). In a separate
construct, the full-length G83.C4 TCR-6 chain was expressed with the
endogenous TRDV3-encoded leader sequence in combination with
the full-length CD3-{ chain (UniProt, no. P20963-1) and the full-length
CD3-y chain (UniProt, no. P09693). For complex purification, a flex-
iblelinker (GSGSA) and a Twin-StrepTag (WSHPQFEK-(GGGS),-GGSA-
WSHPQFEK) sequence were introduced into the C terminus of CD3-y.
This design ensured purification of CD3-y-containing complexes,
because some reports have suggested that the complex can assemble
in the absence of CD3-y (ref. 13). All constructs were introduced into
the pHR-SIN vector, as previously described®. For expression of the
complex, CHO-S cells were transduced with both constructs. CHO-S
cells (10°) were incubated with 3 ml of lentiviral supernatant for each
construct and supplemented with CHO-S medium 24 h following
transduction, to a final culture volume of 20 ml. Cells were cultured
in suspension, and 10 transduced cells were retransduced using the
same protocol 7 days post transduction. G83.C4 TCR expression was
validated using flow cytometry to measure GFP2 expression, as well
as surface antibody staining, with either PE-conjugated antihuman
CD3eantibody (clone UCHT1, Biolegend, no.300408, diluted 1:10) or
PE-conjugated antihuman TCR-y6 antibody (clone B1, Biolegend, no.
331210, diluted 1:40; Extended Data Fig. 1b). Cells were stained with fluo-
rescent antibodies for 60 minat4 °Cin PBS supplemented with 0.05%
(w/v) NaN,, washed oncein PBS 0.05% (w/v) NaN, and fixed in PBS 0.05%
(w/v) NaN; supplemented with 1% (w/v) paraformaldehyde. Samples
were analysed using an Attune NxT flow cytometer (Thermo Fisher).

Purification of the y6 TCR

G83.C4 TCR-expressing CHO-S cells were grown in CHO-S medium in
21 Erlenmeyer flasks to a final density of 3-4 x 10 cells mI™; 30 x 10°
cells were harvested from ten 11 cultures by centrifugation at 560g
for15minat4 °C. Cells were washed twice inice-cold PBS and cell pel-
lets frozen at —80 °C until further use. Cell pellets were then thawed
and resuspended in 30 mM Tris-HCI pH 8.0 and 750 mM Nacl, sup-
plemented with 10 pg ml™ DNAsel (Roche), a minimum of 2.5 U ml™
benzonase nuclease (Sigma) and cOmplete protease inhibitor cock-
tail (EDTA-free, Roche). All purification steps were conducted at 4 °C
unless otherwise stated. Cells were disrupted at 5,000 pounds per
square inch using a1.1 KW cell disrupter (Constant Systems) at 10 °C.
The lysate was sequentially centrifuged at 600gfor 10 minand 15,000g
for 5 min. The supernatant was then centrifuged at100,000gfor1 hat
4 °CusingaType 45 Tirotor (Beckman-Coulter) to pellet cellular mem-
branes. Pelleted membranes were homogenizedin20 mMHEPES pH 7.5,
500 mM NaCl, 15% (v/v) glycerol (MP Biochemicals) and 1% (w/v) LMNG
(Anatrace), supplemented with aminimum of 2.5 U mI™ benzonase and
cOmplete protease inhibitor cocktail (EDTA-free). Membranes were
solubilized in this buffer at 4 °C overnight, and the insoluble fraction
removed by centrifugation at142,000g for 4 husinga Type 70 Tirotor
(Beckman-Coulter). The clarified lysate was sequentially filtered using
5.0 and 0.45 pm PES membrane filters (Sartorius). Filtered lysate was
applied toaStrep-Tactin XT Sepharose resin (Cytiva) pre-equilibrated
into 20 mM HEPES pH 7.5, 500 mM NaCl and 15% (v/v) glycerol. The
clarified lysate was bound to the resinin batch for 90 minat 4 °C with
rotation, and the resin washed in 30 column volumes with wash buffer
(20 MM HEPES pH 7.5,500 mM NacCl, 0.05% (w/v) glyco-diosgenin (GDN)
and 1 mM EDTA). The bound complex was eluted using wash buffer
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supplemented with 50 mM D-biotin (Merck, no. B4501). For analytical
size-exclusion chromatography, 1% of pooled eluted material was size
excluded using a Superose 6 Increase 10/300GL column (Cytiva) into
20 mM HEPES pH 7.5,150 mM NaCl and 0.01% (w/v) GDN. Fractions
collected were analysed by SDS-PAGE using Bolt 4-12% Bis-Tris Plus
gels (Invitrogen, no. NW04125BOX), and protein bands were detected
using a Pierce Silver Stain kit (Thermo Fisher, no. 24612). For the final
complex preparation for cryo-EM analysis, affinity-purified protein was
complexed with atenfold molar excess of UCHT1Fab fragment before
afinal size-exclusion purificationin10 mMHEPES pH 7.4,150 mM NacCl
and 0.02% (w/v) GDN.

Cryo-EM sample preparation

Transmission electron microscopy UltrAuFoil R1.2/R1.3 Au 300 gold
foil grids (QuantiFoil) were plasmacleaned immediately before sample
vitrification. Purified yd TCR-UCHT1 Fab complex was applied (3 pul)
to the grids at a concentration of 5 mg ml™ using a Vitrobot Mark IV
(Thermo Fisher Scientific) at 4 °C, 100% humidity and blotted for 3 s
at -2 blot force before vitrification in liquid ethane.

Cryo-EM data collection parameters

Optimized grids were transferred forimaging toa Thermo Fisher Scien-
tific Titan Krios transmission electron microscope operated at 300 kV,
with a 50 pum C2 aperture, at a nominal magnification of x105,000 in
nanoprobe energy-filtering TEM mode corresponding to a pixel size
of 0.82 A. A Gatan K3 direct detection camera equipped with a Gatan
Quantum energy filter was used alongside automatic data acquisition
performed using ThermoScientific Smart EPU Software. Briefly, for
the y6 TCR-UCHTI1 Fab complex, 8.62 s exposures through a defocus
range of —0.5 to —1.5 pm were dose fractioned into 60-frame videos
collected in energy-filtered mode using a slit width of 10 eV and with
atotal dose of 60 e A2,

Image processing and map generation

Following data collection as bias-only, LZW-compressed TIFFs,
dose-fractionated videos were aligned, corrected for beam-induced
motion, dose weighted and averaged within MotionCor2 (ref. 41).
Estimation of CTF parameters was made using the CTFFIND 4.1.14
software package*’. Automated particle picking was conducted using
the real-time GPU accelerated-particle picking software Gautomatch
v.0.53 (developed by K. Zhang: https://sbgrid.org/software/titles/
gautomatch), in reference-free, cross-correlation picking mode. The
resultant particles were extracted in RELION 4.0 (ref. 43) with a box
size equivalent to 360 A, downscaled to 60 pixels to expedite pro-
cessing. The binned particle dataset was subjected to reference-free,
two-dimensional classification using CryoSPARC v.4.2.0 software*t,
withiterative rounds of particle classification yielding high-resolution,
two-dimensional classes. A curated particle subset was used for
three-dimensionalinitialmodel generation using ab initio reconstruc-
tion with CryoSPARC. The resultant reconstruction was used for homo-
geneous refinement of a wider particle dataset using homogeneous
refinement with CryoSPARC, with the refined particle coordinates
subsequently re-extracted at 480 A box size downscaled to 240 pixelsin
RELION 4.0.Heterogeneous refinement, further homogeneous refine-
mentand abinitio classification were undertaken with CryoSPARC. The
resultant particle subset was re-extracted at 480 A unbinned box size
using RELION 4.0, followed by Bayesian particle polishing following
anadditional non-uniform refinement with CryoSPARC. The polished
particle set was next used for iterative non-uniform refinement with
CryoSPARC to optimize per-particle defocus, group CTF refinement
and three-dimensional autorefinement. A final three-dimensional
classification and non-uniform refinement with CryoSPARC isolated
arefined and sharpened consensus reconstruction at 3.01 A. Through-
out processing, global resolutions were calculated according to the
gold-standard FSC criterion of 0.143. Local-resolution estimations

were conducted with half-reconstructions asinput mapsin CryoSPARC.
The 3.01 A overall map for the y§ TCR-UCHT1Fab complex was post-
processed using DeepEMhancer* to enhance the protein signal, yield-
ing noise-reduced and signal-enhanced maps.

Toincrease the signalinthe TM region, we proceeded to repick par-
ticles using the machine learning-based picker TOPAZ v.0.2.5 (ref. 46)
to increase the number of particles available for analysis. The above
particle setresultingin the consensus map was used for training before
pickingthe full dataset using the TOPAZ picker through the RELION 5.0
(ref. 47) wrapper. An approximate total of 9.9 million particles was
extracted eight times binned in RELION 5.0, then further sorted
using CryoSPARC two-dimensional classification and heterogeneous
refinement, followed by homogeneous refinement, to retain around
1.5 million particles corresponding to the G83.C4 y6 TCR-UCHT1Fab
complex. These particles were thenre-extracted and binned twice using
therefined coordinatesin RELION 5.0. The resulting particles were then
imported back to CryoSPARC. Two rounds of abinito classification were
performed to retain 292,688 particles, which were then subjected to
homogeneous and then non-uniform refinement to yield a Nyquist
limited map at 3.35 A. The resulting particles were then merged with
the particle set that resulted in the consensus reconstruction. Duplicate
particleswereremoved and the remaining particles thenimported to
CryoSPARC, wherein they were subjected to around of homogeneous
then heterogeneous refinement to retain 243,644 particles, followed
by non-uniform refinement. These particles were further subjected
to Bayesian polishing in RELION 5.0 and the polished particles were
then extracted to a box size of 320 pixels. These particles were reim-
ported to CryoSPARC for further refinement to yield a3.30 A map post
CTF refinement, enabled during non-uniform refinement. A masked,
three-dimensional classification focusing on the TM region and CD3
ECDs was performed on the CTF refined particle set. This resulted in
74,654 particlesthat exhibited reduced dynamicsin the TM region. This
subset of particles was subjected to around of non-uniform refinement
followed by local refinement to yield a 3.39 A consensus map (using
the gold-standard FSC 0.143 criterion) for the TM region.

Atomic model building and refinement

Following finalization of the cryo-EM maps, crystal structures of the
previously solved G83.C4 TCR (PDB 7LLI)*, «B TCR (PDB 7PHR)* and
UCHTI1Fab (PDB 1XIW)* were used as starting models for domain place-
ment using rigid body refinement in Phenix (v.1.21.1)*3*°, Using Coot
(v.0.9.8.93)%°, the domains and linkers were built iteratively before
real-spacerefinementin Phenix, including calculation of model-to-map
correlation statistics***’, Regions and side-chains with poor density
were removed and the final models validated using the Molprobity®
and PDB validation service server (https://validate-rcsb-1.wwpdb.
org/). For the y6 TCR-UCHT1 Fab complex DeepEMhancer maps,
B-factor-sharpened and -non-sharpened maps were utilized throughout
modelbuilding and the DeepEMhancer post-processed maps were used
for figure preparation. For the TM-focused analysis, B-factor-sharpened
and -non-sharpened maps were utilized for model building and figure
preparation. All structural figures were prepared using UCSF ChimeraX
v.1.8 software®,

Soluble MR1 production

Soluble MR1and 3,M were expressed and refolded with 5-OP-RU using
previously established methods****. The 5-OP-RU ligand was gener-
atedinsitu by the addition of 5-A-RU and methylglyoxal, as previously
described**. Briefly, BL21 Escherichia coliinclusion bodies of MR1and
B,M, respectively, were refolded withligand in 100 mM Tris-HCIpH 8.5,
2 mMEDTA, 5 Murea, 0.4 M arginine, 0.5 mM oxidized glutathione,
5mMreduced glutathione and 1 mM phenylmethanesulfonyl fluoride.
Refolded and ligand-loaded MR1 was then purified via size-exclusion
chromatography and anion-exchange chromatography to yield homo-
geneous and pure protein.
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SLBs

Glass coverslips of 0.17 mm thickness were thoroughly cleaned
with 1M KOH and rinsed with Milli-Q water and placed in 100% eth-
anol before drying inside a fume hood. Following plasma cleaning,
coverslips were adhered to eight-well silicon chambers (Ibidi, no.
80841). Supported lipid bilayers (SLBs) were prepared by vesicle
extrusion of 1 mg ml liposome solution®. The lipid composition of
liposomesincluded 96.5%1,2-dioleoyl-sn-glycero-3- phosphocholine
(DOPC), 2% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl] (nickel salt) (DGS-NTA(ni)), 1%
B1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)
(sodium salt) (Biotinyl-Cap-PE) and 0.5% 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(poly-ethylene glycol)-5000]
(ammonium salt) (PEG5000-PE) (mol%; all available from Avanti
Polar Lipids (DOPC, no. 850375 C; DGS-NTA(Ni), no. 790404 C;
Biotinyl-Cap-PE, no. 870273 C; PEG5000-PE, no. 880220 C). Extruded
liposomes were added to eight-well chambers at a ratio of 1:5 with
Milli-Q water (10 mM CacCl,) and incubated for 30 min at room tem-
perature before gentle and repeated rinsing with PBS. By retaining
about 200 pl of PBS in each well, disruption to SLBs was minimized
during washing steps. Fluorescence recovery following photobleach-
ing was used to examine the lateral mobility of freshly prepared SLBs
by the addition of fluorescent streptavidin (Invitrogen, no. S11223)%.
Excess Ca?" ions on SLBs were removed with 0.5 mM EDTA, followed
by gentle rinsing with Milli-Q water. The functionalized NTA groups
in DGS-NTA(Ni) lipids were recharged by the addition of 1 mM NiCl,
solution to SLBs for 15 min. Excess Ni** ions were removed by repeated
washing with PBS.

T cell stimulation and immunostaining

The functionalized biotin groups on SLBs were coupled to100 pg ml™
streptavidin (Invitrogen, no.434301), followed by asecond coupling to
biotinylated MR1(5-OP-RU) toyield a final concentration of 1-100 nM.
NTA-functionalized lipids were coupled with 200 ng mI™ His-tagged
ICAMI1 (Sino Biological, no.10346-HO8H). SLBs were repeatedly rinsed
with PBS to remove excess unbound proteins. Before addition of the
Jurkat TCR transductants, SLBs were incubated with warm RPMI culture
medium (37 °C) for 30 min. T cells were stimulated on SLBs for 5 min at
37°C, followed by immediate cell fixation with 4% paraformaldehyde
(w/v)inPBS for15 minat room temperature and then rinsed with PBS.
Following fixation, T cells were permeabilized with 0.1% Triton X-100
(w/v) (Sigma-Aldrich) for 15 min and gently rinsed with PBS. Cells were
blocked with 5% bovine serum albuminin PBS beforeimmunostaining
withanti-CD3e-AlexaFluor 647 (BioLegend, no.300416, clone UCHTI,
diluted 1:300) and anti-pCD3C-Alexa Fluor 568 (BD Biosciences, no.
558402, diluted 1:300) antibodies for1 hat room temperature. Immu-
nostaining was followed by multiple washes with PBS to remove excess
unbound antibodies. A final fixation step was carried out using 4%
paraformaldehyde (w/v) in PBS for 15 min. Finally, 0.1 um TetraSpeck
microspheres (Invitrogen, no. T7279) were embedded onto the lipid
bilayersto allow for drift correction during super-resolutionimaging.

Single-molecule imaging with dASTORM

Imaging buffer, consisting of TN buffer (50 mM Tris-HCI pH 8.0 and
10 mM Nacl), the oxygen scavenger system GLOX (0.5 mg ml™ glucose
oxidase (Sigma-Aldrich, no. G2133),40 mg ml™ catalase (Sigma-Aldrich,
no. C-100) and 10% w/v glucose) and 10 mM 2-aminoethanethiol
(Sigma-Aldrich, no. M6500), was used for single-molecule imaging
with direct stochastic optical reconstruction microscopy (dASTORM).
Imaging sequences for dSSTORM were acquired onatotalinternal reflec-
tion fluorescence microscope (Nikon N-STORM 5.0) equipped with a
x100/1.49 numerical aperture oil-immersion objective and lasers (405,
473,561and 640 nm). Time series of 10,000 frames were acquired per
sample, per channel (640 or 561 nm laser channel with continuous

low-power 405 nm illumination), with an exposure time of 30 ms in
total internal reflection fluorescence mode. For dual-colour acquisi-
tion, the higher-wavelength channel (640 nm laser for Alexa Fluor 647)
was acquired first, followed by the channel with shorter wavelength
(561 nmlaser for Alexa Fluor 568) using asCMOS camera (Hamamatsu
Orca-Flash 4.0 V3).Image processing, including fiducial marker-based
drift correction, two-channel alignment and generation of x-y particle
coordinates for each localization was carried out using NIS-Elements
ARssoftware (v.5.2).

Cluster analysis of single-molecule images

For quantification of cluster parameters in single-molecule images, we
used analgorithm® that utilizes density-based spatial clustering with
noise analysis implemented in MATLAB. Here, we predetermine the
minimum number of neighbours (minimum points, 3) and the radius
that they occupy (r=20 nm). Acombined cluster detection and colocali-
zation analysis was performed that quantifies both spatial distribution
and the degree of colocalization (DoC) of two proteins (Clus-DoC)*.
This analysis relies on generating density gradients for each individual
localization by calculating the number of molecules captured from
both channels withincreasing circle radius (r =20 nm). These density
gradients are then normalized to the density at the maximum radius for
channels1and 2, respectively. The resulting two types of distribution
generated for each channel are then compared by calculating the rank
correlation coefficient using Spearman correlation, in which thelocal
coefficient is measured by a value proportional to the distance of the
nearest neighbour. Accordingly, each localization was assigned with
aDoCscoreranging from +1 (indicating colocalization) to -1 (indicat-
ing segregation), with O indicating random distribution. As previously
discussed®, the threshold for DoC is a user-defined variable that can
be optimized for different experimental conditions. Here, the DoC
threshold was set to 0.1, above which the values were taken to represent
the fraction of cluster colocalization events captured between the
two fluorescence channels for the TCR (Alexa Fluor 647) and pCD3(
(Alexa Fluor 568), with increases in cluster colocalization reflecting
increased TCR signalling.

FLIM-FRET assay

For the detection of FLIM-FRET between TCR and MR1 mono-
mers in solution, Jurkat T cells expressing the TCR of interest were
stained with Alexa 647-conjugated anti-CD3 UCHT1 Fab and Atto 594
maleimide-conjugated MR1-5-OP-RU, utilized as fluorescence accep-
torand donor, respectively. Approximately 10° cells were stained with
100 ng of anti-CD3 Alexa 647-labelled Fabsin a staining volume of 30 pl
for 20 minat 4 °Cinice-cold, phenol-free RPMI (imaging buffer). Fol-
lowing theincubation period, two washing steps were performed using
imaging buffer to remove excess Fab. Cells were subsequently stored
at 4 °Cinimaging buffer before imaging. FLIM-FRET experiments
were conducted on a Leica Stellaris 5 Confocal Microscope equipped
with a white-light laser, HyD-S detectors and an HC PL APO x63/1.40
numerical aperture oil-immersion objective lens. FRET events were cap-
tured using Taulnteraction mode, with fluorescence images acquired
in frame sequential mode. FRET imaging was undertaken using 10%
ofthe 602 nm laser line (for Atto 594) and 10% of the 653 nm laser line
(for Alexa 647) with the HyD-S2 detector (612-650 nm) and HyD-S3
detector (663-829 nm), respectively. TauContrast and Taulnteraction
modes were enabled for both detectors, with the operating mode set to
counting. The fluorescent donor and acceptor fluorescence lifetimes
were calculated using donor-alone and acceptor-alone controls, which
closely match previously reported fluorescence lifetime values for the
Atto 594 donor (3.5 ns) and Alexa 647 acceptor (1.0 ns). These values
were then manually selected under Taulnteraction mode. Forimaging,
anti-CD3 UCHT Fab-AF647-stained Jurkat T cells wereimmobilizedona
cleaned glass coverslip (0.17 mm thickness) coated with 0.1% (w/v) poly
L-lysine (Merck, no. P8920) and adhered to eight-well silicon chambers
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(Ibidi, no. 80841). Following a 10 min incubation with warm imaging
buffer to reach 37 °C, imaging was initiated following the addition of
1ng pl™ MR1-5-OP-RU-Atto 594 monomers to each chamber containing
immunostained T cells. Imaging was completed within 10 min of the
addition of the donor. FLIM-FRET heatmaps were generated using
LAS-X v.5.2.2 imaging software (Leica) and the Fiji image processing
package within Image]J v.1.54 f software, with FLIM-FRET efficiency
reported as a percentage using the mean weighted Taulnteraction
output value generated per region of interest using LAS-X v.5.2.2 imag-
ing software.

Cluster analysis code availability

The link to the cluster analysis algorithm used in this study is avail-
able at the GitHub repository link (https://github.com/PRNicovich/
ClusDoC)*.

Jurkat T cell activation

For cell-based T cell activation assays, 1 x 10° Jurkat TCR transduct-
ants were cocultured for either 20 or 4 h with 5 x 10* CIR.WT cells
treated with serial dilutions of 5-OP-RU (1.0-0.0001 nM). Following
the coculture incubation period, cells were harvested, washed with
PBS and stained with anti-CD20-PE.Cy7 (BioLegend, no.302312,1:300
dilution), anti-CD69-Pacific Blue (BioLegend, no. 310920, 1:300 dilu-
tion) and anti-CD3e&-FITC (BioLegend, no. 300440, 1:300 dilution).
For plate-bound OKT3-based activation assays, 96-well flat-bottomed
plates were first coated with 10 pg pl™ OKT3 (TONBO Biosciences, no.
70-0037-U100, 1:100 dilution) overnight at 4 °C. Plates were washed
three times with PBS before the addition of 2.5 x 10° cells per well. CD69
expression was analysed using flow cytometry 4 h post stimulation
using anti-CD69-Pacific Blue. For activation assays in the presence of
UCHT1 Fab, cells were first incubated with a range of concentrations
of UCHT1Fab (0-50 pg pl™) for 30 min. UCHT1Fab-labelled cells were
then cocultured with ligand-treated CIR cells for 4 h and cells stained
as before. Flow cytometry data were acquired using a Becton Dickin-
son LSRFortessa Cell Analyser. To examine CD69 expression in Jurkat
T cells, fluorescence activated cell-sorting plots were gated on the
CD20-negative population following elimination of dead cells and
doublets. All flow cytometry data were analysed using the CytoExploreR
packageinR (v.12.1).

Mass spectrometry

A 50 pl solution of 5 pg pl™ purified protein (about 250 pg) in HBS
containing 0.05% GDN was made up to a final volume of 100 pl by the
addition of 50 pl of water, and was extracted together with a positive
and anegative blank control. These controls each comprised 100 pl of
water with the addition to the positive control of 387 ng of cholesterol
(1.068 pl of 362 ng pl™in 2:1 chloroform:methanol v/v). Samples were
then prepared using amodified Folch extraction and analysed by liquid
chromatography-mass spectrometry as described previously®.

Constructs for WT and chimeric TCR expression
Sequences for the expression of all constructs encoding WT and chi-
meric AF-7 and G83.C4 TCRs are included in Supplementary Table 1.

CPlength determination

Sequences for all functionalmammalian genes were obtained from the
IMGT database®®. Where multiple alleles exist, those first listed (that s,
the allele ending in *0I) were selected. Sequences were aligned using
Muscle®, and sequences matching the human TRGC-or TRDC-encoded
CPs were extracted and used to calculate CP length.

Statistical analyses

When comparing multiple groups, statistical analysis and P values
were calculated using one-way analysis of variance in GraphPad Prism
software (v.9.5.1). Error bars represent s.e.m. or s.d. as specified.

Ethics and inclusion statement

The authors confirm that the research included local researchers
throughout the research process—that is, during the design of the
study, its implementation and with respect to authorship. We also
confirm that the roles and responsibilities were agreed amongst the
collaborators ahead of the research and that capacity-building plans
for each group of local researchers were discussed. The study did not
require local ethics review because it did not involve animal experi-
ments or the use of human tissue.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Theatomic coordinates for the G83.C4 y6 TCR-UCHT1Fab and G83.C4
Y6 TCR-CD3 TM-focused complexes have been deposited at the Protein
DataBank under accession codes 9CI8 and 9CIA, respectively (https://
www.ebi.ac.uk/pdbe/). All B-factor-sharpened, -non-sharpened,
half-maps and postprocessed DeepEMhancer cryo-EM maps for the
G83.C4yd TCR-UCHT1Faband G83.C4 y6 TCR-CD3 TM-focused com-
plexes have been deposited at the Electron Microscopy Data Bank under
accession codes EMD-45614 and EMDB-45615, respectively (https://
www.ebi.ac.uk/emdb/). The previously published model of an af3
TCR used for initial model building is available at the Protein Data
Bank under accession no. PDB 7PHR. Expression constructs used in
this study will be made available via a public repository (https://www.
addgene.org/).

Code availability

Neither custom code nor mathematical algorithms were used for this
study.
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Extended DataFig.1|Purification of the fully assembled y6 TCR and effects
of UCHT1Fab binding on signaling. a, Schematic representation of the
constructs used for G83.C4 y§ TCR expression. b, Flow cytometric validation of
TCRexpressionin CHO-S y6 TCR-expressing cells (red) versus CHO-SWT cells
(grey), or CHO-S cells used for GPa3b17 af TCR expression® (blue). Expression
was verified via GFP2 expression (left panel), anti-y§ TCR antibody staining
(middle panel) and anti-CD3¢e antibody staining (right panel). ¢, Analytical
size-exclusion chromatography of purified G83.C4 y5 TCR. Fractions collected
arelabelled in pink.d, SDS-PAGE analysis of fractions from (c), boiled under
reducing conditions. Thisisasingle gel from one experiment. e, Mean

fluorescence intensity (MFI) of CD69 expression by G83.C4 TCR-transduced
Jurkat T-cells co-cultured with CIR cells expressing WT levels of MR1,

treated with differentamounts of 5-OP-RU in the presence of the indicated
concentrations of UCHT1Fab. Circlesrepresent n =3 treated culturesfroma
single experiment representative of two independent experiments. Error bars
represent +/-SD.f, FACS plots showing fluorescent UCHT1antibody staining of
cells pre-incubated with increasing concentrations of UCHT1Fab, confirming
saturating Fab binding at the higher concentrations assayed. The experiment
shownisbased onthe staining of asingle culture (n=1) and isrepresentative of
twoindependent experiments.
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Extended DataFig.2|Cryo-EM analysis of the G83.C4 y6 TCR-UCHT1Fab
complex. Selected 2D class averages and data processing workflow for the
G83.C4y8 TCR-UCHT1complex reconstructions and iterative processing
optimization, are shown. Gold-standard FSC curves calculated from two

independently refined half-mapsindicate an overall resolution of 3.01 A at
FSC =0.143. The local resolution-filtered display of resolution (A) coloured
from highest resolution (red) to lowest resolution (blue) is also shown.
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Extended DataFig. 3| Cryo-EM processing workflow for the TM-focused
G83.C4y8 TCRreconstruction. Data processing workflow for the TM-focused
G83.C4y8 TCR-UCHT1complexreconstruction and iterative processing
optimization, are shown. Gold-standard FSC curves calculated from two

83A 594 484 414

6.6A resolution 1/d2 (A-2)

44A 334 26A 224 194

independently refined half-mapsindicate an overall resolution of 3.39 A at
FSC =0.143. The local resolution-filtered display of resolution (A) coloured
from highest resolution (red) to lowest resolution (blue) is also shown.
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Extended DataFig. 4 |Density-to-model agreement of the G83.C4 y& UCHTY’ polypeptides are shown for the global 3.01 A reconstruction. Chains

TCR-UCHT1Fab complexin the consensus map. a-j, Density corresponding are coloured asinFig.1; map threshold is-0.13.
tothe TCR-§, TCR-y, CD3-¢,CD3-8, CD3-¢’, CD3-y, CD3-{,CD3-{’, UCHT1and
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UCHT1-L

Extended DataFig. 5| Density-to-model agreement of the G83.C4 Y6 UCHTY polypeptides and, k, for the transmembrane-located cholesterol-like
TCR-UCHT1Fab complexinthe TM-focused map. a-jDensity corresponding ~ molecule (CLR), are shown for the TM-focused 3.39 A reconstruction. Chains
tothe TCR-§, TCR-y, CD3-¢,CD3-8, CD3-¢’,CD3-y,CD3-{,CD3-{, UCHT1and arecoloured asinFig.1; map thresholdis~0.13.
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Extended DataFig. 6 | Bound surface areas (BSAs) for aff and G83.C4 yd
TCRs. a, Structural depiction of TCR-acand -B chainsin the af TCR complex®
and TCR-y and TCR-& chains in the TM-focused y6 TCR structure, with
interacting regions labelled. b, BSA (%) in each of the aff TCRregions, and the
TMhelices of the y§ TCR only (due to flexibility of the TCR-y8 ECDs and CPs),
coloured withrespect to the fraction of contact made with the indicated
CD3subunits. ¢, Alignments of a and B, and yand & constant regions, and
CPand TM helicalregionsequences. The TCR-aand - subunit/CD3 contacts
showninbold are coloured accordingto the individual CD3 subunit contact
made. Conserved TCR-8 and -y subunit contacts are highlighted in yellow.

d, Poorevolutionary conservation of CP sequences of TCR-«, -3, -6, and -y
subunits. Sequence logosillustrate the degree of amino acid conservation
inexon 2 of mammaliansequences [TCR-a, -6 sequences: 11species; TCR-f, -y
sequences: 10 species (C1sequence only used)]. The structure of the
pMHC-bound GPa3b17 TCR (PDB 7PHR) was used for the comparisonsin (a,b).
e, Variationin TCR-y CP sequences across mammalian species encoded by
TRGCgenes. Highlighted indark blue is the human TRGCI-encoded CP of the
y8 TCRstudied here.Mean lengthis represented by red bars. f, Length and
variation of CP sequences encoded by mammalian TRDCgenes. Highlighted in
yellow is the human TRDC-encoded CP.
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Extended DataFig.7|Cholesterol modeling and mass spectrometric
analysis of the G83.C4 y8 TCR. a,bRibbonrepresentations of the G83.C4
TCR-y8-CD3 TMregion showing the possible location of a cholesterol-like
moiety proximal to theinner membrane leaflet and C-termini of the CD3-C,
CD3-y,and TCR-y TM helices, capped by R52 of CD3-C, with map threshold
~0.13in(b).c, Mass spectrometry-derived chromatographic feature consistent
with theammonium adduct of cholesterol (positive mode m/z=404.38667 -
404.39071) at16.6 min (arrow) ina purified G83.C4 y§ TCRsampleanda

positive control cholesterol sample, but not the negative control sample (d).

e, In-source fragmentation consistent with the loss of ammonia and water was
alsoobserved (fragmention m/z=369.34973 - 369.35343) at16.6 minin the
G83.C4y8 TCRsample and positive control, but not the negative control
sample.f, Region correspondingto the outer leaflet cholesterol binding site of
the a3 TCR (PDB 8ES7), which appears to be blocked by Met254 of the TCR-y TM
helixinthe y6 TCR.
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Extended DataFig. 8 | Comparison ofthe UCHT1interfaces. Structural alignment of the CD3-8g and CD3-ye extracellular domains of the G83.C4 y8 TCR
complexed with UCHT1Fab fragments, versus the soluble CD3-6e-UCHT1 complex structure (CRY; PDB1XIW) reveals minimal change at the respective interfaces.
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Extended DataFig. 9 |Additional analysis of the G83.C4 TCR-y6 ECD reconstruction, the flexible region of the G83.C4 y6 TCRrequired particle
arrangementin the y6 TCR. Data processing workflow for reconstruction of subtraction and ab initio model generation to enable amodest-resolution

the G83.C4 TCR-y8 ECD. Following optimized processing of the initial reconstruction of this part ofthe sample tobe obtained.
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Extended DataFig.10 | Structural comparisons of the TCR-af and -y& TCRelectrostatics are shown asasurfaceandindividual chains are coloured as
subunit constant domainsin the context of the CD3 subunits. Comparison inFig.1.a,DEloop; b, FGloop; and ¢, ABloop. The shorterinter-strand loops of
of y8 TCR constantregion loops (PDB4LFH) in the setting of the CD38ye,{, the y8 TCR constant region would likely reduce CD3 contact, favouring TCR-y6

complex following alignment with an a TCR constantchaindomain (PDB7PHR).  ECD mobility.
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Extended DataFig. 11| Characterization of cell lines used for functional
assays. a, FACS plots showing CD3 expression levels (as measured by
UCHTI1-AF488 staining) on parental Jurkat T-cells (dark grey), TCR-knockout
(KO) Jurkat T-cells (light grey), or TCR-KO Jurkat T-cells transduced with AF-7
(darkred), G83.C4 (dark blue), AF7/G83,, (light red), and G83/AF 7, (light blue)
TCRs. Datashown are fromasingle culture (n =1) from one experiment. b, MFI
quantification of CD69 expression levels on transductants activated for

4 honplate-bound OKT3, as determined by flow cytometric analysis for WT
(dark grey), TCR-KO (light grey), and AF-7-expressing (dark red) and G83.
C4-expressing (dark blue) Jurkat T-cells. Circles represent measurements from
n=3co-cultures fromone experiment, representative of two independent

experiments. Bar chartsand error bars represent mean +/-SD. ¢, FACS plots of
MR1-PE tetramer staining of Jurkat transductants (left panel), asin (a), and
quantification of MR1tetramer MFI plotted against UCHT1MFIfrom (a) (right
panel). Quantification of theratio of UCHT1and MR1tetramer MFlis depicted
inthetableinset. Dataare fromasingle culture (n =1) from one experiment.

d, MFI quantification of CD69 expression levels on transductants activated for
4 honplate-bound OKT3, as determined by flow cytometric analysis of WT
(dark grey) and TCR-KO (light grey) Jurkat T-cells, and Jurkat T-cells expressing
AF-7 (darkred), G83.C4 (dark blue), AF7/G83,, (light red), and G83/AF7, (light
blue) TCRs. Circles represent measurements fromn =3 co-cultures fromone
experiment. Bar charts and error bars represent mean +/-SD.
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Extended DataFig.12|Single-molecule and FLIM-FRET imaging of cells
expressing WT and chimeric TCRs. a, Representative dASTORM images
generated for cells expressing AF-7 (left panels), G83.C4 (middle panels), and
chimeric G83/AF7, receptors (right panels) when stimulated with increasing
amounts of MR1-5-OP-RU onan SLB and stained with anti-CD3-AF647 (red) and
anti-pCD3¢-AF568 (green) antibody. Scale bar =5 pm.b,c Number and average
areaof TCR clusters as quantified by DBSCAN. Data are from two independent
experiments each usingn =12 cells. Error barsrepresent + SEM. d, Confocal
images generated for fluorescent donor MR1(5-OP-RU)-Atto 594 (green, left
panels)-and fluorescent acceptor anti-UCHT1Fab-AF647 (red, center
panels)-presentingJurkat T-cells, expressing AF-7 (top panels), G83.C4

[

Acceptor

(middle panels), or chimeric G83/AF7., TCRs (bottom panels). A heatmap of
FLIM-FRET efficiency between TCR and MR1 monomers (right panels), with
colour representing highest to lowest efficiencies (red to blue) is also shown.
Close-ups of selected regionsin the confocalimages are shown as x5 enlarged
images. Dataare representative of twoindependent experiments each
includingn > 14 cells. Scale bar =5 um. e, FLIM-FRET efficiencyisindependent
oflocal TCR density. FRET efficiencies across various regions of interest (ROI),
including punctate regions of corresponding donor and acceptor fluorescence
andthe entirecell area, are shown. The ROIFRET efficiencies (%) inthe FRET
heatmap arealsoindicated. Scale bar=3 um.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

G83.C4 y5 TCR/UCHT1 complex

G83.C4 yd TCR (transmembrane-focused)

EMDB-45614 EMDB-45615
PDB 9CI8 PDB 9CIA
Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A2) 60
Defocus range (um) 1.5-0.5
Pixel size (A) 0.82
Symmetry imposed C1 C1
Initial particle images (no.) 2,663,326 9,946,392
Final particle images (no.) 193,581 74,654
Map resolution (A) 3.01 3.39
FSC threshold 0.143 0.143
Map resolution range (A) 3.01-4.0 3.39-4.6
Refinement
Initial model used (PDB code) 7PHR 7PHR
Model resolution (A) 3.08 3.08
FSC threshold 0.143 0.143
Map sharpening B factor (A2) 72.5 86.5
Model composition
Non-hydrogen atoms 10,466 7,918
Protein residues 1,382 1,025
Ligands 0 1
B factors min/max/mean (A?)
Protein 15.07/160.30/66.54 28.99/151.02/78.89
Ligand 42.80/84.29/64.71
R.m.s. deviations
Bond lengths (A) 0.004 0.004
Bond angles (°) 0.802 0.797
Validation
MolProbity score 212 1.61
Clashscore 6.33 5.57
Poor rotamers (%) 4.84 0.12
Ramachandran plot
Favored (%) 96.32 95.58
Allowed (%) 3.68 4.42
Disallowed (%) 0.00 0.00
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All the B-factor sharpened, non-sharpened, half-maps and post-processed DeepEMhancer cryo-EM maps for the G83.C4 y6 TCR/UCHT1 Fab and G83.C4 y6 TCR/CD3
TM-focused complexes have been deposited at the Electron Microscopy Data Bank under accession codes EMD-45614 and EMDB-45615, respectively (https://
www.ebi.ac.uk/emdb/).

The previously published model of the aBTCR used for initial model building is available on the Protein Data Bank under accession number PDB 7PHR.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size Sample size for cryo-EM was determined as required to generate a suitable resolution. For cell-based assays, no calculations were performed
to determine sample size. Cells used in these assays were derived from homogenous cell lines, and the number of cells used was chosen to

ensure enough cells could be acquired by flow cytometry or light microscopy to adequately sample expression levels or fluorescence signals.

Data exclusions  No data were excluded from the analysis.

Replication All experiments except the tetramer-staining of the MR1-expressing cell line was done at least in triplicates. The number of biological and
technical replicates are described in the figure legends.

Randomization  All cryo-EM data was acquired from a single homogenous purified protein and cell-based assays were not conducted on groups with variable
individuals, so randomization was not required.

Blinding All cryo-EM data was acquired from a single homogenous purified protein and cell-based assays were not conducted on groups with variable

individuals, so blinding was not applicable. Negative and positive controls were included in experiments and all measurements were carried
out at the same time for a given experiment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study

Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry

Palaeontology and archaeology & |:| MRI-based neuroimaging
Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies used Commercial antibodies were used for testing the transduced cell lines.

Anti-human y86TCR PE (clone B1, Biolegend 331210, diluted 1:40);
Anti-human CD3e PE (clone UCHT1, Biolegend 300408, 1:10)

Anti-human CD3e FITC (clone UCHT1, Biolegend 300400, 1:300);

Anti-human CD3e AF647 (clone UCHT1, Biolegend 300416, 1:300);
Anti-human pCD3C AF568 (BD Biosciences 558402, 1:300);

Anti-human CD20 PE/Cy7 (clone 2H7, Biolegend 302312, 1:300);

Anti-human CD69 Pacific Blue (clone FN50, Biolegend 310920, 1:300);
Purified anti-human CD3e (OKT3, TONBO Biosciences, 70-0037-U100, 1:100).

Validation Antibodies purchased from Biolegend were validated by the supplier, using flow cytometry analysis of immunofluorescent staining.
The purified OKT3 antibody (TONBO Biosciences) was not validated by the supplier.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Jurkat (clone E6-1), C1R and HEK293T cells were obtained from ATCC. CHO-K1 cells (D28-W1) were obtained from Lonza
Biologicals. FreeStyle CHO-S cells were obtained from ThermoFisher.

Authentication Cell lines obtained from ATCC were authenticated by the supplier by STR profiling. CHO-S cells were obtained from
ThermoFisher, but the supplier does not provide information on the authentication process. The CHO-K1 cell line was

obtained from Lonza Biologicals in 1988 and we no longer hold records of its authentication.

Mycoplasma contamination Cells were found to be negative for mycoplasma contamination using both enzymatic assays and microscopy-based assays,
conducted on a monthly basis.

Commonly misidentified lines Commonly misidentified lines were not used in this study.
(See ICLAC register)

Plants

Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For all experiments, cells were harvested from culture and washed twice in PBS. Cells were stained with stated antibodies
(see Methods) for 1h at 40C. Cells were washed in PBS twice.
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Instrument For activation assays, data was analysed using BD Fortessa Il, BD XDP machines. For CHO-S cell labelling, cells were analysed
using an Attune NxT system.

Software For activation assays, analysis was performed using the CytoExploreR package in R. For CHO-S cell labelling, analysis was
performed using FlowJo (v10.8.1).

Cell population abundance At least 10,000 cells were collected for all samples.
Gating strategy For T-cell activation assays in co-culture: FSC-A/SSC-A > FSC-A/FSC-W > CD20 (-) population > CD69 expression.
For testing surface protein expression: FSC-A/SSC-A > fluorescence expression.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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