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Abstract

T cell receptor cross-reactivity allows a fixed T cell repertoire to respond to a much larger universe 

of potential antigens. Recent work has emphasized the importance of peptide structural and 

chemical homology, as opposed to sequence similarity, in T cell receptor cross-reactivity. 

Surprisingly though, T cell receptors can also cross-react between ligands with little 

physiochemical commonalities. Studying the clinically relevant receptor DMF5, we demonstrate 

that cross-recognition of such divergent antigens can occur through mechanisms that involve 

heretofore unanticipated rearrangements in the peptide and presenting MHC protein, including 

binding-induced peptide register shifts and extensions from MHC peptide binding grooves. 

Moreover, cross-reactivity can proceed even when such dramatic rearrangements do not translate 

into structural or chemical molecular mimicry. Beyond demonstrating new principles of T cell 

receptor cross-reactivity, our results have implications for efforts to predict and control T cell 

specificity and cross-reactivity, and highlight challenges associated with predicting T cell 

reactivities.
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Introduction

αβ T cell receptors (TCRs) recognize short peptides bound and presented by major 

histocompatibility complex (MHC) proteins. While specificity is a hallmark of the immune 

system, TCRs themselves recognize multiple peptide/MHC complexes. TCR cross-

reactivity, or polyspecificity 1, is a necessity arising from the fixed size of an individual’s 

TCR repertoire relative to the much larger universe of potential antigens. Early predictions 

of the scope of cross-reactivity suggested TCRs need to recognize on average at least 1 

million peptides to confer immunity 2, 3, a value supported by experimental and structural 

analyses 4–6. Beyond its role in the normal function of the immune system, cross-reactivity 

hinders the development of TCRs as therapeutics due to its potential to introduce off-target 

immune toxicity 7.

Although a target size in the millions comprises a considerable number of ligands, the 

composition of TCR target pools will not be random but governed by the structural and 

physicochemical properties of each TCR. As with other protein-protein interfaces, TCR-

pMHC interfaces contain “hot spots” that limit chemical and structural diversity. For 

example, libraries of ligands for the 2B4 and 42F3 TCRs revealed constraints on the residues 

at a subset of peptide positions, and structural analyses indicated the residues at these 

positions participated in similar contact networks with the TCR binding loops 8, 9. Similar 

results were found with the 1E6 TCR 10. Such constraints were demonstrated in even earlier 

work: the binding of the archetypal anti-viral TCR A6 was shown to depend critically on the 

identity of peptide residues 4 and 8, with substantial variation tolerated elsewhere 11–14.

Integrating the concepts of hot spots with other peptide constraints permits rationalizations 

and predictions about the makeup of ligands for a given TCR 5. However, these 

rationalizations and predictions are predicated on the notion that the pool of ligands for a 

given TCR is built around core regions of restricted structural and chemical space 5, 6, 15. Yet 

is it possible that TCRs could productively engage multiple ligand pools, each defined by 

distinct structural/chemical cores? Hints of this behavior, which most closely captures the 

concept of polyspecificity, have been detected in studies with peptide libraries 16, 17, and it 

has been suggested to be particularly important in heterologous immunity and memory 
18, 19. Protein adaptability, which is often observed in studies of TCR recognition 20, 21, 

could be one mechanism that contributes to recognition of diverse ligands.

The DMF5 TCR recognizes the MART-1 melanoma antigen presented by the class I MHC 

protein HLA-A*0201 22. DMF5 is a well-characterized TCR and has been used in clinical 

trials of gene-modified T cells 23, 24. Structural and biophysical studies of DMF5 revealed a 

relatively rigid molecule 25, 26, hypothetically limiting the capacity of the receptor to engage 

very different peptides. Yet specificity profiling through yeast-display of peptide-MHC 

libraries revealed that the TCR recognized two distinct classes of peptides 27. One class was 

characteristic of MART-1, typified by a hydrophobic motif in the peptide core. The second 

class of peptides, however, differed substantially from the MART-1-type peptides, 

possessing a central core dominated by charged amino acids.
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Here we asked how a TCR such as DMF5 can productively engage two very different 

classes of antigens. Unexpectedly, we found that cross-recognition is governed by a binding-

induced “register shift” in the charged peptide class that leads to a peptide C-terminal 

extension from the class I MHC binding groove. The features of the register shifted peptide 

remain structurally and chemically distinct from the MART-1 epitope, indicating true TCR 

accommodation of a new surface as opposed to molecular mimicry induced by 

conformational change. These results have significant implications for ongoing efforts to 

account for, predict, and control TCR specificity and cross-reactivity in fields ranging from 

autoimmunity, alloreactivity, and immunotherapy, and highlight the potentially dangerous 

limitations of relying on sequence or other limited data to predict and assess T cell 

reactivities.

Results

Two distinct classes of DMF5-reactive peptides

Specificity profiling of the DMF5 TCR through yeast display of peptide-MHC libraries 

revealed dozens of distinct peptides after four rounds of selection 27. Although not an 

exhaustive screen, these peptides separated into two divergent classes which we term GIG or 

DRG, reflecting the strongly conserved sequences found at positions 4-6 of the two peptide 

classes (Figure 1A). A dendrogram of the top 9 peptides, accounting for 95% of those 

identified, along with the MART-1 anchor modified decamer (ELAGIGILTV), highlights the 

distinctive nature of the two classes (Figure 1B). While it is unknown whether peptides in 

the DRG-class represent physiological targets, peptides matching the DRG-motif are present 

in numerous genomes (Supplementary Table 1).

To assess the structural features of the peptides in the HLA-A2 binding groove, we 

computationally modeled and scored the GIG and DRG peptides in the HLA-A2 peptide 

binding groove 28, 29. The models of the GIG class all closely resembled the previously 

crystallized decameric MART-1/HLA-A2 complex 30, 31. The structures of the DRG 

peptides, on the other hand, were predicted to differ substantially, with a larger bulge across 

the peptide center, leading to an average GIG/DRG backbone root mean square deviation 

(RMSD) of 1.8 Å (Figure 1C). Consistent with a structural divergence, the affinities of the 

GIG and DRG peptides for HLA-A2 diverged when measured using differential scanning 

fluorimetry: on average, the Tm values of the DRG peptide/HLA-A2 complexes were 12 °C 

lower than those of the GIG complexes, indicating weaker peptide binding (Figure 1D; 

Supplementary Table 2). The Tm values correlated well with the energetic scores of the 

peptide/MHC models, supporting the conclusion that weaker binding of the DRG peptides to 

HLA-A2 is attributable to divergent structural features.

The MMWDRGLGMM/HLA-A2 complex is structurally distinct

To further investigate the differences between the GIG and DRG peptides, we determined 

the crystallographic structure of the peptide most distinct from the MART-1 decamer, 

MMWDRGLGMM, bound to HLA-A2 (Supplementary Table 4; Supplementary Figure 1A). 

The MMWDRGLGMM/HLA-A2 complex crystallized with two molecules in the 

asymmetric unit. The refined positions of the two copies were essentially identical, with the 
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peptide backbones superimposing with a RMSD of 0.6 Å. The electron density clearly 

showed that the second and last methionines were utilized as the first and last primary 

anchors, respectively.

As suggested by the structural models, the conformation of MMWDRGLGMM bound to 

HLA-A2 binding groove differed substantially from the MART-1 decamer (Figure 2A). The 

p3 tryptophan (alanine in MART-1) pushes the peptide backbone towards the α1 helix. The 

peptide C-terminal half is more bulged, due in part to the suboptimal methionine at p10 

(valine in MART-1) that elevates the peptide backbone away from the binding groove floor. 

Additionally, unlike the p7 isoleucine in MART-1, the p7 leucine in MMWDRGLGMM is 

oriented towards the base of the groove, close to the usual position of Val152. This induces a 

displacement in the short arm of the HLA-A2 α2 helix, beginning near Val152 and 

continuing through His145 (Figure 2B). The displacement is maximal at Ala150, widening 

the binding groove by 2 Å at this point. Overall, the MMWDRGLGMM/HLA-A2 structure 

confirms that the peptides in the DRG and GIG classes are not molecular mimics, differing 

not only in sequence, but also in conformation and their impacts on HLA-A2 structure 

(Figure 2C).

DMF5 binds the peptide classes via distinct mechanisms

We next used biophysical and functional assays to ask if the differences between the GIG 

and DRG peptides impact TCR recognition. We measured TCR binding affinities using 

surface plasmon resonance (SPR), utilizing a global analysis approach optimized for 

moderate-to-weak binding affinities as described in the Methods. These experiments showed 

that, unlike pMHC stabilities, TCR binding affinities did not cleanly segregate by peptide 

class: KD values ranged from 5 μM to 200 μM, and peptides in both the GIG and DRG 

classes were found at both ends of the range (Figure 3A; Supplementary Table 2). The 

binding measurements were mirrored in functional assays, where the extent of IFNγ release 

by DMF5-transduced T cells incubated with peptide-pulsed targets correlated well with TCR 

affinity (Figure 3B).

Although the DMF5 TCR did not display a preference for either peptide class, kinetic 

measurements suggested distinct mechanisms of binding. As reported previously for the 

binding of DMF5 to the MART-1 decamer 25, TCR association and dissociation rates for 

GIG peptides were rapid and not quantifiable. The on- and off-rates for TCR binding to the 

DRG peptides, on the other hand, were slower and could be accurately measured (Figure 3C; 

see also Supplementary Figure 2).

Noting the perturbation in the HLA-A2 α2 helix observed in the MMWDRGLGMM/HLA-

A2 crystal structure, we next investigated the role that the MHC α2 helix conformation 

plays in DMF5 recognition. Previously, we mutated alanine 150 in the α2 helix to proline in 

order to “lock” the short arm of the HLA-A2 α2 helix into an alternate configuration, 

validating the role of HLA-A2 conformational changes in binding of the A6 TCR to 

different ligands 14. Here, the A150P mutation only slightly impacted binding of DMF5 to 

MART-1/HLA-A2 (ΔΔG° = 0.4 kcal/mol), but dramatically inhibited recognition of 

MMWDRGLGMM (ΔΔG° > 2 kcal/mol) (Figure 3D). This differential result of the A150P 
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mutation confirms that peptide-dependent adjustments in HLA-A2 facilitate DMF5 

recognition of the different peptide classes.

DMF5 binds GIG class peptides with a common solution

To more critically examine how DMF5 can engage the two classes of peptides, we 

determined the structures of DMF5 in complex with select GIG and DRG peptides. The 

complex with the representative GIG peptide, SMLGIGIVPV, was solved at 2.4 Å 

(Supplementary Table 4; Supplementary Figure 1B). The SMLGIGIVPV peptide 

conformation is nearly identical to that of the MART-1 peptide in the ternary complex with 

DMF5 and HLA-A2 (backbone RMSD of 0.5 Å when the HLA-A2 peptide binding domains 

were superimposed) 25. Indeed, the DMF5-SMLGIGIVPV/HLA-A2 complex is virtually the 

same as the DMF5-MART-1/HLA-A2 complex, with no significant perturbations in side 

chains, CDR loops, or TCR docking (Figure 4). The SMLGIGIVPV peptide forms many of 

the same interactions with DMF5 as does MART-1, including hydrogen bonds from peptide 

positions 2 and 3 to Gln30 in CDR1α, and the complexes both incorporate the same key 

water molecule that bridges the TCR and peptide center 25. Thus, the DMF5 TCR engages 

the GIG peptides with a common structural solution, reflecting how the shared peptide 

conformation and the central GIG core facilitate cross-recognition.

Dramatic changes on binding the DRG peptide

We next determined the structure of DMF5 bound to the DRG-class peptide 

MMWDRGLGMM (Supplementary Table 4). This complex displayed remarkably different 

properties compared to the MART-1 and SMLGIGIVPV complexes. The electron density 

indicated that the MMWDRGLGMM C-terminus was “register shifted” compared to its 

configuration in the free pMHC, with the methionine at p9 (as opposed to the methionine at 

p10) occupying the HLA-A2 F pocket (Figure 5A; Supplementary Figure 1C). The register 

shift leads to a less bulged conformation more typically seen with nonameric peptides bound 

to class I MHC proteins. From a structural perspective, the TCR forces a 7 Å movement in 

the p5 arginine side chain to a position overlapping with pGly6. To avoid clashing, the 

backbone at p6-p8 shifts down towards the base of the groove by 5 Å, popping the pMet10 

side chain up and out of the groove and allowing pMet9 to occupy the F pocket. The large 

change in peptide conformation is reflected in the RMSD of 3.5 Å for all peptide atoms 

when the bound and free HLA-A2 peptide binding domains are superimposed.

The peptide shift brings the backbone conformation closer to, but not coincident with the 

conformation of the GIG peptides when bound to DMF5 (Figure 5B, upper panel). Indeed, 

comparing the peptide surfaces in the TCR-bound states indicates that cross-reactivity 

between the GIG and DRG peptides is not “induced-fit molecular mimicry” 32, as the TCR-

exposed surfaces remain distinct (Figure 5B, lower panel), with different TCR-peptide 

contacts (Supplementary Figure 3). An animation of the TCR-induced register shift in the 

peptide is available as Supplementary Video 1.

In the MMWDRGLGMM ternary complex the HLA-A2 α2 helix returns to its more 

traditional configuration, associated with a shift of the p7 leucine back towards the groove 

center (Figure 5C). The Lys146 side chain, which has been previously described as a “lid” 
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over the peptide C-terminus in class I MHC proteins 33, is also shifted closer to the peptide 

C-terminus. As these HLA-A2 conformational shifts occur together with the peptide register 

shift, we hypothesize that the less-stable conformation MMWDRGLGMM induces in 

unbound HLA-A2 (Figure 2B) is more dynamic and relaxed, which helps facilitate the 

conformational changes that occur upon TCR binding.

To validate the peptide register shift, we examined variants of the MMWDRGLGMM 

peptide. The first was a variant in which the p9 methionine was replaced with alanine. As 

alanine is a suboptimal anchor for HLA-A2, we reasoned this variant would resist a register 

shift. Consistent with this reasoning, the M9A substitution nearly ablated TCR recognition 

(Supplementary Table 3). We next examined a variant in which the p10 methionine was 

replaced with valine. As valine is a superior HLA-A2 anchor, we reasoned this variant would 

also resist a register shift. No TCR binding was detected with the M10V substitution, and 

notably, the M10V substitution significantly strengthened peptide binding to HLA-A2, 

raising the Tm of the pMHC complex 12 °C (Supplementary Table 3).

A third variant we examined was a C-terminal truncation of MMWDRGLGMM, yielding a 

nonamer missing the p10 methionine. This peptide we hypothesized would adopt the TCR-

bound nonameric configuration in the free pMHC, promoting TCR binding. The truncated 

peptide was recognized with an affinity close to the native peptide (Supplementary Table 3), 

but with distinct kinetics, including a faster association rate, consistent with the lack of a 

register shift (Supplementary Figure 2).

We further probed the mechanism of the MMWDRGLGMM register shift with two 

additional variants. Although it is fully buried in the MHC binding groove, changing the p7 

leucine to alanine weakened TCR binding to non-quantifiable levels (KD > 500 μM), 

consistent with our hypothesized role of pLeu7 in distorting the HLA-A2 α2 helix and 

facilitating the register shift. Replacing the p5 arginine with alanine weakened TCR binding 

similarly, supporting the hypothesis that TCR-forced movement of Arg5 catalyzes peptide 

and HLA-A2 conformational reorganization (Supplementary Table 3).

DMF5 accommodation of the two peptide classes

Compared to the MART-1 and SMLGIGIVPV GIG complexes, DMF5 binds the register-

shifted MMWDRGLGMM/HLA-A2 complex such that the TCR is shifted approximately 2 

Å towards the peptide N-terminus (Figure 6A). The shift in TCR position allows the receptor 

to form similar hydrogen bonds between Gln30 of CDR1α and the backbones of peptide 

positions 2 and 4. The peptide-Q30 interactions are the most clearly shared TCR-peptide 

interactions between the GIG and DRG interfaces.

Although the TCR binding position is slightly shifted, the TCR CDR loops themselves do 

not change: the RMSD for all atoms of the CDR loops is only 1.0 Å when the TCRs from 

the SMLGIGIVPV and MMWDRGLGMM complexes are superimposed. This conserved 

CDR loop geometry is consistent with previous determinations that the backbones of the 

DMF5 binding loops are comparatively rigid compared to other, more flexible TCRs 26.
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Of interest is how the charges present in the MMWDRGLGMM peptide but absent in GIG 

peptides are accommodated by the DMF5 TCR. In binding MMWDRGLGMM, the side 

chain of Asp91 of CDR3α rotates away from the peptide to avoid repulsion from the p4 

aspartic acid (Figure 6B). The p4Asp hydrogen bonds with Gly93 of CDR3α, mimicking a 

role played by a water molecule present in the SMLGIGIVPV complex that links CDR3α to 

the pGly4 backbone. A new buried water molecule links pAsp4 to the TCR, forming a 

bridged hydrogen with Gly93 of CDR3α. As noted in Figure 4, in the MMWDRGLGMM 

complex the arginine at p5 has been pushed to the side of the interface. Here, it forms a 

water-bridged hydrogen bond with the carbonyl of Ala150 of HLA-A2, explaining the return 

of the α2 helix to a more traditional conformation and offsetting the loss of TCR-peptide 

hydrogen bonds seen in the GIG complexes but not in the MMWDRGLGMM complex.

The crucial water molecule that bridges the TCR and peptide center in the GIG complexes 

(Figure 4) cannot fit in the MMWDRGLGMM complex due to the position of the peptide 

backbone. Instead, the amide nitrogen of pGly6 forms one of the same hydrogen bonds, 

linking the peptide backbone to Phe100β. The side chain of Asn33β is rotated away from the 

interface to avoid clashes with pMet10 in its new position (the movement of Asn33β to 

accommodate the register-shifted decamer may explain why the TCR binds the truncated 

MMWDRGLGM nonamer with an affinity similar to the decamer (Figure 5D), even though 

the nonamer is locked in the register-shifted conformation). Overall then, a combination of 

small TCR side chain adjustments, differential use of water, and HLA-A2 plasticity explain 

how the very different GIG and register shifted-DRG surfaces are both recognized by the 

DMF5 TCR.

Although the receptor is slightly N-terminally shifted when bound to MMWDRGLGMM as 

shown in Figure 6A, there are no major alterations in how the TCR engages the HLA-A2 

protein. For example, signature TCR-HLA-A2 interactions involving Tyr51 in CDR2β, 

Arg65 in the HLA-A2 α1 helix, and a negative charge in CDR1α are unchanged between 

the MMWDRGLGMM and GIG complexes (Supplementary Figure 4). These conserved 

TCR interactions with HLA-A2, previously shown to help drive TCR recognition of HLA-

A2 and restrict its binding orientation 34, also likely play an important role in facilitating 

DMF5 cross-reactivity with the DRG and GIG class of peptides as discussed below.

Superimposing the unbound and bound MMWDRGLGMM/HLA-A2 complexes confirms 

that multiple clashes help drive the peptide register shift. The clashes involve the peptide 

backbone at pAsp4 and the side chain of pArg5, both of which clash with residues of 

CDR3β. The most severe clashes involve pArg5, which occupies the same volume as the 

backbone of Gly101β and Thr102β (Figure 6C).

Discussion

Although T cell specificity is a hallmark of cellular immunity, TCRs themselves are cross-

reactive 4, 5. Recently, we described how TCR cross-reactivity can be accounted for by 

considering the structural biophysics of TCR interfaces 5. In cross-reacting, TCRs have 

appeared to focus on structurally and chemically homologous peptide regions, sometimes 

facilitated by conformational changes, which allows for formation of similar if not identical 
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interatomic interactions. The resulting restrictions on ligand diversity bring the pool of 

compatible ligands for any one TCR down from a theoretical upper limit in the billions to 

the experimentally observed size in the millions, with many compatible ligands sharing little 

sequence identity but significant structural and chemical similarity 5. This scenario is 

exemplified by DMF5 recognition of different GIG class of peptides.

The identification of the highly distinctive DRG class of peptides as ligands for the DMF5 

TCR was therefore unexpected. Although hints of such behavior have been seen in other 

studies of TCR cross-reactivity 16, 17, the identification of such highly distinctive classes of 

peptides for one TCR pushes against the TCR cross-reactivity paradigm that has emerged. 

The finding that DMF5 can cross-react with such disparate classes of peptides is thus a 

cautionary demonstration that the pools of ligands available to any given TCR can be larger 

than estimated from considerations based solely on sequence, chemical, or even structural 

similarity.

Protein conformational adaptability is one mechanism by which one protein can bind 

different ligands. Conformational adaptability has been shown numerous times to contribute 

to TCR cross-recognition, with changes observed in the receptor, the peptide, and the MHC 

protein 20, 21. Protein adaptability is indeed required for DMF5 cross-recognition between 

the GIG and DRG classes of peptides. Yet unexpectedly, in recognition of 

MMWDRGLGMM adaptability occurs in the peptide, which undergoes a dramatic register 

shift that allows the decameric peptide to move into a new conformation with the C-terminus 

extending from the end of the binding groove. The register shift is in turn facilitated by 

conformational adjustments in the presenting HLA-A2 protein. TCR cross-reactivity 

between different pools of ligands can therefore be facilitated by heretofore unanticipated 

peptide/MHC conformational changes, to include register shifts at the peptide C-terminus, 

TCR binding-induced peptide extensions from class I MHC peptide binding grooves, and 

corresponding adjustments in the MHC.

The mechanism of the register shift and resulting C-terminal extension in the 

MMWDRGLGMM peptide is attributable to multiple peptide features. The leucine at 

position 7 is positioned in a way that destabilizes the HLA-A2 α2 helix and the nearby F 

pocket (Figure 2B). This region of class I MHC proteins is especially pliable, with 

displacements and even C-terminal extensions observed in other pMHC structures 
13, 14, 33, 35–37. Additionally, the C-terminal anchor of the peptide is methionine, which is 

larger than the more preferred valine 38. The use of methionine as an anchor elevates the C-

terminal half of the peptide away from the base of the binding groove, further destabilizing 

the pMHC complex. A similar elevation of the peptide away from the HLA-A2 groove has 

been seen in other instances where methionine is used as a C-terminal anchor 39. The 

MMWDRGLGMM/HLA-A2 complex is thus “primed” for a register-shifting slip upon TCR 

binding. The slip is triggered by the need for the bulky p5 arginine to move away from the 

rigid DMF5 TCR as it binds, which in turn requires the peptide backbone to move out of the 

way to avoid a steric clash. In moving, the arginine helps return the HLA-A2 α2 helix back 

to its usual conformation, and the presence of a methionine at the penultimate peptide 

position provides for a suitable, if suboptimal, anchor for the HLA-A2 F pocket. Although 

described linearly, it is likely that multiple aspects of this mechanism occur simultaneously 
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during binding, facilitated by a less stable, dynamic pMHC complex. The extent to which 

this mechanism and the surrounding structural details is applicable to DMF5 recognition of 

other peptides in the DRG-class is not known. However, the sequence, structural, and 

physical similarities between the DRG peptides suggest elements of this mechanism will be 

shared between peptides, even if fine details diverge.

The shift in the MMWDRGLGMM peptide does not bring it into a conformation that 

mimics the MART-1 or other peptides in the GIG class as seen in instances of “induced-fit 

molecular mimicry” 32, 40. How does the DMF5 TCR accommodate these different surfaces? 

Notably, not through large CDR loop conformational changes or global TCR repositioning 

as seen in other studies 20, 21, 25, 41–44. Instead, TCR side chain rotations occur to optimize 

electrostatics and avoid clashes. Water is used differentially in the two interfaces, reinforcing 

the importance of solvent in allowing TCRs to fit alongside pMHC complexes 45, 46. One 

interaction that is conserved between the MMWDRGLGMM and GIG interfaces involves 

the germline CDR1α loop and the peptide backbone near the N-terminus. The conservation 

of this interaction, which is also seen in other structures with TRAV12-2 TCRs 12, 47, 48, is 

consistent with suggestions that biases towards certain peptide features are present within 

the TCR repertoire 47–49. Other shared interactions between the two types of interfaces are 

evolutionarily-conserved interactions between the TCR CDR loops and charges on the HLA-

A2 α1 helix which help orient the TCR over the pMHC 34.

In summary, our findings demonstrate how a single TCR can recognize distinct classes of 

peptides presented by a common MHC protein, an observation which most clearly captures 

the concept of immune polyspecificity 1. Although details will of course differ, our 

observations are generalizable to TCRs at large: any one class of peptides recognized by a 

receptor will incorporate many peptides sharing structural and chemical features in the core 

region 5. Multiple peptide classes can be recognized, however. Peptides that typify different 

classes need not share significant similarities, with the TCR relying on structural 

adaptability, buried water, and conserved interactions with peptide and MHC to engage 

them. Adaptability is clearly not limited to conformational changes in the TCR but can also 

include rearrangements such as binding induced peptide register shifts and subsequent 

extensions from the peptide binding groove. These general lessons have implications for our 

understanding of TCR specificity and cross-reactivity and highlight new challenges in 

efforts to rationalize or modulate TCR molecular recognition, as well as efforts to predict 

epitope immunogenicity.

Online Methods

Structural modeling and energetic scoring

Structural modeling of GIG and DRG peptide/HLA-A2 complexes was performed using 

Rosetta with the Talaris2013 score function using the PyRosetta interface 50. Using the 

‘relax’ protocol, five cycles of backbone minimization and rotamer optimization brought the 

PDB 4JFO template structure to a local energy minimum. Following minimization, the 

desired peptide sequence, taken from the list of GIG and DRG peptides, was 

computationally introduced. This was followed by 50 Monte Carlo-based simulated 

annealing steps for the peptide backbone. For more thorough structural sampling, we 
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introduced random phi/psi perturbations to the peptide backbone, followed by refinement via 

the Rosetta LoopMover_Refine_KIC protocol, generating 1000 independent decoys per 

peptide. Of these, the lowest energy structures were retained for further analysis. The final 

models were ranked relative to each other for peptide binding affinity using a previously 

published score function parameterized for quantifying the strength of protein-protein 

interactions 51.

Proteins and peptides

Soluble DMF5 and HLA-A2 were produced from bacterially expressed inclusion bodies as 

previously described 52. Briefly, inclusion bodies for the TCR α and β chains, the HLA-A2 

heavy chain, and β2m were expressed in Escherichia coli. Inclusion bodies were isolated and 

denatured in 8 M urea. For refolding of the TCR, 1:1 ratios the α and β chains were diluted 

in 50 mM Tris (pH 8), 2 mM EDTA, 2.5 M urea, 9.6 mM cysteamine, 5.5 mM cystamine, 

and 0.2 mM PMSF. For refolding of the pMHC complexes, 1:1 ratios of the HLA-A2 heavy 

chain and β2m were diluted in 100 mM Tris (pH 8), 2 mM EDTA, 400mM L-arginine, 6.3 

mM cysteamine, 3.7 mM cystamine, and 0.2 mM PMSF in the presence of three molar 

excess peptide. TCR and pMHC complexes were incubated for 24 hours at 4 °C. Afterward, 

complexes were desalted by dialysis at room temperature, then purified by anion exchange 

followed by size-exclusion chromatography utilizing Superdex 200 and 75 columns. 

Refolded protein absorptions at 280 nm were measured spectroscopically and concentrations 

determined with appropriate extinction coefficients. Peptides were obtained from AAPPTec 

and Chi Scientific, purified to 90% purity, and stored at 30 mM in 100% DMSO at −80 °C. 

All experiments with the MART-1 peptide used the anchor-modified MART-1 decamer.

Thermal stability measurements

Peptide binding to HLA-A2 was assessed via thermal stability using differential scanning 

fluorimetry as described previously 53. Thermal stability measurements probe the strength of 

peptide binding due to the thermodynamic linkage between ligand binding and protein 

unfolding, and when tested with peptide-MHC interactions, Tm values from thermal stability 

measurements correlate well with experimentally determined affinity measurements 54. 

Briefly, 10-20 μM purified pMHC buffered in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 

mM EDTA, with 0.005% surfactant P-20 was incubated with 10× excess SYPRO Orange for 

a total solution volume of 20 μL. Thermal stability was then measured using a Step One Plus 

qPCR instrument. The scan rate was at 1 °C/minute and fluorescence intensity was recorded 

at 607 nm. The temperature range spanned from 25 °C to 95 °C. Data were analyzed by 

fitting the temperature derivative of fluorescence to a bi-Gaussian response function as 

described previously 53. The Tm values in Supplementary Table 2 reflect single 

measurements with errors reported as standard errors after non-linear curve fitting.

Surface plasmon resonance binding data and analysis

Surface plasmon resonance experiments were performed with Biacore 3000 or T200 

instruments using CM5 sensor chips. In all experiments, the DMF5 TCR was immobilized 

on the sensor chip via standard amine coupling and pMHC complexes were injected as 

analyte. Experiments were performed in 20 mM HEPES (pH 7.4), 150 mM NaCl, and 

0.005% surfactant P-20. Both kinetic and steady-state experiments were performed with 

Riley et al. Page 10

Nat Chem Biol. Author manuscript; available in PMC 2019 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TCRs coupled onto to the sensor chip at 50–2000 response units, with lower values used for 

kinetic experiments to minimize mass transport and rebinding effects. Injected pMHC 

spanned concentration ranges of 0.1 – 150 μM and flow rates spanned 5-40 μL/min. Data 

were collected at 25 °C, except when used to determine kinetics, where the temperature was 

10 °C.

For equilibrium binding experiments, we used a previously described global analysis 

procedure to enhance accuracy and precision when measuring weak to moderate binding 

affinities 55, 56. Briefly, for each experiment in Supplementary Tables 2 and 3, the activity of 

each TCR sensor surface (RUmax) was determined via a titration with the highest affinity 

MART-1/HLA-A2 complex. Two independent sets of injections over this same DMF5 TCR 

surface were then performed, and both sets of data were globally fit to a 1:1 binding model 

for a single, shared KD, with the RUmax parameter fixed from the previous determination. 

Errors for equilibrium measurements were standard errors from the global fitting for KD, or 

were propagated from KD errors for determining errors in ΔG°. Data were processed with 

BiaEvaluation 4 and fit using MATLAB 2015b. In the case of the M9A, L7A, and R5A 

variants of the MMWDRGLGMM peptide, very weak binding was indicated and the KD 

was estimated to be > 500 μM. In the case of the M10V variant, no binding was detected.

Kinetic experiments were performed at 10 °C due to the fast rates. For kinetic experiments, 

injections of the series of concentrations indicated in Supplementary Figure 2 were 

performed over common DMF5 TCR surfaces. Data were processed using BiaEvaluation 4 

and dissociation rates for each peptide/HLA-A2 complex from the TCR determined by 

global fitting of all dissociation curves in a series to a single-exponential decay using 

MATLAB 2015b. Errors in koff were standard errors from global fitting. Association rates 

were calculated using the separately determined KD and koff values. Errors in kon were 

determined by propagating errors in KD and koff.

Cell lines, media, and reagents

293GP, PG13, and T2 cell lines were obtained from American Type Culture Collection. 

293GP cells were maintained in DMEM medium supplemented with 10% FBS. PG13 cells 

were maintained in IMEM supplemented with 10% FBS. T2 cells were maintained in 

RPMI-1640 supplemented with 10% FBS. PBMCs used for transduction were purchased 

from Key Biologics as apheresis products. T cells were isolated by Ficoll-Hypaque density 

centrifugation. T cells were maintained in AIM-V medium supplemented with 5% heat-

inactivated hAB serum, 300 IU/mL rhIL-2 and 100 ng/mL rhIL-15 at 37 °C with 5% CO2. T 

cells were OKT3 activated for 3 days with 50 ng/mL anti-CD3 mAb prior to retroviral 

transduction.

T cell retroviral transduction

T cells were transduced from retroviral supernatant as previously described 57. Briefly, the 

DMF5 TCR α chain and β chain were linked to truncated CD34 by P2A and T2A self-

cleaving sequences, respectively, and inserted into the SAMEN retroviral vector. 3 × 106 

293GP cells were cotransfected with 20 μg retroviral DNA and 5 μg of plasmid containing 

vesicular stomatitis virus envelope gene using 50 μL Lipofectamine 2000. Cells were 
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incubated at 37 °C in 5% CO2 and media was replaced six hours post-transfection. Viral 

supernatant was collected 48 hours post-transfection and filtered. Positive PG13 cells were 

sorted by a FACSAria instrument with anti-CD34-PE mAb. Transfected PG13 cells (8 × 

108 / flask) in IMDM/10% FBS were supplemented with 1 mM sodium butyrate for 8-10 

hours, after which media was replaced. Viral supernatant was collected the next day and 

filtered. T cell transduction was performed by spinoculation. Briefly, 24-well culture plates 

were coated with 0.5 mL/well 30 μg/mL retronectin overnight at 4 °C. Plates were blocked 

with 0.5 mL/well PBS containing 2% BSA for 30 min at room temperature, then washed 

with 2 mL/well PBS. 2 mL/well filtered viral supernatant was added to each well and the 

plate was spun at 2000 g for two hours at 32 °C. The solution was aspirated and 2 million T 

cells in 1 mL RPMI/10% FBS were added along with 1 mL of filtered viral supernatant. 

Plates were spun at 2000 g for two hours at 32 °C incubated overnight. Cells were then 

transferred to tissue culture-treated flasks with fresh RPMI/10% FBS and incubated for three 

days.

Functional assays

IFNγ release by DMF5 TCR transduced T cells was analyzed as previously described 58. 

Briefly, 1 × 105 T2 cells were pulsed with 10 μM peptide and incubated at 37 °C for two 

hours. The cells were then washed twice to remove excess peptide. T2 cells were then placed 

into a 96-well plate and cocultured with an equal number of T cells with 10 ng/mL PMA. 

The plates were incubated for 20 hours at 37 °C. Final concentrations of secreted IFNγ were 

measured by ELISA. All samples were assayed in triplicate.

X-ray crystallography and structure analysis

Crystals of the DMF5-SMLGIGIVPV/HLA-A2 complex were grown from 13% PEG 3350, 

0.25 M MgCl2 buffered with 0.1 M Tris (pH 8.1) at 25 °C. Crystals of the DMF5-

MMWDRGLGMM/HLA-A2 complex were grown from 18% PEG 3350, 0.25 M MgCl2 

buffered with 0.1 M HEPES (pH 7.9) at 25 °C. Crystals of the free MMWDRGLGMM/

HLA-A2 complex were grown from 25% PEG 1000, 0.01% sodium azide buffered with 0.1 

M MES (pH 6.5) at 25 °C. Crystallization was performed using hanging drop/vapor 

diffusion utilizing a Mosquito crystallization robot with humidity control. For 

cryoprotection, crystals were transferred into 20% glycerol/80% mother liquor for 30 

seconds and flash frozen in liquid nitrogen. Diffraction data were collected at the 22ID 

(SER-CAT) beamline at the Advanced Photon Source, Argonne National Laboratories. Data 

reduction was performed with HKL2000. The complexes were solved by molecular 

replacement using PHENIX and PDB entry 3QDG stripped of the peptide (TCR complexes) 

or peptide and TCR (pMHC complex) as the reference model. Rigid body refinement, 

followed by multiple steps of restrained refinement were performed with phenix.refine. 

Atomic positioning was verified with an iterative-build composite OMIT or feature-

enhanced maps calculated in PHENIX. Evaluation of models and fitting to maps were 

performed using Coot. Structures were visualized using PyMOL or Discovery Studio, and 

the data deposited to the Protein Data Bank with ascension codes as indicated in the Data 

Availability section. Supplementary Video 1, illustrating the TCR binding-induced register 

shift in the peptide, was generated in PyMOL using the rigimol module paired with a 

refinement step to minimize VDW clashes. For generating the video, 200 interpolation 
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frames were generated, with coordinates of molecule one of the free pMHC used as frame 1 

and the pMHC coordinates of the bound structure used as frame 200. Contacts and hydrogen 

bonds were evaluated using the Contpro and PISA web servers.

Statistics

Crystallographic statistics were determined and are presented according to accepted 

practices, as indicated in Supplementary Table 3. Binding and functional data were 

replicated as indicated. Nonlinear least squares fitting was used to evaluate binding and 

thermal stability data, with goodness-of-fit determined by minimizing the χ2 statistic 

followed by inspection of residuals. Linear correlations between variables were assessed 

using the R2 statistic as presented. Error propagation was performed using standard 

techniques using parameter error and partial derivatives with respect to parameter 59.

Data Availability

Crystallographic datasets are available in the PDB repository under ascension codes 6AMT 

(MMWDRGLGMM/HLA-A2), 6AMU (DMF5-MMWDRGLGMM/HLA-A2), and 6AM5 

(DMF5-SMLGIGIVPV/HLA-A2). Other data are available from the corresponding author 

upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Two distinctive classes of peptides recognized by the DMF5 TCR.
(A) Sequence logos of peptides in the GIG and DRG classes of peptides identified through 

specificity profiling by yeast display. (B) Dendrogram showing the relationships between the 

GIG (black) and DRG (red) peptide classes. (C) GIG and DRG peptides are predicted to 

adopt different and conformations when bound to HLA-A2, with the conformations of the 

GIG peptides closely resembling the MART-1 decamer. (D) Consistent with the structural 

modeling, the DRG peptides bind weaker to HLA-A2 as demonstrated by differential 

scanning fluorimetry (see also Supplementary Table 2). The DSF-determined Tm values 

correlate with well with structure-based energy scores, supporting the conclusion that the 

differences in peptide binding are attributable to pMHC structural differences between the 

two peptide classes. Error bars for the Tm measurements reflect DSF fitting error. R2 is the 

coefficient of determination as determined by linear least squares analysis.
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Figure 2. The DRG peptide MMWDRGLGMM adopts a conformation distinct from MART-1 
when bound to HLA-A2 and perturbs the structure of the HLA-A2 α2 helix.
(A) Comparison of the crystallographic structures of the MMWDRGLGMM and MART-1 

peptides bound to HLA-A2. Compared to MART-1, the MMWDRGLGMM peptide is more 

bulged and lifted away from the base of the binding groove. The MMWDRGLGMM and 

MART-1 peptide backbones differ with an RMSD of 2.3 Å when the HLA-A2 peptide 

binding domains are superimposed. (B) The MMWDRGLGMM peptide perturbs the short 

arm of the HLA-A2 α2 helix. Compared to the structure with MART-1, the position of pL7 
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in MMWDRGLGMM forces a shift of Val152, which in turn forces the helix away from the 

peptide, indicated by the 1.8 Å displacement of Ala150. (C) The MMWDRGLGMM and 

MART-1 peptide/HLA-A2 complexes present different surfaces for TCR recognition. 

Peptide surfaces are colored by partial atomic charge.
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Figure 3. The DMF5 TCR does not show a preference for DRG vs. GIG peptides but the classes 
are recognized via distinct mechanisms.
(A) SPR binding data for DMF5 recognition of the GIG (black) or DRG (red) peptides. KD 

values range from 6 μM for the MART-1 GIG peptide to 200 μM for the SMAGIGIVDV 

GIG peptide (see also Supplementary Table 2). Unlike the pMHC Tm values, the KD values 

do not segregate by peptide class. Each curve indicates a global analysis of two independent 

replicates as described in the Methods. (B) Functional recognition by DMF5-expressing T 

cells also does not segregate by class and correlates well with TCR binding affinity. The left 

panel shows IFNγ release for recognition of each peptide, with TCR-transduced PBMCs co-

cultured with peptide-pulsed T2 cells. Data for DRG peptides is red. T2 indicates presenting 

cells without peptide; Tax is a negative control peptide (LLFGYPVYV). Dots show the 
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values from three independent experiments; bars indicate averages. The right panel shows a 

plot of ΔG° vs. the mean of the cytokine release experiments. Error bars for IFNγ are SEM 

from the three experiments shown in the left panel; error bars for ΔG° are propagated KD 

errors. R2 is the coefficient of determination as determined by linear least squares analysis. 

(C) Although DMF5 does not distinguish between recognition of DRG and GIG peptides in 

binding or function, the peptide classes are recognized with different kinetics. As shown for 

MART-1 and SMLGIGIVPV in the left panels, GIG peptides are recognized with fast on-

rates and fast off-rates. DRG peptides are recognized with slower on and slower off rates, as 

shown for LMFDRGMSLL and MMWDRGLGMM in the right panels. Thick red lines 

indicate fits to dissociation phases. Rates are determined from global analysis of the number 

of separate injections shown in each panel (see Supplementary Figure 2 for full datasets). 

(D) The differential impact of the HLA-A2 A150P mutation confirms HLA-A2 α2 helix 

shift is important for DMF5 recognition of MMWDRGLGMM but not MART-1. As shown 

by SPR, the A150P mutation has a minor impact on DMF5 binding to MART-1 (ΔΔG° of 

0.4 kcal/mol), but a substantial impact on binding to MMWDRGLGMM (ΔΔG° > 2 kcal/

mol). Each curve indicates a global analysis of two independent replicates as described in 

the Methods.
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Figure 4. DMF5 recognizes the GIG peptides with common structural solutions.
The TCR-pMHC structure of DMF5 bound to the SMLGIGIVPV peptide is almost identical 

to the structure of DMF5 bound to MART-1. When the HLA-A2 peptide binding domains 

are superimposed, all atoms of the CDR loops in the MART-1 and SMLGIGIVPV 

complexes differ with a RMSD of only 0.9 Å. The SMLGIGIVPV peptide forms many of 

the same interactions with DMF5 as it does MART-1, including hydrogen bonds from 

peptide positions 2 and 3 to Gln30 in CDR1α, and both complexes incorporate the same key 

water molecule that bridges the peptide center and the TCR. Blue dashed lines in the panels 

indicate hydrogen bonds.
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Figure 5. DMF5 recognizes the MMWDRGLGMM DRG peptide very differently, inducing a 
peptide register shift and C-terminal extension while returning the HLA-A2 α2 helix to its usual 
conformation.
(A) Illustration of the register shift and C-terminal extension in the MMWDRGLGMM 

peptide induced upon TCR binding. The side chain of pArg5 moves by 7 Å, the backbone at 

pGly8 is pressed 5 Å into the base of the binding groove, and the side chain of pMet10 is 

displaced by 8 Å upon shifting out of the HLA-A2 F pocket. (B) The changes in the 

MMWDRGLGMM peptide seen upon TCR binding bring its conformation closer to but not 

coincident with the conformation of the GIG peptides, and the TCR-exposed surfaces 

remain highly distinct. Peptide surfaces are colored by partial atomic charge. (C) The HLA-

A2 α2 helix returns to a more traditional geometry in the register-shifted 

MMWDRGLGMM complex, with Lys146, Ala150, and Val152 all moving back towards the 

center of the binding groove.
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Figure 6. The GIG and register-shifted DRG surfaces are recognized by DMF5 through small 
TCR side chain rearrangements and differential use of interfacial water.
(A) In the MMWDRGLGMM complex, the DMF5 TCR is positioned 2 Å closer to the 

peptide N-terminus, but compared to the GIG complexes there are no CDR loop 

rearrangements. Gln30 of CDR1α forms similar hydrogen bonds with the peptide N-

terminal half (blue dashed lines) in the MMWDRGLGMM interface as it does in the GIG 

interfaces. (B) In the MMWDRGLGMM interface, side chain re-arrangements in Asn91α 
and Asn33β occur to optimize electrostatic and steric complementarity, and new water 
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molecules are incorporated to meet hydrogen bonding needs. (C) Steric clashes between 

Gly101/Thr102 of CDR3β and pArg5, and Phe100 of CDR3α and pAsp4 drive the 

conformational change in the MMWDRGLGMM peptide upon TCR binding, as shown in 

this superimposition of the unbound MMWDRGLGMM peptide into the DMF5-

MMWDRGLGMM/HLA-A2 complex.
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