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SUMMARY

The antigen recognition principles of B cells and αβ T cells have been well described compared to those of the 
γδ T cell. By way of their specificity conferring receptor (γδTCR), γδ T cells can directly bind proteinaceous 
antigens. A known γδ T cell and B cell model antigen is phycoerythrin (PE), a light harvesting protein from rho-

dophytes and cyanobacteria. Here we probed human γδTCR reactivity to PE, in which a Vδ1Vγ5 TCR bound 
directly to induce proximal signaling and cellular activation. We determined the cryoelectron microscopy 
(cryo-EM) structure of the γδTCR-phycoerythrin immune complex. We then determined the cryo-EM struc-

tures of an antibody fragment and an αβTCR bound to PE. This revealed convergent use of apical aromatic 
residues to mediate contacts with a common PE epitope. Comparative analyses of the γδTCR revealed mul-

tiple antibody-like characteristics, including an enrichment of apical aromatic residues. Our findings reveal 
further distinct facets of antigen recognition by the γδTCR.

INTRODUCTION

The adaptive immune system consists of highly specific lympho-

cyte lineages including αβ T cells, B cells, and γδ T cells. 1 γδ T cells 

exhibit features associated with both adaptive and innate immu-

nity, including possessing T cell antigen receptors (TCRs) and 

having the potential for rapid effector functions. 2 γδ T cells have 

associations with anti-viral, anti-bacterial, wound repair, and 

anti-tumor immunity, yet the ligands triggering these functional 

responses remain largely unknown. 3–5 αβTCRs typically recog-

nize peptides, lipids and small molecule metabolites presented 

by major histocompatibility complex (MHC), 6 CD1, or MR1 mole-

cules, respectively. 7 In contrast, B cells directly recognize anti-

gens that are neither processed nor presented. These differing 

recognition strategies are achieved by receptors uniquely ex-

pressed by that lymphocyte lineage, despite having similar 

immunoglobulin-based architectures. The antigen recognition 

principles of γδ T cells are comparatively less well understood 

but are thought to have vestiges of both antibodies and αβTCRs. 

Presently it remains unclear how the γδTCR endows γδ T cells 

with antibody-like poly-specificity. 8 Although our understanding

of γδ T cell ligands is incomplete, 9 their antigen repertoire in-

cludes multiple MHC class-I-like molecules, 10–15 as well as the 

structurally distinct butyrophilin (BTN) and butyrophilin-like mol-

ecules. 16–20 In recognizing these ligands, γδ T cells are thought 

to operate as homeostatic sentinels, recognizing host stress or 

aberrance. 21 Structures of γδTCR-antigen complexes have indi-

cated antibody-like recognition mechanisms and such variable 

antigen engagement angles are permitted by the remarkable flex-

ibility of its membrane-bound receptor complex. 22–24

A notable feature of γδ T cells is their γδTCR-mediated reac-

tivity to ligands outside of the BTN/MHC-like axis, including eph-

rin type A receptor 2, aminoacyl tRNA synthetase, annexin A2, 

phycoerythrin 16 (PE), and small molecule conjugates such as 

cyanine 3-ovalbumin. 8,25–29 Precisely how γδ T cells recognize 

such a broad spectrum of antigens remains unknown. Moreover, 

the rhodophyte (red algae) photosystem protein, r-phycoery-

thrin, presents as an obscure antigen, with recurrent observa-

tions of B cell and γδ T cell reactivity observed as well as a recent 

report of an αβTCR recognizing PE. 28,30–32

Here, we determine the cryoelectron microscopy (cryo-EM) 

structure of a γδTCR bound to a model non-self-antigen, PE.
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Figure 1. TCRs confer reactivity to PE conducive of lymphocyte activation

(A) SPR steady-state affinity measurements of TCR-PE interactions shown as representative sensorgrams (top) and equilibrium binding curves (bottom). Two 

independent experiments each comprising two repeat measurements were used to estimate the dissociation constants (K D ). Error bars represent mean and 

standard error of the mean (SEM) from two experiments. N.B, no binding.

(B) Small angle X-ray scattering curves, Guinier plots, P(r) distribution plots and averaged ab initio reconstructions for PE, 1C5H γδTCR, and the 1C5H-PE 

complex. Molecular weights (MWs) were estimated from the Porod volume (Vp), displayed for each profile.

(C) Representative single-molecule images depicting TCR clustering in Jurkat cells expressing 1C5H and BW58 cells expressing 4D4. Cells were stimulated on 

supported lipid bilayers decorated with ICAM-1 (unstimulated control) or anti-CD3/CD28, or ICAM-1 with the S-PE (scale bars, 1 μm). Single-molecule images 

showing the clustering of phosphorylated CD3ζ (pCD3ζ) in the same TCR-transduced cells under the same stimulation conditions. TCRs on cells were stained 

with a primary antibody targeting the human CD3ε (Jurkat) or mouse TCRβ subunit (BW58), conjugated to Alexa Fluor 647.

(D) Quantification of TCR and pCD3ζ clustering was performed using DBSCAN analysis with varying cluster parameters. The analysis reflects ≥30 measurements 

from two independent experiments, each consisting of n ≥ 15 cells. Error bars represent the SEM.

(legend continued on next page)
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Our structure provides insight into γδTCR reactivity to an intact 

protein antigen and reveals mechanisms where a distended 

CDR3δ used key aromatic contacts to bind to PE. We also deter-

mined the cryo-EM structure of a single-chain variable fragment 

(scFv) region of an antibody in complex with PE, and a cryo-EM 

structure of the 4D4 αβTCR-PE complex, previously determined 

via X-ray crystallography. 31 This enabled a broader comparison 

of how immunoreceptors from three lymphocyte lineages recog-

nize a common antigen. Analysis of antigen receptor structure 

and sequence revealed antibody-like characteristics in the 

recognition of diverse ligands by γδTCRs. These include the 

tertiary structure, as well as the composition and structure of 

the δ-chain IgV domain.

RESULTS

γδTCRs binding to an intact foreign antigen

To understand how γδTCRs directly recognize foreign protein 

antigens, we focused on PE, a known model antigen of B cells, 

peripheral γδ T cells, and a murine αβ T cell. 28,31,33 Specifically, 

we examined PE-reactive human γδTCRs that were identified 

alongside our previous study of the PE-reactive murine αβTCR 

clone 4D4. 31 We first produced soluble versions of the Vδ1 + Vγ5 + 

(termed 1C5H), Vδ1 + Vγ3 + (termed BC14PE1), and Vδ3 + Vγ4 + 

(termed BC14PE3) γδTCRs (Figure S1). To directly measure 

PE-reactivity and specificity, we conducted affinity measure-

ment analyses using surface plasmon resonance (SPR) with im-

mobilized PE. Neither the 1C5H nor the BC14PE1 γδTCRs bound 

to the negative control, human MR1-5-OP-RU, whereas the 

MR1-reactive αβTCR, AF7, did not bind PE but bound MR1, 

dissociation constant (K D ) = 2.18 ± 0.19 μM (Figure S2). 34 The 

1C5H and BC14PE1 γδTCRs bound immobilized PE, K D = 

4.71 ± 0.90 and K D = 6.67 ± 0.66 μM, respectively, within a typical 

range for γδTCR-antigen interactions 9 (Figure 1A). However, 

BC14PE3 showed no detectable PE binding in these experi-

ments, which may reflect PE isoform specificity as noted previ-

ously. 28,31 The mouse PE-reactive αβTCR, 4D4, also bound PE 

with comparable affinity, K D = 6.54 ± 0.41 μM, as previously 

shown (Figure S2). 31 The 1C5H γδTCR was selected for further 

investigation due to its high affinity, specificity, and slow dissoci-

ation rate for PE recognition. To gain insight into how the 1C5H 

γδTCR bound to PE, we utilized size exclusion chromatography 

coupled with small angle X-ray scattering (SEC-SAXS). The 

resultant SEC-SAXS data of the 1C5H γδTCR and PE samples 

revealed radially averaged scattering profiles, forward scattering 

and ab initio reconstruction consistent with a homogeneous par-

ticle of the size and shape of a soluble γδTCR ‘‘dimer-of dimers’’ 

and PE hetero-hexamer, which we will refer to as a PE oligomer 

(Figures 1B and S3). The 1C5H γδTCR dimer replicates recent 

observations wherein the Vγ5 domain mediates γδTCR dimeriza-

tion to form a Vγ5-Vγ5 interface, in which ablation of dimer for-

mation arrested receptor activation. 23,24 SAXS analyses of the

1C5H γδTCR-PE sample clearly indicated complex formation in 

solution with the ab initio reconstruction revealing a 1C5H γδTCR 

bound to the PE oligomer (Figures 1B and S3). These results re-

vealed the capacity of soluble PE-reactive γδTCRs to form spe-

cific complexes with intact PE in solution.

γδTCR reactivity toward an intact foreign antigen

To confirm signaling competency, we used Jurkat T cells, lack-

ing endogenous TCR, expressing the 1C5H γδTCR alongside 

4D4 αβTCR-transduced BW58 cells that served as a control 

(Figure S4). We used single molecule imaging to probe the initial 

triggering events of cellular activation, namely TCR-clustering 

and proximal signaling via CD3ζ phosphorylation. Cell line con-

trols 2C12 and G83.C4 displayed increased TCR clustering 

and receptor phosphorylation upon antigen exposure to CD1d-

α-GalCer and MR1-5-OP-RU, respectively. (Figure S4). Imaging 

of cells interacting with ICAM-1-bearing supported lipid bilayers 

functionalized with streptavidin-PE (S-PE) showed a significant 

(p < 0.001) increase in the amount of 1C5H TCR clusters relative 

to ICAM-1 alone (Figures 1C and 1D). TCR-cluster size and den-

sity were unaffected (Figure S4) despite antigen stimulation 

potently inducing receptor phosphorylation (Figures 1C and 

1D). The 4D4 cell line showed increased TCR clustering and re-

ceptor phosphorylation upon S-PE exposure (Figures 1C and 

1D). The 1C5H TCR showed atypical evidence of TCR-pre-clus-

tering (Figure S4), potentially due to its dimerization capacity as 

indicated in SAXS analyses. The γδTCR can require a larger 

amount of antigen for comparable levels of CD3ζ phosphoryla-

tion. 22 Utilizing the same TCR-transduced cell lines, we as-

sessed the capacity of PE reactive clones to produce distal 

markers of T cell activation and performed activation assays us-

ing titrating amounts of plate bound S-PE, anti-CD3 stimulating 

monoclonal antibody as well as either human MR1-5-OP-RU 

or murine CD1d-α-GalCer controls. The murine CD1d-α-GalCer 

reactive αβTCR 2C12 35 and human MR1-5-OP-RU reactive 

γδTCR G83.C4 14 were included as controls, producing dose-

dependent CD69 and Nur77 upregulation in response to their 

cognate ligands: mouse CD1d-α-GalCer and human MR1-5-

OP-RU, respectively (Figure S4), but not in response to PE stim-

uli. Conversely, 4D4 or 1C5H did not show signs of activation to 

plate bound mouse CD1d-α-GalCer or human MR1-5-OP-RU 

controls (Figure 1E). S-PE stimulation resulted in specific and 

dose-dependent upregulation of the downstream signaling 

markers CD69 and Nur77, and downregulation of CD3 in both 

the 1C5H and 4D4 cell lines (Figure 1E) but not the control cell 

lines (Figure S4), indicative of PE antigen-specific signaling. 

Thus, PE-recognition by the 1C5H γδTCR can drive proximal 

signaling to induce cellular activation.

The cryo-EM structure of a γδTCR-PE complex

To elucidate the molecular basis for this reactivity, we next 

imaged the 1C5H γδTCR-PE complex by cryo-EM to yield a

(E) Mean fluorescence intensity (MFI) of CD69 expression (top), or CD3 expression (middle) among 4D4 and 1C5H TCR-transduced cells at 16 h after incubation 

with S-PE, murine CD1d-α-GalCer, or human MR1-5-OP-RU at titrated concentrations (0.1–10 nM). Frequency of Nur77-expressing 4D4 and 1C5H TCR-

transduced cells was also assessed after 2 h (bottom).

Data represent two experimental repeats of duplicate titrations shown as dots (average of duplicate), error bars represent the SEM. p values represent signif-

icance from baseline. Statistical significance was determined using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test (D 

and E).
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consensus reconstruction at gold standard Fourier shell correla-

tion 0.143 of 2.03 A ˚ (Figure S5). Additional focused refinements

of the 1C5H γδTCR and PE reached global resolutions

(GSFSC = 0.143) of 2.63 A ˚ and 1.70 A ˚ , respectively, the latter ap-

proaching the Nyquist limit. In concert, the consensus and 

focused reconstructions yielded high-resolution features across 

most of the protein complex, particularly the 1C5H γδTCR-PE 

interface, which enabled reliable model building, refinement, 

and validation (Table 1). Overall, the 1C5H γδTCR-PE recon-

struction revealed a single 1C5H γδTCR bound to the PE olig-

omer, with clear density showing that the interaction was medi-

ated via the complementarity determining regions (CDRs) of the 

γδTCR (Figure 2A). We first used the high-resolution focused 

reconstruction of the PE oligomer to aid in model building for 

each of the six PEαβ heterodimers and refined their alpha helical 

globin-like domains. The 1C5H γδTCR bound to a single PE het-

erodimer within the context of the PE hetero-hexameric olig-

omer. Here, the 1C5H γδTCR δ-chain, orchestrated PE recogni-

tion, in that it comprised ∼68% of the total buried surface area

(BSA) of 1,840 A ˚ 2 , comparable to other γδTCR complexes

(Figures 2B and S6). 12,14,15,36 The δ-chain dominance at the PE 

interface was largely attributable to the CDR3δ loop that 

composed over half of the interface (52.6% BSA) although all 

the CDR loops contributed to varying extents (CDR1δ 10%, 

CDR2δ 5.6%, CDR1γ 16.5%, CDR2γ 1.1%, and CDR3γ 14.2% 

BSA) (Figure 2B). The 1C5H γδTCR CDR3δ loop is elongated 

due to the inclusion of extensive N-region additions flanking

the TRDD3*01 element to result in a 38 amino acid CDR3δ 
(from TRDV*01 to the TRDJ3*01). Molecular recognition of PE 

by the 1C5H γδTCR relied upon contacts from each of these el-

ements, including a prominent role the TRDD3*01-encoded 

W100δ that protruded from the CDR3δ loop to bind between 

the B- and E-helices of the PE α-chain (Figure 2C). Here the 

W100δ hydrogen bonded to D87α of the PE chain E-helix and 

was stabilized by extensive van der Waals (vdW) contacts be-

tween W100δ and the PE surface, primarily Y83α (Figure 2C). 

The preceding Y99δ stabilized K81α and E77α with a hydrogen 

bond to each (Figure 2C). Together, W100δ and Y99δ contacted 

N80α of PE via dual backbone hydrogen bonds, with N80α also 

interacting with S31δ within the CDR1δ (Figure 2D). In turn, S31δ 
also contacted Q76α of the PE E-helix with hydrogen bonds to 

the carboxyl backbone of Y32δ and E55δ of the CDR2δ loop 

also stabilizing the PE Q76α sidechain. The Vδ region was en-

riched with ancillary aromatic residues providing further vdW 

contacts, inclusive of W109δ (Figure 2C), W30δ and Y33δ 
(Figure 2D). W100δ was indeed the largest contributor to this 

interface, closely followed by the neighboring Y99δ that occu-

pied a cleft between the PEα and β-chains. (Figure 2C). The 

neighboring non-germline-encoded H97δ of the CDR3δ loop 

formed an intra-TCR hydrogen bond to the carboxyl backbone 

of R100 γ of the CDR3γ loop, which in turn made a salt bridge 

contact with E77α of the E-helix N-terminus (Figure 2E). Other 

1C5H γ-chain interactions with the PE β-chain occurred via 

CDR1γ-mediated vdW contacts, namely by N29γ and F31γ

Table 1. Structural refinement and validation statistics

Model 1C5H-PE 4D4-PE CL33-PE PE alone 1C5H dimer

PDB ID PDB: 9O62 PDB: 9MKO PDB: 9MGB PDB: 9O61 PDB: 9O60

EMDB ID EMD: 70157 (composite) EMD: 48332 EMD: 48248 EMD: 70156 EMD: 70155

(TCR local refinement)EMD: 70139 (consensus)

Chains 20 20 24 18 3

Nonhydrogen atoms 19,381 19,575 26,862 16,392 3,634

Protein residues 2,425 2,460 3,390 2,040 449

Ligands PUB: 6 PUB: 6 PUB: 6 PUB: 6 –

PEB: 24 PEB: 24 PEB: 24 PEB: 24 –

Bonds (RMSD)

Length 0.005 0.007 0.005 0.005 0.005

Angles 0.967 1.002 0.618 0.950 0.658

MolProbity score 1.79 1.42 1.8 1.60 2.3

Clash score 13.78 7.63 10.22 12.37 19

Ramachandran plot (%)

Outliers 0.34 0.04 0.03 0.35 0.23

Allowed 2.44 1.61 2.87 1.29 8.24

Favored 97.23 98.35 97.1 98.36 91.53

Rotamer outliers (%) 0.99 2.06 1.38 0.94 3

Model vs. data

CC (mask) 0.83 0.86 0.85 0.91 0.69

CC (box) 0.67 0.83 0.86 0.83 0.53

CC (peaks) 0.65 0.79 0.82 0.81 0.34

CC (volume) 0.82 0.86 0.86 0.91 0.70

Mean CC for ligands 0.79 0.76 0.76 0.82 –

ll
OPEN ACCESS Article

4 Structure 33, 1–14, October 2, 2025

Please cite this article in press as: Rashleigh et al., Antibody-like recognition of a γδ T cell receptor toward a foreign antigen, Structure (2025), https:// 
doi.org/10.1016/j.str.2025.07.006



(Figure 2F). The 1C5H γδTCR-PE cryo-EM structure revealed the 

molecular basis of direct antigen reactivity, thereby revealing a 

prominent role for an elongated CDR3δ and apical aromatic 

residues.

A γδTCR dimer

Focused refinements enabled additional structural characteriza-

tion of individual components of the observed immune complex.

The previously mentioned 1.70 A ˚ focused refinement of unbound

PE (Figure 3A) enabled high-resolution model building of the of 

Porphyra tenera light harvesting complex (Figures 3B–3D). The

2.63 A ˚ focused refinement of the 1C5H γδTCR revealed density

corresponding to a second γδTCR, bound alongside the Vγ 
domain (Figure 3E). This corroborated the SAXS evidence of 

the 1C5H γδTCR dimerization in solution and single molecule 

imaging suggesting 1C5H γδTCR-pre-clusters prior to antigen 

binding (Figures S3 and S4). 1C5H γδTCR dimerization was

mediated via a ∼1,160 A ˚ 2 BSA Vγ5-Vγ5 interface, meaning that

the CDR loops of the second 1C5H TCR were unbound by PE. 

Each 1C5H TCR would not occlude the other symmetrical PE 

epitopes. However, obligate 1C5H dimerization would preclude 

other TCR dimers from occupying these epitopes. Although

clear density for the entire second 1C5H γδTCR was evident, 

sidechains were only placed for the Vγ5 domain (Figure 3F), 

the complete secondary 1C5H γδTCR can be modeled from 

this chain placement (Figure 3G). The Vγ5-Vγ5 dimerization inter-

face comprised the symmetrical D- and E-strand contacts, 

including Y69γ and the flanking H71γ of the D-strand that formed 

stacking and hydrogen bonds with Y69γ ′ and E20γ ′ of the sec-

ond Vγ5 (termed Vγ5 ′ ), respectively (Figure 3H). The neighboring 

E-strand R83γ completed the interface with hydrogen contacts 

to the D57γ ′ sidechain and S55γ ′ backbone of the CDR2γ, of 

the Vγ5 ′ . These interactions corroborated observations of Vγ5-

Vγ5 dimerization within Vγ5 + Vδ1 + crystal structures, and cryo-

EM structures of the Vγ5 + Vδ1 + TCR-CD3 integral membrane 

complex 12,23,24 (Figures 3I and 3J). Thus, this observation shows 

that dimerization appears to be common across γδTCRs encod-

ing the Vγ5 + domain and may prove to be an obligate dimer.

The cryo-EM structures of an antibody fragment and an 

αβTCR bound to PE

PE has been previously described as a B cell antigen, and used 

as a crucial tool to study the formation of memory B cells. 33,37 In 

Igh b mice, up to 90% of the PE-specific memory B cell clones

A B

C D E F

Figure 2. Structural basis of 1C5H γδTCR recognition of PE

(A–F) (A) The 1.91 A ˚ cryo-EM (composite) map of 1C5H (in green) bound to PE (in pink) overlayed with the resultant structure of the 1C5H-PE immune complex. 

Accompanied by representative 2D classification images. (B) Surface map of PE recognition interface with contact-regions colored according to CDR-mediated 

recognition with percentage contribution of each CDR to total BSA as shown in the circular graph below. Balls on top show centers of mass of Variable γ or 

variable δ chains of TCR over the PE surface. (C) CDR3δ-mediated interactions with PE. (D) CDR1δ-mediated interactions with PE. (E) CDR3γ-mediated in-

teractions with PE. (F) CDR1γ-mediated interactions with PE.

For (C–E), interacting residues are shown as sticks. 1C5H residues are labeled in black, PE α-peptide residues are labeled in pink, and PE β-peptide residues are 

labeled in light pink. Hydrogen bond and salt bridge interactions are shown as black dashed lines. Not all contact residues are displayed. PUB, phycourobilin.
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expressed an Ighv1-81 gene segment and naive B cell re-

sponses were ablated by blocking with a monoclonal antibody 

Fab fragment (CL33). 30 We produced a scFv of the CL33 anti-

body (Figure S1) and examined PE binding using SPR. The 

CL33 scFv bound PE with an affinity (K D ) of 10.20 ± 0.84 nM 

(Figure 4A), in keeping with antibody-ligand interactions being 

of higher affinity than TCR-ligand interactions. 7,38 Early structural 

characterization via negative stain electron microscopy of the 

CL33-PE complex revealed 2D classes consistent with at least 

three CL33 scFvs bound to a PE oligomer although preferred ori-

entations limited further analyses (Figures 4B and S3). We then 

determined the scFv CL33-PE complex using cryo-EM to a

global resolution of 2.30 A ˚ (Figure S7; Table 1). The structure re-

vealed six CL33 scFv fragments bound to the PE hetero-hex-

amer (Figure 4C), with the higher receptor occupancy likely 

stemming from the increased affinity of the CL33 fragment.

The CL33 scFv bound an overlapping epitope of the PE α-chain

to the 1C5H TCR, the 1,780 A ˚ 2 (BSA) interface was dominated by

the IgHV, as is common for these genes, which comprised 

∼65% of the interface via the CDR2H and CDR3H, replicating 

the CDR3δ dominance of the 1C5H TCR (Figure 4D). 39

As is common in antibody-ligand interactions, the CL33 scFv 

paratope for PE-binding comprised several aromatic residues 

including neighboring tyrosines. 40 Firstly, the CDR3H Y106H 

and Y107H doublet bound the same hydrophobic pocket of 

the A, B, and E helices of the α-peptide as the 1C5H-γδTCR, 

whereby the latter occupied the pocket and formed a hydrogen 

bond with D87α and the former stacks atop contacting E49α (Fig-

ure 4E). CDR3H-mediated contact continued with a hydrogen 

bond between N108H and Q76α as well as considerable vdW in-

teractions provided by residues mentioned and notable others 

including S109H, A107H, K53α, N80α, and Y83α (Figure 4E).

Figure 3. Cryo-EM structures of unbound PE and 1C5H γδTCR dimer

(A) The 1.7 A ˚ cryo-EM map of unbound PE.

(B–D) (B) Subsequent refined structural model of the hetero-hexameric PE oligomer. (C) Single subunit of the PEα peptide. (D) Single subunit of the PEβ peptide. 

Each subunit’s architectural helix is labeled; phycoerythrobilins (PEB) and phycourobilins (PUB) are shown in gray.

(E) TCR focused refinement revealing a map with secondary 1C5H γδTCR (excluding PE density).

(F) Resultant modeled coordinates of the 1C5H γδTCR bound to secondary 1C5H Vγ domain.

(G) The stacking interactions driving Vγ5 dimerization.

(H) Modeled dimer arrangement of complete secondary 1C5H TCR.

(I and J) Overlay comparison of Vγ5 dimer interface displaying stacking interactions of 1C5H, 9C2 (cryo-EM, 8JCB) and 9C2 (crystal contact, 4LFH) dimerization.

ll
OPEN ACCESS Article

6 Structure 33, 1–14, October 2, 2025

Please cite this article in press as: Rashleigh et al., Antibody-like recognition of a γδ T cell receptor toward a foreign antigen, Structure (2025), https:// 
doi.org/10.1016/j.str.2025.07.006



Figure 4. Structural basis of CL33 scFv and 4D4 αβTCR recognition of PE

(A) SPR binding affinity measurements of CL33-PE binding as affinity curves (left) and representative sensorgrams (right) of CL33 over immobilized PE. Two 

independent experiments each comprising two repeat measurements were used to estimate the dissociation constant (K D ). Error bars represent mean and SEM 

from two experiments. N.B, no binding. K D measured from two independent expressions of analyte in duplicate.

(B) Negative stain electron microscopy reconstruction of CL33 bound to PE with an inset 2D class average from a similar orientation.

(C) The 2.3 A ˚ cryo-EM map of CL33-bound PE overlayed with the resultant structure of the CL33-PE immune complex. Accompanied by a representative 2D class

average from a similar orientation.

(D and E) (D) Surface of PE recognition interface, contacts colored according to CDR-mediated recognition. Spheres represent centers of mass of the variable 

regions. Percentage contribution of each chain and each CDR to total BSA (E) CDR3H-mediated interactions with PE.

(F–H) (F) CDR2H-mediated interactions with PE, (G) CDR1L/CDR3L-mediated interactions with PE, and (H) CDR1L/CDR2L-mediated interactions with PE.

(I) The 3.4 A ˚ cryo-EM map of 4D4-bound PE overlayed with the resultant structure of the 4D4-PE immune complex. Accompanied by representative 2D clas-

sification images.

(legend continued on next page)
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E49α was further capped by two tyrosines of the CDR2H, Y56H, 

and Y63H, which formed vdW contacts and electrostatic interac-

tions between A and B helices of the PE α-chain, the latter form-

ing hydrogen bonds to both the backbone and sidechain of E49α 
(Figure 4F). CDR2H-mediated E49α contacts continued through 

hydrogen bonds with N61H and S59H, stabilizing the receptor-

ligand complex (Figure 4F). CDR3L contact residues are high-

lighted by a salt bridge formation through K237L and E54α 
(Figure 4G) as well as the backbone of Y235L forming a hydrogen 

bond to K53α. Similar to E49α in Figure 3F, K53α is capped by 

aromatic sidechains namely Y235L, W240L, and Y176L 

(Figure 4G). CDR1L and CDR2L employed a triad of tyrosines 

to contact the PE α-chain; Y176L of the CDR1L makes hydrogen 

contacts to both D57α and Y83α, while Y194L of CDR2L forms a 

hydrogen bond with K67α (Figure 4H). Thus, the scFv bound to a 

common epitope on the PE surface as the 1C5H TCR, both 

largely mediated via apical CDR3 aromatic residues.

We next determined the 4D4 αβTCR-PE complex via cryo-EM 

to complete the structural comparisons of adaptive immuno-

globulin receptors against a common antigen using the same 

technique. The 4D4 TCR-bound PE was resolved to a resolution

of 3.4 A ˚ (Figures 4I and S8; Table 1). The cryo-EM structure

mirrored the recently determined X-ray crystal structure of the 

4D4 αβTCR-PE complex. 31 The lower occupancy of TCRs per 

PE hetero-hexamer likely stems from a lower sample concentra-

tion during cryo-EM, compared to crystallography. The 4D4 

interface with PE principally involved the CDR3β loop, which

contributed to more than half of the total 1,390 A ˚ 2 BSA

(Figure 4J). The molecular drivers of 4D4 αβTCR recognition of 

PE included key residues of the CDR3β (51.2% total BSA), fol-

lowed by CDR3α (26.8%) and CDR1α (13.1%) (Figure 4J). K53 

of the PE α-chain forms a hydrogen bond to the sidechain of 

E90α within the CDR3α, with F94α mediating further backbone 

interactions with A50 and N47 sidechains of the PE α-chain 

(Figure 4K). CDR1α contacts are mediated by a dual salt bridge 

formation of R30α to D57 of the PE α-chain, and further interac-

tion with Y83 of PE α-chain, while T28α contacts a phycoerythro-

bilin (PEB) ligand (Figure 4L). W98β of the CDR3β occupied the 

same epitope on the PE surface as W100δ of the 1C5H γδTCR 

and Y106H of the CL33 scFv, namely a pocket formed by the 

A, B, and E helices of the PE α-chain (Figure 4M). This positioning 

was further stabilized by other residues within the CDR3β, 

namely R97β salt bridge formation with E49 of the PE α-chain. 

The 4D4 αβTCR recognizes the same PE epitope as CL33 scFv 

and 1C5H γδTCR, utilizing a notably reduced amount of aromatic 

residue contacts while sustaining PE reactivity.

γδ T cells utilize antibody-like characteristics during 

recognition of a conserved PE epitope

Overall cryo-EM analysis of 1C5H γδTCR, CL33 scFv, and 4D4 

αβTCR reveals similarities between PE recognition of three 

different receptors of lymphoid origin. Despite varied docking 

modes and recognition footprints, all three receptor interfaces 

converged upon the PE α-chain (Figure 5A), namely a hydropho-

bic pocket comprising the A, B, and E helices of the α-peptide 

(Figure 5A). Each of the three receptors utilized an apical aro-

matic residue within the CDR3 loop to occupy this cleft, 

W100δ of the 1C5H γδTCR, Y106H of the CL33 scFv heavy chain 

and W98β of the 4D4 αβTCR (Figure 5B). These residues each 

contributed the largest BSA contribution of any residue within 

the respective receptor interfaces. We next performed site-

directed mutagenesis of the γδTCR and scFv CDR3 aromatic 

residues to measure their impact on receptor binding via SPR. 

Mutation of the 1C5H CDR3δ apical aromatic residues Y99Aδ 
and W100Aδ ablated PE-reactivity normalized to wild type, 

whereas the F31A mutation of the CDR1γ loop had a minimal 

impact on binding (∼4-fold K D increase from wild-type control) 

(Figures 1A, 5C, and S2). Conversely, despite binding within 

the same pocket within the scFv-PE complex, the Y106A muta-

tion of the CL33 CDR3H did not ablate PE-reactivity. The Y106A 

mutation did largely impact PE binding affinity (∼18-fold K D in-

crease), however less so than the Y63A mutation in the 

H-chain which reduced the CL33 scFv affinity to 1.43 ± 

0.12 μM (∼116-fold K D increase) (Figures 5C and S2). Overall, 

despite the involvement of apical CDR aromatic residues in 

scFv and γδTCR recognition of PE, the γδTCR was reliant upon 

a few key aromatic residues whereas the scFv had less reliance 

on each aromatic residue, potentially a redundancy resulting 

from affinity maturation in antibodies.

Broadly, the total BSA was greatest in γδTCR recognition of PE

(1,840 A ˚ 2 ), closely followed by scFv recognition (1,780 A ˚ 2 ), while

the BSA for the αβTCR-PE complex was distinctly smaller at

1,390 A ˚ 2 . Regarding shape complementarity (Sc) at the inter-

faces, γδTCR and scFv recognition of PE share similarities with 

scores of 0.69 and 0.70, respectively, while the Sc at the 

αβTCR-PE interface was only 0.50 (Figure 5D). Comparing the 

number of aromatic residues at the interface showed that 

the γδTCR and scFv utilized an increased number of aromatics 

at the interface (Figure 5E). In these aspects, 1C5H γδTCR recog-

nition of PE is more aligned with CL33 antibody recognition of PE 

than 4D4 αβTCR recognition. A sequence independent struc-

ture-based search, centered on the PE α-chain recognized by 

the immune receptors, identified homology to the globin-like su-

perfamily. Analysis of the most homologous structures revealed 

explicit conservation of a ligand-binding pocket (Figures 5F and 

5G). Thus, the PE epitope that is commonly recognized by the 

1C5H γδTCR, CL33 scFv, and the 4D4 αβTCR is highly 

conserved across the globin-like superfamily.

Antibody-like mechanisms underpin γδTCR-ligand 

interactions

To more broadly understand the molecular drivers of antibody-

like recognition by the γδTCR, we turned to the expanding 

γδTCR-MHC-like antigen literature. 12–15,41,42 Within the context 

of MHC-like structures, we aimed to further define the distin-

guishing features of γδTCR-antigen recognition, relative to anti-

bodies and αβTCRs. Comparisons of the structures revealed 

that the γδTCR bound diverse structural epitopes across the

(J–M) (J) Surface of PE recognition interface, contacts colored according to CDR-mediated recognition and percentage contribution of each chain and each CDR 

to total BSA, (K) CDR3α-mediated interactions with PE, (L) CDR1α-mediated interactions with PE, and (M) CDR3β-mediated interactions with PE. Lymphocyte 

receptor residues are labeled in black, PE α-peptide residues are labeled in pink, and PE β-peptide residues are labeled in light pink. Hydrogen bond and salt 

bridge interactions are shown as black dashed lines. Contacting residues are shown as sticks. Not all contact residues are displayed. PEB, phycoerythrobilin.
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MHC-like molecule surface (Figure 6A), similar to antibody bind-

ing of MHC-like epitopes yet in stark contrast to the conserved 

αβTCR recognition modes (Figures 6B and 6C). The architecture 

of TCR Vδ (1/2/3) domains are broadly more similar to Ig variable 

heavy (VH) domains (root-mean-square deviation [RMSD]

∼1.04/0.86//0.99 A ˚ , respectively) than they are to Vα domains

(RMSD ∼1.25/1.11/1.19 A ˚ , respectively). As noted previously,

in Vδ3 domains, the C ′′ β-strand stacked alongside the C ′ 

β-strand, as in the VH domain 43 (Figure 6D). This architecture 

is also mirrored in C ′′ β-strand of Vδ2 domains; however, in the 

Vδ1 domain, the C ′′ β-strand shifts to the opposing β-sheet of 

the IgV to stack alongside the D β-strand, as observed in Vα do-

mains (Figure 6D). We next analyzed the conformational variance 

of the CDR loops within our structural sample set to reveal high 

dynamism of the CDR3δ, more so than the CDR3α but less dy-

namic than the CDR3H (Figure 6E).

We next utilized public structural databases of antibody/ 

αβTCR structural complexes (SAbDab 44 and TCR3d 45 ) as well 

as known antigen reactive γδTCR sequences across literature 

for our analyses of lymphocyte characteristics. 10–15,28,41 The 

TCR δ-chain is known to encode the most varied CDR3 loops 

of the V-domains alongside the Ig H chain, 46 the distended 

CDR3δ largely dominated 1C5H γδTCR recognition of PE. 

Indeed, this was evident in our sample set with the average 

CDR3δ length at 19.29 ± 0.32 and CDR3H at 16.01 ± 0.07 resi-

dues, significantly larger than Vα, Vβ, Vγ, and Ig variable light

(VL) domains (13.38 ± 0.14, 14.15 ± 0.14, 12.99 ± 0.21, and 

9.52 ± 0.02, respectively) (Figure 6F). Given the abundance of 

apical aromatic residues in PE recognition, we next plotted the 

relative abundance of aromatics within the CDR3 loops across 

the different V domains. This analysis revealed an enrichment 

of CDR3δ-encoded tryptophan, phenylalanine, and histidine res-

idues, similar to the CDR3H (Figure 6G). A point where the 

CDR3δ differed was a minimal use of tyrosines compared to an 

enrichment within the CDR3H loop, a known virtue of anti-

bodies, 47–49 while the CDR3γ loop was also enriched in tyrosine 

residues (Figure 6G). A trend also emerged for the lack of aro-

matics in both the CDR3α and CDR3β compared to antibody 

and γδTCR CDR3s (Figure 6G). Multiple sequence alignments re-

vealed a common apical tryptophan flanked by glycines within 

the CDR3δ (Figure 6H), this trend was not observed in the 

CDR3α. The Vδ domain thus presents as a structural midpoint 

between Vα and VH domains, in which a distended and aromat-

ically enriched CDR3 loop provides unique ‘‘antibody-like’’ bind-

ing properties to diverse structural epitopes.

The molecular drivers of PE reactivity are more commonly en-

coded for in γδTCRs and antibodies than αβTCRs, in congruence 

with the frequency of reactive populations noted for each 

lymphocyte receptor. Overall, we provide a structural compari-

son of how a common bacterial derived protein can be directly 

recognized by three different receptors of lymphoid origin in 

an antibody-like manner. Further, we provide a structural

A B

C

D

E

F

G

Figure 5. PE-reactive lymphocyte receptors 

converge on a single epitope

(A) Structural docking arrangement of all three 

lymphocyte receptors binding PE.

(B) Overlayed footprint of recognition by the three 

receptors on PE surface, residues contacted by 

one receptor are colored yellow, those contacted 

by two are colored orange, and residues con-

tacted by all three receptors are colored red. 

Conserved aromatic used to probe hydrophobic 

pocket shown zoomed from conserved recogni-

tion zone.

(C) Alanine point mutational SPR of 1C5H γδTCR 

and CL33 scFv passaged over immobilized PE, 

depicted as fold change in K D from wild type re-

ceptor measured in parallel. N.B, no binding. K D 
measured from two independent expressions of 

analyte within one experiment. Error bars repre-

sent mean and SEM.

(D) Comparative analysis of shape complemen-

tarity (Sc) of each receptor bound PE surface, Sc 

calculated using CCP4 Software.

(E) Comparison of PE-contacting aromatic resi-

dues used at the interface of each receptor 

complex.

(F) PE α-chain structural conservation across the 

globin-like superfamily, using DALI alignment of 

the top 30 non-redundant homologous proteins.

(G) View of PE α-chain, depicting conserved 

ligand binding pocket that is recognized by the 

three different receptors. X depicts placement 

of the conserved lymphocyte receptor apical ar-

omatic.
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comparison of how these binding features are conserved by 

γδTCRs to recognizing different targets.

DISCUSSION

One of the lineage defining features of γδ T cells is the capacity 

for direct antigen engagement beyond the realms of MHC-re-

striction. 50 PE is a consistently identified antigen for B cells 

and γδ T cells, across species. 28,31,33 Through a broad range 

of biophysical assays, we confirmed the reactivity of two human 

Vδ1 + γδ T cells toward PE in a direct manner. Direct recognition 

of PE was immunostimulatory, triggering proximal γδTCR 

signaling and cellular activation. The 1C5H γδTCR-PE cryo-EM 

structure revealed antibody-like mechanisms to enable direct 

antigen binding. The 1C5H-PE structure revealed the ability of 

γδTCRs to bind non-MHC-like molecules in a CDR-dependent 

manner. The Vδ domain dominated the binding interface akin 

to the heavy chain in antibodies and distinct from αβTCRs

balanced chain usage. The Vδ driven reactivity to PE was 

enabled by the unique characteristics of the CDR3δ, namely a 

distended CDR3δ that encoded an apical aromatic that domi-

nated the TCR paratope. We determined the cryo-EM structures 

of three lymphocyte receptors (Ig, γδTCR, and αβTCR) in com-

plex with a common antigen. These structures revealed conver-

gent recognition of a PE α-chain pocket via the common use of a 

CDR3 aromatic.

As noted in antibody recognition, the PE-reactive γδTCR was 

enriched for apical aromatics within the γδTCR CDR3 loops. 40 

Site-directed mutagenesis revealed the 1C5H γδTCR recogni-

tion of PE relied upon Y99 and W100 of the CDR3δ; the CL33 

scFv was not reliant on similar aromatics while the role of aro-

matics in αβTCR recognition of PE is yet to be explored. Indeed, 

PE recognition by the 1C5H γδTCR was driven by W100δ of the 

CDR3δ. This resided within a ‘‘YWG’’ motif, which is present in 

half of the PE-reactive γδTCR clones identified (1C5H, 

BC14PE1, and HX9). 28,31 The others encoding a ‘‘WG’’ in either

A

B C

D

E

F G

H

Figure 6. Intrinsic Properties of the γδTCR

(A) Overlay of six known γδTCR-MHC-like complexes, aligned to the MHC-like molecule, showing (represented by MR1).

(B) Overlay of seven known Fab-MHC-like complexes, aligned to the MHC-like molecule.

(C) Overlay of 150 known αβTCR-MHC-like complexes, aligned to the MHC-like molecule.

(D) Alignment of Vδ1-3 chains, with VH or Va. The Vδ2/3 C ′′ domains mirror VH while the Vδ1 C ′′ domain mirrors that of the Vα. RMSD depicted is an alignment of 

whole variable chains.

(E) Spatial distribution of CDRs adopted orientation in Vδ, VH, and Vα domains of MHC-like complexed lymphocyte receptors, displayed as putty, size, and color 

proportional to flexibility of orientation. Violin plot of number of amino acids comprising the CDR3 of each lymphocyte receptor variable chain.

(F) Violin plot of number of amino acids comprising the CDR3 of each lymphocyte receptor variable chain. Statistical significance was determined using one-way 

analysis of variance (ANOVA). p values represent significance from δ-chain length.

(G) Heatmap usage of each aromatic residue in the CDR3 of each lymphocyte receptor variable chain, colored from minimum 0% (MIN) to the highest percentage 

reported (MAX).

(H) Multiple sequence alignment of analyzed sequences of CDR3δ, aromatics and glycine shown in red and green, respectively.

(D–F) Analysis of structural data and sequences completed using structural databases of αβTCR, γδTCR, and antibody complexes (TCR3d 2.0 and SAbDab). 44,45 

γδTCR sequence analysis utilized isolated ligand specific clones across literature due to lack of breadth in structural database. 10–15,27,43
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the δ chain (HX2 and HX3) or the γ chain (BC14PE3). This motif 

largely stems from the TRDD3*01 locus encoding ‘‘WGI’’ that is 

prefaced by an ‘‘AC’’ codon sequence, preferentially encoding 

a tyrosine, histidine, asparagine or aspartic acid to be tran-

scribed before the inserted ‘‘WGI.’’ This somatic recombination 

event, biased toward an apical ‘‘YWG’’ motif in the CDR3δ may 

be key to direct antigen engagement.

PE, although a bacterially encoded protein, is not pathogenic 

in nature and hence proves difficult to postulate as a disease-

associated antigen. However, lymphocyte recognition of PE is 

both persistent and inducive of activation, and is therefore a use-

ful model foreign antigen system in which to study immune re-

ceptor recognition. The potential for the multivalency of the PE 

antigen may induce or drive receptor clustering; this and the 

impact of Vγ5 TCR dimerization on signaling certainly merit 

future experimentation to discern their influence on cellular acti-

vation. Previous literature has stated most PE-reactive B cells 

bind to a single epitope; we uncover the molecular basis of this 

common epitope and confirm TCR reactivity to the same 

epitope. The immunological reason for lymphocyte reactivity to 

this globulin fold remains unknown. Further research may reveal 

the origins of this reactivity, whether it be an exploitation of apical 

hydrophobic elements of lymphocyte CDRs, or perhaps an 

instance of cross reactivity to structurally homologous proteins 

conserved from evolution events of pathogenic origin.

To understand the molecular basis of antibody-like recogni-

tion by the γδTCR, we analyzed MHC-like complexes. 12–15,41,42 

We revealed that the Vδ domain structure and CDR length and 

composition resembles the VH domain. This included the C ′′ 

β-strand of the Vδ domain that adopts two conformations. In 

the Vδ2 and Vδ3, the β-strand conformation resembled an anti-

body, whereas the Vδ1 mimicked the Vα. Nonetheless, the Vδ 
domain IgVs are all most homologous to the IgVH. Further, the 

trend of Vδ-driven MHC-like reactivity of γδTCRs is in turn 

enabled by a CDR3δ that encodes apical aromatics. 51 These 

characteristics are shared, in whole, with the CDR3H of anti-

bodies. Conversely, apical aromatics skew αβTCRs toward 

self-reactivity and rarely escape negative selection. 52 These 

emerging trends may not extend to Vδ2 TCRs that appear to 

mediate antigen recognition via dual CDR and non-CDR con-

tacts. 53,54 Thus, the antibody-like reactivity of the γδTCR stems 

from an IgH-like Vδ domain tertiary structure that encodes a dis-

tended and aromatic CDR3δ.

This study has elucidated the structural framework of direct 

antigen binding by the γδTCR, alongside a scFv and αβTCR, 

which provided molecular insight into the reactivity. We depict 

conserved characteristics shared between γδTCRs and anti-

bodies during antigen recognition. These mechanisms are cen-

tral to PE recognition, but it is yet to be seen if these emergent 

trends continue for the many other γδ T cell antigens.
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66. Adams, P.D., Afonine, P.V., Bunkó czi, G., Chen, V.B., Echols, N., Headd, 

J.J., Hung, L.W., Jain, S., Kapral, G.J., Grosse Kunstleve, R.W., et al. 

(2011). The Phenix software for automated determination of macromolec-

ular structures. Methods 55, 94–106. https://doi.org/10.1016/j.ymeth. 

2011.07.005.

67. Meng, E.C., Goddard, T.D., Pettersen, E.F., Couch, G.S., Pearson, Z.J., 

Morris, J.H., and Ferrin, T.E. (2023). UCSF ChimeraX: Tools for structure 

building and analysis. Protein Sci. 32, e4792. https://doi.org/10.1002/ 

pro.4792.

ll
OPEN ACCESS Article

14 Structure 33, 1–14, October 2, 2025

Please cite this article in press as: Rashleigh et al., Antibody-like recognition of a γδ T cell receptor toward a foreign antigen, Structure (2025), https:// 
doi.org/10.1016/j.str.2025.07.006

https://doi.org/10.1073/pnas.1607436113
https://doi.org/10.1016/j.jsb.2006.05.009
https://doi.org/10.1016/j.jsb.2006.05.009
https://doi.org/10.1038/nmeth.2472
https://doi.org/10.7554/eLife.18722
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.1107/s0907444900015274
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1016/j.ymeth.2011.07.005
https://doi.org/10.1016/j.ymeth.2011.07.005
https://doi.org/10.1002/pro.4792
https://doi.org/10.1002/pro.4792


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD3 (145-2C11) eBioscience Cat#14-0031-82; RRID: AB_467049

anti-mouse CD28 (37.51) Invitrogen Cat#13-0281-82; RRID: AB_467190

anti-human CD3ε (UCHT1) BioLegend Cat#300401; RRID: AB_314055

anti-mouse TCRβ (H57-597) BioLegend Cat#109207; RRID: AB_313430

anti-pCD3ζ-AF647 BD Biosciences Cat#558402; RRID: AB_396815

anti-human CD3ε (OKT3) eBioscience Cat#16-0037-81; RRID: AB_468854

anti-human CD28 (CD28.2) eBioscience Cat#14-0289-82; RRID: AB_467194

anti-human CD3ε BUV-395 (OKT3) BD Biosciences Cat#563548; RRID: AB_2744387

anti-human CD69 APC (FN50) BD Biosciences Cat#555533; RRID: AB_398602

anti-Nur77 AF-647 (12.14) BD Biosciences Cat#566735; RRID: AB_2869837

anti-mouse CD3 BV711 (37.51) BD Biosciences Cat#563794; RRID: AB_2740409

anti-mouse CD69 APC (H12F3) BD Biosciences Cat#560689; RRID: AB_1727506

Bacterial and virus strains

BL21 Escherichia coli (DE3) New England Biolabs Cat#C2527H

Chemicals, peptides, and recombinant proteins

R-Phycoerythrin Prozyme Cat#PB31

Phycoerythrin-Streptavidin Invitrogen Cat#434301

Deposited data

PE cryo-EM Reconstruction This paper EMD-70156

PE Model Coordinates This paper PDB-9O61

1C5H-PE cryo-EM Reconstruction (composite) This paper EMD-70157

1C5H-PE Model Coordinates This paper PDB-9O62

1C5H-PE consensus map This paper EMD-70139

1C5H dimer cryo-EM Reconstruction (local) This paper EMD-70155

1C5H dimer Model Coordinates This paper PDB-9O60

CL33-PE cryo-EM Reconstruction This paper EMD-48248

CL33-PE Model Coordinates This paper PDB-9MGB

4D4-PE cryo-EM Reconstruction This paper EMD-48332

4D4-PE Model Coordinates This paper PDB-9MKO

Experimental models: Cell lines

Expi293F Cells Gibco Cat#A14527

BW5147.TCR αβ − thymoma cells maintained in house> 10 years N/A

Jurkat76 cells maintained in house > 10 years N/A

Software and algorithms

MotionCor v2 Li et al. 60 https://emcore.ucsf.edu/ucsf-software

RELION v2.0 Kimanius et al. 61 https://relion.readthedocs.io/en/release-5.0/

cryoSPARC v4.0 Punjani et al. 62 https://cryosparc.com

ChimeraX v1.8 Meng et al. 67 https://www.cgl.ucsf.edu/chimerax/

Phenix v1.20.1 Adams et al. 64 https://www.phenix-online.org/

COOT v0.9 Emsley et al. 65 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

GraphPad Prism v10 Dotmatics https://www.graphpad.com/features

EMAN2 v2.99 Tang et al. 59 N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Soluble refolded proteins (CL33, 4D4, AF7, MR1-5-OP-RU) were produced utilising BL21 Escherichia coli (DE3) (New England Bio-

labs). Soluble mammalian produced proteins (1C5H, BC14PE1, BC14PE3) were expressed in Expi293F cells. Murine αβTCR clones 

(4D4 and 2C12) were retrovirally transduced in BW5147.TCR αβ − thymoma cells (termed BW58) and human γδTCR clones (1C5H or 

G83.C4) were transduced in Jurkat76 cells for cellular experiments.

METHOD DETAILS

Bacterial production of soluble proteins

CL33 scFv and CL33 scFv mutant cDNA constructs were ordered in pET30 vectors (Genscript) for inclusion body expression in BL21 

Escherichia coli (DE3) (New England Biolabs). Purified inclusion bodies were resuspended (with their paired chains when appropriate) 

in 1 L of 3- 5 M Urea, 100 mM Tris-HCl pH 8.0, 2 mM Na-EDTA, 0.4 M L-arginine-HCl, 0.5 mM oxidized glutathione, 5 mM reduced 

glutathione and 0.2 mM PMSF then let to stir for 72 hours at 4 ◦ C. Following this, the refold suspension was extensively dialysed in 15 L 

of 10 mM Tris-HCl pH 8.0. Dialysis buffer was replaced following 3, 9 and 24 hours. Refolded soluble proteins were purified via anion 

exchange using DEAE resin (Sigma Aldrich). Samples were further purified via size-exclusion chromatography using a HiLoad 16/60 

Superdex 200 pg column (GE Healthcare Life Sciences) followed by Anion Exchange Chromatography using a 1 mL HiTrapQ column 

(GE Healthcare Life Sciences). 4D4 αβTCR, AF7 αβTCR, CD1d-α-GalCer (KRS7000) and MR1-5-OP-RU were produced as previously 

described. 31,34,56

Mammalian production of γδTCRs

1C5Hδ, 1C5Hγ, 1C5H mutations, BC14PE1δ, BC14PE1γ, BC14PE3δ and BC14PE3γ cDNA constructs were ordered in pcDNA3.1 

vectors (Genscript) for Expi293F mammalian cell expression utilising TRGC1 and TRDC1 constant domains. Dulbecco’s phos-

phate-buffered saline (Gibco) at a volume of 10% final culture volume was mixed with 0.5 μg/mL (culture volume) of corresponding

γ and δ chain vectors. 4 μg/mL of linear polyethylenimine (Polysciences) was then added and the solution incubated at RT for 20 mi-

nutes. The final solution was then added to the Expi293F culture. The glucose concentration was adjusted to 33 mmol/L using 

D-Glucose (Sigma Aldrich). The culture was incubated for 24 hours before the addition of Minimum Essential Medium Non-

Essential Amino Acids (MEM NEAA, Gibco, 100x) at a 2x concentration. After a further 48 hours of incubation, glucose concentration 

was checked and adjusted to 33 mmol/L again, 2 mM L-alanyl-L-glutamine was also added (Glutamax, Gibco). The culture was incu-

bated for a further 48 hours before glucose adjustment to 33 mmol/L and the addition of 2x MEM NEAA. The harvested supernatant 

was extensively dialysed in 15 L of 10 mM Tris-HCl, 300 mM NaCl pH 8.0 with the buffer being replaced at 3, 9 and 24 hours. TCRs 

were purified via nickel affinity chromatography using Nickel-NTA resin (Qiagen) followed by size-exclusion chromatography using a 

HiLoad 16/60 Superdex 200 pg column. TCR samples were then left overnight at 4 ◦ C with an addition of 1 mM CaCl2 and 2 units of 

Thrombin (Sigma Aldrich) per 1 mg TCR followed by incubation at 37 ◦ C for 2 hours. Samples were finally purified via size-exclusion 

chromatography using a Superdex 200 Increase 10/300 column.

Surface plasmon resonance

Experiments were conducted using a CM5 Sensor Chip (Cytiva) in a Biacore T200 (Cytiva) or Biacore 3000 (Cytiva) at 25 ◦ C in 20 mM 

Hepes-HCl pH 7.4, 200 mM NaCl, 0.5% bovine serum albumin (Sigma Aldrich). 1000 response units of PE (Prozyme PB31) or MR1-5-

OP-RU were immobilised to the chip via amine coupling. Graded concentrations of soluble AF7, 4D4, BC14PE1, 1C5H, BC14PE3 

TCR or CL33 scFv were passed over test and control surfaces at 10 μl/min. GraphPad Prism 10 was used to generate graphical rep-

resentations of sensorgrams and affinity curves as well as statistical analysis.

Complexation

Soluble T cell or B cell receptors were added at an 8:1 molar ratio to PE and left overnight at 4 ◦ C. The mixture was then purified via 

size-exclusion chromatography using a Superdex 200 Increase 10/300 column and assessed for complexation. Shifted peaks, indic-

ative of complex formation, were pooled for structural experiments via SEC-SAXS or cryo-EM.

SEC-SAXS

In-line Size Exclusion Chromatography (HPLC) SAXs measurements were conducted at the SAXs/WAXs beamline of the Australian

Synchrotron with continuous data collection on a 1 M Pilatus detector with a q range (A ˚ 1) of 0.006-0.420. Scattering data at maximal

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BioXTAS RAW v2.1.4 Hopkins et al. 57 https://bioxtas-raw.readthedocs.io/en/latest/

Cluster Analysis Algorithm v1 Pageon et al. 55 https://github.com/PRNicovich/ClusDoC

FlowJo v10.10 BD https://www.flowjo.com/
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elution of the first UV peak was used for data processing. The radius of gyration, 45 maximum dimension (Dmax) and P(r) distribution 

plots of the samples were determined with the BioXTAS RAW software. 57 The automated Dmax determination by GNOM was used. 

Ab initio reconstructions were generated using DAMMIF, and ten independent reconstructions were superimposed and averaged 

using DAMAVER in the BioXTAS RAW software suite version.

Production of stable TCR-transduced cell lines

Murine αβTCR clones 4D4 and 2C12 were retrovirally transduced in BW5147.TCR αβ − thymoma cells (termed BW58) and human 

γδTCR clones 1C5H or G83.C4 were transduced in Jurkat76 cells as previously described. 14,31

Preparation of supported lipid bilayer (SLB)

Glass coverslips (0.17 mm thickness) were cleaned sequentially with 1 M KOH and Milli-Q water, followed by immersion in 100% 

ethanol. The ethanol was allowed to evaporate in a fume hood, and the coverslips were then plasma-cleaned. After cleaning, the 

coverslips were attached to eight-well silicon chambers (ibidi, #80841). A 1 mg/ml liposome solution was extruded to form the 

SLB, following established protocols. 58 The liposome composition consisted of 96.5% DOPC (1,2-dioleoyl-sn-glycero-3- phospho-

choline), 2% DGS-NTA(Ni) (1,2-dioleoyl-sn- glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)), 1% 

Biotinyl-Cap-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt), and 0.5% PEG5000-PE (1,2-dis-

tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-ethyleneglycol)-5000] (ammonium salt) (all purchased from Avanti Po-

lar Lipids). The extruded liposomes were diluted (1:5) with Milli-Q water and 10 mM CaCl2, then incubated in the wells at room tem-

perature for 30 minutes. After incubation, the wells were gently rinsed with PBS to remove unbound liposomes, while ensuring that 

approximately 200 μl of PBS remained in each well to minimize disruption of the SLB during washing steps. To assess the lateral 

mobility of the SLB, Fluorescence Recovery After Photobleaching (FRAP) was performed using fluorescent streptavidin (Invitrogen, 

#S11223). 58 After FRAP, excess Ca2+ was removed by adding 0.5 mM EDTA, followed by gentle rinsing with Milli-Q water. The func-

tionalized NTA groups in the DGS-NTA(Ni) lipids were recharged by incubating the SLB with 1 mM NiCl2 for 15 minutes, after which 

excess Ni2+ was removed by repeated PBS washes.

Stimulating Jurkat T cells and BW58 thymoma cells on SLB

To further functionalize the SLB, 500 ng/ml of PE-streptavidin (BD Pharmingen, #554061) was coupled directly to the biotinylated 

lipids on the SLB. Following this, 500 ng/ml of either biotinylated human CD1d-α-GalCer or biotinylated antibodies of anti-mouse 

CD3 (Invitrogen, #13-0031-82, clone 145-2C11) with anti-mouse CD28 (Invitrogen, #13-0281-82, clone 37.51) or anti-human CD3 

(Invitrogen, # 13-0037-82, clone OKT3) with anti-human CD28 (Invitrogen, 13-0289-82, clone CD28.2) were added. Prior to antibody 

coupling, 100 μg/ml of non-fluorescent streptavidin (Invitrogen, #434301) was used to bind the biotin groups on the SLB. For the un-

stimulated control condition, 200 ng/ml of His-tagged mouse ICAM-1 (Sino Biological, #50440-MO8H) or His-tagged human ICAM-1 

(Sino Biological, #10346-H08H) was coupled directly to the NTA groups on the SLB. Once the SLB was functionalized with the appro-

priate ligands, it was rinsed thoroughly with PBS to remove any unbound proteins. Before adding Jurkat-76 T cells or BW58 cells 

expressing different TCRs (1C5H or G83.C4 in Jurkat-76 T cells and 4D4 or 2C12 in BW58 cells), the SLB was incubated in pre-

warmed RPMI culture medium (37 ◦ C) for 30 minutes. Cells were then introduced onto the SLB and allowed to activate for 5 minutes 

at 37 ◦ C. Cell fixation was achieved by treating the samples with 4% paraformaldehyde (vol/vol) in PBS for 15 minutes at room tem-

perature. Excess fixative was removed by washing the samples thrice with PBS.

Immunostaining of Jurkat T cells and BW58 thymoma cells

Prior to immunostaining, cell lines were permeabilized with 0.1% (vol/vol) Triton X-100 (Sigma-Aldrich) for 15 minutes and subse-

quently rinsed thrice with PBS. To minimize non-specific binding, cells were blocked using a 5% bovine serum albumin solution 

in PBS. TCRs on cells were stained with a primary antibody targeting the human CD3ε or mouse TCRβ subunit, conjugated to Alexa 

Fluor 647 (BioLegend, #300416, Clone UCHT1 or BioLegend, #109218, clone H57-597 respectively). In a parallel experiment, another 

set of cells stimulated on the SLB was stained with primary antibodies specific to pCD3ζ, conjugated to Alexa Fluor 647 (BD Biosci-

ences, #558402), to detect phosphorylation within the human or mouse CD3 complex. Both antibody staining processes were carried 

out for 1 hour at room temperature. After incubation, samples were thoroughly washed with PBS to remove any unbound antibodies. 

A post-fixation step followed, using 4% paraformaldehyde (vol/vol) in PBS for 15 minutes. Finally, prior to imaging, 0.1 μm TetraSpeck 

microspheres (Invitrogen, #T7279) were embedded into the SLB to serve as fiducial markers for alignment during imaging.

Single-molecule imaging with direct stochastic optical reconstruction microscopy (dSTORM)

For dSTORM imaging, a specialized imaging buffer consisting of TN buffer (50 mM Tris-HCl pH 8.0, 10 mM NaCl), an oxygen scav-

enging system (GLOX) [0.5 mg/ml glucose oxidase (Sigma-Aldrich, #G2133); 40 mg/ml catalase (Sigma-Aldrich, #C-100); and 10% 

w/v glucose], and 10 mM 2-aminoethanethiol (MEA; Sigma-Aldrich, #M6500) was prepared. Imaging was performed on a Nikon 

N-STORM 5.0 total internal reflection fluorescence (TIRF) microscope, equipped with a ×100/1.49 NA oil-immersion objective 

and lasers at 405, 473, 561, and 640 nm. Time series of 10,000 frames were captured for each sample at near-TIRF angle using 

40% 640 nm and 5% 405 nm laser power, with an exposure time of 30 ms per frame. Before the acquisition, a brief photobleaching 

step (10-20 s using 90% 640 nm laser power) was performed to minimize fluorescence interference from phycoerythrin due to spec-

tral bleed-through into the far-red channel. Fluorescence detection was carried out using a Hamamatsu Orca-Flash 4.0 V3 sCMOS
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camera. Image processing, including fiducial marker-based drift correction and the generation of x-y particle coordinates for local-

izations, was conducted using NIS-Elements AR software (version 5.2).

Cluster analysis of single-molecule images

To quantify cluster parameters in single-molecule images, we applied density-based spatial clustering of applications with noise 

(DBSCAN), using an algorithm implemented in MATLAB as previously described. 55 This approach allowed us to identify and quantify 

individual receptor clusters by defining a minimum number of neighbours (set to 3) and the radius within which these neighbours are 

located (r = 20 nm). From this analysis, we determined key cluster parameters such as the total number of detectable receptor clus-

ters, their total area of occupancy, and the localizations within each cluster.

Statistical analyses

When comparing multiple groups, statistical analysis and P-values were calculated using one-way analysis of variance followed by 

Tukey’s multiple comparisons test in GraphPad Prism software (v.10.2.0).

Plate bound activation assays

S-PE (BD Biosciences), human or murine anti-CD3 monoclonal (human OKT3, murine 145-2C11) and anti-CD28 (human CD28.2 and 

murine 37.51) monoclonal antibodies (Thermo Fisher), human MR1-5-OP-RU or murine CD1d-α-GalCer (KRN7000) in PBS were 

added to a 96 well flat bottom plate and titrated via serial dilution to displayed concentrations. Plates were spun at 1000g for 5 minutes 

before incubation at 37 ◦ C for 2 hours. Plates were then washed twice with PBS to remove unbound proteins. 50K cells were then 

dispensed and cultured for 2 (Nur77 Assay) or 16 hours (CD69/CD3 Assay) at 37 ◦ C. Cultures were then transferred to a 96 round 

bottom well plate for antibody staining. Cells were stained with Zombie Aqua live/dead stain (1:500 PBS) and left in the dark at 

RT for 10 minutes. Human Jurkat.76 cells were stained with anti-human CD3 (OKT3, BUV-395 BD Biosciences) and anti-human 

CD69 (FN50, Allophycocyanin (APC), BD Biosciences) or anti Nur77 (12.14, AF-647, BD Biosciences). Murine BW58 cells were 

stained with anti-murine CD3 (37.51, BV711) and anti-murine CD69 (H12F3, APC, BD Biosciences) or anti Nur77 (12.14, AF-647, 

BD Biosciences). CD69 and CD3 MFIs were assessed on a BD Fortessa. Data was analysed with FlowJo v10.10.

Negative stain electron microscopy

10 μl of purified CL33-PE complex particles at 0.1 mg/mL were hand blotted on Carbon support film grids (Pro SciTec) rendered hy-

drophilic by glow-discharging. After settling for three minutes samples were wicked with filter paper. This was followed by three 

rounds of Uranyl Acetate (2%) staining for 30 seconds before wicking and lastly air dried. Samples were imaged at a nominal 

80,000x magnification using a JEOL 1400Plus transition electron microscope. Operating at a voltage of 120 kV, micrographs

were recorded as a 2048 × 2048 pixel image at a pixel size of 2.25 A ˚ . Data was processed through EMAN2 software through auto-

matic particle picking and contrast transfer function (CTF) processing. 59 Reference free class averages were generated, and ‘bad’ 

particles manually removed. Good class-averages were used for initial model generation which was further refined through 

EMAN2 3D refinement.

Cryo-EM sample preparation

Cryo-EM grids of freshly purified receptor-PE complex were prepared by applying 3 μL at 1-3 mg/mL to UltrAuFoil® R1.2/1.3, Gold 

Mesh 300 grids (Quantifoil) and vitrified using a Vitribot Mark IV (Thermo Fisher Scientific), maintained at 4 ◦ C with 100% relative 

humidity.

1C5H-PE titan krios collection

For the 1C5H-PE complex data was collected on a Titan Krios G1 (Thermo Scientific) equipped with a Quantum energy filter (Gatan) 

and Summit K3 detector (Gatan). Operated at 300 kV with a 50 μM C2 aperture. A nominal magnification of x150,000 was used in

counting mode which corresponded to a pixel size of 0.82 A ˚ . 60 s exposure of 1 electron/pixel/s through a defocus range of -0.4

and -2.0 μM yielded a total dose of 60 electrons per A ˚ 2.

CL33-PE & 4D4-PE talos arctica collection

Frozen grids of CL33-PE or 4D4-PE complex were transferred to a Talos Arctica transmission electron microscope (FEI), operating at 

200 kV with a 50 μM C2 aperture. Equipped with a bottom mounted Falcon 3 electron detector. A nominal magnification of x150,000

was used in counting mode which corresponded to a pixel size of 0.94 A ˚ . 50 s exposure of 1 electron/pixel/s through a defocus range

of -0.8 and -2.0 μM yielded a total dose of 50 electrons per A ˚ 2.

Cryo-EM data processing

Upon the collection of data, captured movies were aligned spatially. They were then corrected for beam-induced motion of particles 

during capture. For the 1C5H-PE sample, dose weighting and correction was conducted within MotionCor2. 60 CTF provides noise in 

projections of the object and is corrected for using Gctf software. Particles were picked using Gautomatch software (Khai Zhang). 2D 

classification occurred using RELION 2.0. 61 For the CL33-PE and 4D4-PE sample, motion correction was performed using Patch 

Motion, CTF correction was performed using Patch CTF and particles were picked using Blob picker of cryoSPARC v4.0. For all
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samples, 2D classification, 3D classification, heterogeneous refinement and homogeneous refinement were conducted using 

CryoSparc v4.0. 62

Atomic building and refinement

Upon the final reconstructed cryo-EM map of 4D4-PE, the previous crystal structure of the complex was modelled into the map. 

Upon the final reconstructed cryo-EM map of 1C5H-PE, the crystal structure of a reference TCR 9C2 (4LFH.pdb 12 ) and PE (1EYX. 

pdb 63 ) were placed and modelled into the cryo- EM map. Upon the final reconstructed cryo-EM map of CL33-PE, previously refined 

PE and reference scFv structure (5YD3.pdb). Iterative model building and refinement using Phenix 64 was followed by manual 

rebuilding via COOT to determine the final model. 65,66 Structural graphics were prepared using ChimeraX. 67

Data analysis

CDR sequences from known structures of TCR-ligand interactions were taken from the T cell receptor structural repertoire database, 

TCR3d. 45 CDR sequences from known antibody-ligand interactions were taken from the antibody structural database, SAbDab. 44 

CDR sequences of ligand reactive γδTCRs were taken from previous publications. 10–15,28,41 Data was analysed using Microsoft Excel 

and GraphPad Prism10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data collection and refinement statistics are summarized in Table 1. GraphPad Prism software (v.10.2.0) was utilised for 

statistical analysis of data (details can be found in figure legends as well as method details).
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