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ABSTRACT 

Understanding how molecular interactions within the plasma membrane govern assembly, clustering 

and conformational changes in single-pass transmembrane (TM) receptors has long presented 

substantial experimental challenges. Our previous work on activating immune receptors has combined 

direct biochemical and biophysical characterizations with both independent and experimentally 

restrained computational methods to provide novel insights into the key TM interactions underpinning 

assembly and stability of complex, multi-subunit receptor systems. The recently published cryo-EM 

structure of the intact T cell receptor (TCR)-CD3 complex provides a unique opportunity to test the 

models and predictions arising from these studies and we find that they are accurate, which we 

attribute to robust simulation environments and careful consideration of limitations related to studying 

TM interactions in isolation from additional receptor domains. With this in mind, we revisit results in 

other immune receptors and look forward to how similar methods may be applied to understand 

receptors for which little or no structural information is currently available. 
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Introduction 

Cell-surface receptors with a single a-helical transmembrane domain (TMD), known as single-pass 

membrane proteins, present special challenges for structural biologists, and a lack of methods to obtain 

simultaneous high-resolution views of both membrane-embedded and extracellular and/or intracellular 

domains (ECDs, ICDs) has long limited our understanding of their complete structures and signaling 

mechanisms. Interactions among TMDs play central roles in the assembly, structure and function of 

cytokine and growth factor receptors1-4, death receptors5, 6, adhesion receptors7, 8 and activating 

immune receptors9, 10. These lipid-embedded domains are considerably more difficult to study in 

isolation than the water-soluble ECD and ICD fragments that have provided the vast majority of 

structural information available for single-pass receptors11. Biophysical and computational studies have 

nonetheless provided important insights into the types of interactions that are possible among isolated 

TMD fragments and identified key principles of helix-helix associations guided by small amino acid 

motifs and polar or aromatic sidechains (reviewed in11-14). The challenge in relating the structures 

obtained from these reductionist approaches to what happens within the intact receptors is that missing 

ECDs and ICDs or, in some cases, entire subunits, likely exert strong influences on the conformations of 

TMD interactions that have comparatively small binding interfaces. 

 

Computational studies of single-pass receptor TM interactions 

Predicting the interactions between two TM a-helices in a lipid bilayer is a problem that is inherently 

tractable using molecular dynamics (MD) simulations or other conformational space search methods, 

and significant insights into dimeric single-pass systems from computational studies have preceded and 

predicted experimentally determined structures. For example, early modeling of the glycophorin A 

(GpA) TM dimer15 combined with parallel mutagenesis analysis16 accurately predicted the right-handed 

coiled-coil, intimately packed around the now-iconic GxxxG motif, that featured in the later NMR and 
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crystal structures of TMD fragments in various membrane mimetics17-20. A purely computational study 

on the receptor tyrosine kinase (RTK) erbB2 (HER2/EGFR2) predicted that its TMD could stably interact 

through two different dimer interfaces based on N-terminal and C-terminal GxxxG-like motifs21 and 

proposed that these correspond to active and inactive states of the receptor. Both conformations have 

now been observed in NMR structures of erbB222, 23 and the closely related EGFR3, 24, 25 TM dimers under 

different sample conditions. MD simulations in the context of the entire EGFR protein in lipid bilayers26 

further suggested how switching between N-terminal (active) and C-terminal (inactive) packing 

conformations could regulate intracellular kinase activity via structured juxtamembrane domains. A 

model based on TMD cysteine crosslinking using full-length EFGR in live cells27 supports the close N-

terminal packing in the ligand-bound receptor in situ, but this study found little evidence from 

mutagenesis that it was required for receptor function and did not detect a C-terminal interface in 

ligand-free EGFR. Similar combinations of computational, biochemical, biophysical and cellular 

functional approaches have produced models of structural and functional roles for TMDs in, for 

example, other RTKs28-32 and cytokine receptors2, 4, 24, 33, 34. 

 

Ultimately, testing the validity of these and other TMD-focused models and the strengths and accuracy 

of the methods used to derive them awaits the availability of high-resolution structures of full-length 

receptor complexes in defined activity states. Until recently no such structures had been reported for 

any single-pass receptor system. Similar to the above crosslinking study on EGFR in cells27, our groups 

previously applied a disulfide-restrained MD simulation approach35 to model TMD interactions at the 

core of one of the most complex single-pass receptor systems known: the eight-subunit T cell antigen 

receptor (TCR). The recent landmark report of a cryogenic electron microscopy (cryo-EM) structure of 

the intact TCR complex (Figure 1A)10 now provides a completely unique opportunity to compare 

independent TMD modeling results to the interactions observed in the full receptor structure. Here we 
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describe our experimental approach, discuss the accuracy of the resulting model and its predictions in 

the context of the complete TCR cryo-EM structure, and compare this with other studies addressing the 

role of TMDs in immune receptor structure and function. 

 

Experimental restraints guide MD simulations of TM interactions within the TCR complex 

The TCR is organized into four dimeric modules – one responsible for extracellular ligand binding 

(TCRab) and the other three responsible for intracellular signal initiation (CD3de, CD3ge and zz)36, 37. TCR 

and CD3 dimers each assemble through ECD interfaces38-42, while the zz dimer forms via a disulfide-

stabilized TMD interface43, 44. To assemble a complete TCR complex, the three signaling modules are 

recruited to the TCR via complementary charged/polar residues between the TCRab TMDs 

(arginine/lysine) and the CD3de, CD3ge and zz TMDs (aspartic/glutamic acids)36, 45, 46. We hypothesized 

that TCRab could form a structured ‘hub’ that organizes the complex within the membrane and set out 

to determine whether there was a specific interface between these two TMDs. Stable interactions 

between TCRa and b TMD fragments could not be identified by solution NMR or in unrestrained MD 

simulations (reference35 and our unpublished observations), but a TMD cysteine-scanning analysis 

carried out in full-length, membrane-embedded TCR complexes identified positions that were close 

enough to form intermolecular disulfide crosslinks in the native receptor35. These displayed a clear 

helical periodicity, indicating that a specific helix-helix interface exists within the assembled TCR 

complex. We converted these crosslinks to distance restraints and combined them with solution NMR-

derived secondary structure analysis of TMD peptides to guide assembly of a TCRab TMD heterodimer 

using replica-exchange MD simulations14, 47. Since these simulations were carried out in an implicit 

membrane model48, we mutated the basic TMD residues that would normally be shielded from the 

membrane interior by their CD3 assembly partners. The resulting structure (Figure 1B) was stable in 

longer, unrestrained MD simulations carried out in an explicit palmitoyl-oleoyl-phosphatidylcholine 
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(POPC) bilayer, and the model showed highly specific packing around an inter-helical hydrogen-bond 

network (dotted lines) involving conserved polar residues that had not previously been implicated in TCR 

assembly. The biochemical stability of the octameric complex was surprisingly sensitive to mutations in 

this interface35 and this was strongly correlated with increased dynamics and substantial departures 

from the native structure in MD simulations of the same mutations49. Further study of this network in 

two additional types of TCR heterodimers (gd- and pre-TCR) by sequence alignment and MD simulation 

indicated that a similar structural motif exists in both, with the stability of the interface modulated by 

small sequence differences in each TCR type49 that may have functional relevance. It is noteworthy that 

the MD simulations alone brought to light the key polar interactions at the TCRab  interface, providing 

completely new structural observations in a field that is heavily reliant on identifying known sequence 

motifs to predict TMD interactions. This convergence of biochemical and simulation data indicated that 

the core TCRab TMD structure is a linchpin for formation of compact and highly cooperative eight-TMD 

assemblies in all TCR types throughout vertebrate evolution.  

 

An alternative model for TM roles in the TCR complex 

This model was challenged by a subsequent NMR study of the isolated TCRa TMD in lipid micelles50 that 

reported a bent helix structure where the basic arginine and lysine residues (TCRa R253 and K258 in 

Figure 1B) were solvent exposed and the region around the key asparagine (TCRa N263 in Figure 1B) 

was non-helical. This distortion is generally consistent with our own unpublished observations that 

without their natural assembly partners, receptor TMD peptides containing central basic residues do not 

adopt stable trans-bilayer orientations in NMR samples or in MD simulations. Based on this structure of 

an isolated TMD fragment, the authors proposed a TCR activation model in which the basic residues in a 

bent TCRa TMD interact primarily with lipid headgroups rather than CD3 modules, and that force 

applied through ligand binding causes a partial straightening of the helix50, 51. This was predicted to 



 - 6 - 

dislodge the signaling modules in a ‘dissociative activation’ mechanism. This model proposes an 

alternative role for the conserved asparagine residue that we identified at the TCRab TMD interface35, 49 

(as a ‘hinge’ in an unstructured region) and it rejects the biochemical evidence that the basic and acidic 

residues drive receptor assembly (9, 45, 52 and references therein). 

 

Evaluation of experimental and computational TM models against the intact TCR complex structure 

As a major milestone for T cell biology and receptor structural biology, the structure of the intact TCR 

complex was recently determined using cryo-EM (Figure 1A)10. This is the first structure of any full-

length single-pass receptor complex where the TMDs were well resolved (3.8 Å local resolution). The 

structure in this region revealed a compact bundle of eight undistorted TMD helices and provided 

atomic-resolution evidence confirming the roles of basic and acidic residues in assembly (more on this 

below). The receptor is organized around a specific TCRab TMD coiled-coil structure that is nearly 

identical to the model derived from our experimentally guided restrained simulations35 (Figure 1B), with 

0.63 Å Ca RMSD between the model and the corresponding region of the cryo-EM structure. The 

authors independently noted the stabilizing hydrogen bond between the TCRa N263 carboxamide 

sidechain and the backbone carbonyl oxygen of TCRb A289, but interestingly, could not identify the 

second one between TCRa T267 and TCRb Y292 (see Figure 1B inset). This is likely because the quality of 

the electron density maps did not allow accurate identification of the TCRa T267 sidechain rotamer. The 

only pre-existing experimental structure of a subcomplex from the membrane-embedded regions, the 

solution NMR structure of the zz dimer in detergent micelles43, also aligns well to the cryo-EM structure 

(Ca RMSD 0.91 Å; Figure 1C), though it is not clear whether the central Y42-T47 interhelical hydrogen 

bonds identified in the NMR structure (dotted lines) are present in the context of the fully assembled 

receptor (see Figure 1C inset). This is potentially of functional relevance, since a separate study using 

biochemical and fluorescence-based proximity measurements53 reported that the zz TMDs separate like 
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chopsticks when incorporated in the TCR and snap back together as part of a conformational activation 

mechanism. The cryo-EM structure does not show evidence of such a significant departure from the 

NMR structure, suggesting that either this model is incorrect or the complex captured by cryo-EM 

represents an activated state. Notwithstanding these structural features, the aspartic acid pair in the zz 

TMDs directly contacts TCRa R253 in the cryo-EM structure, and the authors independently noted the 

potential for hydrogen bonding with TCRb Y282 (Figure 1D), both interactions predicted by our model35 

and prior biochemical data43, 54. 

 

Several key considerations in our restrained simulation approach contributed to the accuracy of the 

TCRab TMD model and its associated predictions. NMR analysis defined the stable helical regions, 

allowing us to eliminate crosslink restraints derived from unstructured areas. With the application of 

carefully curated disulfide restraints collected on intact receptor complexes, the replica-exchange MD 

assembly in an implicit membrane model was highly efficient, converging on the final structure in just a 

few nanoseconds of simulation time. Mutation of the basic residues in the TCRab TMDs for MD and 

NMR analysis of the isolated fragments used our knowledge of existing biochemical data to prevent the 

artificial structural distortion that was evident in the later TCRa-only NMR study50. Finally, the all-atom 

simulations in explicit POPC bilayers enabled a careful analysis of hydrogen bond occupancy in both WT 

and interface-mutant complexes35, 49 to understand the important contributions of these interactions to 

stabilizing the native structure. 

 

Apart from confirmation of these previously predicted TMD interactions, the TCR cryo-EM structure also 

revealed some surprising features in and near the membrane. Most striking were the very long helices 

of the TCRab TMDs (best seen in Figure 1E) and the very small interaction surfaces between the CD3 

TMDs within each dimer (Figure 1A, D, E) in comparison to the functionally homologous zz dimer that 
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has extensive contacts along its entire length. Finally, what were thought to be long and unstructured 

connecting peptide regions between the TCRa ECDs and TMDs are in fact intimately associated with one 

another and with CD3/z components in the extracellular juxtamembrane space. Their potential role in 

any activation-induced conformational transitions can now be investigated with a precise structural 

rationale. The interfaces among TCR and CD3 components in the ECDs, while not the focus of this 

perspective, also provide structural context for the re-examination of an enormous number of prior 

biochemical, biophysical and modeling studies that are just beginning to be addressed in very recent 

reviews and commentaries55-57. 

 

Insights from related immune receptor systems 

Other prior experimental and computational studies contributed significantly to our understanding of 

the extensive intramembrane polar networks that can now be seen holding the receptor together in the 

cryo-EM structure10. Association of TCR and CD3 subunits via basic-acidic TMD interactions was first 

proposed three decades ago based on biochemical data46, 58, 59, but the current model in which one basic 

residue in a TCR TMD directly contacts two acidic residues in a signaling dimer TMD stems from later in 

vitro assembly and stoichiometry experiments45, 60. Structural studies of a different lymphocyte receptor 

complex (NKG2C-DAP12) with a similar assembly mechanism61 showed that, as in zz, the two aspartic 

acid residues in the DAP12 signaling dimer TMDs were close together in the helix-helix interface. This 

study also confirmed that the lysine residue in the NKG2C receptor TMD was the direct binding site for 

the aspartic acid pair and revealed an additional contributor to the polar network: a threonine residue in 

DAP12, located one helical turn below the key aspartic acid (making two DxxxT motifs in the dimer). 

Similarly located serine/threonine residues are present in the CD3g, CD3d and CD3e TMDs, and 

mutations at these positions disrupted TCR-CD3 assembly61. Despite the biochemical evidence that all 

five of these polar residues were required for assembly, the NKG2C-DAP12 NMR structure showed that 
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the DxxxT motif in one chain of the DAP12 dimer faced away from the receptor, which would point into 

the nonpolar hydrocarbon core of a lipid bilayer and is therefore energetically unlikely. An independent 

all-atom MD refinement of the three-helix NKG2C-DAP12 complex62 using NMR-derived inter-proton 

distance restraints61 showed that, in a lipid bilayer environment, the second aspartic acid rotated inward 

to face the lysine more directly. A similar orientation is seen in the zz aspartic acids contacting TCR 

chains in the cryo-EM structure (Figure 1D), a rotation and break in symmetry that accounts for most of 

the small differences between the cryo-EM and NMR structures of this module (Figure 1C). Three 

subsequent unrestrained simulation studies by others63-65 showed similar findings for DAP12-NKG2C and 

for TCRa-CD3de and TCRb-CD3ge trimeric interactions, indicating that all four polar residues in the DxxxT 

motifs could directly contact the basic residue. 

 

Direct experimental support for this arrangement came from structures of DAP12 trimers and tetramers 

crystallized in lipid cubic phase bilayers66. Without a basic residue from an assembly partner, the DAP12 

TMD complexes scavenged metal cations from crystallization solutions to stabilize their DxxxT motifs, 

and we noted at the time that two chains from the trimer structure with their coordinated K+ ion were 

likely to reflect the structure of a CD3 dimer with the (+1 charged) lysine from a single TCR chain (Figure 

1E). As shown in Figure 1F, this arrangement indeed compares very favorably to the TCRa-CD3de 

interaction site from the cryo-EM structure. As noted above in reference to other regions in this 

structure, the threonine sidechain rotamers in CD3de TMDs are likely incorrect due to lack of sufficient 

resolution to assign them based on electron density alone, and thus the appearance that CD3d T115 and 

CD3e T141 do not directly contribute polar contacts in the cryo-EM structure is likely inaccurate. We 

therefore conclude that the arrangement in Figure 1F is likely to accurately represent the structures of 

TMD complexes of many activating immune receptors that rely on very similar assembly mechanisms9, 

52. 
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Concluding remarks 

The validation of combined experimental and computational methods to elucidate TMD interactions 

provided by these TCR studies has now set a strong precedent for similar approaches to be applied to 

other multi-component single-pass receptor systems. A subset of activating immune receptors, including 

the B cell antigen receptor and some antibody Fc receptors, do not contain the canonical assembly-

mediating basic residues and have little to no experimentally derived structural information available for 

the membrane-embedded regions9. Our own work on the FcgRIIIA, FceR1a and FcgRI receptor TMD 

associations with FceR1g or zz signaling dimers shows that de-novo assembly simulations reach a 

consensus structural arrangement that is very well supported by mutagenesis data from intact 

receptors67. These results suggest a motif of interacting polar and aromatic TMD residues that has not 

yet been validated by experimental structures in these or any other receptor systems to our knowledge. 

Cytokine receptors, with TMDs whose roles in assembly and function are less defined but can harbor key 

disease-causing mutations, could similarly benefit from studies using experimentally restrained 

simulation techniques. While rapid advances in cryo-EM promise more high-resolution single-pass 

receptor structures to come, great technical challenges remain for this class of proteins. As such, 

experimentally guided MD simulations can provide great value in understanding how membrane-

embedded protein interactions contribute to the structures and functions of these deceptively simple 

proteins in their physiological environments. 
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Figure 1: Models and predictions about receptor TMD organization that are borne out by the cryo-EM 

structure of an intact T cell receptor (TCR)-CD3 complex. The center panel (A) shows a profile view of 

the TCR-CD3 complex structure (PDB ID 6JXR) determined by cryo-EM using digitonin-extracted and 

lightly glutaraldehyde-crosslinked receptors. Beige box approximates where the lipid bilayer would be 

located. All subunits were well resolved in the ECD and TMD (their intracellular tails were not resolved, 

consistent with a largely unstructured state) and are colored here as follows: TCRa (green), TCRb 
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(yellow), CD3g (orange), CD3d (salmon), CD3e (white), and z (blue). (B) Overlay of TCRab TMD coiled coil 

structures from restrained simulations (forest and sand)35 and cryo-EM structure 6JXR (green and 

yellow)10. Root mean squared deviation (RMSD) is calculated from Ca alignment of the MD model to 

residues TCRa L247-L270 and TCRb L270-A303 in 6JXR. Boxed region is expanded to show a closer view 

of key interface hydrogen bonds. (C) Overlay of the zz TMD dimer NMR structure (2HAC; purple)43 and 

the corresponding region from the cryo-EM structure 6JXR (blue). RMSD is calculated from Ca alignment 

of the lowest-energy NMR model to zz L31-F55 in 6JXR. Boxed region is expanded to show a closer view 

of key interface hydrogen bonds. (D) A view down the long axis of the eight-helix TMD assembly in 6JXR 

from the extracellular side. Boxed region is expanded to show the electrostatic network stabilizing the 

interaction between TCRab and zz dimers. (E) Side view of the six-helix TCR-CD3 TMD sub-assembly in 

6JXR (with zz removed for clarity). Boxed region is expanded to show the electrostatic network 

stabilizing the interaction between TCRa and CD3de. (F) Close-up view of an electrostatic network 

analogous to that from TCRa and CD3de shown in (E) taken from DAP12 TMD trimer crystal structure 

4WOL66. Purple sphere represents coordinated K+ cation, sphere size does not represent the ionic radius 

of K+ but is small so that D22 and T26 sidechains can be seen. All residue numbering in TCR-CD3 

components is taken from cryo-EM structure 6JXR for ease of comparison. 
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