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Abstract Mechanical force is critical for the interaction between an 𝛼𝛽T cell receptor (TCR) and15

a peptide-bound major histocompatibility complex (pMHC) molecule to initiate productive T-cell16

activation. However, the underlying mechanism remains unclear. We use all-atom molecular17

dynamics simulations to examine the A6 TCR bound to HLA-A*02:01 presenting agonist or18

antagonist peptides under different extensions to simulate the effects of applied load on the19

complex, elucidating their divergent biological responses. We found that TCR 𝛼 and 𝛽 chains20

move asymmetrically, which impacts the interface with pMHC, in particular the peptide-sensing21

CDR3 loops. For the wild-type agonist, the complex stabilizes in a load-dependent manner while22

antagonists destabilize it. Simulations of the C𝛽 FG-loop deletion, which reduces the catch bond23

response, and simulations with in silicomutant peptides further support the observed behaviors.24

The present results highlight the combined role of interdomain motion, fluctuating forces, and25

interfacial contacts in determining the mechanical response and fine peptide discrimination by a26

TCR, thereby resolving the conundrum of nearly identical crystal structures of TCR𝛼𝛽-pMHC27

agonist and antagonist complexes.28

29

Introduction30

The 𝛼𝛽 TCR (𝛼𝛽TCR) consists of the heterodimeric receptor TCR𝛼𝛽 formed by 𝛼 and 𝛽 chains each31

containing the pMHC-binding variable (V) and constant (C) domains (Figure 1A), and the noncova-32

lently associated cluster of differentiation 3 (CD3) subunits that have cytoplasmic tails containing33

motifs for downstream signaling (Rudolph et al., 2006; Wang and Reinherz, 2012; Brazin et al.,34

2018). The TCR recognizes its cognate pMHC on the surface of an antigen presenting cell at low or35

even single copy numbers from a pool of about 105 different self-pMHC molecules (Sykulev et al.,36

1996; Brameshuber et al., 2018), while it also exhibits reactivity with certain closely related peptide37

variants, with similar or strikingly altered functional T-cell responses (Ding et al., 1999; Hausmann38

et al., 1999; Lee et al., 2004;Borbulevych et al., 2009;Baker et al., 2012;Birnbaumet al., 2014). Con-39

sidering the 𝜇M to hundreds of 𝜇M TCR𝛼𝛽-pMHC equilibrium binding affinity (Wang and Reinherz,40
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Figure 1. A6 TCR𝛼𝛽-pMHC complex. (A)WT (Protein Data Bank, PDB 1AO7). Themissing C𝛼 domain was added based onPDB 1QSE (Structure preparation). Bluespheres: terminal C𝛼 atoms held at setextensions during the simulation(Table 1). 𝛽2m: 𝛽2 microglobulin. (B)Overlay of the X-ray structures of the WTand four point mutants of the Taxpeptide at the boxed region of panel A.The CDR loops take nearly identicalconformations in different structures. (C)Magnified view of the dashed box inpanel B, focusing on the conformation ofCDR3𝛽. PDB names for A6 TCR𝛼𝛽-pMHCcomplexes containing mutant peptidesare listed.

2012), several models have been proposed to account for the exquisite specificity and sensitivity41

of the 𝛼𝛽TCR (Chakraborty and Weiss, 2014; Brazin et al., 2015; Schamel et al., 2019; Zhu et al.,42

2019;Mariuzza et al., 2020; Liu et al., 2021).43

A critical factor for peptide discrimination is physiological force applied to the TCR𝛼𝛽-pMHC44

complex (Reinherz et al., 2023). A cognate peptide antigen elicits a catch bond behavior where45

the TCR𝛼𝛽-pMHC bond lifetime increases with force that peaks in the 10–20 pN range, and is ob-46

served with the clonotypic ligand-binding TCR𝛼𝛽 heterodimer in isolation or with the holoreceptor47

𝛼𝛽TCR including the non-covalently associated CD3 signaling subunit dimers (CD3𝜖𝛾 , CD3𝜖𝛿, and48

CD3𝜁𝜁 ). The catch bond is coupled with a roughly 10-nm structural transition in both (Das et al.,49

2015, 2016; Banik et al., 2021), which supports the notion that the 𝛼𝛽TCR acts as a mechanosensor50

(Kim et al., 2009, 2012; Brazin et al., 2015, 2018; Choi et al., 2023; Reinherz et al., 2023). In our51

previous molecular dynamics (MD) study (Hwang et al., 2020), instead of enforcing dissociation of52

the complex with high force, as done in steered MD simulations (Sibener et al., 2018; Wu et al.,53

2019), we applied pN-level forces and examined the behavior of the JM22 TCR complexed with an54

HLA-A*02:01 molecule presenting a peptide from an influenza virus matrix protein. We found that55

the TCR𝛼𝛽-pMHC complex is in a loosely-bound state in the absence of load, which allows domain56

motion. Application of a 16-pN force suppresses the motion and overall enhances the fit among57

domains. We proposed a model where the TCR𝛼𝛽-pMHC catch bond arises due to stabilization of58

the interface by altering the conformational motion of TCR𝛼𝛽.59

An important question regards the generality of this dynamic mechanism in other TCRs. To60

this end, we study the A6 TCR, which recognizes the Tax peptide (LLFGYPVYV) of the human T61

lymphotropic virus type 1 (Garboczi et al., 1996b) bound to HLA-A*02:01, the same MHC as for62

JM22. We perform all-atom MD simulations with the Tax peptide (wild type; WT) (Garboczi et al.,63

1996a) and four mutant peptides with a single-residue substitution: Y5F (Scott et al., 2011), V7R,64

P6A, and Y8A (Ding et al., 1999). Below, we call the TCR𝛼𝛽-pMHC complex by the name of the65

corresponding peptide. For example, Y5F refers to the complex with the Y5F peptide (PDB 3QFJ,66

Figure 1C).67

While the crystallographic structures of these complexes are very similar (Ding et al., 1999; Scott68

et al., 2011) (Figure 1C), they differ in immunogenicity. P6A and Y8A are weak antagonists because69

they inhibit T-cell function only at 1000-times higher molar concentration than that needed by the70

WT for activation (Hausmann et al., 1999; Ding et al., 1999). We refer to them simply as “antag-71

onists.” Y5F is similar to WT in terms of equilibrium binding affinity and T-cell activation in vitro72

(Hausmann et al., 1999; Scott et al., 2011). V7R induces effector functions comparable to WT at73

10- to 100-times higher concentrations (Ding et al., 1999). We call Y5F and V7R as “modified ago-74
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nists.” There have been several experimental and computational studies comparing the effects of75

peptide modifications or pMHC binding on A6 TCR (Baker et al., 2000;Michielin and Karplus, 2002;76

Davis-Harrison et al., 2005; Cuendet and Michielin, 2008; Borbulevych et al., 2009; Cuendet et al.,77

2011; Scott et al., 2011; Ayres et al., 2016; Fodor et al., 2018), but load was not explicitly consid-78

ered. To simulate a complex under load, we held the distance between the terminal C𝛼 atoms of79

the complex (Figure 1A) at a set extension for the duration of the simulation. This was done by80

applying harmonic positional restraints so that the terminal C𝛼 atoms were allowed to fluctuate in81

position, hence resulting in instantaneous fluctuation in the applied force akin to loading in exper-82

iments. We refer to a simulation as either low or high load based on the average load, which was83

around the physiological 10–20 pN range (Table 1). To our knowledge, the present study is the first84

to elucidate the dynamic mechanism of the A6 complex harboring different peptides under load.85

We found that differences between the WT and peptide mutants lie in dynamic responses to86

applied load. In the WT, physiological level load stabilized the TCR𝛼𝛽-pMHC interface as well as87

the subdomain motion within TCR𝛼𝛽. Modified agonists maintained stable contacts, yet high loads88

led to destabilization. Antagonists had less stable interfaces under load as the mutated residues89

disrupted surrounding interfacial contacts. Motion within the TCR, such as the V𝛼-V𝛽 scissoring90

as observed in Hwang et al. (2020), and an asymmetric bending of the V-module relative to the91

C-module, were coupled to the interactions between the variable domains and pMHC such that a92

single-residuemutation in the peptide affected the conformational behavior of the whole TCR. The93

present results suggest that the conserved TCR𝛼𝛽 framework motion is leveraged when determin-94

ing the mechanically matched pMHC, a mechanism that is broadly applicable to different TCR𝛼𝛽95

systems.96

Table 1. Simulations of TCR𝛼𝛽-pMHC complexes. Load is average after 500 ns (See Selecting extensions).
Peptide PDB Extension (Å) Time (ns) Load (pN) Label Description
Tax 1AO7 – 1170 – WT0(WT) 182.6 1350 13.2 WTlow wild-type187.7 1250 18.2 WThigh
Tax 1AO7 180.5 1100 14.9 dFGlow dFG (Table 2)(dFG-pMHC) 188.9 1100 29.0 dFGhigh with pMHC
Y5F 3QFJ – 1180 – Y5F0181.4 1200 8.24 Y5Flow186.2 1200 23.7 Y5Fhigh modifiedV7R 1QSE – 1020 – V7R0 agonists177.5 1012 10.3 V7Rlow186.2 1003 17.8 V7Rhigh
P6A 1QRN – 1090 – P6A0175.2 1018 8.81 P6Alow186.0 1020 13.5 P6Ahigh weakY8A 1QSF – 1020 – Y8A0 antagonists176.5 1280 12.0 Y8Alow187.4 1330 18.1 Y8Ahigh

Table 2. Simulations of truncated structures from PDB 1AO7.
Label Modification Time (ns)
V𝛼𝛽 V𝛼-V𝛽 only (no pMHC) 1060T𝛼𝛽 TCR𝛼𝛽 only (no pMHC) 1000V𝛼𝛽-pMHC V𝛼𝛽 with pMHC (no C-module) 1020dFG T𝛼𝛽 without the C𝛽 FG-loop (no pMHC) 1000
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Figure 2. Load dependence of the WT TCR𝛼𝛽-pMHC interface. (A) Number of high-occupancy contacts (Contact analysis). Bars: std. (B) Hammingdistance  over time. Histograms are for the interval after 500 ns. Dashed arrows mark increase in , corresponding to contacts lost. (C–E)Contact occupancy heat maps for the interface with pMHC. H-bond/hb: hydrogen bonds, including salt bridges, and np: nonpolar (Contactanalysis). (F) Location of C𝛼 atoms of the residues whose contacts with pMHC have greater than 80% average occupancy. Cyan spheres: lastframe of simulation. Transparent blue: locations rendered every 0.2 ns showing positional variability. (G) Total (pink) and per-residue (blue) BSAfor interfacial residues with greater than 80% maximum instantaneous occupancy (BSA). Bars: std. (H) RMSF of backbone C𝛼 atoms of thepeptide after 500 ns.
Figure 2—figure supplement 1. Contact occupancy heat maps for V𝛼𝛽-pMHC.

Results97

Wefirst study theWT-based systems to gain insight into the functional implications of TCR𝛼𝛽-pMHC98

structural dynamics, followed by point mutations in the Tax peptide. Our analyses below involve99

time-dependent inter-domain contact dynamics, domainmotion, and their dependence on applied100

load.101
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Load stabilizes WT TCR𝛼𝛽-pMHC interfacial contacts102

We assessed the effect of load on WT first by counting high-occupancy contacts with pMHC (Fig-103

ure 2A; Contact analysis). WTlow had the least number of contacts, followed byWT0 andWThigh, indi-104

cating low and high loads may have opposite effect on the interfacial stability. V𝛼𝛽-pMHC without105

the C-module formed the most contacts. This indicates that without a proper load, the C-module106

is detrimental to the stability of the interface with pMHC, as we found previously for the JM22 TCR107

(Hwang et al., 2020).108

Time-dependent changes in the interfacial contacts were monitored using the Hamming dis-109

tance  (Hamming, 1950; Hwang et al., 2020).  is the number of the initial high-occupancy con-110

tacts (those with greater than 80% average occupancy during the first 50 ns) that are subsequently111

lost during the simulation. A low  means that such contacts persist while a high  means the112

corresponding number of initial high-occupancy contacts are missing. Consistent with the contact113

count,  remained low for WThigh and V𝛼𝛽-pMHC (Figure 2B). In WT0 and WTlow,  increased af-114

ter about 500 ns and 900 ns, respectively. Thus, the relatively high number of interfacial contacts115

for WT0 (Figure 2A) is due to the formation of new contacts rather than by maintaining the initial116

contacts.117

Occupancy heat maps provide the time dependence of individual contacts. For WThigh and V𝛼𝛽-118

pMHC, high-occupancy contacts persist throughout the simulation (blue regions in Figure 2C and119

Figure 2—figure Supplement 1) whileWT0 orWTlow exhibited breakage of contacts, especially when120

 increased (dashed arrows in Figure 2D,E). Differences in the interfacial contacts also manifest121

in their location. We displayed the backbone C𝛼 atoms of V𝛼 and V𝛽 residues that form contacts122

with pMHC with greater than 80% average occupancy (averaging was done after the initial 500 ns;123

Figure 2F). In WT0, contacts are spread apart, and in WTlow they lie mostly along the length of the124

peptide. These layouts potentially make interfacial contacts more prone to break via easier access125

by water molecules. In WThigh and V𝛼𝛽-pMHC, high-occupancy contacts form more compact clus-126

ters. Exposure to water of the TCR𝛼𝛽 residues involved in those contacts was measured by their127

buried surface area (BSA), which follows the same trend as the number of high occupancy contacts128

(Figure 2A vs. G). Furthermore, this trend also applied to the root-mean square fluctuation (RMSF)129

of Tax peptide backbone C𝛼 atoms, even though RMSF values were small (Figure 2H).130

Experimentally, the WT complex has a relatively strong affinity as a TCR𝛼𝛽 (about 1 𝜇M) (Ding131

et al., 1999), which may be why the interface with pMHC involved more contacts in WT0 compared132

to WTlow. At low load, the short distance between restraints on the ends of the complex (Figure 1A)133

allows wider transverse motion that in turn generates a shear stress or a bending moment at the134

interface. Such a transverse stress will be less for WT0 where the end moves freely, and for WThigh135

where lateral motion is suppressed. The high stability of V𝛼𝛽-pMHC and WThigh agree well with the136

results for JM22 (Hwang et al., 2020).137

Influence of pMHC and load on V𝛼-V𝛽 motion138

We analyzed themotion between V𝛼 and V𝛽 (V𝛼-V𝛽 motion) to find its effect on the TCR𝛼𝛽-pMHC in-139

terface. Compared to theunliganded systems (V𝛼𝛽 and T𝛼𝛽; Table 2), the number of high-occupancy140

V𝛼-V𝛽 contacts increased slightly in V𝛼𝛽-pMHC (‘V’ in Figure 3A), while it decreased in full TCR𝛼𝛽-141

pMHC complexes (’0’, ’Low’, and ‘High’ in Figure 3A). This shows that the V𝛼-V𝛽 interface is difficult142

to organize with the restrictions imposed by the bound pMHC, except in the absence of the con-143

stant domains. The number of V𝛼-V𝛽 contacts in the liganded systems is the smallest for WTlow,144

similar to the case for the number of contacts with pMHC (Figure 2A), again reflecting a destabiliz-145

ing effect with low load.146

V𝛼-V𝛽 motion was measured by assigning triads to the stably folded 𝛽-sheet cores of the two147

domains and performing principal component analysis (PCA) on the trajectories of the two triads148

(Figure 3B; Variable domain triads and PCA) (Hwang et al., 2020). The amplitude of PC1 is lower149

when the number of V𝛼-V𝛽 contacts is higher (Figure 3A vs. Figure 3—figure Supplement 1A). Direc-150

tions of PCs differed to varying extents (arrows in Figure 3—figure Supplement 1B). Similarity of the151
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Figure 3. V𝛼-V𝛽 motion. (A) Number of high-occupancy contacts (Contact analysis). Bars: std. (B) Triads
{𝐞1, 𝐞2, 𝐞3} assigned to each domain. Angles between triad arms (∠𝑒1, ∠𝑒2, and ∠𝑒3) are marked. CDR3 loopsare represented as thick tubes. Dashed arrows indicate directions where the CDR3 distance increases via thescissor motion. (C) Histograms of the 3 angles between the triad arms. For WTlow, the smaller peaks indistributions of ∠𝑒2 and ∠𝑒3 arise from simulation trajectories after 1 𝜇s. (D) CDR3 distance vs. the 3 angles.Transparent band: std of the CDR3 distance in each bin. Statistics for bins deteriorate in large- or small-angletails that contain very few frames.
Figure 3—figure supplement 1. PCA of V𝛼-V𝛽 motion.
Figure 3—figure supplement 2. Trajectories of the V-module motion.

directions was measured by the absolute value of the dot product between PCs as 18-dimensional152

unit vectors (for the 6 arms from two triads) in different systems. A value of 1 corresponds to the153

same direction, and 0 means an orthogonal direction (Figure 3—figure Supplement 1C). For PC1, a154

high degree of similarity was observed between T𝛼𝛽 and V𝛼𝛽, which is consistent with their similar-155

ity in the number of V𝛼-V𝛽 contacts (Figure 3A) and PC amplitudes (Figure 3—figure Supplement 1A).156

Among triad systems with bound pMHC, WTlow differed significantly in the PC1 direction compared157

to others (Figure 3—figure Supplement 1C, darker colors). The dot products varied more for PC2158

and PC3, which capture finer motions with smaller amplitudes (Figure 3—figure Supplement 1C).159

To determine how the V𝛼-V𝛽 motion influences the interface with pMHC, we measured the dis-160

tance between CDR3 loops (CDR3 distance), which play a central role in peptide discrimination161

(Figure 1B,C and Figure 3—figure Supplement 2A–C). Unliganded T𝛼𝛽 and V𝛼𝛽 had greater fluctua-162

tion in the CDR3 distance (larger std), as they are unrestrained by pMHC. Among the pMHC-bound163

systems, WThigh and V𝛼𝛽-pMHC had small CDR3 distance (averages of 10.3 and 10.5 Å, respectively;164

Figure 3—figure Supplement 2B,C). CDR3 distance was larger for WT0 (11.3 Å), which reflects an165

altered interface with pMHC. For WTlow, the CDR3 distance varied more widely, with more than a166

2-fold increase in standard deviation. The increase in CDR3 distance of WTlow happens after the in-167
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crease in (800 ns; Figure 2B,D and Figure 3—figure Supplement 2C), suggesting a loss of contacts168

at the interface is related to the V𝛼-V𝛽 motion.169

PCAdecomposes the V𝛼-V𝛽motion intomutually orthogonal directions. Wemade2-dimensional170

histograms of each of these projections versus the corresponding CDR3 distance (Figure 3—figure171

Supplement 1D). If any of the PC modes is strongly correlated with the CDR3 distance, the corre-172

sponding histogram would exhibit a slanted profile. However, no clear correlation could be seen173

(Figure 3—figure Supplement 1D), suggesting that the changes in CDR3 distance may depend on174

combinations of PCs. We addressed this possibility by considering angles between matching arms175

of the two triads (Figure 3B). The 𝐞1-𝐞1 angle, herein called ∠𝑒1 (and similarly define ∠𝑒2 and ∠𝑒3;176

Figure 3B), can change either by the 𝐞1 arms turning up and down (“flap”) or in and out of the page177

(“twist”) in Figure 3B. Angles ∠𝑒2 and ∠𝑒3 depend primarily on rotation indicated by dashed arrows178

in Figure 3B (“scissor”) (Hwang et al., 2020).179

Histograms of the three angles (Figure 3C) show a clearer difference than individual PCs among180

the systems tested, and the CDR3 distance varies with the angles (Figure 3D). The wider distribu-181

tions for angles of WTlow and WThigh reflect their higher PC amplitudes (Figure 3—figure Supple-182

ment 1A). The symmetric distributions of ∠𝑒2 and ∠𝑒3 can be seen from the two peaks for WTlow,183

which is due to the reciprocal behavior of the scissoringmotion involving the two angles (Figure 3B,184

side view, and Figure 3C, open diamonds). The two peaks are also related to the changes in the185

CDR3 distance (Figure 3D), which reflects an agitating effect of the mild load on the scissor motion.186

Given the definitions of the angles, the CDR3 distance will increase (dashed arrows in Figure 3B)187

with larger ∠𝑒1 or ∠𝑒3, or with smaller ∠𝑒2 (Figure 3D). WT0, despite the apparent stability of the188

interface, had a larger CDR3 distance than WThigh and V𝛼𝛽-pMHC, again indicating a disrupted in-189

terface. These results show that the CDR3 motion is coupled to the V𝛼-V𝛽 motion, especially the190

scissoring motion.191

Asymmetric V-C motion influences the load response of the complex192

We next analyzed the motion of the V-module relative to the C-module (V-C motion). The number193

of high-occupancy C𝛼-C𝛽 contacts did not vary significantly (in the 31–34 range) and they were194

more than the number of V𝛼-V𝛽 contacts, similar to the case for the JM22 TCR (Hwang et al., 2020).195

The C-module thereby influences the V-module as a single unit. The V-C motion was analyzed by196

performing PCA on the bead-on-chain (BOC) model constructed based on the 𝛽-sheet core of each197

domain, and hinges between V- and C-domains denoted as H𝛼 and H𝛽 (Figure 4A; V-C BOC and198

PCA). Across different systems, amplitudes of PCs were similar (Figure 4—figure Supplement 1A).199

PC1 (V-C bend; Figure 4A) was similar among systems, as seen by the values of dot products being200

close to 1.0 (Figure 4B). Directions of higher PCs varied more, similarly as higher PCs for the V𝛼-V𝛽201

motion.202

We noticed that V𝛼 bends more compared to V𝛽, as can be gleaned from the longer PC ar-203

rows for V𝛼 (Figure 4A). We quantified this asymmetry by subtracting the amplitudes of motion204

for domains in the 𝛽 chain from those for the matching domains in the 𝛼 chains, where positive205

or negative values respectively indicate greater or less motion of the 𝛼 compared to the 𝛽 chain206

(Figure 4C). Compared to T𝛼𝛽, binding of pMHC increases the 𝛼-chain motion, which is the greatest207

in WTlow (Figure 4C, PC1 in top row). The greater degree of V𝛼-C𝛼 motion is consistent with the208

smaller number of V𝛼-C𝛼 contacts compared to V𝛽-C𝛽 (Figure 4—figure Supplement 1B,C).209

The asymmetry was further analyzed by measuring hinge angles ∠TCR𝛼 and ∠TCR𝛽 (Figure 4A).210

Distributions of ∠TCR𝛼 varied more compared to ∠TCR𝛽 (Figure 4D). A wide distribution of ∠TCR𝛼211

for WTlow is related to the increase in the CDR3 distance and concomitant changes in the triad arm212

angles later during the simulation (Figure 3—figure Supplement 2C). For WTlow and WThigh, CDR3213

distance decreases with increasing hinge angles, especially with ∠TCR𝛼 (Figure 4E), which suggests214

that unbending of the V-module under load helps with bringing the CDR3 loops closer together.215

In WTlow, this state is not maintained and ∠TCR𝛼 decreases (more bending) as the CDR3 distance216

increases (Figure 4E) which happens after the increase in  (Figure 2B). These results suggest a217
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mechanism by which the asymmetric response of the whole TCR𝛼𝛽 to load affects the binding with218

pMHCby controlling the relative positioning between the CDR3 loops via the V𝛼-V𝛽motion. For this,219

the C𝛽 FG-loop plays a critical role, as simulations of the bound complex without the C𝛽 FG-loop220

resulted in a smaller ∠TCR𝛽 and an over-extended ∠TCR𝛼 (see Appendix 1).221

Figure 4. WT V-C dynamics. (A) Average BOC built from the unliganded T𝛼𝛽. (B) Dot products computed between the BOC PCs in listed systems.Values closer to 1.0 denote similar V-C BOC direction of motion. (C) Difference in amplitude between the 𝛼 and 𝛽 chain motion measuredbetween V𝛼 and V𝛽 (top), and H𝛼 and H𝛽 (bottom). PC amplitudes are proportional to the lengths of the arrows in panel A. (D) Histograms ofhinge angles (defined in panel A) for each chain. (E) CDR3 distance vs. hinge angles.
Figure 4—figure supplement 1. V-C PC amplitude and contacts.

Effects of point mutations on the peptide222

In theWT crystal structure, the side chain of Y5 in the Tax peptide is locatedbetween theCDR3 loops223

of V𝛼 and V𝛽 while V7 mainly contacts CDR3𝛽 (Figure 1C). P6 makes one contact with CDR3𝛽. The224

side chain of Y8 is located between CDR3𝛽 and the 𝛼1 helix of MHC. Crystal structures of point mu-225

tants of these four residues are very similar in terms of interfacial contacts, docking angle, and CDR226

loop conformations, with the only structurally observable difference located at CDR3𝛽 (Figure 1B,C)227

(Ding et al., 1999; Scott et al., 2011). However, point mutations profoundly affect dynamics of the228

complex, as explained below.229

Modified agonists Y5F and V7R had about the same number of contacts with pMHC as the230

WT complexes, but high load resulted in fewer contacts, indicating a potential slip bond behavior231

(Figure 5A), though loss of contacts in Y5Fhigh might have been due to a higher load experienced232

compared to other complexes at the same extension (23.7 pN; Table 1, Selecting extensions). An-233

tagonists P6A and Y8Ahadoverall fewer contactswith pMHCwithout a consistent load dependence234

(Figure 5A). This trend was also seen in BSA profiles of residues forming high-occupancy contacts235

with pMHC (Figure 5B). For modified agonists, higher load also resulted in greater increase of ,236

whereas the trend was opposite for antagonists (Figure 5—figure Supplement 1). The large num-237
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Figure 5. Interface with pMHC containing mutant peptides. The same occupancy cutoffs were used as in Figure 2. (A) Number of contacts withpMHC. Dashed line: count for WThigh in Figure 2A, for reference. (B) Total (pink) and per-residue (blue) BSA. Dashed and dotted lines: values forWThigh (Figure 2G). (C-F) Contact heat maps for peptide residues 5 to 8. (C) WThigh (included in Figure 2C), and (D) P6A0, (E) P6Alow, and (F) P6Ahigh.
Figure 5—figure supplement 1. Trajectories of  for mutant complexes.
Figure 5—figure supplement 2. Contact occupancy heat maps for residues 5–8 of Y5F, V7R, and Y8A.
Figure 5—figure supplement 3. Locations of high-occupancy contacts with pMHC in mutant systems.

ber of contacts with pMHC for modified agonists (Figure 5A) despite an increase in  suggests an238

altered binding rather than maintaining the initial contacts.239

In contact heat maps, the Y5 residue of the WT peptide forms a hydrogen bond with 𝛼S31 and240

nonpolar contacts with a few residues in both V𝛼 and V𝛽 (Figure 2C–E, Figure 5C). In Y5F, the hy-241

drogen bond with 𝛼S31 cannot form, and many of the nonpolar contacts with F5 break under load242

later during the simulation (Figure 5—figure Supplement 2A). The breakage coincides with the in-243

crease in (Figure 5—figure Supplement 1A). In addition, contacts involving Y8 and V7 also break244

in Y5Fhigh (Figure 5—figure Supplement 2A). Thus, the Y5-𝛼S31 hydrogen bond may stabilize the245

interface with pMHC by arranging other nearby residues to form nonpolar contacts in favorable246
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Figure 6. Mutant effects on the conformational dynamics of TCR𝛼𝛽. (A,B) CDR3 distance versus triad arm angles for (A) modified agonists and (B)antagonists. Plot for WThigh in Figure 3D is reproduced for comparison. (C,D) Average BOCs of labeled complexes oriented to the constantdomains of WThigh ( V-C BOC and PCA) for (C) modified agonists and (D) antagonists. Average BOCs for WT0 and WThigh are displayed forcomparison (marked by angular brackets).
Figure 6—figure supplement 1. V𝛼-V𝛽 motion of mutant systems.
Figure 6—figure supplement 2. Distribution of triad arm angles in mutant systems.
Figure 6—figure supplement 3. Comparison of mutant average V-C BOCs and interfaces with those of WThigh.
Figure 6—figure supplement 4. V-C motion of mutants.

positions; its absence would make the nonpolar contacts more prone to break under load. The247

relative stability of Y5F0 can also be seen by the similarity in the locations of high-occupancy con-248

tact residues betweenWT and Y5F0 (Figure 2F vs. Figure 5—figure Supplement 3A). Experimentally,249

Y5F has kinetic and cytotoxicity profiles similar to WT (Hausmann et al., 1999; Scott et al., 2011).250

Its dependence on load needs further experimental analysis. On the other hand, V7 of the WT251

peptide forms nonpolar contacts with residues in CDR3𝛽 (Figure 2C–E, Figure 5C). In V7R, nonpolar252

contacts with CDR3𝛽 form with reduced occupancy, and contacts involving Y8 are also disrupted253

(Figure 5C vs. Figure 5—figure Supplement 2B).254

For antagonists, more contacts broke, which again involve non-mutated residues such as Y5255

and V7 (Figure 5D–F,Figure 5—figure Supplement 2C). The greater number of contacts in Y8Ahigh256

compared to Y8A0 and Y8Alow (Figure 5A) despite smaller number of contacts involving key peptide257

residues Y5–A8 (Figure 5—figure Supplement 2C) suggests formation of additional contacts with258

other parts of MHC as a result of an altered interface. Experimentally, binding of the A6 TCR to259

pMHC containing the P6A or Y8A peptide was not detected in vitro (Ding et al., 1999). Thus, Y8A in260

principle could exhibit a catch bond, but forming the complex in the loaded statemay be kinetically261

inaccessible.262

The modified agonists had more V𝛼-V𝛽 contacts than WThigh while the antagonists had fewer,263

except for Y8Ahigh (Figure 6—figure Supplement 1A). While the amplitude of V𝛼-V𝛽 motion was264

generally in a range similar to theWT systems (Figure 3—figure Supplement 1A vs. Figure 6—figure265

Supplement 1B), the CDR3 distance was larger for all mutant systems except for P6A, which had266

a weak dependence on triad angles (Figure 6A–B). The angles in turn varied among systems and267

loading conditions (Figure 6—figure Supplement 2). These results suggest that point mutations to268

the peptide cause alterations in the load-dependence of the interface and the V𝛼-V𝛽 motion.269

Themutants affected the average V-C BOC similarly as that for dFGhigh (Figure 6C,D vs. Appendix270

1–Figure 1C). Among them, Y8Ahigh had an average BOC approaching that of WThigh, which aligns271
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with the comparable number of contacts with pMHC (Figure 5A). However, the location of its H𝛼272

differed (Figure 6D), and the CDR3 distance was larger (Figure 6B). To quantify deformation of the273

average BOC, we measured displacements of centroids from the corresponding ones in WThigh.274

They were overall greater for the 𝛼 chain than the 𝛽 chain (Figure 6—figure Supplement 3A,B).275

Consistent with this, the mutants had fewer V𝛼-C𝛼 contacts than WThigh and a similar number of276

V𝛽-C𝛽 contacts (Figure 6—figure Supplement 3C,D).277

Similar to the WT systems, the greater motion of the 𝛼 chain than the 𝛽 chain was observed in278

the mutant systems, as seen from the differences in V-C PC1 amplitudes (Figure 6—figure Supple-279

ment 4A,B). However, dot products of the BOC PC1 between WT and mutants revealed that the280

direction of motion differed by varying degrees, which was more for V7Rhigh and Y8A (Figure 6—281

figure Supplement 4C vs. Figure 4B). Thus, point mutations on the WT peptide can affect the con-282

formational motion of the whole TCR𝛼𝛽, in addition to the average BOC.283

To further test effects of pointmutations, we introduced in silicopointmutations P6A and Y8A to284

the WT complex (WT to antagonists) and conversely introduced A6P and A8Y mutations to the P6A285

and Y8A complexes, respectively (antagonists to WT). The in silico antagonists did exhibit reduction286

in contacts with pMHC while the results were mixed for the in silico WT, especially for A8Y where287

the introduced tyrosine is bulkier than the original alanine. Nevertheless, these tests support the288

above results based on the original crystal structures (See Appendix 2 for details).289

Load- and time-dependent interfacial response290

Toprobe thedynamic relationbetween the TCR𝛼𝛽-pMHC (intermolecular) interface and intra-TCR𝛼𝛽291

(intramolecular) interfaces formed between subdomains of the complex, we calculated the total292

occupancy of the high-occupancy contacts in respective cases (Figure 7A,B). For the intramolecular293

contacts, we excluded the C𝛼-C𝛽 interface contacts since they are larger in number compared to294

other interfaces and did not differ significantly across different systems, i.e., the C-module moves295

mostly as a single unit (Hwang et al., 2020).296

ForWT0, the intermolecular contact occupancy stayed at around 20 (WT in Figure 7A, horizontal297

bar on the bottom) and for WTlow, it decreased later in simulation (WT in Figure 7A, darkening of298

circles without outline). In comparison, the intramolecular contact occupancy remained relatively299

constant for bothWT0 andWTlow (WT in Figure 7B, horizontal bar on the bottom and circles without300

outline). For WThigh, the intermolecular contact occupancy was steady even with wider fluctuation301

in force (WT in Figure 7A, outlined circles), and the intramolecular occupancy also remained high,302

indicating the subdomains are held together tightly (WT in Figure 7B, outlined circles). For dFGlow,303

the intermolecular contact occupancy stayed low and intramolecular occupancy was relatively con-304

stant (dFG in Figure 7A,B, circles without outline). In dFGhigh, the contact occupancy with pMHC305

increased (dFG in Figure 7A, outlined circles), but the intramolecular contact occupancy became306

low (dFG in Figure 7B, outlined circles), which suggests that the complex is not as tightly coupled307

compared to WT.308

For modified agonists, the no load and low load cases had overall higher occupancy, both with309

pMHC and within TCR𝛼𝛽, but occupancy fluctuatedmore as can be seen by the changes in colors in310

the occupancy trajectories (Y5F and V7R in Figure 7A,B, horizontal bars on the bottom and circles311

without outlines). Under high load, intermolecular contact occupancy decreased over time (Y5F312

and V7R in Figure 7A, darkening of outlined circles) while intramolecular contact occupancy either313

increased (Y5Fhigh) or decreased (V7Rhigh) relative to the respective low load cases. For antagonists,314

both occupancy measures were lower than the WT, and further reduction could be seen over time315

in some cases (P6A and Y8A in Figure 7A,B, darkening of colors in outlined circles).316

The stability of the TCR𝛼𝛽-pMHC interface also manifested into their relative motion, which317

was quantified by the angle between the least-square fit line across the backbone C𝛼 atoms of318

the antigenic peptide and the unit vector formed between the centroids of V𝛼 and V𝛽 (Figure 7—319

figure Supplement 1A–D). For WT, the peptide angle fluctuated more for WTlow than WThigh (WT320

in Figure 7C) where 58.4◦±3.6◦ (avg±std after 500 ns) for WThigh reflects a diagonal binding. For321
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Figure 7. Relationship between force and interfacial behavior. (A,B) The total contact occupancy measured in 40-ns overlapping intervalsstarting from 200 ns (Time-dependent behavior). (A) TCR𝛼𝛽-pMHC (intermolecular) and (B) intra-TCR𝛼𝛽 (intramolecular) contacts excludingC𝛼-C𝛽. Cases without load are shown as horizontal bars below each panel. Plots for low load systems (Table 1) do not have outlines. (C) Anglebetween antigenic peptide and the line between centroids of the triads for V𝛼 and V𝛽 (Peptide and V-module angle). Thin lines: values atindividual frames. Symbol: 50-ns running average.
Figure 7—figure supplement 1. Motion at the interface related to ∠peptide.

dFGlow, the peptide changed orientation by more than 20◦, and for dFGhigh, it stabilized, but at322

a higher value than WThigh, which also was reached in dFGlow later during simulation, suggesting323

a more orthogonal binding (dFG in Figure 7C). For modified agonists, similar to the behaviors of324

the total intra- and intermolecular contact occupancy, the peptide angle was affected more under325

high loads, again becoming more orthogonal compared to WThigh (Y5F and V7R in Figure 7C). For326

antagonists, the angle overall fluctuated more under no load or settled to different values under327

high load. Since the antagonists are loosely coupled (low occupancy in Figure 7A,B), settling of the328

angle does not indicate stabilization of the interface, as evident from the positional shift of the 𝛼2329

helix of V7Rhigh or Y8Ahigh (Figure 7—figure Supplement 1G,H) compared toWThigh (Figure 7—figure330

Supplement 1E).331

Concluding Discussion332

The present study elucidates how the load-dependent TCR𝛼𝛽 framework motion influences the333

dynamics of the TCR𝛼𝛽-pMHC interface (Figure 8). A main feature of the framework is the smaller334

number of contacts for the V𝛼-C𝛼 compared to the V𝛽-C𝛽 interface. This causes an asymmetric V-C335

motion, primarily bending, where V𝛼 moves more compared to V𝛽 relative to the C-module, which336

serves as a base. This in turn generates relative motion between V𝛼 and V𝛽, which can destabilize337

the contacts with pMHC, especially by affecting the distance between CDR3 loops that play the338

most direct role for sensing the bound peptide (Figure 8A,B). Applying a physiological level force339

stabilizes the interface by straining the whole complex into a more tightly coupled state, as can be340

seen by the increase of both inter- and intramolecular contacts in WThigh (Figure 7 and Figure 8C).341

The CDR3 distance of WThigh (10.3±0.3 Å; Figure 3—figure Supplement 2C) was shorter than342

that of WT0 or WTlow (Figure 3D), and it is also shorter than the 10.9-Å CDR3 distance in the crystal343

structure (PDB 1AO7). The applied load slightly increases the spacing between pMHC and TCR𝛼𝛽,344

which provides room for the CDR3 loops to adjust as well as allow other contacts to ‘lock’ into345

more stable states with higher andmore persistent occupancy. Absence of load or low load do not346
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Figure 8. Model for peptide screening. (A) Non-matching pMHC or (B) matching pMHC but without adequate load do not stabilize theasymmetric V-C framework motion that affects the interfacial stability as measured by the CDR3 distance (CDR3 loops are shown above theV-module). (C) Matching pMHC with adequate load results in an overall tighter fit.

properly channel the framework motion and thereby increase exposure to water (Figure 2F,G) and347

destabilize the interface.348

The C𝛽 FG-loop stabilizes the V𝛽-C𝛽 interface, thereby contributing to the asymmetric V-C mo-349

tion. It also controls the relative orientation between V𝛽 and C𝛽, hence it affects the orientation350

of the CDR loops of the V-module with respect to the loading direction (Appendix 1–Figure 1C).351

Consistency in these findings between the present study and our previous simulations using JM22352

TCR (Hwang et al., 2020) underscores that the proposed mechanism based on the asymmetric353

framework motion is applicable to other TCR𝛼𝛽 systems.354

After engagement with a cognate pMHC under load, reversible transition to an extended state355

is possible which has been observed both in in vitro single-molecule experiment using TCR𝛼𝛽 and356

on cell displaying the full 𝛼𝛽TCR holoreceptor (Das et al., 2015; Banik et al., 2021). Since V𝛼𝛽-pMHC357

lacking the C-module forms amore stable binding (Figure 2) that was also observed in our previous358

simulations of the JM22 TCR (Hwang et al., 2020), the C-module likely undergoes partial unfolding359

in the extended state. Thus, while the folded C-module serves as the base for the asymmetric360

V-C motion screening for the matching pMHC, once a match is found, the reversible transitioning361

propelled by the partial unfolding of the C-module may agitate the membrane and activate the362

cytoplasmic domains of the surrounding CD3 subunits to initiate downstream signaling (Reinherz363

et al., 2023). A circumstantial evidence for the capacity of the C-module to unfold is that the C𝛼364

domain as well as parts of C𝛽 are occasionally unresolved in crystal structures, as in PDB 1AO7.365

In addition to TCR𝛼𝛽, MHCmay also respond to load. Wuet al. (2019) suggested a partial separa-366

tion of the MHC𝛼1-𝛼2 peptide-binding platform from 𝛽2mwith the attendant lengthening of pMHC367

contributing to a longer bond lifetime. Banik et al. (2021) observed a catch bond for CAR-pMHC,368

where just MHC is being pulled with an antibody. While we did not find a clear load or peptide-369

dependence in contacts between subdomains of MHC, since the entire TCR𝛼𝛽-pMHC complex is370

under load, conformational changes in pMHC may contribute to the extended state of the com-371

plex. Yet, for T-cell based cancer immunotherapy, mechanistic knowledge of the mechanosensing372

through a TCR has a greater practical significance (Reinherz et al., 2023).373

A recent study using a laminar flow chamber assay fit the measured bead survival distribution374

using Bell’s equation to estimate the zero-force off rate 𝐾off and the force sensitivity distance 𝑥𝛽375

(Pettmann et al., 2022). They found a negative correlation between𝐾off and 𝑥𝛽 , to conclude thatme-376

chanical forces impair antigen discrimination. However, the force range tested was up to 100 pN,377

where even systems exhibiting catch bond in the 10–20-pN rangewill switch to a slip bond behavior.378

A catch bond exhibits a non-monotonic force versus bond lifetime profile, so that fitting with Bell’s379

equation, an exponential function, leads to results that do not have a clear physical meaning. For380

example, 𝑥𝛽 in Pettmann et al. (2022) was less than 1 Å inmagnitude in all systems, which is shorter381
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than the length of a single covalent bond. They also performed steeredMD simulation that applies382

hundreds of pN forces, which is inadequate for studying behaviors of the system under loads in383

the 10–20-pN range (Hwang et al., 2020). Use of a coarse grained model without appropriately384

incorporating atomistic properties of the TCR further makes it difficult to compare their simulation385

with experiment.386

We earlier proposed that the residues of the antigenic peptide play a role more as “teeth of a387

key” for screening the TCR𝛼𝛽-pMHC interaction fitness rather than bearing applied loads (Hwang388

et al., 2020; Reinherz et al., 2023). The present study confirms this through simulations of mutant389

systems, where several contacts across the interface with pMHC were impaired due to a single-390

residue mutation on the peptide in ways that reflect the functional outcome of the mutation. In391

considering how a T-cell may respond to an unknown peptide, the pMHCmotion and the asymmet-392

ric V-C motion are two points of guidance (Figure 8). Stabilization of the inter- and intramolecular393

interfaces throughout the whole complex under 10–20-pN load would indicate a cognate TCR𝛼𝛽-394

pMHC interaction (Figure 7). Since these features are based on overall TCR𝛼𝛽-pMHC complex dy-395

namics, rather than changes to specific contacts or a particular conformational change, they can396

be used to predict fitness of other TCR𝛼𝛽-pMHC combinations. Since such tests involve performing397

many all-atom MD simulations and trajectory analyses, an in silico method would be needed that398

efficiently predicts dynamic properties of the complex based on sequence and structural data only.399

Atomistic insights gained from the present study will be helpful for developing such a method in400

future studies.401

Computational Methods402

Structure preparation403

Structure preparation was done using CHARMM (Brooks et al., 2009). Simulation systems were404

based on PDB 1AO7 (Garboczi et al., 1996a); 1QSE, 1QRN, and 1QSF (Ding et al., 1999); and 3QFJ405

(Scott et al., 2011) (Figure 1C). Residues from the TCR 𝛼- and 𝛽-chains were renumbered sequen-406

tially from the original non-sequential numbering in the PDB. Throughout the paper we use the407

renumbered index to refer to a residue. Residues differing at a few locations in some of the PDB408

files were converted so that all systems have identical sequences except for point mutations in-409

troduced in the Tax peptide (details are given below). Disulfide bonds between cysteine residues410

were introduced as noted in the PDB file. Histidine protonation sites were determined based on411

the 1QSE crystal structure to promote hydrogen bond formationwith neighboring residues. Where412

neighboring residueswere unlikely to hydrogen bond, we assigned thewater-facing nitrogen of his-413

tidine as charged. This led to protonation of the N𝛿 atom for all histidine residues except for MHC414

H263 and 𝛽2m H84, where the N𝜖 atom was protonated. For truncated structures, crystal waters415

within 2.8 Å from the protein atoms were kept in the initially built system. For full structures, all416

crystal waters were kept.417

We extended the termini of the TCR𝛼𝛽-pMHC complex as handles for applying positional re-418

straints (Figure 1, “added strands”) (Hwang et al., 2020). For MHC, we used the sequence from419

UniProt P01892, where 276LSSQPTIPI284 was added after E275. For TCR𝛼𝛽, sequences for the added420

strands were from GenBank ABB89050.1 (TCR𝛼) and AAC08953.1 (TCR𝛽), which were 201PESSCDVK421

LVEKSFETDT218 and 246CGFTSESYQQGVLSA260, respectively. After adding the strands, a series of en-422

ergyminimization and a shortMD simulation in the FACTS implicit solvent environment (Haberthür423

and Caflisch, 2008) were performed to relax them and bring together the C-terminal ends of the424

two TCR chains. The first two N-terminal residues of TCR𝛽 were missing in all structures except for425

3QFJ, so they were added and briefly energy minimized.426

1AO7 (Tax peptide): In the original PDB 1AO7, coordinates for the C𝛼 domain (D116–S204) and427

parts of C𝛽 (E130–T143, K179–R188, S219–R228) are missing. The coordinates listed are based on428

the renumbered indices. These were built using PDB 1QSE. For the C𝛼 domain, we aligned the V𝛼429

domain of 1AO7 and 1QSE (K1–P115) based on their backbone C𝛼 atoms and added the missing430
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C𝛼 domain residue coordinates to 1AO7. After this, we performed a brief energy minimization on431

the added domain while fixing positions of all other atoms of 1AO7. For missing residues in the C𝛽432

domain, we used backboneC𝛼 atomsof two residues each before and after themissing part to align433

1QSE to 1AO7 and filled in coordinates, followed by a brief energy minimization of the added part434

in 1AO7. In this way, the TCR𝛼𝛽-pMHC interface of the original 1AO7 is preserved. By comparison,435

previous simulations mutated PDB 1QRN back to WT (Ayres et al., 2016), which corresponds to436

to the A6P in silico WT system (Appendix 2), or converted a high-affinity variant of A6 (PDB 4FTV)437

by mutating 𝛽-chain residues, in particular nearly the entire CDR3 loop (Rangarajan et al., 2018).438

Compared to our approach, those preparation methods thereby introduce more perturbation to439

the interface with pMHC.440

The 𝛽2m residues C67 andC91were reverted (C67Y, C91K) based onUniProt P61769 referenced441

in PDB 1AO7. These agree with the 𝛽2m sequence in other structures.442

1QRN (P6A): Except for the two N-terminal residues of TCR𝛽, there were no missing coordinates.443

This also applies to 1QSE and 1QSF. The following conversions were made to match the sequence444

with other structures: K150S (TCR𝛼), and A133E and E134A (TCR𝛽).445

1QSE (V7R): No residue conversion was made.446

1QSF (Y8A): The following conversions were made: A219R (MHC) and A225T (TCR𝛽).447

3QFJ (Y5F): There were no missing residues. We made the D204N conversion in TCR𝛽.448

WT truncated complexes: For truncation, we used the constructed 1AO7 complex.449

• V𝛼𝛽: the last residues were 𝛼D111 and 𝛽E116.450

• T𝛼𝛽: the last residues were 𝛼D206 and 𝛽G247 (no C-terminal strands).451

• V𝛼𝛽-pMHC: includes V𝛼𝛽, peptide, 𝛽2m, and MHC. The last residue of MHC was L276.452

• WT0: WT complex without the added C-terminal strands, as for T𝛼𝛽.453

• dFG: residues 𝛽L218–𝛽P231 removed from the correspondingWT complex. 𝛽G217 and 𝛽V232454

were covalently joined.455

MD simulation protocol456

Solvation and equilibration of simulated systems457

We used CHARMM (Brooks et al., 2009) to prepare simulation systems before the production458

run. The solvation boxes were orthorhombic for systems with pMHC and cubic for those without459

pMHC. For TCR𝛼𝛽-pMHC, the size of the initial water box was such that protein atoms were at least460

12 Å away from the nearest transverse face of the box and 25 Å from each longitudinal face. The461

extra space in the longitudinal direction was to initially test and select extensions of the complex462

for longer simulations in Table 1. For solvation, we used the TIP3P water. Water molecules with463

their oxygen atoms less than 2.8 Å from protein heavy atoms were removed. Neutralization of the464

system was done using Na+ and Cl− ions at about 50 mM concentration. Crystal water molecules465

were kept in this procedure.466

After neutralization, a 5-stage energy minimization was applied where protein backbone and467

side chain heavy atoms were progressively relaxed (Hwang et al., 2020). This was followed by heat-468

ing from 30 K to 300 K for 100 ps and equilibration at 300 K for 200 ps. Backbone heavy atoms469

were positionally restrainedwith 5-kcal/[mol⋅Å2] harmonic spring constant during heating and equi-470

libration, except for structures involving 1AO7 that originally had more missing residues, where a471

2-kcal/[mol⋅Å2] restraint was used. We then performed a 2 ns CPT (constant pressure and temper-472

ature) simulation at 1 atm and 300 K. We applied a 0.001-kcal/[mol⋅Å2] restraint on backbone C𝛼473

atoms. The CHARMM DOMDEC module (Hynninen and Crowley, 2014) was used to parallelize the474

simulation. We applied the SHAKE method to fix the length of covalent bonds involving hydrogen475

atoms, and used a 2-fs integration time step.476
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Production runs477

Production runs were performed using OpenMM (Eastman et al., 2017). We used the CHARMM478

param36 all-atom force field (Huang and MacKerell Jr, 2013) and the particle-mesh Ewald method479

to calculate electrostatic interactions. We used an Ewald error tolerance of 10−5 which is 1/50 of480

the default value in OpenMM, for accuracy. The cutoff distance for nonbonded interactions was481

12 Å, and the Nose-Hoover integrator of OpenMM at 300 K was used, with a 2-fs integration time482

step. We ran OpenMM on GPUs with mixed floating point precision. Below are specific steps of483

the MD protocol relevant to individual systems in Table 1 and Table 2.484

TCR𝛼𝛽-pMHC with load485

Laddered extension with added strands486

To apply load, C𝛼 atoms of the C-terminal ends of the added strands in the complex (Figure 1A, blue487

spheres) were held by 1-kcal/[mol⋅Å2] harmonic positional restraint at a given extension during the488

simulation. Restraints were applied to the C𝛼 atom of MHC I284 and to the center of mass of two489

C𝛼 atoms of 𝛼T218 and 𝛽A260. A flat-bottom distance restraint was applied to the latter two atoms490

to prevent large separation. It was activated when the distance of the two C𝛼 atoms was greater491

than 10 Å, where a 1.0-kcal/[mol⋅Å2] harmonic potential was applied. Starting with the initially492

built complex, we performed a 4-ns run then increased the extension by shifting centers of the493

positional restraints on terminal atoms by 2 Å at each end, for a total 4 Å added at each extension,494

for the next 4-ns run. The process continued to yield 4–6 extensions.495

After each extension run, we truncated the water box such that the length of the box was496

12 Å larger than the maximum span of the complex on each side, and re-neutralized the system.497

A representative water box size is 218×97×90 Å3 for WThigh, containing 187,250 atoms. Since the498

system was already equilibrated from the previous run, we used a simpler energy minimization499

scheme where backbone and side chain heavy atoms were restrained by 10-kcal/[mol⋅Å2] and 5-500

kcal/[mol⋅Å2] harmonic potentials, respectively, and 200 steps of steepest descent followed by 200501

steps of adopted-basis Newton-Raphson energy minimization was performed. Heating, equilibra-502

tion, and the initial 2-ns dynamic runs with positional restraints were carried out as explained503

above. We then carried out 60–100 ns production runs for each extension and selected two or504

three extensions to continue for longer than 1000 ns.505

Selecting extensions506

We measured the average force on the complex during each 60–100-ns simulation, then selected507

two extensions where the average force generated was representative of a “low” (around 10 pN)508

and “high” (over 15 pN) load on the TCR. These values were based on the experimental 10–20-pN509

catch bond activation force range (Das et al., 2015; Liu et al., 2016).510

In some cases, in particular at low extensions, the flexible added strand either folded onto itself511

or made contacts with the C-module of TCR𝛼𝛽, effectively shortening the span of the complex. Fac-512

tors such as this, together with differences in conformational behaviors of the complex, affected513

the average force for a given extension. Thus we had to test and choose among different exten-514

sions for each system. We also ran 1–2 replicate simulations of comparable length (∼1 𝜇s) at given515

extensions except for systems involving dFG and in silicomutants. However, even with nearly the516

same extensions used, measured forces in replicate simulations varied. The final selection and517

average forces are in Table 1.518

Other systems519

TCR𝛼𝛽-pMHC without load520

These systems include WT0 and complexes with point mutations to the Tax peptide. To prevent521

the complex from turning transversely in the elongated orthorhombic box, we applied a weak 0.2-522

kcal/[mol⋅Å2] harmonic positional restraint on select C𝛼 atoms in theMHC 𝛼3 domain that had RMSF523
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below about 0.5 Å in both WTlow and WThigh, which were P185–T187, L201–Y209, F241–V247, and524

T258–H263.525

V𝛼𝛽-pMHC526

We applied a 0.01-kcal/[mol⋅Å2] harmonic restraint to the backbone C𝛼 atoms of the MHC 𝛼3 do-527

main (residues P185-L276) to prevent the complex from turning transversely in the orthorhombic528

box. The restraints are 20 times weaker than those used for TCR𝛼𝛽-pMHC complexes mentioned529

above. This was because V𝛼𝛽-pMHC is smaller in both size and aspect ratio.530

V𝛼𝛽, T𝛼𝛽, dFG531

No positional restraints were applied. A representative system size is, for T𝛼𝛽, a 92.8-Å3 cubic water532

box containing 75,615 atoms.533

dFG-pMHC534

The FG-loop deletion was done after initially preparing (solvation and neutralization) the WT com-535

plex in the extended water box. After deletion, the system was re-neutralized. Subsequently, lad-536

dered extension, selecting extensions for high and low load cases, and longer production runs537

were performed as explained above.538

In silicomutants539

Each in silico mutation (Appendix 2–Table 1) was performed for low and high load extensions of540

the complex. To use similar extensions as in the original complexes, we used the last frame of541

the 4-ns laddered extension simulation. After introducing the in silicomutation, we inspected the542

structure to ensure there was no steric clash with neighboring residues or water molecules. We543

performed a short energy minimization to relax the modified residue while keeping coordinates544

of all other residues except for residues immediately before and after the mutated one on the545

peptide. We then truncated the water box and re-neutralized the system, after which steps from546

the initial energy minimization up to the final production run followed the same procedure as547

explained above.548

Trajectory Analysis549

Coordinates were saved every 20 ps (0.02 ns) during production runs, resulting in 50,000 coordi-550

nate frames for 1000 ns. We excluded the initial 500 ns when calculating averages and standard551

deviations in the number of contacts, CDR3 distance, BSA, PCA values, and angle data. Since all552

systems were simulated for a minimum of 1 𝜇s, this leaves at least 25,000 frames. We report data553

prior to 500 ns in trajectory plots and contact occupancy heat maps (e.g., Figure 2B–E).554

Calculating force555

Force on a restrained atom or the center of mass of the C-terminal atoms of the added strands556

in TCR𝛼𝛽 was calculated based on the deviation of its average position from the center of the har-557

monic potential, multiplied by the spring constant used (Hwang et al., 2020). Average force in Ta-558

ble 1 was computed from 500 ns to the end of the simulation. Instantaneous force in Figure 7A,B559

was computed in 40-ns overlapping intervals starting from 200 ns, i.e., 200–240 ns, 220–260 ns,560

240–280 ns, etc.561

RMSF562

RMSF for backbone C𝛼 atoms of a domain was calculated by aligning the C𝛼 atoms to the structure563

at the beginning of the production run. Coordinate frames after the initial 500 ns were used.564

CDR3 distance565

The CDR3 distance (e.g. Figure 3—figure Supplement 2A–C) was measured using the midpoint566

between backbone C𝛼 atoms of two residues at the base of each CDR3 loop. They were: T92 and567

K97 for CDR3𝛼, and R94 and E103 for CDR3𝛽.568
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Contact analysis569

We used our previously developed method (Hwang et al., 2020). Briefly, H-bonds (including salt570

bridges) were identified with the 2.4-Å donor-acceptor distance cutoff. Nonpolar contacts were571

identified for atom pairs that are within 3.0 Å and both have partial charges less than 0.3𝑒 (𝑒 = 1.6×572

10−19 C) in magnitude. The average occupancy was measured as the fraction of frames over which573

a bond is present during the measurement period. Instantaneous occupancy was measured as a574

40-frame (0.8-ns) rolling average. The average occupancy of a contact represents its abundance575

during the simulation period while the instantaneous occupancy represents its temporal intensity.576

For counting the number of contacts (e.g., Figure 2A, Figure 3A, Figure 4—figure Supplement 1B,C),577

we used contacts with the average occupancy greater than 50% and at least an 80% maximum in-578

stantaneous occupancy after the initial 500 ns. Contact occupancy heat maps (e.g., Figure 2C–E)579

report those with the overall average occupancy greater than 30%, and the maximum instanta-580

neous occupancy during the simulation greater than 80%.581

The Hamming distance  (e.g. Figure 2B) was measured using contacts with greater than 80%582

average occupancy during the first 50 ns.583

BSA584

For the BSA calculation (e.g. Figure 2G), we used residues in the V-module with the maximum585

instantaneous contact occupancy with pMHC greater than 80%. We calculated the surface area for586

the selected residue contacts and added them to get the total BSA. Per-residue BSA is the total BSA587

divided by the number of residues forming the contacts in the given time interval. The reported588

values (e.g. Figure 2G) are respective averages after 500 ns.589

Variable domain triads and PCA590

Triads (orthonormal unit vectors) were constructed for V𝛼 and V𝛽 by modifying the procedure in591

Hwang et al. (2020) for the A6 V-module. We used the backbone C𝛼 atoms of six residues from the592

central four 𝛽-strands that make up the stably folded 𝛽-sheet core of each variable domain: for V𝛼,593

S19-Y24, F32-Q37, Y70-I75, Y86-T91, and for V𝛽, T20-Q25, S33-D38, F74-L79, V88-S93. The C𝛼 atoms594

of these residues have RMSF inWThigh near or less than 0.5 Å, and they correspond to twomatching595

segments on each of the inner and outer 𝛽-sheets of the immunoglobulin fold. The center of mass596

of the C𝛼 atoms of the selected residues was used for the centroid of each triad. The 𝐞3 arm of the597

triad was assigned along the major axis of the least-square fit plane of the selected atoms in each598

domain, which is parallel to the 𝛽-strands and points to the CDR3 loop (Figure 3B). The 𝐞1 arm was599

assigned by taking the direction from the center of masses of the selected atoms from the inner600

to the outer 𝛽-sheets of each variable domain and making it perpendicular to 𝐞3. The 𝐞2 arm was601

then determined as 𝐞2 = 𝐞3 × 𝐞1.602

PCA was performed on the trajectory of the two triads using a custom FORTRAN95 program603

(Hwang et al., 2020). The PC amplitude (e.g. Figure 3—figure Supplement 1A) corresponds to604

the rotational motion of these arms in units of radians. The PC vector for the 6 arms of the two605

triads is an 18-dimensional unit vector. To compare directions of two PCs (e.g. Figure 3—figure606

Supplement 1C), the absolute value of the dot product between themwas calculated, which ranges607

between 0 and 1. To project the V𝛼-V𝛽 triad for a given frame to a PC direction (Figure 3—figure608

Supplement 1D), the average triad calculated after the initial 500-ns was subtracted from the triad,609

then a dot product was formed with the PC vector.610

V-C BOC and PCA611

The V-C BOC (Figure 4A) was assigned based on themethodwe developed previously (Hwang et al.,612

2020). For beads representing the V-module, centroids of the two triads were used. For the C-613

module, the center of mass of backbone C𝛼 atoms of the following residues in each domain were614

used: for C𝛼, A118–R123, V132–D137, Y153–T158, S171–S176, and for C𝛽, T143–A148, L158–N163,615

S192–V197, F209–Q214. We used 𝛼N114 for H𝛼, and for H𝛽, the center of mass between 𝛽D117616

and 𝛽L118 was used, which had large RMSF in WThigh.617
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We aligned coordinate frames for all simulations to the first frame of WThigh based on atoms618

used to assign beads for theC-module. In thisway,motion of the V-module relative to theC-module619

can be analyzed. Also, by using a common reference structure (first frame of WThigh), average620

BOCs can be compared, as in Figure 6C,D. PCA of the V-C BOC was performed using the 6 beads621

representing the centroids and hinges. PCA for the V-module triads was done separately. Since622

the reference of motion is the C-module, directions of PCs for the V-module triads indicate motion623

of the V-module relative to the C-module (arrows on triad arms in Figure 4A), which complements624

the direction of the V-module centroids obtained from PCA of the V-C BOC (arrows on centroids in625

Figure 4A).626

Time-dependent behavior627

For the total occupancy in Figure 7A,B, we only considered contacts with greater than 50% overall628

occupancy and over 80% maximum instantaneous occupancy during the entire simulation period.629

In this way, changes in high-quality contacts under fluctuating force for a given trajectory can be630

monitored. For each 40-ns window, we calculated the average occupancy of selected contacts631

and added them to obtain the total occupancy. For intermolecular contacts, interfaces between632

MHC-V𝛼, MHC-V𝛽, peptide-V𝛼, and peptide-V𝛽 were considered. For intramolecular contacts, V𝛼-V𝛽,633

V𝛼-C𝛼, and V𝛽-C𝛽 were considered.634

Peptide and V-module angle635

For Figure 7C, at each coordinate frame we calculated the least-square fit line for the peptide back-636

bone C𝛼 atoms and calculated a dot product of its direction with a unit vector pointing from the637

centroid for the triad of V𝛼 to that of V𝛽.638
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Appendix 1752

Allosteric effect of the C𝛽 FG-loop deletion753

The higher number of V𝛽-C𝛽 contacts (Figure 4—figure Supplement 1B,C) and smaller range
of ∠TCR𝛽 (Figure 4D,E) in the WT TCR suggests that the 𝛽 chain mainly bears the load while
the 𝛼 chain adjusts to accommodate different loading conditions. Our previous experimen-
tal (Das et al., 2015) and computational (Hwang et al., 2020) studies showed that the C𝛽
FG-loop plays a critical allosteric role for the catch bond formation. To examine its role in
A6 TCR, we performed simulations of dFG in isolation (Table 2) and under low and high
loads (Table 1). Similar to the WT, the number of contacts with pMHC increased with load
(Appendix 1–Figure 1A and Appendix 1–Figure 2A,B). The BSA for high-occupancy residues
contacting pMHC was also greater for high load (Appendix 1–Figure 2C). Thus, dFG may
also possess a catch bond behavior, which agrees with experiment where a subdued catch
bond was observed (Das et al., 2015). However, increased early on and was slightly larger
than that for WThigh (Appendix 1–Figure 2D), and the CDR3 distance was higher compared
to WThigh (Appendix 1–Figure 1B), which indicate an altered interface.
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The conformation of thewhole dFGwas also affected. Relative to the C-module, the aver-
age BOC for the unligandeddFGwas substantially different from those of dFGlow anddFGhigh,
where the latter was similar to that of WThigh (Appendix 1–Figure 1C). In particular, V𝛽 of the
unliganded dFG is more tilted, as there is a lack of support from the FG-loop (Hwang et al.,
2020). When load is applied to the dFG-pMHC complex, dFG becomes less bent. Its tendency
to return to the bent conformation would impose a strain on the interface with pMHC. This
can be seen by the higher average load on dFG-pMHC complexes thanWT-pMHC complexes
under similar extensions (Table 1). Comparing between the amplitudes of PCs of 𝛼 and 𝛽
chains, a notable difference from theWT systems (Figure 4C) is that H𝛽movesmore than H𝛼
for loaded dFG systems (Appendix 1–Figure 1D, bottom row). Also, distributions of ∠TCR𝛼
and ∠TCR𝛽 shift to larger and smaller values, respectively (Appendix 1–Figure 1E). These in-
dicate alterations in the conformation and motion of dFG. Furthermore, the CDR3 distance
of dFG is elevated regardless of load or V-C angle (Appendix 1–Figure 1F), suggesting a re-
duced allosteric control by the V-C motion.
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The altered conformation of dFG causes the interface with pMHC to tilt as observed in
our previous study of JM22, which is detrimental to the stability of the complex (Hwang
et al., 2020). The increased motion of H𝛽 may also deliver more agitation to the interface
with pMHC. Thus, even though full dissociation with pMHCwas not observed within the sim-
ulation time, the dFG-pMHC complex is likely to be less stable compared to theWT complex.
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786

Appendix 1—figure 1. Effects of the C𝛽 FG-loop deletion. In all panels, the same criteria were used tomeasure values as for the WT systems in the corresponding figures. For comparison, respective datafor WThigh are shown. (A) Number of contacts with pMHC (Figure 2A). (B) CDR3 distance vs. the threeV𝛼-V𝛽 triad arm angles (Figure 3D). (C) Average BOC of labeled complexes oriented to the C-module ofWThigh. The unliganded dFG has notably different average BOC (Figure 6C,D). (D) Differences inamplitudes between respective PC components of the 𝛼 and 𝛽 chains (Figure 4C). (E) Histogram ofhinge angles and (F) CDR3 distance vs. hinge angles (Figure 4D,E).
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Appendix 1—figure 2. Effects of the C𝛽 FG-loop deletion on the interface with pMHC. The samecriteria were used to plot as for the WT systems in the corresponding figures. (A–B) Contactoccupancy heat maps (Figure 2C,D). (C) BSA (Figure 2G). (D) Hamming distance (Figure 2B). (E)Distribution of V𝛼-V𝛽 angles. Numbers are avg±std in respective cases (Figure 3C). In (C–E), data forWThigh are shown as reference.

796

797

798

799

800801

24 of 27

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2023. ; https://doi.org/10.1101/2023.09.10.557064doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.10.557064
http://creativecommons.org/licenses/by/4.0/


Appendix 2802

In silico peptide mutants mimic the behaviors of target systems803

We tested whether behaviors of different systems are interchangeable bymaking point mu-
tations on peptides in silico, for which WT and antagonists were used (Appendix 2–Table 1).
For example, for Y8AWThigh (Y8A under high load switched to WT), we took Y8Ahigh at the be-
ginning of its production run and mutated A8 to Y8 (see In silico mutants in Methods). A
main question is whether the in silico mutants attain behaviors of the switched systems
during the finite simulation time. We found this to be the case although behaviors were
not recapitulated perfectly. Compared to WThigh, the number of contacts with pMHC be-
came lower for WTP6A (Appendix 2–Figure 1A). Note that WTP6Alow had a higher force than
WTP6Ahigh (24.7 vs. 19.5 pN; Appendix 2–Table 1). This was because the low extension in
the former case allowed the loose C-terminal strands (Figure 1A) to form extensive nonpo-
lar contacts with the C-module, especially with C𝛽. This effectively shortened the length of
the complex, which led to a higher average force as the extension was kept the same (Se-
lecting extensions). Among the original systems, Y5Fhigh had average force comparable to
WTP6Alow (23.7 pN; Table 1), yet it had 1.8-fold more contacts, suggesting that the latter does
behave like an antagonist (Figure 5A vs. Appendix 2–Figure 1A). For in silicoWT, the number
of contacts with pMHC was comparable to that of WThigh except for Y8AWThigh (Appendix 2–
Figure 1A). In the original Y8Ahigh, even though the number of contacts was at the level of
WThigh (Figure 5A), the smaller size of A8 caused CDR3𝛽 to extend. The altered interface can
be seen by the initial rapid increase in  (Figure 5—figure Supplement 1D). Mutating A8 to
Y8 thereby forces the bulkier Y8 side chain to take an orientation different from that of WT.
Thus, an in silico mutation of a residue to a comparable or smaller one is better tolerated
than mutating to a bulkier one.
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Appendix 2—table 1. Simulations of TCR𝛼𝛽 with in silicomutations on the peptide. Load reported isaverage after 500 ns.826

827828

PDB ID Mutation Extension (Å) Time (ns) Load (pN) Label
1AO7 P6A 182.9 1140 24.7 WTP6Alow

187.5 1040 19.5 WTP6Ahigh
Y8A 182.3 1000 16.5 WTY8Alow

187.1 1000 28.6 WTY8Ahigh
1QRN A6P 175.2 1000 10.9 P6AWTlow

186.2 1060 31.8 P6AWThigh
1QSF A8Y 176.7 1000 10.0 Y8AWTlow

187.4 1040 11.5 Y8AWThigh

829

ForWTY8Aand P6AWT, a higher load led tomore contactswith pMHC (Appendix 2–Figure 1A).
For WTY8Ahigh, the number was comparable to WThigh, which agrees with the case for the
original Y8Ahigh (Figure 5A). The BSA profiles of in silico mutants also followed a trend simi-
lar to the number of contacts with pMHC, which was lower for antagonists and higher for
WT (Appendix 2–Figure 2A). Differences in binding with pMHC can also be seen in the po-
sitional distribution of high-occupancy contacts, where P6AWT had a relatively compact and
evenly distributed contacts (Appendix 2–Figure 2B), although not as extensive as V𝛼𝛽-pMHC
or WThigh (Figure 2F).
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Regarding the V𝛼-V𝛽 interface, there were overall less contacts in the in silico antagonists
than in silico WT (Appendix 2–Figure 2C). However, a higher load did not result in greater
number of V𝛼-V𝛽 contacts. The CDR3 distance was higher for in silico antagonists (Appendix
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2–Figure 1B, top), while for in silico WT their range became narrower, to 11–12 Å which is
similar to that for themodified agonist Y5F (Figure 6A vs. Appendix 2–Figure 1B, bottom row).
The CDR3 distance also stabilized over time in all in silicoWT,whichwas less so for in silico an-
tagonists (Appendix 2–Figure 2D). However, similarly as the number of V𝛼-V𝛽 contacts, there
was no consistent load-dependence between the CDR3 distance and triad arm angles. On
the other hand, there was a stronger load dependence in the average V-C BOC. The in silico
antagonists that were built based on WT bent towards those of the corresponding antago-
nists, though the extent was not large (Figure 6D vs. Appendix 2–Figure 1C). The in silicoWT
in low load had average BOCs similar to those of the original antagonists whereas average
BOCs of high-load in silico WT approached those of the actual WT (Appendix 2–Figure 1D).
For Y8AWT, this happened even though the forces experienced at the two extensions were
only marginally different (10.0 vs. 11.5 pN; Appendix 2–Table 1). The V𝛼-C𝛼 and V𝛽-C𝛽 con-
tacts were respectively lower for in silico WT than in silico antagonists, suggesting effects
of the in silico mutations of the peptide did not propagate sufficiently to the whole TCR𝛼𝛽
during the simulation time (Appendix 2–Figure 2E). The lower number of V-C contacts in in
silicoWT would have made it easier to unbend under higher load or extension.

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

The above results suggest that the in silico mutants behave like the target system to
varying extents. This is likely because the rearranged interface between the V-module and
pMHC of the base system cannot immediately be adjusted upon in silicomutation in loaded
states.
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Appendix 2—figure 1. Simulations of in silico peptide mutants bound to A6. (A) Number of contactswith pMHC. Counts were made in the same way as in Figure 2A. Dashed line: average value for WThigh.Bars: std. (B) CDR3 distance vs. triad arm angles (Figure 3D and Figure 6A,B). (C,D) Average BOCs of (C)
in silico antagonists, and (D) in silicoWT. Average BOCs of WT0 and WThigh are shown as reference,marked by angular brackets (Figure 6C,D).
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868

Appendix 2—figure 2. Behaviors of in silicomutants. (A) BSA (Figure 2G). (B) Positions of backbone C𝛼atoms of high contact occupancy residues (Figure 2F). (C) V𝛼-V𝛽 contact count (Figure 3A). (D) CDR3distance trajectory (Figure 3—figure Supplement 2A–C). (E) V𝛼-C𝛼 and V𝛽-C𝛽 contact counts(Figure 4—figure Supplement 1B,C).
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Figure 2—figure supplement 1. Contact occupancy heat maps for V𝛼𝛽-pMHC. The same occu-
pancy cutoffs as in Figure 2C–E were used.

874

Figure 3—figure supplement 1. PCA of V𝛼-V𝛽 motion. (A) PC amplitudes. Bars: std for PCA per-
formed in 3 overlapping intervals from 500 ns to the end of simulation. (B) Direction of motion
for the first three PC modes. (C) Absolute values of dot products between the unit PC vectors in
listed systems. Values range from 0 (orthogonal) to 1.0 (identical PC directions). (D) 2-dimensional
histograms of the projections of the V𝛼-V𝛽 triads in each frame onto the first three PC directions
versus the CDR3 distance.
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Figure 3—figure supplement 2. Trajectories of the V-module motion. (A–C) CDR3 distances and
(D–F) triad angles. (A,D) V𝛼𝛽 and T𝛼𝛽, (B,E) V𝛼𝛽-pMHC and WT0, and (C,F) WTlow and WThigh. Labels
include average and standard deviation of the CDR3 distance after 500 ns.

876

Figure 4—figure supplement 1. V-C PC amplitude and contacts. (A) Amplitude of the first six PCs.
Bars: std for PCA performed in 3 overlapping intervals from 500 ns to the end of simulation. (B,C)
Number of contacts with greater than 50% average occupancy and 80% maximum instantaneous
occupancy for (B) V𝛼-C𝛼 and (C) V𝛽-C𝛽. Bars: std. (D,E) Trajectories of hinge angles versus time.
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Figure 5—figure supplement 1. Trajectories of  for mutant complexes. (A,B) Modified agonists.
(C,D) Antagonists. The same cutoff criteria were used to calculate initial contacts as in Figure 2B.
Data after 500 ns were used for histograms on the right of each panel.

878

Figure 5—figure supplement 2. Contact occupancy heat maps for residues 5–8 of the mutant
peptides. (A) Y5F, (B) V7R, and (C) Y8A. Corresponding heat maps for WThigh and P6A are in Fig-
ure 5C–F.
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Figure 5—figure supplement 3. Locations of high-occupancy contacts with pMHC in mutant sys-
tems. (A) Y5F, (B) V7R, (C) P6A, and (D) Y8A. Compared to WThigh or V𝛼𝛽-pMHC (Figure 2F), contacts
are overall unevenly distributed or dispersed. The same occupancy cutoffs as in Figure 2F were
used for selecting residues.

880

Figure 6—figure supplement 1. V𝛼-V𝛽 motion of mutant systems. (A) Number of V𝛼-V𝛽 contacts,
counted in the same way as in Figure 3A. Dashed line is the average for WThigh. (B) V𝛼-V𝛽 PC
amplitudes. Calculated the same way as in Figure 3—figure Supplement 1A.
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Figure 6—figure supplement 2. Distribution of triad armangles inmutant systems. (A,B)Modified
agonists and (C,D) antagonists. Respective plot for WThigh in Figure 3C is included in all panels
(without markers) for comparison.

882

Figure 6—figure supplement 3. Comparison of mutant average V-C BOCs and interfaces with
those of WThigh. All BOCs are aligned to the C-module of WThigh. (A,B) Distances of beads for (A) V𝛼
and H𝛼, and (B) V𝛽 and H𝛽 from those of WThigh, revealing the extent of deformation. (C,D) Number
of V-C contacts for each chain. Dashed line denotes respective value for WThigh in Figure 4—figure
Supplement 1B,C.
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Figure 6—figure supplement 4. V-C motion of mutants. (A,B) Differences in PC amplitude be-
tween BOC PC of (A) V𝛼 vs. V𝛽 and (B) H𝛼 vs. H𝛽. Compare with Figure 4C for WT systems. (C) Dot
products between BOC PC vectors for the listed systems.
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Figure 7—figure supplement 1. Motion at the interface related to ∠peptide. (A–D) View of inter-
face from the top of the V-module. The peptide from the crystal structure (blue) of each respective
system is overlaid on frames of the peptide during simulation (magenta) rendered every 50-ns
from 500 ns to the end. (E–H) Positional shift of pMHC. Side view showing MHC 𝛼2 helix (brown)
and peptide (blue) from the crystal structure overlaid with MHC 𝛼2 helix (green) and peptide (ma-
genta) of the last rendered frame from panels A–D.
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