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Each αβT cell receptor (TCR) functions as a mechanosensor. The
TCR is comprised of a clonotypic TCRαβ ligand-binding het-
erodimer and the noncovalently associated CD3 signaling sub-
units. When bound by ligand, an antigenic peptide arrayed by a
major histocompatibility complex molecule (pMHC), the TCRαβ

has a longer bond lifetime under piconewton-level loads. The
atomistic mechanism of this “catch bond” behavior is unknown.
Here, we perform molecular dynamics simulation of a TCRαβ-
pMHC complex and its variants under physiologic loads to identify
this mechanism and any attendant TCRαβ domain allostery. The
TCRαβ-pMHC interface is dynamically maintained by contacts
with a spectrum of occupancies, introducing a level of control
via relative motion between Vα and Vβ variable domains con-
taining the pMHC-binding complementarity-determining region
(CDR) loops. Without adequate load, the interfacial contacts are
unstable, whereas applying sufficient load suppresses Vα-Vβ
motion, stabilizing the interface. A second level of control is
exerted by Cα and Cβ constant domains, especially Cβ and its
protruding FG-loop, that create mismatching interfaces among
the four TCRαβ domains and with a pMHC ligand. Applied load
enhances fit through deformation of the TCRαβ molecule. Thus,
the catch bond involves the entire TCRαβ conformation, interdo-
main motion, and interfacial contact dynamics, collectively. This
multilayered architecture of the machinery fosters fine-tuning
of cellular response to load and pMHC recognition. Since the
germline-derived TCRαβ ectodomain is structurally conserved,
the proposed mechanism can be universally adopted to oper-
ate under load during immune surveillance by diverse αβTCRs
constituting the T cell repertoire.

T cell receptor | catch bond | dynamic allostery |
molecular dynamics | mechanoimmunology

TCRαβ is a disulfide-linked heterodimer containing oneα and
one β chain. Each chain consists of a single immunoglobu-

lin (Ig)-like variable (V) and a single constant (C) extracellular
domain, a connecting peptide, a transmembrane segment, and
a short cytoplasmic tail. Every TCRαβ binds to its specific
antigenic peptide sitting in the groove of a major histocompat-
ibility complex molecule (pMHC) (1–3). (Here, we shall use
the αβTCR designation to indicate the entire complex includ-
ing its cluster of differentiation 3 [CD3] signaling subunits and
the TCRαβ designation to refer to the pMHC ligand-binding
heterodimer.)

Together with CD4 and CD8 coreceptors and arrayed adhe-
sion molecules, the αβTCR can recognize as few as a single
copy of its target out of about 105 different pMHCs displayed
on the surface of an antigen-presenting cell (4–6). Yet, conven-
tional measures indicate a low binding affinity between TCRαβ
and pMHC, in the micromolar to hundreds of micromolar range.

Elucidating the mechanism for such high sensitivity and speci-
ficity despite the low affinity in the absence of somatic hypermu-
tation as observed with immunoglobulins (7) has been a major
challenge in understanding TCR function (8, 9).

An emerging concept in this regard is that the αβTCR is a
mechanosensor (8, 10–12). The αβTCR-pMHC bond lifetime
increases in response to 10-pN to 20-pN force, which is a typi-
cal load experienced by the complex when a T cell moves over
an antigen-presenting cell during immune surveillance. In vitro
single-molecule experiments using an isolated TCRαβ-pMHC
system showed that TCRαβ alone without any other cellular
components necessary for T cell activation exhibits load-induced
enhancement of bond lifetime in a ligand-dependent manner
(13). The so-called catch bond behavior reconciles the high selec-
tivity of TCRαβ with its low affinity for pMHC, where load
enhances agonist pMHC recognition that has similar equilibrium
binding affinity as other nonagonist pMHCs without load. Dur-
ing immune surveillance, since TCRαβ operates under force,
catch bond formation may be an inherent property across differ-
ent TCRαβ systems (11, 12). A multitude of additional studies
support the notion that force is tied to T cell activation (14–
21). Furthermore, it has been shown that preTCR, the αβTCR
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precursor composed of a mature β-chain and a pTα-chain that
lacks the Vα domain, is also a mechanosensor (22–27), under-
scoring the importance of mechanics for the development and
function of TCRαβ.

The structural basis of catch bond formation in TCRαβ
remains unknown. Unlike other catch bond systems that
exhibit load-dependent conformational changes (28–30), avail-
able structures of TCRαβ or TCRαβ-pMHC complexes do not
show any notable variation in conformations that might hint
at catch bond formation. To elucidate dynamical properties of
these static structures, molecular dynamics (MD) simulation
has been used (31–34). Until now, computational approaches
addressing the TCRαβ-pMHC catch bond have used the steered
MD (SMD) method, where the complex is rapidly pulled apart
with a constant speed so that bond dissociation can happen
within the nanosecond-scale simulation time (32, 33). Authors of
these studies argue that transiently formed hydrogen bonds (H-
bonds) during the dissociation process are responsible for the
catch bond. However, formation of transient contacts depends
on the loading direction, e.g., transverse (32) or longitudinal
(33). Also, to foster dissociation within the nanosecond-order
simulation time that is much shorter than seconds-long bond life-
time observed biologically, the SMD simulation exerts forces 2 to
3 orders of magnitude higher than experimental values. Whether
transient H-bonds observed under such a high load along a fixed
direction are actually important is unclear. Even with confir-
matory mutagenesis experiments showing that abolishing those
H-bonds impairs catch bond while load-free equilibrium bind-
ing affinity remains unchanged, such analysis would only reveal
which residues are important for a specific system. Since a
catch bond is a macromolecular phenomenon that arises from
the collective action of the molecule (28), focusing only on
individual contacts without considering global conformational
motion is unlikely to reveal a structural mechanism on physical
grounds.

Given that catch bond formation is a general αβTCR fea-
ture, we posit that the conserved part of the TCRαβ ectodomain
“chassis,” rather than solely the contacts with pMHC per se,
is responsible. We tested this notion in the present simulation,
studying an isolated TCRαβ and its complex with pMHC under
more biologically relevant loads than those used in previous sim-
ulations. To elucidate the allosteric mechanism of catch bonds,
we also studied various subsets of the TCRαβ-pMHC system.
We found that unloaded Vα and Vβ domains undergo desta-
bilizing conformational motion where their relative orientation
affects the geometry of the interface with pMHC. Physiological
level force on the complex suppresses Vα-Vβ motion and stabi-
lizes the interface with pMHC. Thus, the catch bond is largely
formed by preserving a group of contacts under load rather than
by making additional transient contacts. We also found that the
C-module (Cα and Cβ) allosterically controls the Vα-Vβ motion
by imposing a slight mismatch in the interfaces among the four
subdomains of TCRαβ and with pMHC. This interfacial mis-
match is reduced and interfaces are stabilized by the applied
load. Thus, V-C interactions provide an additional fail safe
mechanism in conjunction with the Vα-Vβ motion in screening
for the specific agonist pMHC under load. Unlike the hypervari-
able complementarity-determining region 3 (CDR3) loops that
bind pMHC, interfaces among the domains within the TCRαβ
chassis are more conserved. Therefore, the mechanism observed
in the present study likely applies to αβTCR mechanosensing
broadly.

Results
Model Systems. Simulations were based on Protein Data Bank
(PDB) structure 1OGA, which is currently the highest resolu-
tion structure of any TCRαβ-pMHC complex (1.4 Å; Fig. 1A)
(35). This human TCR is directed against an immunodominant

influenza A matrix peptide MP58–66 bound to HLA-A?0201.
Systems with different loading conditions and truncations were
used (Fig. 1). For the full TCRαβ-pMHC complex (Fig. 1 B and
C), harmonic constraints were applied to residues at the ends
of the complex with different extensions, where Tαβ-pMHChigh

was extended by 14.8 Å more than Tαβ-pMHClow. (Herein,
we use Tαβ to refer to the simulation system and TCRαβ as
the molecule in general.) These extensions were selected based
on a series of short laddered-extension simulations (Materials
and Methods). The force fluctuates in time (Movie S1), with
the average after the initial 200 ns being 10.4 pN for Tαβ-
pMHClow and 16.4 pN for Tαβ-pMHChigh. The latter value is
close to the force at which the longest bond lifetime and opti-
mal activation was observed in single-molecule optical-tweezer
experiments for an N15 TCRαβ complexed with the agonist pep-
tide VSV8 bound to H-2Kb MHC (13, 21). Thus, the applied
loads were realistic in magnitude with those and other mea-
surements (12, 20). Although our simulation times are much
shorter than the seconds-long bond lifetimes, our goal is not
to observe dissociation of the complex but to study how load
affects TCRαβ conformations and its interaction with pMHC,
for which 500 to 560 ns for each system was sufficient. Fur-
thermore, we added 8 to 17 residues to the carboxy-terminal
ends to provide room for conformational motion under load
(Fig. 1A). With the added strands, the complex can fluctuate
both transversely and longitudinally, where transverse motion
was up to 3.3 and 2.1 nm for Tαβ-pMHClow and Tαβ-pMHChigh,
respectively (Movie S1). Thus, the interface experiences realistic
loads compared with the longitudinal or transverse displace-
ments with higher force magnitudes used in previous simulations
(32, 33).

We also studied Tαβ only and dFG lacking the Cβ FG-loop
(Fig. 1 D and E). dFG has been shown to impair catch bond
behavior, which indicates the allosteric role of the FG-loop (13).
Systems lacking the C-module, Vαβ-pMHC and Vαβ (Fig. 1 F
and G), were used to examine the influence of the C-module on
the conformational motion of the V-module. Finally, we tested
two versions of dFG-pMHC complexes, and a Tαβ-pMHC
complex without any load applied.

Outline of Analysis. Our analysis is organized from local to global:
we start by examining the interfacial contacts between the V-
module and pMHC. We then broaden our scope, to analyze
the conformational motion. We first study the relative motion
between Vα and Vβ within the V-module, followed by the
relative motion between the V-module and the C-module. To
further elucidate the allosteric control of the catch bond behav-
ior, we study two dFG-pMHC complexes with load and another
Tαβ-pMHC complex without load. The combined analysis of
interfacial contact dynamics and conformational motion in dif-
ferent systems reveals how load influences the entire molecule,
in turn stabilizing the contacts between TCRαβ and pMHC.

Load-Induced Stabilization of Contacts between TCRαβ and pMHC.
For Tαβ-pMHClow, Tαβ-pMHChigh, and Vαβ-pMHC, we iden-
tified residue pairs that form H-bonds (including salt bridges) or
nonpolar contacts. Contacts formed and broke to varying extents
throughout the simulation. The total number of unique inter-
actions that formed during the simulation, regardless of their
duration, is much larger for Tαβ-pMHClow (226 contacts) than
those of Tαβ-pMHChigh (134 contacts) or Vαβ-pMHC (119 con-
tacts) because the Tαβ-pMHClow interface forms many transient
contacts, indicative of disruption of the interface. Instead of
simply counting the number of contacts, we devised two crite-
ria to evaluate the quality of contacts. The first is the average
occupancy during a given simulation period, i.e., the fraction
of time over which the contact is present. The second is the
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Fig. 1. Systems studied. (A) Overview of the TCRαβ-pMHC complex (PDB 1OGA) (35). The class-I MHC molecule consists of the α chain and β2 microglobulin
(β2m). The α1 and α2 helices flank the antigenic peptide. (B and C) Tαβ-pMHC complexes with low (B) and high (C) extensions. Loads are tensile on
average (vertical arrows), although they fluctuate in time (Movie S1). (D) Tαβ. (E) dFG, lacking the Cβ FG-loop. (F and G) Systems without the C-module. (F)
Vαβ-pMHC. (G) Vαβ. V-C connecting peptides are given in the relevant systems for α and β in orange and yellow, respectively. The FG-loop adjacent to the
Vβ-Cβ connector is also shown.

instantaneous occupancy measured as a rolling average with a
0.8-ns time window. If the average occupancy is close to 100%,
the instantaneous occupancy is also high. However, few contacts
had near 100% occupancy. We regarded a contact to be “sta-
ble” if it has a reasonably high average occupancy (temporal
abundance) and if it can reach a high instantaneous occupancy
(intensity). We varied occupancy cutoffs for these criteria for a
more objective evaluation of contacts.

Occupancy heat maps were generated for contacts with the
average occupancy greater than 30% and the maximum instanta-
neous occupancy greater than 80%. This revealed that contacts
formed and broke more frequently in Tαβ-pMHClow than in
Tαβ-pMHChigh, as the former has a more fragmented contact
heat map, while the latter better preserves the initial high-
occupancy contacts, suggesting that its interface is more stable
(Fig. 2 A and B). The initial contacts are even better preserved in
Vαβ-pMHC (SI Appendix, Fig. S1A).

Persistence of the initial contacts can be quantified by the
Hamming distance (36), defined as the number of initial high-
occupancy contacts (higher than 80% occupancy during the first
50 ns) lost. For Tαβ-pMHClow, it steadily increases until nearly
all initial high-occupancy contacts are lost after about 180 ns
(Fig. 2C). This is consistent with the extensive arrangement of
contacts around the same time (arrow between Fig. 2 A and
C). The increase in the Hamming distance in Tαβ-pMHClow is
caused by the dislocation of pMHC relative to the V-module.
During 150 to 200 ns, the α2 domain of MHC slides into the
crevice between Vα and Vβ and stays until the end of the simu-
lation (Fig. 2D, arrows). In comparison, for Tαβ-pMHChigh and
Vαβ-pMHC, the position of pMHC relative to Vαβ stays sta-
ble throughout the simulation (Fig. 2D, Right and SI Appendix,
Fig. S1B). In Vαβ-pMHC, the absence of the C-module imparts
more conformational flexibility so that Vαβ can dock more
firmly to pMHC. For Tαβ-pMHChigh, load prevents sliding of
α2 between Vα and Vβ as it would further reduce the distance
between the two molecules.

To compare the stability of the altered interface in Tαβ-
pMHClow and those of the other two systems, we used the

trajectory after the initial 200 ns for analysis. Unless noted oth-
erwise, all calculations below were after the initial 200 ns. We
counted the number of contacts with the average occupancy
greater than 10, 30, or 50% and with the maximum instan-
taneous occupancy greater than 80% (Fig. 2E). At all three
occupancy cutoffs, Vαβ-pMHC maintained the largest number
of contacts (Fig. 2E). On the other hand, Tαβ-pMHClow had
more contacts than Tαβ-pMHChigh at 10% cutoff, but the num-
ber decreased as the average occupancy cutoff increased. At 50%
cutoff, Tαβ-pMHClow had a lower number of contacts compared
with Tαβ-pMHChigh (Fig. 2E). This suggests that most of the
high instantaneous-occupancy contacts in the altered interface of
Tαβ-pMHClow were transient and had low average occupancy,
which is consistent with the fragmented appearance of its con-
tact heat map (Fig. 2A). In the other two systems, the high
instantaneous-occupancy contacts were more persistent and had
high average occupancy, as also suggested by longer stretches of
high occupancy regions in the contact heat map (blue in Fig. 2B
and SI Appendix, Fig. S1A).

For a visual comparison of the spatial distribution of contacts,
residues in the V-module that form contacts with pMHC with
greater than 50% average occupancy were identified (Fig. 2F). If
the cutoff is too low, all three systems will show similarly crowded
residues. Conversely, a very high cutoff will reveal only a few
residues that would make it difficult to discern spatial distribu-
tion of residues important for maintaining contacts. With the
50% cutoff, the selected residues are scattered over the inter-
face in Tαβ-pMHClow, whereas they are more clustered in the
other two systems (Fig. 2F). At a given moment, not all of these
residues simultaneously form contacts with pMHC. As a more
quantitative measure of the clustering of contacts at each coor-
dinate frame, we calculated the buried area of residues in the
V-module whose instantaneous contact occupancy was greater
than 80%. The total buried area of these residues was com-
parable between Tαβ-pMHClow and Tαβ-pMHChigh. However,
the latter had a greater per-residue buried area, indicative of
its higher degree of clustering (Fig. 2G). By comparison, Vαβ-
pMHC had both the total and per-residue buried area greater
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Fig. 2. Dynamics of the interface. (A and B) Occupancy heat map of Tαβ-pMHClow (A) and Tαβ-pMHChigh (B) (SI Appendix, Fig. S1A for Vαβ-pMHC). Only
contacts with overall and maximum instantaneous occupancies greater than 30 and 80%, respectively, are shown. Examples of persistent and fragmented
contacts are marked in A. High-occupancy contacts (blue) persist more in B. (C) Hamming distance from the initial set of contacts. Given there are 11 to 13
initial high-occupancy contacts, a comparable Hamming distance for Tαβ-pMHClow indicates almost all initial contacts were lost. Arrow denotes the time
point when the Hamming distance for Tαβ-pMHClow plateaus in A. (D) Overlay of structures at 0 ns and at the end of the simulation (SI Appendix, Fig.
S1B for Vαβ-pMHC). Structures were aligned relative to the V-module (shown in surface representation for clarity) to reveal relative positioning of pMHC.
Bottom row is a view rotated by 50◦ about the vertical axis compared with the top row. In Tαβ-pMHClow, pMHC displaces by about 8 Å (red arrows). (E)
Number of contacts with the average occupancy cutoffs indicated on the abscissa and a 80% maximum instantaneous-occupancy cutoff. The number of
contacts in Tαβ-pMHClow steeply declines with the average occupancy cutoff since it has fewer contacts that persist through the simulation. (F) Locations of
residues forming contacts with pMHC with the average occupancy greater than 50%, shown in van der Waals representation and viewed from pMHC (not
shown) at the interface with TCRαβ. The residues are more scattered in Tαβ-pMHClow. Structures at the end of the simulation were used for rendering.
(G) Buried area of residues with higher than 80% instantaneous contact occupancy with pMHC at each frame. Per-residue buried area is the smallest for
Tαβ-pMHClow, which reflects a sparser distribution of residues.

than the other two systems, again supporting the robustness of
the interface.

These results suggest that the Tαβ-pMHClow interface consists
of short-lived and sparsely distributed contacts, which would be
more vulnerable to breakage. By comparison, the higher load
in Tαβ-pMHChigh prevents dislocation and stabilizes the inter-
face close to the initial state where contacts are more clustered
and protected from attacks of water molecules. The observation
that contacts were the most persistent and clustered in Vαβ-
pMHC indicates that the C-module has an allosteric effect on
the V-module that destabilizes the interface with pMHC under a
low load.

Relative Motion between Vα and Vβ. To elucidate how binding
to pMHC and load affects the V-module, we constructed triads

(orthonormal unit vectors) as positional and orientational mark-
ers for Vα and Vβ (37). In a triad, the unit vector e3 is parallel
to the strands of the β-sheet and points toward the interface with
pMHC. e1 and e2 are perpendicular to e3 (Fig. 3A). Triads were
assigned to the β-sheet core of Vα and Vβ that possess low rms
fluctuation during simulation, so that they capture the whole-
body motion and are minimally affected by the fluctuation of
peripheral loops (Materials and Methods).

Coordinate frames were aligned to the V-module to study the
relative motion between Vα and Vβ. (The motion between the
V- and C-module is analyzed in the next section.) The average
distance between the centroids of the two triads varied by less
than 0.5 Å during the simulation, so the Vα-Vβ motion is mainly
rotational. Principal component analysis (PCA) (38) was per-
formed on the six arms of the two triads. A principal component
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Fig. 3. Relative motion between Vα and Vβ. (A) Directions of the first three PCs (Materials and Methods). For a given PC, straight arrows denote directions
of motion of the triads, in the direction of increasing PC values. For a given PC, a larger arrow on an arm indicates a greater range of motion compared with
other arms. Directions of PCs in other systems are in SI Appendix, Fig. S2 A–E. Also see Movies S3–S5. (B) Illustration of the three major PC motions (Movie
S2). CDR3 loops are denoted by gray spheres, whose separation is affected the most by scissor. (C) Average triads (see SI Appendix, Fig. S2 F and G for other
systems). (D) Amplitudes of PCs. Shaded bands: SD over the first, middle, and the last half of the coordinate frames after the first 200 ns. For Tαβ-pMHChigh

and dFG, SDs are too small to render visible bands. (E) CDR3 distance trajectories. Normalized histograms after the initial 200 ns, as well as averages and
SDs are shown. The CDR3 distance is the smallest and fluctuates the least in Vαβ-pMHC and Tαβ-pMHChigh that maintain a stable interface. Tαβ-pMHClow

behaves similarly to systems without pMHC. The CDR3 distance as a function of each PC mode is in SI Appendix, Fig. S3. (F and G) Top view of coordinate
frames where the CDR3 distances are close to respective averages, and triads are also close to the average structures. Tαβ (orange) is shown in both F and
G as a reference.

(PC) describes a mode of collective motion, the lowest (PC1)
being the largest, and the amplitude of motion decreases with the
mode number (PC2, PC3, etc.). Each PC is an 18-dimensional
unit vector spanned by the 2 triads, whose individual arms move
to different extents (proportional to the size of straight arrows in
Fig. 3A). Directions of motion in PC1 to PC3 are similar among
different systems, which we call qualitatively as “twist,” “scissor,”
and “flap” (Fig. 3 A and B and Movies S2–S5). Twist refers to
the rotation of one or both of the V-domains about the TCRαβ-
pMHC longitudinal axis. Scissor is the rotation of Vα and Vβ
about the horizontal axis in opposite directions. Flap denotes
the rotation about an axis out of the page in Fig. 3 A and B,
which is named since e1 appears to “flap” like a wing (Movies S2–
S5). These terms are used as convenient descriptors, and they do
not affect our analysis. For Tαβ-pMHClow and Tαβ-pMHChigh,
PC1 to PC3 correspond, respectively, to twist, scissor, and flap
(Fig. 3A and SI Appendix, Fig. S2A). However, the correspon-

dence varies in other systems, e.g., for Vαβ, PC1 is scissor (SI
Appendix, Fig. S2E).

We compared average triads among different systems. Com-
pared with Tαβ-pMHClow or Tαβ, Tαβ-pMHChigh has a nar-
rower angle between the two e3 vectors and more twisted Vα
(Fig. 3C). Note that the orientation of the average triad is dif-
ferent from the PC mode that denotes the direction of motion
about the average triad. Average triads of Vαβ-pMHC are closer
to those of Tαβ-pMHChigh than Tαβ-pMHClow (SI Appendix,
Fig. S2F), where the latter has average triads closer to other
unliganded systems (Fig. 3C and SI Appendix, Fig. S2G). As
explained below, the similarity in the conformations of average
triads between Tαβ-pMHChigh and Vαβ-pMHC is related to
their stable interface with pMHC.

As expected with increasing constraints, the amplitude of
motion about each average triad was the largest for the
unliganded Vαβ and Tαβ, followed by Vαβ-pMHC and
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subsequently Tαβ-pMHClow and Tαβ-pMHChigh (Fig. 3D). This
trend indicates that the Vα-Vβ motion is suppressed by a bound
pMHC and further by load. However, dFG, despite being unli-
ganded, had the lowest amplitude (Fig. 3D). This is due to a
stronger binding between Vα and Vβ (cf., Fig. 4A). Beyond
PC3, all systems had similar amplitudes, and except for Vαβ,
amplitudes of PC3 were also similar. Our analysis was thus up
to PC3.

Since the two triads inform relative orientational motion
between Vα and Vβ, differences in the behaviors of PCs and
average triads can affect the positioning and motion of the
pMHC-binding CDR loops, among which CDR3 is the most
important for antigen recognition (39) (marked in Fig. 3A). We
measured the center of mass distance between the two CDR3
loops (herein called the CDR3 distance; Fig. 3E). The first three
largest average distances were in Vαβ, dFG, and Tαβ-pMHClow,
in the 12.0- to 12.7-Å range. Vαβ-pMHC (9.5 Å) and Tαβ-
pMHChigh (10.6 Å) had the smallest CDR3 distances as well as
the smallest fluctuations. Thus, the CDR3 distance correlates
with the stability of binding. Furthermore, the distance for Tαβ-
pMHClow increased between 150 and 200 ns, during which the
interface dislocated (Fig. 2A vs. 3E, Right). CDR1 and CDR2
loops also differ somewhat in their positions (Fig. 3 F and G), but
the CDR3 distance is sufficient to demonstrate that the Vα-Vβ
motion impacts the arrangement of CDR loops.

To find the degree of the correlation between each PC and
the CDR3 distance, we sorted coordinate frames according to
the corresponding PC values (SI Appendix, Fig. S3). Overall, a
PC possessing a larger amplitude had a larger variation of the
CDR3 distance, where scissor exhibited a pronounced correla-
tion, as for PC2 of Tαβ-pMHClow and Tαβ and for PC1 of Vαβ
(SI Appendix, Fig. S3 A, D, and F). With a larger scissoring, Vα
and Vβ form a greater angle, which separates the CDR3 loops
more (Fig. 3B and Movie S2).

These results, together with the contact analysis, suggest that
load suppresses the Vα-Vβ motion, which in turn stabilizes the
positions of CDR loops and their contacts with pMHC. Absence
of load allows greater motion, leading to positional mismatch
and weakening of contacts at the interface with pMHC. The
sparser distribution and smaller buried area of residues forming
high-occupancy contacts with pMHC in Tαβ-pMHClow (Fig. 2
F and G) are also consistent with the increase and larger fluc-
tuation of the CDR3 distance, which is closer to the values for
unliganded systems (Fig. 3E).

Dynamic Origin of the V-C Allostery. We next considered the role
of the C-module for the conformational behavior of the V-
module. The Vα-Vβ relative motion was smaller for Tαβ com-
pared with Vαβ, suggesting that the presence of the C-module
does have an effect (Fig. 3D). On the other hand, dFG exhib-
ited the least Vα-Vβ motion. Examining interdomain contacts
further revealed the allosteric effect of the C-module. Among
all systems, dFG had the largest number of high-occupancy
contacts between Vα and Vβ, followed by Tαβ-pMHChigh and
Vαβ-pMHC that form a stable interface with pMHC (Fig. 4A).
Tαβ-pMHClow had nearly the same number of Vα-Vβ contacts
as the unliganded Tαβ, which suggests that binding of pMHC
with low load does not strengthen the Vα-Vβ interface. The
fewest number of contacts were observed for Vαβ, in agree-
ment with its large amplitude of motion (Fig. 3D). The labile
V-module interface is stabilized by the presence of the C-module
and further by the applied load through pMHC. Lacking the
C-module, Vαβ-pMHC had a comparable number of Vα-Vβ
contacts as in Tαβ-pMHChigh (Fig. 4A). This indicates a require-
ment for coordinating the interfaces between the V-module and
the other domains. When the V-module contacts both the C-
module and pMHC, the interfaces are not snugly fit. The fit is

improved by load, or in the absence of the competing interface
with the C-module as in Vαβ-pMHC, giving the V-module more
freedom to adjust and strengthen contacts with pMHC and also
within Vα-Vβ.

Among the other intra-TCRαβ interfaces, Vα-Cα and Cα-Cβ
contained the smallest (1.9 to 3.3) and the largest (27.3 to 33.1)
average number of contacts, respectively (SI Appendix, Fig. S4A).
Vβ-Cβ (8.2 to 9.1) had more than twice the number of con-
tacts compared with Vα-Cα, where there are additional 1.4 to
2.3 Vβ–FG-loop contacts (SI Appendix, Fig. S4B). These inter-
faces thereby play different roles: Cα-Cβ provides a robust foun-
dation. Vα-Cα, with its smallest number of contacts, responds
passively, and Vβ-Cβ more strongly influences the conforma-
tional behavior of the V-module, as demonstrated by the firm
Vα-Vβ binding in dFG.

We studied the V-C domain motion by building a Bead-
On-Chain (BOC) model of TCRαβ (Materials and Methods).
“Beads” were assigned to the four domains and hinges (Fig. 4
B–D). After aligning coordinate trajectories relative to the C-
module, we performed PCA on the BOC models. In all systems,
directions of PCs were similar (Fig. 4 B–D, SI Appendix, Fig. S4
C–E, and Movies S6 and S7), which contrasts with variations in
the directions for the Vα-Vβ motion across different systems
(Fig. 3A, SI Appendix, Fig. S2 A–E, and Movies S3–S5). PC1 is
the bending of the V-module toward the C-module, where Vα
moves to a greater extent (blue dashed arrow in Fig. 4B). PC2
is sideways tilt of the V-module toward Cβ (red dashed arrow in
Fig. 4C). PC3 is a clockwise torsion of the V-module viewed from
pMHC, where the Vβ hinge moves the most (orange dashed
arrow in Fig. 4D). The amplitude of PC1 (V-C bending) is larger
for the unliganded Tαβ and dFG compared with the liganded
complexes, with Tαβ-pMHChigh having the smallest amplitude,
as expected (Fig. 4E). However, compared with PCs of the V-
module triads (Fig. 3D), amplitudes of PCs of the BOC models
do not differ significantly. Instead, the average conformation
shows more systematic differences (Fig. 4F). Tαβ and Tαβ-
pMHChigh are the least bent as their e3 vectors of the V-module
indicate (Fig. 4F, Inset, orange and red). For Tαβ-pMHClow, e3
of Vα is aligned close to those of Tαβ and Tαβ-pMHChigh, but
e3 of Vβ is more bent (Fig. 4F, Inset, blue), as the two e3 vectors
have a wider angle in Tαβ-pMHClow (Fig. 3C).

dFG is more distinct. The average triads of the V-module
themselves are similar to those of Tαβ and Vαβ (SI Appendix,
Fig. S2G), but relative to the C-module, the V-module changed
the orientation the most, in the direction of PC1 (bending) and
PC2 (tilt) (compare Fig. 4 B and C and Insets of Fig. 4F). The
β-hinge of dFG also had a notable positional shift, which moved
up (solid arrow in Fig. 4F) and turned in the direction as in PC3
(torsion; Fig. 4G). dFG lacks two major H-bonds between Vβ
and the FG-loop, R15-D221 and K16-D221, that are present in
all other systems (Fig. 4G and SI Appendix, Fig. S5 A, C, and E).
These contacts hold down Vβ near the hinge, and their absence
in dFG results in lifting and rotation of the hinge (Fig. 4 F and
G), which shifts the average position of the Vβ CDR loops rel-
ative to Tαβ by about 11.3 Å (Fig. 4H). Its impact on pMHC
binding is explained in the next section.

Thus, the C-module affects the dynamics of the V-module by
providing interfaces that need to be reconciled with the Vα-Vβ
interface and the interface with pMHC, and also by affecting the
average orientation of the V-module. In both cases, Cβ has a
greater influence compared with Cα.

Dissociation Mechanism of the dFG-pMHC Complex. Given that the
directions and amplitudes of PCs of the BOC models were sim-
ilar, an important question is the extent to which the average
conformation affects the pMHC-binding interface. In particu-
lar, dFG, which substantially attenuates the catch bond behavior
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Fig. 4. Conformational behavior of TCRαβ. (A) Number of Vα-Vβ contacts. Contacts were counted using the same criteria as for the third group in Fig.
2E. For other interfaces within TCRαβ, see SI Appendix, Fig. S4 A and B. (B–D) First three PCs of the BOC model for Tαβ. Structure at the beginning of
the simulation is shown transparent as a visual guide. The BOC model was averaged over time. With the C-module as the reference for motion, the Vα-Vβ
relative motion is small, and the triads for the V-module serve mainly as orientational markers for the V-module (Movies S6 and S7). (E) Amplitudes of PC1 to
PC4. (Bar: SD.) (F) Comparison among time-averaged BOC and triads. View is about 45◦ between B and C. The upward shift of the β-hinge in dFG is marked
by a vertical solid arrow. Insets show differences in triad positions. (G and H) Two coordinate frames of Tαβ and dFG that have the corresponding BOC close
to the average states. (G) R15-D221 and K16-D221 hydrogen bonds between Vβ and the FG-loop are present in all systems except for dFG (SI Appendix, Fig.
S5). The alpha-carbon atoms of R15 and K16 are shown as orange (Tαβ) and cyan (dFG) spheres. The rotation of the hinge between Tαβ and dFG is marked
by an arrow. (H) Positional differences in the CDR loops in Vβ between Tαβ and dFG. View is from behind of C. The α-chain is not shown for clarity. The
center of mass of the loops translates by 11.3 Å. (Inset) Lifting near the hinge in dFG in the absence of contacts with the FG-loop.

(13), has the most bent conformation (Fig. 4 F–H). To test its
interaction with pMHC, we performed two different simulations
of the dFG-pMHC complex (Materials and Methods). In the first,
named dFG-pMHCh1, the FG-loop was removed from the initial
structure of Tαβ-pMHChigh so that the simulation started with
dFG in the loaded conformation that had the FG-loop. In the
second, named dFG-pMHCh2, we prepared a dFG-pMHC com-
plex from the initial structure of Tαβ-pMHClow and performed
simulations to increase the extension similarly as we did to pre-
pare Tαβ-pMHChigh. In dFG-pMHCh2, dFG thus had more time
to conformationally adjust in the absence of the FG-loop before
the beginning of the simulation.

Remarkably, the complex dissociated in both cases. In dFG-
pMHCh1, severe dislocation at the interface occurred by about
360 ns (vertical arrows in Fig. 5 and Movie S8). In dFG-pMHCh2,
contacts started to break at about 240 ns, and a complete dis-
sociation occurred by 330 ns (SI Appendix, Fig. S6 and Movie
S9). The Hamming distance started to increase before the actual
dissociation as disruption of the interfacial contacts preceded
(Fig. 5B). Concomitantly, the CDR3 distance increased and
fluctuated more, which is consistent with an increased Vα-Vβ
motion without pMHC (Fig. 5C). Disruption of the interface
was also observed in dFG-pMHCh2, but it started earlier, before
about 100 ns (SI Appendix, Fig. S6 A–C). Its faster response is
consistent with the initial state where the effect of deleting the
FG-loop was already present, whereas in dFG-pMHCh1, dFG
started from a conformation that was nearly identical to Tαβ
under load so that the interface was initially more stable.

Since the duration before dissociation started was short, it
was difficult to apply PCA. Instead, using PCs of Tαβ and unli-

ganded dFG as references, we projected the triads and BOCs
of dFG in the complex along respective principal directions, to
examine resemblance in conformational behaviors to these ref-
erences. Regarding the triads of the V-module, projections of
PC1 onto the two references were similar for both dFG-pMHCh1

and dFG-pMHCh2 (Fig. 5D and SI Appendix, Fig. S6D). This is
because the two references have similar equilibrium Vα-Vβ tri-
ads (SI Appendix, Fig. S2G) and similar PC1 directions (twist;
SI Appendix, Fig. S2 C and D). Projections of PC2 differed
more (Fig. 5E and SI Appendix, Fig. S6E). The smaller mag-
nitude of the projection with unliganded dFG compared with
Tαβ suggests that dFG in the complex behaves closer to the for-
mer. The trend is opposite for the V-C conformational motion,
where the PC1 projection (V-C bending) differs more between
the two references than for PC2 (V-C tilt) (Fig. 5 F and G
and SI Appendix, Fig. S6 F and G). As a greater value of PC1
corresponds to more bending (Fig. 4B), negative values of the
PC1 projection with the unliganded dFG as reference indicates
that dFG in the complex is less bent, since the molecule is
under load.

The tendency of dFG to bend will exert a peeling action on
the interface with pMHC, but the observation that dissociation
occurred within the simulation time was unexpected, since in the
case of N15 TCRαβ, the bond lifetime of the dFG mutant is
on the order of 0.2 to 2 s in in vitro experiments (13). A pos-
sible explanation for the rapid dissociation in our simulation is
that bending of dFG results in shortening of the molecule and
increases the tension on the complex. We tested this by calculat-
ing the force on the complex in 20-ns intervals. For comparison,
we also calculated forces on Tαβ-pMHClow and Tαβ-pMHChigh

(SI Appendix, Fig. S7A). Due to the short duration of the time
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Fig. 5. Dissociation process of dFG-pMHCh1 (see SI Appendix, Fig. S6 for dFG-pMHCh2). Vertical red arrows are at the same time point (360 ns) across the
figure, when a major disruption of the interface occurs. (A) Contact occupancy heat map, created the same way as in Fig. 2. Also see Movie S8. (B) Hamming
distance (cf., Fig. 2C). (C) CDR3 distance (cf., Fig. 3E). Its increase at about 140 ns coincides with a modest increase in the Hamming distance (vertical dashed
line). (D–G) Projection of Vα-Vβ triads (D and E) and V-C BOC (F and G), onto the corresponding PCs of Tαβ and unliganded dFG as references.

window, the calculated forces fluctuate. In complexes of Tαβ,
the forces are overall smaller and fluctuate rapidly compared
with complexes of dFG (SI Appendix, Fig. S7). In the latter, a
sustained increase in force occurred prior to dissociation, reach-
ing 81 pN for dFG-pMHCh1 and 31 pN for dFG-pMHCh2 (SI
Appendix, Fig. S7B). In addition to the larger magnitude, the sus-
tained application of force in an oblique direction would have
a greater destabilizing effect on the interface. Thus, dFG’s ten-
dency to bend was responsible for the increased loading and
resulted in rapid dissociation of the complex.

Instability of Unloaded TCRαβ-pMHC Complex. We next considered
the stability of the complex in the absence of load. Although
Tαβ-pMHClow was less stable compared with Tαβ-pMHChigh, it
was still under a 10.4-pN load. We thus performed another sim-
ulation, Tαβ-pMHC0, where no restraint was applied to Tαβ.
Only a weak positional restraint was applied to the stably folded
β-strand region in α3 of MHC (cf., Fig. 1A), to prevent rotation
of the molecule in the elongated simulation box (Materials and
Methods). In this case, contacts with Vα were lost early, by 180
ns, while contacts with Vβ were mostly maintained until near the
end of the simulation (SI Appendix, Fig. S8A). A large increase
in the CDR3 distance was observed before dissociation of Vα,
again indicative of the destabilizing Vα-Vβ motion (SI Appendix,
Fig. S8B). This further supports the critical importance of load in
stabilizing the interface. Although the crystal for the TCRαβ-
pMHC complex in PDB 1OGA was formed without load, we
found that the complexes are longitudinally packed. The abun-
dant crystal contacts likely suppressed conformational motion in
lieu of force (SI Appendix, Fig. S8C).

Discussion
Based on present results, we propose a mechanistic model of
the TCRαβ catch bond machinery (Fig. 6). It contains several
elements. The first is the dynamic nature of the interactions
between TCRαβ and pMHC. Contacts form and break through-
out the simulation. It is thus necessary to collectively consider
contacts in maintenance of the interface. In a given time frame,
although residues that form contacts are necessary to hold the
complex together, they are not the sole contributors to bind-
ing. Surrounding residues that do not form contacts with pMHC
directly must provide an environment that stabilizes the transient
contacts. This dynamic view of the interface offers a solution
to the paradox of how the antigenic peptide can be recognized

despite a greater number of contacts with MHC than with the
peptide itself (1–3). Namely, our findings imply that contacts with
MHC are load-bearing, thereby suppressing the Vα-Vβ motion
(Fig. 6B). In comparison, the small number of contacts with the
antigenic peptide, but not an irrelevant peptide bound to the
same MHC (13), arrange the dynamic environment to support
the load-bearing contacts. By analogy to a key, the peptide plays
the role of grooves and teeth, ensuring a correct fit while contacts
with the MHC play the role of the main key stem that can exert
torque for opening the lock.

The second element is the plasticity of the Vα-Vβ inter-
face. The Vα-Vβ motion directly affects the geometry of the
V domain’s ligand binding CDR loops (Fig. 6A). Such adapt-
ability provides a highly sensitive means with which to screen
for a matching pMHC; an applied load via the matching pMHC
suppresses motion, stabilizing the interface with the V-module
as well as the Vα-Vβ interface (Fig. 6B). Plasticity of the Vα-
Vβ interface has previously been indicated in X-ray studies
that reported “scissoring motion” of the two domains upon
pMHC binding (40). In that study, reduction in the tempera-
ture factor deep into the V-module upon pMHC binding has also
been noted, which is consistent with stabilization of the Vα-Vβ
interface.

The third element is the C-module. With extensive Cα-Cβ
contacts (SI Appendix, Fig. S4A), it serves as a stable handle to
allosterically control the Vα-Vβ motion and, consequently, the
interface with pMHC. The C-module imposes slight mismatches
among the four-domain interfaces of TCRαβ, which negatively
impacts binding of the pMHC unless an adequate level of load
is applied to deform the molecule. In a related operation, the
C-module controls the average orientation of the V-module to
ensure that the disposition of the CDR loops is suitable for
binding to pMHC (Fig. 6A).

The allosteric role of the FG-loop is demonstrated by the dFG
variant that has the most extensive Vα-Vβ contacts leading to
the least mobile V-module (Figs. 3D and 4A). Its over-bent con-
formation (Fig. 4F) also leads to the higher and sustained force
generation under the same restraint on the complex with pMHC
as well as makes the interface tilted. This tilt contributes to easier
pMHC dissociation and is consistent with significant shortening
of bond lifetime under force in single molecule optical-tweezer
experiments (13).

Conversely, pMHC binding affects the behavior of the C-
module. Previous solution NMR studies detected mobility
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Fig. 6. Proposed mechanism of antigen screening and catch bond activation in TCRαβ-pMHC. (A) Mismatching interfaces, the Vα-Vβ motion, and orien-
tation of the V-module relative to the C-module destabilize contacts with pMHC. Due to the dynamic nature of the contacts with pMHC, without a proper
load, the complex is not sufficiently stable even with the agonist pMHC. (B) With a matching pMHC under a loaded state, the Vα-Vβ motion is suppressed
through the load-bearing contacts with MHC. Deformation of TCRαβ also enhances overall fit among the various interfaces. The antigenic peptide plays a
more significant role in organizing the interfacial contacts rather than bearing the load.

changes in certain parts of the C-module upon pMHC binding,
notably the FG-loop (9, 41). In our simulation, conformational
fluctuation of the FG-loop depends not only on binding to
pMHC but also on load, where it is more mobile in Tαβ-
pMHClow compared with Tαβ or Tαβ-pMHChigh. While such
mobility changes likely impact interaction between the C-module
and the noncovalently associated CD3 subunits of the αβTCR
complex (42, 43), the functional significance of the flexibil-
ity changes detected in solution NMR in the absence of load
remains unclear (9).

In a single-molecule optical-tweezer experiment, ligand-
dependent, 5- to 9-nm conformational transitions have been
observed both in vitro and on the cell (13). Introducing the
H57 antibody that binds to the FG-loop (44) abolishes the
major transition while extending the bond lifetime by more than
10-fold (13). Thus, the large conformational transition per se
is not required for the catch bond machinery, although it is
associated with bond lifetime extension (26). The major con-
formational transition is more likely to involve the C-module,
since the V module must maintain the interface with pMHC
during reversible transitioning (26). Partial or full unfolding of
the C-module will reduce its influence on the V-module, which
potentially reinforces contacts with pMHC, as seen in our sim-
ulation of Vαβ-pMHC. This feature might be important for
reversible transitioning seen in high-resolution TCR-pMHC and
preTCR-pMHC optical-tweezer experiments (26).

A recent study used the SMD simulation to observe elonga-
tion of pMHC accompanied by the detachment of β2m from
the α1α2 domain (cf., Fig. 1A) (33). Aside from the large force
(several hundred piconewtons or higher) employed in their simu-
lation, in bioforce probe experiments, extensions were observed
only about 15% of the time, making the functional significance
unclear. In ref. 33, a disulfide mutant that links β2m to α1α2
showed a reduced catch bond behavior. As shown in our simu-
lations of dFG-pMHC, any changes in the loading geometry of
the complex will impact the bond lifetime. The disulfide mutant
of pMHC might mediate a similar effect by altering the load-
ing direction of pMHC. The unbinding pathway in an SMD
simulation can also differ from that without load if the line of
action passes through a particular point within the interface (45).
As explained above, the goal of our simulation was to study
the conformational response of the system under load, rather
than determine the unbinding pathway. In addition, the direc-
tion of force varies and the line of action across the interface is
also not fixed due to the transverse fluctuation of the complex
(Movie S1).

Knapp and coworkers performed extensive simulations of var-
ious TCRαβ and TCRαβ-pMHC complexes, observing neither
significant differences between immunogenic vs. nonimmuno-
genic peptides (46) nor any notable conformational changes
within the TCRαβ molecule upon complex formation with
pMHC (34). These simulations were performed without any
load and each simulation lasted 100 ns, whereas our simula-
tions show that load matters and at least 200 ns is needed for
the complex to conformationally relax from the initial crystal-
lographic state and behave as a unit embedded in the solvated
environment.

When a TCRαβ forms, only the CDR3 loops undergo somatic
V(D)J recombination, whereas the amino acid sequence for the
rest of the molecule is predetermined by the gene segments
used. This includes the germline CDR1 and CDR2 loops of the
V-module and the entire C-module including the Cβ FG-loop
(2, 39). Thus, responses to load are likely very similar among
TCRαβ systems that share the same combination of gene seg-
ments. Systems formed from other gene segments may behave
differently in details. However, main features of the proposed
mechanism (Fig. 6), i.e., the stabilization and enhancement
of the interfacial contacts under load, are likely general since
the thymic selection process for the TCRαβ clonotype as well
as peripheral immune surveillance involve mechanically loaded
conditions (10–12, 27).

We also found the β-chain plays a greater mechanical role
through its extensive Vβ-Cβ contacts including the FG-loop. The
α-chain, with its more limited Vα-Cα contacts, imposes a topo-
logical constraint whereupon the applied load can stabilize the
Vα-Vβ interface as well as the interface with pMHC (Fig. 6).
The greater mechanical role of the β-chain is consistent with
its role in β selection by self-pMHC beginning at the double-
negative 3b thymocyte stage, where preTCRs are expressed and
utilize the same CD3 signaling molecules as in αβTCRs (25,
47). In preTCRs, the load is borne entirely by each β-chain
in complex with the invariant pTα subunit, the TCRα chain
surrogate lacking a Vα domain. PreTCRs are arrayed on the
thymocyte surface membrane prior to emergence of αβTCRs
at the more mature double-positive thymocyte stage (26). Of
note, the pTα-Cβ interface is robust and comparable to that of
Cα-Cβ (44), and preTCR also exhibits ligand-dependent catch
bond behavior based upon results from biomembrane force
probe and optical-tweezer experiments (25–27).

More generally, the present study contributes to the emerg-
ing concept of dynamic allostery (48), where catch bonds work
by modulating contact dynamics and domain motion without
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involving a clear conformational change. The physical mech-
anism by which the increased bond lifetime under load leads
to activation of intracellular signaling via the surrounding CD3
molecules (42, 43, 49) is a subject of future studies.

Materials and Methods
Simulations were performed using CHARMM (50). We used CHARMM and
custom-written C++, FORTRAN95, and Python codes to analyze simulation

data. Molecular structures were rendered using VMD (51). See SI Appendix
for details.

Data Availability. All study data are included in the article and SI Appendix.

ACKNOWLEDGMENTS. This work was funded by US NIH Grants P01AI143565
and R01AI136301. Simulations were performed by using computers at
the Texas A&M High-Performance Research Computing facility and Texas
Advanced Computing Center at University of Texas at Austin.

1. M. G. Rudolph, R. L. Stanfield, I. A. Wilson, How TCRs bind MHCs, peptides, and
coreceptors. Annu. Rev. Immunol. 24, 419–466 (2006).

2. J.-h. Wang, E. L. Reinherz, The structural basis of αβ T-lineage immune recognition:
TCR docking topologies, mechanotransduction, and co-receptor function. Immunol.
Rev. 250, 102–119 (2012).

3. J. Rossjohn et al., T cell antigen receptor recognition of antigen-presenting molecules.
Annu. Rev. Immunol. 33, 169–200 (2015).

4. Y. Sykulev, M. Joo, I. Vturina, T. J. Tsomides, H. N. Eisen, Evidence that a single
peptide–MHC complex on a target cell can elicit a cytolytic T cell response. Immunity
4, 565–571 (1996).

5. J. Huang et al., A single peptide-major histocompatibility complex ligand triggers
digital cytokine secretion in CD4+ T cells. Immunity 39, 846–857 (2013).

6. M. Brameshuber et al., Monomeric TCRs drive T cell antigen recognition. Nat.
Immunol. 19, 487–496 (2018).

7. G. Teng, F. N. Papavasiliou, Immunoglobulin somatic hypermutation. Annu. Rev.
Genet. 41, 107–120 (2007).

8. K. N. Brazin et al., Structural features of the αβTCR mechanotransduction apparatus
that promote pMHC discrimination. Front. Immunol. 6, 441 (2015).

9. R. A. Mariuzza, P. Agnihotri, J. Orban, The structural basis of T cell receptor (TCR)
activation: An enduring enigma. J. Biol. Chem. 295, 914–925 (2020).

10. S. T. Kim et al., The αβ T cell receptor is an anisotropic mechanosensor. J. Biol. Chem.
284, 31028–31037 (2009).

11. Y. Feng, E. L. Reinherz, M. J. Lang, αβ T cell receptor mechanosensing forces out serial
engagement. Trends Immunol. 39, 596–609 (2018).

12. C. Zhu, W. Chen, J. Lou, W. Rittase, K. Li, Mechanosensing through immunoreceptors.
Nat. Immunol. 20, 1269–1278 (2019).

13. D. K. Das et al., Force-dependent transition in the T-cell receptor β-subunit allosteri-
cally regulates peptide discrimination and pMHC bond lifetime. Proc. Natl. Acad. Sci.
U.S.A. 112, 1517–1522 (2015).

14. Y. C. Li et al., Mechanical forces acting on T cells immobilized via the TCR complex can
trigger TCR signaling. J. Immunol. 184, 5959–5963 (2010).

15. J. Husson, K. Chemin, A. Bohineust, C. Hivroz, N. Henry, Force generation upon T cell
receptor engagement. PLoS ONE 6, e19680 (2011).

16. B. Liu, W. Chen, B. Evavold, C. Zhu, Accumulation of dynamic catch bonds
between TCR and agonist peptide-MHC triggers T cell signaling. Cell 157, 357–368
(2014).

17. K. L. Hui, L. Balagopalan, L. E. Samelson, A. Upadhyaya, Cytoskeletal forces during
signaling activation in Jurkat T-cells. Molec. Biol. Cell 26, 685–695 (2015).

18. K. H. Hu, M. J. Butte, T cell activation requires force generation. J. Cell Biol. 213, 535–
542 (2016).

19. R. Basu et al., Cytotoxic T cells use mechanical force to potentiate target cell killing.
Cell 165, 100–110 (2016).

20. Y. Liu et al., DNA-based nanoparticle tension sensors reveal that T-cell receptors trans-
mit defined pN forces to their antigens for enhanced fidelity. Proc. Natl. Acad. Sci.
U.S.A. 113, 5610–5615 (2016).

21. Y. Feng et al., Mechanosensing drives acuity of αβ T-cell recognition. Proc. Natl. Acad.
Sci. U.S.A. 114, E8204–E8213 (2017).

22. E. F. Lind, S. E. Prockop, H. E. Porritt, H. T. Petrie, Mapping precursor movement
through the postnatal thymus reveals specific microenvironments supporting defined
stages of early lymphoid development. J. Exp. Med. 194, 127–134 (2001).

23. T. Kreslavsky et al., β-selection-induced proliferation is required for αβ T cell
differentiation. Immunity 37, 840–853 (2012).

24. J. Halkias, H. J. Melichar, K. T. Taylor, E. A. Robey, Tracking migration during human
T cell development. Cell. Molec. Life Sci. 71, 3101–3117 (2014).

25. R. J. Mallis et al., Pre-T cell receptor ligand binding impacts thymocyte development
prior to αβ TCR expression. Proc. Natl. Acad. Sci. U.S.A. 112, 8373–8378 (2015).

26. D. K. Das et al., Pre-T cell receptors (Pre-TCRs) leverage Vβ complementarity deter-
mining regions (CDRs) and hydrophobic patch in mechanosensing thymic self-ligands.
J. Biol. Chem. 291, 25292–25305 (2016).

27. R. J. Mallis et al., NMR: An essential structural tool for integrative studies of T cell
development, pMHC ligand recognition and TCR mechanobiology. J. Biomolec. NMR
73, 319–332 (2019).

28. W. E. Thomas, V. Vogel, E. Sokurenko, Biophysics of catch bonds. Annu. Rev. Biophys.
37, 399–416 (2008).

29. I. Le Trong et al., Structural basis for mechanical force regulation of the adhesin FimH
via finger trap-like β sheet twisting. Cell 141, 645–655 (2010).

30. V. C. Luca et al., Notch-jagged complex structure implicates a catch bond in tuning
ligand sensitivity. Science 355, 1320–1324 (2017).

31. B. Knapp, S. Demharter, R. Esmaielbeiki, C. M. Deane, Current status and future chal-
lenges in T-cell receptor/peptide/MHC molecular dynamics simulations. Brief. Bioinfo.
16, 1035–1044 (2015).

32. L. V. Sibener et al., Isolation of a structural mechanism for uncoupling T cell receptor
signaling from peptide-MHC binding. Cell 174, 672–687 (2018).

33. P. Wu et al., Mechano-regulation of peptide-MHC class I conformations determines
tcr antigen recognition. Molec. Cell 73, 1015–1027 (2019).

34. B. Knapp, P. A. Van Der Merwe, O. Dushek, C. M. Deane, MHC binding affects the
dynamics of different T-cell receptors in different ways. PLoS Comp. Biol. 15, e1007338
(2019).

35. G. B. E. Stewart-Jones, A. J. McMichael, J. I. Bell, D. I. Stuart, E. Y. Jones, A structural
basis for immunodominant human T cell receptor recognition. Nat. Immunol. 4, 657–
663 (2003).

36. R. W. Hamming, Error detecting and error correcting codes. Bell Sys. Tech. J. 29, 147–
160 (1950).

37. X. Teng, W. Hwang, Elastic energy partitioning in DNA deformation and binding to
proteins. ACS Nano 10, 170–180 (2015).

38. T. Hastie, R. Tibshirani, J. Friedman, The Elements of Statistical Learning (Springer, ed.
2, 2009).

39. M. Davis, P. Bjorkman, T-cell receptor antigen genes and T-cell recognition. Nature
334, 395–402 (1988).

40. J. Ishizuka et al., The structural dynamics and energetics of an immunodominant T
cell receptor are programmed by its Vβ domain. Immunity 28, 171–182 (2008).

41. S. Rangarajan et al., Peptide-MHC (pMHC) binding to a human antiviral T cell receptor
induces long-range allosteric communication between pMHC-and CD3-binding sites.
J. Biol. Chem. 293, 15991–16005 (2018).

42. K. N. Brazin et al., The T cell antigen receptor α transmembrane domain coordinates
triggering through regulation of bilayer immersion and CD3 subunit associations.
Immunity 49, 829–841 (2018).

43. D. Dong et al., Structural basis of assembly of the human T cell receptor–CD3 complex.
Nature 573, 546–552 (2019).

44. J.-h. Wang et al., Atomic structure of an αβ T cell receptor (TCR) heterodimer in
complex with an anti-TCR Fab fragment derived from a mitogenic antibody. EMBO J.
17, 10–26 (1998).

45. G. Interlandi, W. Thomas, The catch bond mechanism between von Willebrand fac-
tor and platelet surface receptors investigated by molecular dynamics simulations.
Proteins 78, 2506–2522 (2010).

46. B. Knapp, J. Dunbar, C. M. Deane, Large scale characterization of the LC13 TCR and
HLA-B8 structural landscape in reaction to 172 altered peptide ligands: A molecular
dynamics simulation study. PLoS Comp. Biol. 10, e1003748 (2014).

47. U. Koch, F. Radtke, Mechanisms of T cell development and transformation. Annu. Rev.
Cell Dev. Biol. 27, 539–562 (2011).

48. H. N. Motlagh, J. O. Wrabl, J. Li, V. J. Hilser, The ensemble nature of allostery. Nature
508, 331–339 (2014).

49. B. Malissen, P. Bongrand, Early T cell activation: Integrating biochemical, structural,
and biophysical cues. Ann. Rev. Immunol. 33, 539–561 (2015).

50. B. R. Brooks et al., CHARMM: The biomolecular simulation program. J. Comput. Chem.
30, 1545–1614 (2009).

51. W. Humphrey, A. Dalke, K. Schulten, VMD: Visual molecular dynamics. J. Molec.
Graph. 14, 33–38 (1996).

Hwang et al. PNAS | September 1, 2020 | vol. 117 | no. 35 | 21345

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005899117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005899117/-/DCSupplemental

