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Summary

TCRs recognize cognate pMHC:s to initiate T cell signaling and adaptive immunity. Mechanical
force strengthens TCR-pMHC interactions to elicit agonist specific catch bonds to trigger TCR
signaling, but the underlying dynamic structural mechanism is unclear. We combined steered
molecular dynamics (SMD) simulation, single-molecule biophysical approaches, and functional
assays to collectively demonstrate that mechanical force induces conformational changes in
pMHCs to enhance pre-existing contacts and activates new interactions at the TCR-pMHC binding
interface to resist bond dissociation under force, resulting in TCR-pMHC catch bonds and T cell
activation. Intriguingly, cancer-associated somatic mutations in HLA-A2 that may restrict these
conformational changes suppressed TCR-pMHC catch bonds. Structural analysis also indicated
that HLA polymorphism might also alter the equilibrium of these conformational changes. Our
findings not only reveal critical roles of force-induced conformational changes in pMHCs for
activating TCR-pMHC catch bonds but also have implications for T cell-based immunotherapy.

In brief

Wau et al. report that a dynamic structural mechanism of mechano-chemical coupling for TCR
antigen recognition, that is, mechanical force-induced conformational changes in the agonist
peptide-MHC-1 allosterically activate TCR-pMHC-I catch bonds to determine TCR antigen
recognition and to trigger T-cell signaling.
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Dynamic Structural Mechanism of
Mechano-Chemical Coupling in TCR Antigen Recognition
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Introduction

aP T cell receptors (TCRs) on T cells recognize peptide-loaded major histocompatibility
complexes (PMHCs) on antigen-presenting cells (APCs) to initiate T cell signaling and
adaptive immunity. Randomly distributed monomeric TCRs on T cell’s microvilli sensitively
recognize rare or even a single cognate pMHC on APCs and trigger TCR signaling
(Brameshuber et al., 2018; Cai et al., 2017; Huang et al., 2013; Rossboth et al., 2018; van
der Merwe and Dushek, 2011). Once engaging with cognate antigens on infected or
transformed APCs, TCRs rapidly activate cytotoxic T lymphocytes (CTLs) to form a
dynamic immunological synapse (IS) with and to kill APCs (Grakoui et al., 1999; Huse,
2017). Such exceptional sensitivity and discrimination power of TCRs is indispensable for
anti-cancer immunity and crucial for most T cell-based immunotherapies. Yet the molecular
mechanism of how TCRs recognize cognate pMHCs in such a dynamic microenvironment
remains poorly understood.

The dynamic nature of T-cell antigen recognition inevitably integrates mechanical force with
the biochemistry of TCR-pMHC interactions to activate T cell functions (Huse, 2017; Kim
et al., 2009; Ma et al., 2008; O’Connor et al., 2012; Saitakis et al., 2017; van der Merwe and
Dushek, 2011). With recent applications of biophysical techniques, cumulative evidences
have demonstrated that force not only counter-intuitively activated agonist-specific TCR-
pMHC catch bonds on both CD8* (Das et al., 2015; Liu et al., 2014) and CD4* T cells
(Hong et al., 2015), or even on pre-TCR expressing immature thymocytes (Das et al., 2016;
Mallis et al., 2015), but also plays an essential role in triggering proximal TCR signaling
(Bashour et al., 2014; Hu and Butte, 2016; Liu et al., 2016), in inducing the thymocyte
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negative selection (Hong et al., 2018) and in potentiating CTL’s killing of target cells (Basu
et al., 2016). Force-induced TCR-pMHC catch bonds amplify the discriminative power of
TCRs for agonists and antagonists by increasing their differences on two-dimensional (2D)
bond lifetimes under an optimal force, and rapid accumulation of these catch bonds trigger
intracellular Ca%* signaling in T cells (Liu et al., 2014). Given ultra-fast rebinding rates of
TCR-pMHC interactions that are confined in the plasma membrane of T-cell/APC contacts,
the force-dependent 2D dissociation rate of TCR-pMHC bonds has emerged as a crucial
parameter in TCR recognition of cognate antigens and TCR triggering (Dushek et al., 2009;
Lever et al., 2014; Sibener et al., 2018).

Though vitally important, TCR-pMHC catch bonds remain enigmatic. It is still unclear how
a tensile force exerting on the TCR-pMHC bond could make the bond stronger. Fortunately,
since the first crystal structure of TCR-pMHC-I complex was solved two decades ago
(Garboczi et al., 1996), ~100 human TCR-HLA and ~30 mouse TCR-H-2 complex
structures have been determined, significantly advancing our understanding of how TCRs
recognize various antigens at the atomic level. With a few exceptions, most TCR-pMHC
(MHC referring to MHC class | hereafter unless noted otherwise) complexes have a diagonal
docking geometry, in which MHC a1 and a2 domains mainly contact TCR Vf and Va
respectively. Complementarity-determining region 3 (CDR3) loops of TCR’s variable
domains sensitively recognize the key residues or “hotspots” on the peptide and undergo
subtle conformational changes upon pMHC binding (Degano et al., 2000; Rudolph et al.,
2006). These structures revealed poor shape complementarity at the TCR-pMHC binding
interface (Degano et al., 2000; Rossjohn et al., 2015), and a universal structural
understanding of TCR antigen recognition and discrimination is still elusive. In the mouse
2C TCR, no significant conformational difference was found between the super-agonist
SIYR-MHC-2C TCR complex (Figure 1A) and the self dEV8-MHC-TCR complex despite
their large differences in activation potencies (Degano et al., 2000; Garcia et al., 1998).
Similarly, the complexed structure of the human 1G4 TCR with the tumor epitope NY-
ESO-1157_165 (9C) presented by human leukocyte antigen-A2 (HLA-A2) is almost identical
to that of a more potent pMHC with only a cysteine-to-valine substitution at peptide position
9 (9V) (Chen et al., 2005). Considering the dynamic nature of TCR antigen recognition,
force-regulated dynamics of the TCR-pMHC complex structure may offer intrinsic
mechanistic insights for TCR antigen recognition and discrimination.

In the present study, we took an integrated approach to decipher the dynamic structural
mechanism of TCR-pMHC catch bonds by combining SMD simulations and single-
molecule biophysical methods. Our findings revealed a dynamic mechano-chemical
coupling mechanism for TCR-pMHC catch bonds and TCR antigen recognition, potentially
shedding lights on T-cell based immunotherapies for cancers.

Strong pre-existing or force-enhanced engagement between the agonist peptide and the
TCR determines TCR-pMHC catch bonds and T cell activation

We used the 2C TCR as a model system due to the availability of TCR-pMHC complex
structures. The 2C TCR has been reported to function differentially in recognizing the super-
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agonist SI'YR (or R4), the weak agonist dEV8, and the antagonist EVSV peptides loaded on
the H-2KP (Degano et al., 2000; Garcia et al., 1998). To reveal the dynamic structural basis
for agonist-specific pMHC/2C TCR catch bonds, we first ran large-scale free molecular
dynamics (MD, no force) and SMD (with force) simulations with crystal structures of the
R4-MHC/2C TCR and dEV8-MHC/2C TCR complexes and a modeled structure of EVSV-
MHC/2C TCR. Multiple independent pulling trials were performed for each complex. At
first, we noticed that before force application, both the R4 and dEV8 peptides but not the
EVSV peptide maintained H-bonds with TCR CDR loops mainly through their “hotspot™
residues (ArgP# in the R4 peptide and LysP# in the dEV8 peptide, Table S1) that had been
identified to be critical for 2C TCR antigen recognition (Degano et al., 2000; Garcia et al.,
1998). Strikingly, upon application of force normal to the TCR-pMHC binding interface
(Figure 1A), we found that the frequencies of H-bond formations between the functional
“hotspot” ArgP4 (R4) and LysP* (dEV8) residues and TCR CDR loops (Figures 1B, 1E, 1F,
S1A-S1C) increased, but not for the EVSV peptide (Figures 1C, S1B, and S1C).
Specifically, ArgP* (R4) formed one H-bond on average with the TCR (Figures 1E and 1F)
in the absence of force, but subtly rotated to from two H-bonds on average with the TCR
(Figures 1E and 1F) after force was applied. For example, ArgP4 formed H-bonds with Y50
on the CDR2 loop of the TCRP subunit in the absence of force (Figure 1B, upper panel);
while force induced formations of two more H-bonds between ArgP4 and the main chain
carbonyl oxygen of G96 in the CDR1p loop and S102 in the CDR3a loop (Figure 1B, lower
panel). In addition, Q65 on the MHCa chain switched to form an H-bond with E56 in the
TCRp (Figure 1B). Similarly, force enhanced H-bond formations between LysP* (dEV8)
and the CDR3a loop (Figures S1A and S1B). In contrast, Val?* in the EVSV peptide did not
form any H-bond with the TCR regardless of force application (Figure 1C). Therefore, the
agonist pMHC has a stronger association with TCR CDR loops through its critical “hotspot”
residue of the peptide than the antagonist pMHC, and this association can be further
strengthened by mechanical force, revealing forced amplification of structural differences
between agonist and antagonist pMHCs.

We next hypothesized that this “hotspot” residue was required for forming TCR-pMHC
catch bonds. We then mutated ArgP# in the R4 peptide to LeuP? /n silico (referred to as L4
hereafter). As expected, we did not observe any H-bond formation between LeuP and CDR
loops regardless of force application in any simulation (Figures 1D, 1G, and 1H). Using a
biomembrane force probe (BFP, Figure 11), we confirmed previously reported 2C TCR catch
bonds with the super-agonist R4-MHC (Figures 1J, S1D, and S1E) (Liu et al., 2014). The
weak agonist dEV8-MHC also formed catch bonds with the 2C TCR (Figure S1E), but the
antagonist EVSV-MHC only formed slip bonds with the 2C TCR (Figures 1K and S1D),
consistent with our previously reported agonist-specific catch bonds of the OT-1 TCR
system (Liu et al., 2014). As expected, the “hotspot” mutation L4-MHC abolished R4-
MHC/2C TCR catch bonds, converting to slip bonds with the 2C TCR (Figures 1K, S1D,
and S1E).

To test the functional importance of this “hotspot” in the R4 peptide, we next examined the
triggering potencies of R4-, EVSV- and L4-MHC peptides on T-cell activation /n vitro. We
found that R4-MHC but not EVSV- or L4-MHC robustly stimulated I1L-2 release (Figure 1L)
from 2C hybridomas, showing stronger potency of R4-MHC. We further confirmed stronger
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potency of R4-MHC than that of L4-MHC on activating primary 2C T cells /n vitrowith
stronger proliferation and interferon gamma (IFN-y) production (Figures S1F and S1G).

Collectively, our data demonstrated that the strong pre-existing or force-enhanced
engagement between the “hotspot residue” of the agonist peptide and the TCR determined
agonist-TCR-pMHC catch bonds, which correlated well with potencies in activating T cells.

Force-induced H-bonds at the TCR and MHC binding interface contributed to TCR-pMHC
catch bonds

Having identified this critical functional “hotspot” residue Arg™# in the R4 peptide for R4-
MHC/2C TCR catch bonds, we next investigated how a MHC molecule participated in
forming agonist-specific TCR-pMHC catch bonds. Focusing on the TCR-MHC interaction,
surprisingly, we found large conformational changes of the MHC in both R4- and dEV8-
MHC/2C TCR simulations (Figures 2A and 2B; Movies S1 and S2) but not in EVSV- or L4-
MHC/2C TCR simulations (Figures 2C and 2D; Movies S3 and S4). Our simulations
revealed that pulling force gradually extended and rotated the R4- or dEV8- but not EVSV-
or L4-MHC’s binding interface with the 2C TCR to become almost parallel to the force
direction along with unexpected partial dissociation of the p2m from the MHC a chain
(Figures 2A-2D and S2A; Movies S1 and S2). The extension of MHC a chain was initiated
by the forced extension of the linker between the MHC ala2 domain and the a3 domain
(Figure 2A, 44 ns; Figure 2B, 40 ns), followed by forced break-up of the intramolecular
association either between ala2 and p2m domains (ala2/B2m) (Figure 2A, 100 ns; Figure
2B, 90 ns; Movies S1 Trace-1 and S2) or between p2m and a3 domains (f2m/a.3) (Figure
S2A; Movie S1 Trace-2). These break-ups led to a large extension of the MHC from 7 nm
(ala2/p2m or p2m/a3 dissociation only, Figures 2A, 2B and S2A; Movie S1) to 12 nm (a3
partially unfolded in addition to ala2/p2m or p2m/a3 dissociation, Figures S2B and S2C;
Movie S1 Trace-3). In contrast, the TCR was rigid and stable during mechanical pulling in
all SMD simulations with a backbone root-mean-square deviation (RMSD) of <4A (Figures
S2D and S2E); the only notable change on the TCR was the ~2 nm extension on the C-
terminal linker regions of both a and B subunits (Figure S2D). ala2/p2m or a3/p2m partial
dissociation further allowed force to rotate the TCR-pMHC binding interface towards the
pulling direction (Figure 2A, 100 ns, 122 ns and 127.7 ns; Figure 2B, 90 ns, 110 ns and 115
ns; Figure 2E). We quantified the domain rotation as the angle between the line linking the
two ends of the peptide and the pulling direction. This angle was ~90° at small forces and
increased to ~115° after ala2/p2m or a3 /g2m partial dissociation at large forces, and
further increased to ~135° before the dissociation of R4- or dEV8-MHC from the 2C TCR
(Figure 2E; Movies S1 and S2). In addition, we found that the total number of H-bonds
between the TCR and the pMHC increased for R4-, dEVV8-MHC, had no change for EVSV-
MHC, but decreased for L4-MHC under force compared with force free condition (Figure
2F).

We next asked whether such extension and rotation of the MHC could further allosterically
strengthen TCR-pMHC binding under force. Analyzing trajectories of R4-MHC/2C TCR
simulations in details (Figure 3A and Table S1), we indeed found that force increased the
formation frequencies of some pre-existed H-bonds and also induced the formation of new
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H-bonds at the TCR and MHC binding interface (Figure S3A and Table S1). Especially, the
formation frequencies of H-bonds, including residues N30, E56 and Q72 of the TCR B and
residues K146, Q72, and R79 of the MHC, were enhanced the most upon force application
(Figure S3A and Table S1); and the formation frequencies between TCRp CDR1 N30 and
MHC a2 K146 (Figure 3B), TCRB CDR2 E56 and MHC a1 Q72 (Figure 3C), and TCRp
Q72 and MHC a1 R79 (Figure 3D) showed higher force-enhancing effect (Figures 3E and
S3A,; Table S1). For example, force increased the frequency of forming H-bonds between
TCRB N30 and MHC K146 from ~10% to ~24% (Figures 3E, S3A, and S3B; Table S1), and
between TCRP E56 and MHC Q72 from ~1% to ~15% (Figures 3E, S3A, and S3B; Table
S1). More strikingly, following the rotation of the MHC ala2 domain, force induced H-
bond formation between TCRB Q72 and MHC R79 that did not exist in the absence of force
(Figures 3D, 3E, and S3B; Table S1). Thus, these force-enhanced or force-induced H-bonds
at the TCR-MHC binding interface before or after the MHC conformational change further
resisted the dissociation of the TCR-pMHC bond under force, facilitating the formation of
TCR-pMHC catch bonds.

We next used the BFP to test whether these force-enhanced or force-induced H-bonds at the
TCR-MHC binding interface could affect TCR-pMHC catch bonds. The aforementioned
residues on R4-MHC and 2C TCR were substituted by alanine. Not surprisingly, all single
mutations suppressed R4-MHC/2C TCR catch bonds (Figures S3C and S3D). We next
further tested the effects of paired mutations. R4-MHC/2C TCR catch bonds were
suppressed more significantly in paired mutations, as evidenced by smaller optimal forces
and decreased peak bond lifetimes (Figure 3F). These data demonstrated that force-
enhanced or force-induced H-bonds at the TCR-MHC binding interface contributed to TCR-
pMHC catch bonds.

We next assessed the functional consequences of these paired mutants. We found that these
paired mutations suppressed IL-2 release from 2C hybridomas to various extent (Figure 3G).
Compared to the amount of IL-2 release activated by the wild-type (WT) R4-MHC/2C TCR
interaction, the TCRB-E56A/R4-MHC Q72A and WT 2C TCR/MHC R79A reduced IL-2
production by half, while the TCRB-N30A/MHC-K146A completely abolished IL-2
production, suggesting that the TCRB-N30/MHC-K146 interaction was essential for T-cell
activation. Since 2C hybridomas expressing different mutated 2C TCRs at the same level
(Figure S3F) have comparable abilities to secrete IL-2 (Figure S3G), we conclude that
perturbing these force-enhanced or force-induced H-bonds at the TCR-pMHC binding
interface impairs T-cell function by suppressing TCR-pMHC catch bonds.

Collectively, these results reveal that force allosterically reshapes the interaction network at
the TCR-MHC binding interface by mechanically inducing MHC conformational changes to
strengthen pre-existing H-bonds or to allow the formation of more H-bonds to elicit agonist-
specific TCR-pMHC catch bonds and activate T cell functions.

Validation of MHC conformational change with in vitro single-molecule manipulation

We next used single-molecule stretching experiments to further confirm force-induced MHC
conformational changes. It was firstly evident as a sudden extension increase when we
stretched single TCR-pMHC complexes (Figures 4A and 4B) either in the force ascending
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phase (Figure 4A) or the distance-clamping phase (Figures S4A and S4B) during lifetime
measurements with the BFP. The extension increase was ~16 nm (Figure 4C), similar to that
previously reported on pulling single N15-TCR-pMHC complexes using an optical trap (Das
etal., 2015; Das et al., 2016) and also in agreement with ~12 nm extension increase from the
pMHC (Figure S2C) plus ~2 nm extension from the TCR (Figure S2D) in our SMD
simulations and ~2—4 nm spatial resolution of the BFP (Chen et al., 2008). The occurring
probabilities of these sudden extension increases were significantly lower for L4 and EVSV
(3- and 6-fold, respectively) than those for R4 (Figure 4D). A disulfide-bond-locked MHC
mutant (referred as C-C-locked MHC) that locks p2m onto the MHC a chain (Figures S4C-
S4F) also significantly reduced the occurring probability of sudden extension changes
(Figure 4D). Moreover, the C-C-locked R4-MHC mutant also suppressed R4-MHC/2C TCR
catch bonds (Figure 4E) by reducing the optimal bond lifetime by ~2 folds, suggesting the
force-induced rotation and extension of pMHCs contributed to TCR catch bonds.

Force-induced MHC conformational changes were also directly observed with single-
molecule pulling assay on magnetic tweezers (MT; Figures 4F and S4G-S4L). When
cyclically stretching the complex of OVA-H-2KP binding with an anti-OVA-H-2KP mAb
with the MT, the sudden increases of relative bead height (SIRBH, a signature for MHC
conformational change) in the force loading phase were evident (Figures 4G and 4H). While
pulling the C-C-locked OVA-H-2KP (Figure 41), the occurring probability of the SIRBH
reduced significantly (Figure 4J). Moreover, the total relative bead height when pulling C-C-
locked MHC till ~25 pN (~71 nm) was ~13 nm shorter than that when pulling WT MHCs
(~84 nm) (Figure 4K). The SIRBH when stretching WT MHCs were normally distributed
around ~13 nm (Figure 4L), in close agreement with the ~10 nm extension increase in SMD
simulations (Figures S2C and S2D) considering ~2 nm spatial resolution of the MT in the
vertical direction (van Loenhout et al., 2012). Collectively, our single-molecule stretching
measurements confirmed our observations in SMD simulations that force indeed induced
MHC conformational changes that partially and allosterically contributed to formations of
TCR-pMHC catch bonds.

Force-induced HLA-A2 conformational change regulates human TCR-pHLA-A2 catch

bonds

Having characterized mouse TCR-pMHC catch bonds and revealed their dynamic structural
basis of the mechano-chemical coupling, we next asked whether such dynamic regulation
was conserved in human TCR-pHLA-A2 interactions. We first carried out SMD simulations
with the 9C-HLA-A2/1G4 TCR complex. We also noticed similar force-induced
conformational changes of the pHLA-A2 to that of mouse H-2KP, leading to formations of
H-bonds at the pHLA-A2/1G4 TCR binding interface to stabilize the TCR-pMHC
interaction under force (Figures 5A-5C; Movie S5; Table S1). Similar to the 2C TCR
system, force also induced the large extension and rotation of pHLA-A2 but through the
break-up of the p2m/a.3 intramolecular association (Figures 5A, 5B). Force also enhanced
pre-existing H-bond stability and induced more H-bond formations (Table S1), especially for
H-bonds involving residues E19 and R75 of the HLA-A2 (Figure 5C and Table S1).
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These SMD simulation results predicted catch bonds in the 9C-HLA-A2/1G4 TCR
interaction and suggested key residues contributing to catch-bond formation. To test these
predictions, we measured 9C-HLA-A2/1G4 TCR bond lifetimes under force with the BFP
and revealed that 1G4 TCR indeed formed catch-slip bonds with 9C-HLA-A2 with a peak
bond lifetime of ~1 s at ~10 pN force (Figure 5E). The trend and optimal force were similar
to those in 2C or OT-I TCR catch bonds (Liu et al., 2014) but with longer peak bond
lifetimes. Preventing force-induced H-bond formations between two SMD-predicted
residues with single alanine substitution (E19A or R75A) suppressed 9C-HLA-A2/1G4 TCR
catch bonds, while maintaining catch-slip translational bonds (Figures 5E and S5A),
suggesting that other residues at the TCR-pMHC interfaces may also contribute to catch
bond formations. Moreover, we also found that the occurring probability of sudden
extension increases was ~13% before the dissociation of pHLA-A2 from the 1G4 TCR
under force (Figure S5D). Further analysis showed that sudden extension increases occurred
in both the ascending phase (~40%) and the clamping phase (~60%) (Figure S5E), which
was different from those when pulling the mouse pMHC/2C TCR complex but consistent
with the results when pulling the mouse pMHC-N15-TCR with an optical trap (Das et al.,
2015).

Cancer-associated somatic mutations in HLA-A2 suppress pHLA-A2/1G4 TCR catch bonds

The relationship between HLAs and cancers has been intensively investigated and cancer-
associated somatic mutations in HLA-A2 have been identified. Particularly, some somatic
mutations occur at the ala2/p2m binding interface (e.g., HLA-A2 F8V) or at the a.3/f2m
binding interface (e.g., HLA-A2 A236T) (Figures 5A and S5B) (Shukla et al., 2015).
Molecular modeling of the F8V mutation suggested that its presence may lead to two more
H-bonds at the ala2/B2m binding interface (between 2m E53 and a1 Q32, and f2m E53
and a1 R48) in addition to the p2m E53 and a1 R35 H-bond in the WT structure (Figure
5D, top panels), thus the F8V mutation may potentially restrict ala2/p2m dissociation and
HLA-A2 conformational changes. As residue A236 was located near the a3/p2m binding
interface, the A236T mutation may enable a H-bond between T236 and the main chain
carbonyl oxygen of R12 in $2m domain (Figure 5D, bottom panels), which may also
stabilize the a/p2m association. These findings led us to hypothesize that HLA-A2 F8V or
A236T might suppress 9C-HLA-A2/1G4 TCR catch bonds by preventing the
conformational change of the pHLA-A2. BFP experiments with these cancer-associated
somatic mutations indeed revealed significantly shortened peak bond lifetimes at ~10 pN
comparing with the WT MHC, while also maintaining catch-slip translational bonds
(Figures 5F and S5C), suggesting that other unknown residues at the TCR-pMHC interface
may contribute to catch bond formations. Interestingly, these cancer-associated mutations
(F8V and A236T) slightly reduced the ratio of extension changes on the 9C-HLA-A2/1G4
TCR complex (Figure S5D) and slightly increased the percentage of sudden extension
change in the clamping phase (Figure S5E), implying that these two cancer-associated
mutants of HLA-A2 restricted HLA-A2 conformational changes to some extent.
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Discussion

We have used an integrated approach to demonstrate that mechanical force induced dynamic
mechano-chemical coupling to sequentially change agonist pMHC conformations, which
was essential for activating both mouse and human TCR-pMHC catch bonds, amplifying
TCR antigen discrimination, and triggering T-cell functions. Restricting pMHC
conformational changes by cancer-associated somatic mutations suppressed TCR-pMHC
catch bonds, this inspired us to comprehensively re-examine cancer-associated mutations or
subtle polymorphic changes of HLA class | in cancer patients for effective T cell-based
immunotherapies in future (Chowell et al., 2018).

Dynamic structural model of mechano-chemical coupling for TCR-pMHC catch bonds

Our present findings not only extend previous findings of agonist-specific TCR-pMHC catch
bonds from mouse (Das et al., 2015; Kim et al., 2009; Liu et al., 2014) to human TCRs but
also allow us to propose a dynamic structural model of mechano-chemical coupling for
TCR-pMHC catch bonds (Figure 6), providing an unconventional force-regulated structural
basis for TCR antigen recognition. This dynamic model mainly consists of three consecutive
steps of force-induced conformational changes in the pMHC (Figure 6, upper panels). First,
TCR antigen recognition is initiated by CDR loops (especially CDR3 loops) of the TCR to
engage the functional “hotspot” residue(s) in the agonist peptide (e.g., ArgP4 for R4-H-2KP
and MetP4/TrpP for 9C-HLA-A2). The strong engagement of the “hotspot” residue(s) with
CDR loops jump-starts mechano-chemical coupling to dynamically regulate TCR/pMHC
dissociation. Second, initially strong or mechanically strengthened peptide-TCR engagement
helps force to further efficiently pull the MHC ala2 domains toward CDR loops, inducing
better complementarity via forming more interactions at the TCR-pMHC binding interface
than those observed in the crystal structures. Third, such force-strengthened TCR-pMHC
interactions allow forced partial separation of p2m from MHC a chain, leading to the
extension and/or rotation of MHC a1a.2 domain toward the TCR. This pronounced
extension and/or rotation of the a1la2 domain allosterically induces more interactions at the
TCR-pMHC binding interfaces. These three consecutive steps of force-induced
conformational changes of the pMHC ultimately lead to agonist-specific TCR-pMHC catch
bonds, conferring TCR with power to sensitively discriminate cognate antigens from the
ocean of non-stimulatory antigens. Non-stimulatory or antagonist pMHC does not have
these conformational changes due to initial weak engagement between the peptide and the
TCR. Thereby, force accelerates the dissociation of the weak pMHC from the TCR,
resulting in slip-bonds only and the inability to trigger T cells (Figure 6, lower panels).

Force-induced MHC conformational changes facilitate TCR antigen recognition and initial

triggering

Combining SMD simulations and single-molecule biophysical studies, we demonstrated that
mechanical force indeed induced MHC conformational changes, which may be beneficial
for TCR initial triggering in two aspects. First, MHC conformational changes activate TCR-
pPMHC catch bonds, providing an extra layer of discrimination power for TCR antigen
recognition (discussed above) and possibly promoting rapid propagation of conformational
changes from TCR CDR loops to CD3 tails for rapid and efficient triggering of TCR
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signaling. For example, strengthened TCR-pMHC binding on TCR CDR loops may allow
force to transmit to and change conformations of constant regions of the aBTCR (Natarajan
et al., 2017), which may further induce TCRa transmembrane domain structural movement
to regulate the topological rearrangement of apTCR/CD3 complex (Brazin et al., 2018) and
alter the conformations of CD3 tails (Natarajan et al., 2016; Xu et al., 2008). These serial
conformational changes may ultimately lead to successful CD3 phosphorylation by Lck.
Second, such 10-20 nm extension of a TCR-pMHC complex under force reduces its size
difference from CD45, thus possibly preventing CD45 exclusions from TCRs during TCR
initial triggering according to the kinetic segregation model (Davis and van der Merwe,
2006). This might be beneficial for TCR initial triggering as CD45 was reported to be
essential for early TCR proximal signaling by regulating Lck activation (Courtney et al.,
2017; Dustin and Depoil, 2011). This hypothesis actually is supported by a recent finding
(Cai et al., 2017) that no profound CD45 exclusion was observed on TCR pre-enriched
microvillar tips of T cells during the very early stage of TCR searching for cognate antigens
on APCs. While at the later stage of IS formation, CD45 was excluded from TCRs in the
center of supramolecular activation clusters (Cai et al., 2017; Chang et al., 2016; Choudhuri
et al., 2005). We believe at the later stage force on individual TCR/pMHC complex may
reduce due to re-distribution of force on larger clustered TCR-pMHC complexes. This
reduction of force may help 2m rapidly rebinding to MHCa chain, preventing complete
loss of $2m, promoting durable peptide presentation by MHCs (Otten et al., 1992), and also
restoring the shorter length of the TCR-pMHC complex to facilitate CD45 exclusions
(Choudhuri et al., 2005).

Although these force-free 2D affinities of mutants also correlate well with T-cell functions,
consistent with previously reported ones for OT-I and 2B4 TCRs (Huang et al., 2010; Huppa
et al., 2010), we present the following reasons to argue for a more critical role of 2D
effective off-rate (force-dependent Ay¢) for TCR initial triggering. TCRs on resting T cells
recently were found to highly enrich on small tips of microvilli whose diameter is ~70-
100nm (Cai et al., 2017; Jung et al., 2016). These small microvillous tips and special 3D
topology of microvilli may trap TCR-pMHC complexes when the T cell contacts the APC,
preventing TCR-pMHC complexes to diffuse away from those tips. Given this, the TCR-
pMHC rebinding rate in such confined 2D microdomains has been speculated to increase
tremendously, maybe much faster than previously reported 2D or 3D association rates. The
difference of 2D TCR-pMHC rebinding rates between agonist and antagonist might become
similar such that 2D TCR-pMHC dissociation rate under force should become a critical
parameter for triggering TCR initial signaling (Lever et al., 2014; Sibener et al., 2018). This
hypothesis actually is partially supported by a computational study with a rapid rebinding
model (Dushek et al., 2009), phenotypic analysis of T cell activation (Lever et al., 2014),
and our finding that rapid accumulation of TCR-pMHC catch bonds triggered TCR signaling
(Liu et al., 2014), but still requires more experimental evidences to confirm.

Suppressive effects of somatic mutations in HLA-A2 on TCR catch bonds and implications
for T-cell based immunotherapies

Our dynamic structural model for TCR-pMHC catch bonds may be relevant in explaining
why some cancer patients do not respond to T-cell based immunotherapies (e.g., anti-PD-1
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immune checkpoint blockade, ICB) (Chowell et al., 2018). Is it because TCR-pMHC
engagement or binding strength, the first critical signal in the anti-tumor responses of CD8*
tumor-infiltrating T cells (TILs), is impaired due to subtle polymorphic changes or somatic
mutations in class | HLA genes? If this is the case, even if PD-1/PD-L1 binding is blocked
by therapeutic antibodies, the weakened TCR-pMHC binding under force may fail to
activate the cytotoxicity of CD8" TILs. Importantly, previous studies have identified
numerous cancer-associated somatic mutations in class I HLA genes, and loss-of-function
mutations are located in all functional domains of class | HLA genes (Figure S5B) (Shukla
et al., 2015). They speculated that the acquisition of these HLA mutations without
abrogation of HLA expressions may provide a complementary mechanism for immune-
surveillance escape. Our finding provides a piece of supporting evidence that cancer-
associated somatic mutations (F8V and A236T in HLA-A2) suppressed TCR-pMHC catch
bonds, potentially impairing the TCR triggering on CD8* TILs. Moreover, evidences
showed that melanoma patients with HLA-B44 supertype has significantly longer survival
than patients with HLA-B62 (including HLA-B15) supertype, which suggests that HLA
class | genotype influences the immune checkpoint blockade (ICB) efficacy (Chowell et al.,
2018). Related to our findings, we propose that HLA polymorphisms might tightly couple
with the mechanical regulation of the pMHC conformational changes and TCR-pMHC catch
bonds to regulate TCR recognition of neoantigens, TCR triggering, and CD8" TIL activation
in tumor. With MD simulations, we found that HLA-B44 a.1a.2 domain seems to more
loosely contact with f2m than HLA-B15’s due to less H-bonds formed between HLA-B44
and p2m (Figures S5F-S5I1). Especially, Q32 in HLA-B15 can form H-bond with f2m D53,
while L32 in HLA-B44 cannot (Figures S6G and S6H). As a result, ala2 domain of HLA-
B15 can form more H-bonds with f2m than that of HLA-B44 (Figure S61). These analyses
imply that ala2/g2m interface of HLA-B15 may more tightly couple with 2m than HLA-
B44 to resist force-induced conformational changes in ala2 domain, which may impair
TCR and neoantigen binding under force and TIL’s activation. Thus, we postulate that the
2D force-dependent dissociation kinetics of TCR-pMHC bindings might be an effective
parameter to predict and assess the efficacy T cell-based immunotherapies.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Wei Chen (jackweichen@zju.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Cultures—2C hybridoma and 1G4 T cell were cultured at 37°C and 5% CO, in RPMI
1640 medium supplemented with 100 U/mL streptomycin, 100 ug/mL penicillin and 5%
fetal bovine serum. The cells were authenticated.

Naive 2C T cells from 2C transgenic mice were cultured in complete RPMI media (RPMI
1640, 10% heat-inactivated FBS, 4 mM L-glutamine, 100 mg/mL gentamicin and 20 mM 2-
ME) at 37°C with 5% COs.
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Mice—2C Transgenic mice and C57BL/6 mice (purchased from Jackson Laboratory) were
bred, housed, and used with approval from the Institutional Animal Care and Use
Committee-approved protocol of the Emory University Department of Animal Resources
facility (IUCAC Number: DAR-2000870-061414).

METHOD DETAILS

Preparation of biotinylated RBCs and pMHC-coated RBCs and glass beads—
Human red blood cells (RBCs) were isolated from the whole blood of healthy volunteers
obtained by finger-prick according to protocols approved by the Ethical Review Board of
Zhejiang University. The procedures to prepare biotinylated RBCs and pMHC-coated glass
beads were as described previously (Liu et al., 2014). Briefly, fresh RBCs were first washed
twice with coating buffer (0.1 M NaHCOg3, 0.1 M Na,COs, pH 8.5, ~180 mOsm) and then
covalently linked to biotin-PEG3500-SGA (JenKem, China) by incubation for 30 min at
room temperature (RT) at a concentration of 1.5 mg/mL. The biotinylated RBCs were then
treated with 5 mg/mL nystatin (Aladdin, China) for 1 h at 4°C in N2 buffer (265.2 mM KClI,
38.8 mM NaCl, 0.94 mM KH5PQy, 4.74 mM NayHPOy4, 27 mM sucrose; pH 7.2, 588
mOsm) and stored in N2 buffer for BFP experiments.

To prepare pMHC-coated glass beads, borosilicate glass beads (2 um in diameter,
ThermoFisher) were first modified with mercapto-propyl-trimethoxysilane (Aladdin) and
then coupled to streptavidin-maleimide (Sigma-Aldrich) (Chen et al., 2008). Finally,
streptavin-coated beads were incubated with the desired concentrations of biotinylated
pMHCs for 30 min at RT and resuspended in HBS with 0.5% BSA to achieve 10-15%
adhesion frequency in BFP experiments for measuring TCR-pMHC bond lifetimes under
force.

Preparation of 2C T hybridomas and 1G4 T cells—Wild-type 2C TCR a and
genes were obtained from 2C hybridomas (kindly provdied by Dr. David Kranz at UIUC,
USA) using RT-PCR and cloned into the pHAGE vector with the IRES system (kindly
provided by Dr. Qiming Sun, Zhejiang University). The mutant pHAGE-2C TCR constructs
(E56A and N30A) were made by serial PCR and the Hieff Clone™ Plus One Step Cloning
Kit (YEASEN, China). All constructs were further confirmed by sequencing (Genscript,
China). To generate WT and mutated 2C TCR expressing cell lines, the constructed
pHAGE-2C TCR plasmids were co-transfected with psPAX2 and pMD2.G (kindly provided
by Dr. Qiming Sun, Zhejiang University) into HEK 293T cells using polyethyleneimine
(PEI, Polysciences, Inc.) for the production of 2C TCR lentivirus. The virus supernatants
were then harvested and used to transduce 2C TCR genes into both TCR and coreceptor
CD8 and CD4 deficient 58a~f~ hybridomas by the co-culture at 37°C for 72 hrs to produce
2C TCR expressing hybridomas. Finally, the 2C hybridomas were stained with anti-TCR-PE
mAb (clone H57-597, BD) and then sorted by fluorescence-activated cell sorting (FACS;
Avria |1, BD) to obtain cell lines that stably expressed 2C TCRs. Using the same method as
described above, we prepared 1G4 TCR expressing T cells with TCR deficient J76 cells.

Expression and Purification of pMHCs—cDNAs of WT and mutant H-2K?, HLA-
A*02:01 (HLA-A2) and human p2m (YouBio, China) were cloned into the expression
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vector pET28a by PCR and using Hieff Clone™ Plus One Step Cloning Kit (YEASEN). All
constructs were confirmed by sequencing (Genscript). All WT and mutated pMHCs were
expressed in BL21 (DE3) Escherichia coli cells (Vazyme, China), refolded, and purified
according to published protocols (Garboczi et al., 1992). Briefly, H-2K?, HLA-A2, and
human B2m chains were each produced in inclusion bodies by BL21 (DE3) cells and
dissolved in 8M urea. To produce pMHC complexes, purified H-2KP (WT or mutated), and
mouse p2m from inclusion bodies and a peptide of interest (SIYRYYGL or R4, SIYLYYGL
or L4, or SIINFEKL or OVA, EQYKFYSV or dEV8, RGYVYQEL or EVSV; synthesized
by ChinaPeptides, China) were refolded in a folding buffer (100 mM Tris HC1, pH 8, 400
mM L-arginine, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, and
0.5mM phenylmethylsulfonyl fluoride (PMSF; YEASEN, China)) at 4°C for 24-36 hrs. The
folded pMHCs were then concentrated and site-specifically biotinylated by homemade BirA
(50 pg/mL) in PBS (pH7.4) containing 100 mM biotin, 10 mM ATP and 10 mM MgCl, for
1 h at 30°C. The product was then purified via gel filtration (Superdex 75 column, GE,
USA) on AKTA Pure (GE). Appropriate peak fractions were collected and tested for
biotinylation with streptavidin using an SDS-PAGE gel shift assay. WT and mutated HLA-
A2 complexed with human p2m and 9C (SLLMWITQC, synthesized by ChinaPeptides)
peptide of the tumor antigen NY-ESO-1157_165 Were produced in the same procedure.

Measurements of IL-2 Production—Biotinylated pMHCs at serial concentrations were
incubated at 37°C for 1 h in a 96-well plate pre-coated with 50 pg/mL streptavidin. As a
positive control, one well in the plate was coated with 5 pg/mL purified anti-mouse CD3e
antibody (145-2C11, Biolegend). 2C hybridomas (5x10%) were added to each well
containing 200 pL complete Dulbecco’s modified Eagle’s medium (DMEM) (5% FBS, 100
U/mL penicillin, and 100 pg/mL streptomycin) and incubated at 37°C with 5% CO, for 18
h, then the supernatants were harvested and analyzed for IL-2 Cytometric Bead Array assay
(CBA; BD) according to the manufacturer’s manual.

2C T cell activation—For in vitro 2C T cell proliferation, spleens from 2C TCR
transgenic mice were processed into single-cell suspensions in 2 mL sterile Hanks’ balanced
salt solution (Corning Mediatech, USA) according to the Institutional Animal Care and Use
Committee-approved protocol from Emory University, Atlanta, GA. 2C cells were plated
into 96-well flat-bottom plate at 6x10° cells/well with a series of peptide concentrations in
complete RPMI medium (RPMI 1640, 4 mM L-glutamine, 100 mg/mL gentamicin from
Corning, 10% heat-inactivated FBS from Life Technologies, and 20 mM 2-mercaptoethanol
from Sigma-Aldrich) and incubated at 37°C with 5% CO,. After 48 h, 3H-thymidine (0.4
mCi per well) was added to the culture medium for 24 h before the cells were harvested onto
a filtermat (PerkinElmer, USA) using the FilterMate 196 harvester (Packard, USA).
Incorporation of 3H-thymidine was analyzed with the 1450 Microbeta TriLux microplate
liquid scintillation counter (PerkinElmer).

For IFN-y secretion, splenocytes from 2C TCR-transgenic mice were processed into a single
cell suspension as noted above. 2C splenocytes were plated at 5x10° cells/mL in complete
RPMI media and stimulated with 10 nM SIYRYYGL peptide for 5 days at 37°C in 5% CO».
Stimulated 2C cells were purified using a Ficoll gradient (Mediatech) and 1.5x10° live 2C
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cells were added to a single well in a flat-bottomed 96 well plate along with 6x10° of
irradiated splenocytes from C57BL/6 mice in complete RPMI media. To these wells the
respective 2C peptide dilutions (100 pM-0.001 nM) were added and incubated for 18 h at
37°C in 5% CO,. Plates were spun down and supernatant was collected, frozen, and thawed.
Supernatant IFN-y concentration was measured with the IFN gamma ELISA Ready-SET
Go! (eBioscience) kit as per manufacturer protocol. Plates were read on a Microplate
Autoreader (Biotek Synergy HT) at 450 nm wavelength. Samples were normalized to the
maximum absorbance value in the dilution, fit to a log (peptide dilution) vs normalized
response curve (Prism Graph Pad) and ECsgq values were calculated.

Biomembrane Force Probe (BFP)—The BFP setup has been described in detail (Chen
et al., 2008; Liu et al., 2014). Briefly, a biotinylated RBC was aspirated using a probe
micropipette (Figure 11), and a glass bead coated with pMHC and streptavidin was attached
to the apex of the RBC to form a highly-sensitive force probe (Chen et al., 2008). On the
opposite side, a T cell was aspirated using a target micropipette and its movement was
driven by a linear piezoelectric actuator (P-753 LISA, Physic Instrument, Germany) with
sub-nanometer precision. The bead and the T cell were aligned in a chamber filled with
DMEM with 0.5% BSA and observed under an inverted microscope (Nikon TiE) through
two video cameras. One camera (GC1290, Allied Vision, Canada) captured real-time images
at 30 frames per second (fps), while the other (GE680, Allied Vision, Canada) recorded at a
higher speed of 1,600 fps, focusing on the RBC-bead contact interface as the region of
interest. Bead position was tracked in real-time with 3-nm displacement resolution using a
customized image analysis program (Chen et al., 2008) implemented in LabView (National
Instruments, TX). The BFP spring constant was set to ~0.3 pN/nm, which was determined
by the radius of and the suction pressure inside the probe pipette that held the RBC, the
radius of the spherical portion of the RBC outside of the probe pipette, and the contact area
between the bead and the RBC (Chen et al., 2008).

Lifetime measurement by the Bond Lifetime Assay—We used the bond lifetime
assay (Liu et al., 2014) on the BFP to measure TCR-pMHC bond lifetimes under force at the
single-molecule level. Briefly, a 2C or 1G4 T cell captured by the target pipette was driven
by our customized LabVIEW program to approach and contact the pMHC-coated glass bead
with a 20-pN impingement force for 0.1 s to allow TCR and pMHC bond formation. The
target pipette was then retracted at 1,000 pN/s to a desired force, held until bond
dissociation, and returned to the original position to start the next cycle. A bond lifetime was
measured from the moment the force loaded to the desired level to the moment of bond
dissociation. To ensure that most adhesion events were mediated by a single bond, adhesion
frequency (number of adhesion events divided by total number of contacts) was controlled to
be <15% by adjusting the density of pMHC coating on the beads (Liu et al., 2014). All
experiments were performed in DMEM containing 0.5% BSA at RT.

Thermal Fluctuation Assay—A 2C or 1G4 T cell on a target pipette was brought into

contact with a bead coated with pMHCs for 0.1 s, retracted, and held at zero force for 15 s.
During the holding period, bond association and dissociation events were identified from
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reduction and resumption, respectively, of bead fluctuations. Bond lifetime was measured as
the time from fluctuation reduction to resumption (Chen et al., 2008).

Magnetic Tweezers (MT) Setup and Force Calibration—Our MT was built in-house
on an inverted microscope (Ti-S, Nikon) (Figure S4G). The experimental chamber was
positioned on a horizontal moving stage (Ti-SSR, Nikon) mounted onto the microscope. The
vertical position (height, H) of a pair of permanent magnets (N38, Neodymium iron boron)
above the chamber was controlled by a moving electrical stage (M404.8PD, Physic
Instrument) to vary the magnetic force. The magnetic forces were routinely calibrated by
Brownian fluctuations. Briefly, a magnetic bead (M270, 2.8 um in diameter, ThermoFisher,
Cat#65801D) was linked to a A-DNA tether (N3011S, 48,502 bp, NEB) v7a biotin-
streptavidin chemistry which in turn covalently anchored it to the bottom coverslip. Thermal

fluctuations of the bead in the direction along the magnetic field (53) were recorded for a

series of magnet heights (A) corresponding to a series of DNA extensions (/). For each (55)

and (/) pair, force (F) was calculated according to the equipartition theorem (Chen et al.,
2011):

kT +1)

- 2
5)’

where kg is the Boltzmann constant, 7'is the absolute temperature, ris the radius of the
magnetic bead (1.4 ypm), and 53 is the Brownian motion variance. A single exponential

equation was fitted to the resulting data set of (#, F) (Figure S4H). The fitted empirical
relationship was used for force calculation in MT experiments by recording the magnet
heights (Chen et al., 2011).

Single-molecule experiments with magnetic tweezers—MT experiments were
performed in a flow chamber constructed with two cover-slips (ThermoFisher) in a sandwich
configuration (Figure S41). First, cover-slips were cleaned with 10% Decon90 (Decon
Laboratories Ltd, UK) in deionized distilled water (ddH,0) with two rounds of 30-min
ultrasonication (100 Hz) and then followed by 5-min incubation in 75% alcohol and rinsing
twice with ddH,0. After that, they were boiled in 1% H,0, and 3% NH4OH (Sinopharm
Group, Co. Ltd, China) for 10 min, and then washed twice with ddH,O before incubation
with 2% aminopropyltriethoxysilane (APTES, Macklin, China, Cat#C10068618) in
methanol on a shaking table for 60 min. After cleaning twice with methanol and ddH,0, the
cover-slips were dried in a 65°C air-drying oven for 30 min and then stored in a vacuum box
until use. To make a flow chamber, a APTES-coated cover-slip and another nonfunctional
coverslip were separated by two narrow strips of Parafilm on both sides and then placed on
an 85°C plate with slight pressure for 10 s for better sealing, and then silica gel was injected
to make room for solution exchange (Figure S4l1). The prepared chamber was washed twice
with 200 pL PBS (Sangon Biotech), followed by incubation with 100 pL 2% glutaraldehyde
in PBS for 30 min. After washing, 100 pL 2.5 pg/mL anti-OVA H-2KP mAb (clone 25-
D1.16, ThermoFisher, Cat#14-5743-81) in PBS was captured on the glass surface by
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glutaraldehyde cross-linking, and after 5 min, 50 uL. amino-coated polystyrene beads
(2x108/mL) (3.0 um in diameter, Big Goose (Tianjin) Technology Co. Ltd, Cat#PSN-03000)
in PBS was quickly added to the chamber. After 2-h incubation at RT, the chamber was
washed twice with 200 pL PBS and then blocked with 100 UL 1% BSA (Sigma) for 2 h at
RT. Meanwhile, 100 uL BSA-blocked M270 magnetic beads (5x10%/mL, ThermoFisher)
was incubated with 0.5 ng/mL pMHC for 30 min. Finally, these magnetic beads were added
to the chamber to form tethers for 10 min before the MT experiments (Yao et al., 2016). The
prepared chamber was observed under a 100x oil objective (NA1.25, Nikon) and LED light
(MCWHLS5, Thorlabs). Once a fixed polystyrene bead (white, for drifting elimination) and a
fluctuant M270 magnetic bead (yellow, for applying force to pMHC) were found near each
other (Chen et al., 2011), a customized program based on the QI algorithm (van Loenhout et
al., 2012) was used to test whether a pMHC molecule was successfully linked to the
magnetic bead (Chen et al., 2011). A single pMHC molecule was stretched/relaxed by cycles
of force loading/releasing phases at a constant force loading rate of 1 pN/s. A waiting time
(30 s) between every 2 force cycles was set to allow the stretched pMHC to fully refold
(Figures S4J and S4K). To record the details of MHC conformational changes, a high-speed
CCD camera (GE680, Allied Vision, Canada) was used to track the three-dimensional
positions of the polystyrene and magnetic beads. The Z (vertical) position of the magnetic
bead subtracted from that of the polystyrene bead was treated as the relative bead height
change (Chen et al., 2011). A sudden extension increase without significant force change
during the force loading phase was recorded (Figure S4J), signifying as a MHC
conformational change (Chen et al., 2011; Yao et al., 2016).

Molecular Dynamics (MD) and Steered Molecular Dynamics (SMD) Simulation
System setup—The structures of mouse 2C TCR complexed with superagonist R4-H-2KP
(PDB code: 1G6R) and dEV8-H-2KP (PDB code: 2CKBY), and that of human 1G4 TCR
complexed with agonist 9C-HLA-A2 (PDB code: 2BNR) were used as the starting point in
our simulations. 2C-R4-H-2KP structure contains TCRa residues GIn1 to Cys213, TCR@
residues Glul to Cys247, MHCa residues Gly1 to Trp274, p2m residues llel to Met99 and
SIYR peptide: SIYRYYGL. 2C-dEV8-H-2KP structure contains TCRa residues GIn1 to
Cys213, TCR{ residues Glul to CyS247, MHCa residues Gly1 to Trp274, p2m residues
Ilel to Met99, and dEVS peptide: EQYKFYSV. 9C-HLA-A2/1G4 TCR structure contains
TCRa residues GIn2 to Ser204, TCRp residues Gly2 to Asp242, MHCa residues Gly1 to
Pro276, p2m residues Met0 to Met99, and 9C peptide: SLLMWITQC. High resolution
structures of peptide loaded HLA-B44 (PDB code 3KPM) and HLA-B15 (PDB code 1XR9)
were used for simulations comparing HLA-B15 and HLA-B44 conformation dynamics.

2C-R4-H-2KP and 2C-dEV8-H-2KP structures include the Cys residues (TCRa residue
Cys213 and TCRp residue Cys247) on the C-termini of the TCRa and p subunits which
formed interchain disulfide bond to stablize the structure and provide anchor to the
connecting peptide and the transmembrane regions of the two subunits. But for 9C-HLA-
A2/1G4 TCR structure, the required Cys residues on both subunits and several residues on
N-terminal to the Cys on a subunit are not solved. Because this disulfide bond may affect
the force distribution on the two subunits, it should be included in simulations with force. To
enable this disulfide bond in 9C-HLA-A2/1G4 TCR structure, one residue Cys243 on TCRp
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subunit, and 5 residues ( Pro205, Glu206, Ser207, Ser208, Cys209) on TCRa subunit should
be added. We use ModLoop (Fiser and Sali, 2003) with manual adjustments to add these
loop residues. ModLoop added loops between two ends with solved/known coordinates, thus
to use ModLoop, we first generated a disufide bond model (two cysteine residues connected
with disulfide bond) and manually attached one Cys residue to Asp242 residue of TCRp
subunit and treated it as Cys243, another Cys residue was treated as residue Cys209 of
TCRa subunit, and then the positions of four other residues (Pro205, Glu206, Ser207,
Ser208) in TCRa subunit were modeled with ModLooop linking residues Ser204 and
Cys209. We manually placed five different Cys209/Cys243 configurations and three loop
models were generated for each configuration. Finally, all 15 models were compared and the
structure contains two H-bonds between the added loop and the resting part of TCR
(residues Glu206 and Ser207 bond with residue GIn125 of TCRa.) was selected. We also
removed residue MetO from p2m and manually added the position of Ca atoms for Lys1
residue at the N-terminal of TCRa by considering the position of this residue in another WT
9C-HLA-A2/1G4 TCR complex structure (PDB code: 2F54) (Dunn et al., 2006). Structure
2BNR instead of 2F54 was used as starting structure for our 1G4 simulations because 2BNR
has higher resolution.

Models for EVSV and L4 were generated based on the R4 complex structure with the
MUTATE plugin in VMD (visual molecular dynamics) (Humphrey et al., 1996). For L4
(SIYLYYGL), only one residue Arg4 in SIYR peptide was mutated to a Leu. For EVSV
(RGYVYQEL), MUTATE was applied to five residues (S1R, 12G, R4V, Y6Q, and G7E) on
R4 structure.

The mouse R4, EVSV, dEVS, and L4 structures, 9C-HLA-A2/1G4 TCR struture, were
rotated to make its long axis (the line linking C-terminal of MHC and C-terminal of TCR
subunits) parallel to x axis and the direction of the peptide parallel to y axis. These
structrues, and structures for HLA-B15 and HLA-B44 were further processed with VMD
PSFGEN plugen to add hydrogen atoms and other missing atoms. The resulted systems were
solvated,in 256x96x96 A3 (for TCR/pMHC complex systems, includes extra water in x
direction to enable extension in forced SMD simulaitons) and 108x96x96 A3 (for MHC
only systems) rectagular water boxes with TIP3P water model. Na* and CI~ ions were than
added to these solvated systems to neutralize the systems and maintain salt concentration at
~150 mM. The final systems contained ~0.24 million atoms in total for TCR/pMHC systems
and ~0.1 million atoms in total for MHC only systems.

Energy minimization, equilibration and molecular dynamics simulations—
Energy minimizations and molecular dynamics simulations were performed with NAMD
(Phillips et al., 2005) using the CHARM22 force field for proteins (MacKerell et al., 1998)
under periodic boundary conditions. For 1G4 system, an energy minization step where only
the added loop can move are performed first. Then all systems were refined with energy
minimization in five steps: (1) fixed all heavy atoms; (2) fixed protein heavy atoms (except
for those from mutated/modeled residues and/or with guessed coordinates); (3) fixed protein
backbone atoms; (4) fixed protein Ca atoms; (5) freed all atoms. The energy-minimized
systems were heated to 310°K and equilibrated for 10 ns at 1-fs time steps. Then 100 ns
production simulations were carried out with 2-fs time steps under rigid bond algorithms. In
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these processes, the temperature of the systems was maintained at 310°K with Langevin
dynamics and the pressure was controlled at 1 atm with the Nosé-Hoover Langevin piston
method. Particle Ewald Mesh summation was used for electrostatic calculation and a 12 A
cutoff was used for short-range non-bounded interactions.

Steered molecular dynamics simulations—Representative snapshots of the
production runs for each TCR/pMHC system were used as initial conformation for steered
molecular dynamics (SMD) simulations. Before the forces were applied, these snapshots
were first simulated under temperature and pressure control with 1fs time step for 5 ns and
free dynamics simulations for another 5 ns for relaxation. The final confirguations were used
for the following SMD simulaitons. The SMD simulations were carried out with the SMD
module in NAMD package. During SMD simulation, the C-terminal Ca atom of MHC (Ca
atom of residue Trp274 for mouse H-2KP and residue Pro276 for HLA-A2) was constrained
at its initial position with a spring with spring constant ~ 1400pN/nm, and the C-terminal
Ca atoms of TCRa and B subunits (i.e., Ca atoms of the TCRa residue Cys213 and TCRp
residue Cys247 for mouse 2C TCR, and TCRa residue Cys209 and TCR{ residue Cys243
for human 1G4 TCR) were pulled with a dummy spring with spring constant ~70 pN/nm
which moves at ~0.1 nm/ns velocity. The SMD simulations continued till the pMHC and
TCR molecules were completely separated.

All the simulation trajectories were analyzed with VMD (Humphrey et al., 1996). Snapshots
of selected critical frames were photographed in Chimera (UCSF) (Pettersen et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS

All significance values were obtained from unpaired two-sample Student’s £tests in Prism 6
(GraphPad Software, Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Force-enhanced peptide-TCR H-bonds determine TCR-pMHC-I catch bonds.

Force-strengthened TCR-MHC binding interface contributes to TCR-pMHC-I
catch bonds.

Force-induced MHC-I rotation allosterically enhance TCR-pMHC-I catch
bonds.

Tumor associated somatic mutations in HLA-A2 impair TCR-pHLA-A2 catch
bonds.
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Figure 1. Force-induced strong engagement between agonist peptide and TCR determines

pPMHC/2C TCR catch bonds and 2C T cell responses.

(A) In SMD simulations, force was applied along the longitudinal axis (gray arrow) of the
2C TCR/R4-MHC complex to simulate BFP experiments. (B-D) Structural comparisons of
the H-bond network in the vicinity of the 41" residue of the peptides R4 (B), EVSV (C) or L4
(D), at the TCR/pMHC binding interface under force or no force. Defined H-bonds are
indicated as dashed blue lines. (E-H) Time-courses of the numbers of H-bonds for R4 (E)
and L4 (G), and their occuring frequencies for R4 (F) and L4 (H). (1) Schematics of BFP
experiments. (J-K) Force-dependent lifetimes of single TCR bonds with R4- (J), L4-, or
EVSV-MHCs (K). (L) IL-2 productions of 2C T cells stimulated with serial concentrations
of surface-coated R4-, L4- or EVSV-MHC. Error bars in (J-L) represent SEM. See also

Figure S1.
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Figure 2. Force induced two distinct dissociation pathways of TCR-pMHC bonds for agonists
and lower-potency ligands.

(A-D) Sequential snapshots of SMD simulations of the dissociation of R4- (A), dEVS- (B),
L4-(C) or EVSV-MHC (D) from the 2C TCR under force (gray arrow). (E) Time-course of
the angle between the peptide (R4, dEV8, EVSV or L4) and the direction of force in SMD
simulations. (F) The distributions of H-bond numbers between TCR and pMHC for the
peptide (R4, dEVS, EVSV or L4) in the presence (red square,) or absence (blue circle) of
force. Distributions were fitted by the Gaussian. See also Figure S2.
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Figure 3. Force-strengthened H-bonds between MHC and TCR contribute to TCR-pMHC catch
bonds and T cell responses.

(A-D) The location of residues involved in force-strengthtened H-bonds in SMD simulations
(A). Representative snapshots of H-bond formations between TCRB N30 and MHC K146
(B), between TCRp E56 and MHC Q72 (C), and between TCRB Q72 and MHC R79 (D)
under force or no force. H-bonds are indicated as dashed blue lines. (E) The frequencies of
forming H-bonds for above paired residues under force or no force. N.D., not detected. (F)
Force-dependent bond lifetimes of WT or mutated 2C TCRs binding with WT or mutated
R4-MHCs measured by the BFP. (G) IL-2 production from WT or mutated 2C hybridomas
that were stimulated with WT or mutated R4-MHCs. Error bars in (F and G) represent SEM.
See also Figure S3.
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Figure 4. Direct measurements of force-induced MHC conformational change.
(A-B) A sudden extension increase occurred in force ascending phase for the 2C TCR/R4-

pMHC interaction measured by the BFP. (C) Histogram of sudden extension increases was
fitted by Gaussian. (D) The occurring probabilities of sudden extension increases in BFP
lifetime measurements of R4-, C-C locked R4-, L4- or EVSV-MHCs binding with 2C TCRs
on hybridomas. (E) Force-dependent lifetimes of the 2C TCR binding with R4- and C-C
locked R4- MHCs measured by the BFP. (F) Schematics of single-molecule MT
experiments with WT or C-C locked MHC. (G-L) The relative bead height changes when
cyclically pulling WT (G and H) or C-C locked (I) OVA-MHC in the MT. A sudden increase
of the relative bead height occurred on the loading phase for WT OVA-MHC (G and H). The
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occurring probabilities of first three pulling cycles (J) and total relative bead height changes
(K) of pulling WT or C-C locked MHC. Histogram of sudden bead height changes when
pulling WT OVA-MHC was fitted by Gaussian (L). *** £<0.001, ** P£<0.01. Error bars in
(E, J, and K) represent SEM. See also Figure S4.
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Figure 5. Force-induced MHC conformational changes and TCR-pMHC catch bonds are
conserved in human TCR binding with pHLA-A2, and TCR-pMHC catch bonds are suppressed
by cancer-associated somatic mutations on HLA-A2.

(A) SMD simulations of 9C-HLA-A2 in complex with 1G4 TCR showed focrce-induced
MHC conformaitonal changes. (B) The time course curve of the angle between the peptide
and the direction of force in SMD simulations. (C) Representative snapshots for H-bonds
between TCRB R67, T70 and MHC E19 (top), between TCRP G50 and MHC R75 (bottom)
under force and no force, zoomed in from purple and red dashed box respectively in (A). (D)
Cancer-associated somatic mutations (A236T and F8V in HLA-A2) induce H-bonds or salt
bridges between a and B2m subunits, zoomed in from magenta and gray dashed box
respectively in (A). H-bonds are indicated as blue-dashed lines. (E-F) Force-dependent
lifetimes of WT, simulation-predicted mutatnts (E19A or R75A) (E), or cancer-associated
mutants (F8V or A236T) (F) of 9C-HLA-A2 binding with 1G4 TCR by the BFP. Error bars
represent in (E and F) SEM. See also Figure S5.
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Figure 6.

A dynamic structural model of mechano-chemical coupling for TCR catch bonds and TCR
antigen recognition.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti-TCR B Chain (Clone H57— BD Cat#553172
597)

Mouse monoclonal anti-CD3e mAb (clone 145-2C11) | Biolegend Cat#100302|
Human monoclonal anti-B2m (clone TU99) BD Cat#551337

Mouse monoclonal anti-OVA H-2KP (clone 25-D1.16)

Thermo Fisher Scientific

Cat#14-5743-81

Bacterial and Virus Strains

BL21 (DE3) Escherichia coli cells

Vazyme

Cat#C504-03

Chemicals, Peptides, and Recombinant Proteins

Peptide: SIINFEKL (OVA) ChinaPeptides N/A
Peptide: SIYRYYGL (SIYR, R4) ChinaPeptides N/A
Peptide: SIYLYYGL (SIYL, L4) ChinaPeptides N/A
Peptide: RGYVYQEL (EVSV) ChinaPeptides N/A
Peptide: EQYKFYSV (dEV8) ChinaPeptides N/A
Peptide: SLLMWITQC (NY-ESO-1,9C) ChinaPeptides N/A
Protein: OVA-MHC This paper N/A
Protein: R4-MHC This paper N/A
Protein: R4-MHC (Q72A) This paper N/A
Protein: R4-MHC (K146A) This paper N/A
Protein: L4-MHC This paper N/A
Protein: EVSV-MHC This paper N/A
Protein: dEV8-MHC This paper N/A
Protein: R4-MHC C-C Lock This paper N/A
Protein: OVA-MHC with double biotin This paper N/A
Protein: OVA-MHC C-C Lock with double biotin This paper N/A
Protein: 9C-HLA-A2 This paper N/A
Protein: 9C-HLA-A2 (F8V) This paper N/A
Protein: 9C-HLA-A2 (A236T) This paper N/A
Protein: 9C-HLA-A2 (E19A) This paper N/A
Protein: 9C-HLA-A2 (R75A) This paper N/A
Protein: R4-MHC (H-2KP D227K) the NIH Tetramer Core Facility | N/A
at Emory University, USA
Protein: L4-MHC (H-2KP D227K) the NIH Tetramer Core Facility | N/A
at Emory University, USA
Protein: dEV8-MHC (H-2K" D227K) the NIH Tetramer Core Facility | N/A
at Emory University, USA
Protein: EVSV-MHC (H-2KP D227K) the NIH Tetramer Core Facility | N/A
at Emory University, USA
Critical Commercial Assays
Cytometric Bead Array (CBA) assay BD Cat#558297
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REAGENT or RESOURCE SOURCE IDENTIFIER
2 x Phanta Max Master Mix Vazyme Cat#P515-03
Hieff Clone™ Plus One Step Cloning Kit YEASEN Cat#10911ES62
The QuantiBRITE PE beads (PE Fluorescence BD Cat#340495
Quantitation Kit)
Deposited Data
2C TCR/R4-H-2Kb PDB 1G6R
2C TCR/MEV8-H-2KP PDB 2CKB
9C-HLA-A2/1G4 TCR PDB 2BNR
Experimental Models: Cell Lines
HEK293T Qiming Sun N/A
58a "B~ hybridoma Xun Zeng N/A
2C hybridoma This paper N/A
2C N30A hybridoma This paper N/A
2C E56A hybridoma This paper N/A
J76 T cell Jie Sun N/A
1GA T cell This paper N/A
Experimental Models: Organisms/Strains
Mouse: C57BL/6J The Jackson Laboratory JAX: 000664
Mouse: 2C Brian Evavold at Emory N/A
University, USA
Oligonucleotides
2C TCR cDNA David Kranz lab at UIUC, USA N/A
HLA-A2 cDNA Xun Zeng N/A
H2K1 cDNA YouBio Cat#G132036
Human p2m cDNA YouBio Cat#G115212
SpyCather cDNA Yi Cao at Nanjing University, N/A
China
Recombinant DNA
Plasmid: pET28-H2K1-AVI This paper N/A
Plasmid: pET28-H2K1 (Q72A)-AVI This paper N/A
Plasmid: pET28-H2K1 (K146A)-AVI This paper N/A
Plasmid: pET28-H2K1 (G120C/C121S)-AVI This paper N/A
Plasmid: pET28-hp2m This paper N/A
Plasmid: pET28-hppm-(GGGGS)z-AVI This paper N/A
Plasmid: pET28-hp2m (11 C)-AVI This paper N/A
Plasmid: pET28-hp2m (11C)-(GGGGS)3-AVI This paper N/A
Plasmid: pHAGE-(2C) TCRa-IRES-(2C) TCRp This paper N/A
Plasmid: pHAGE-(2C) TCRa-IRES-(2C) TCRB- This paper N/A
N30A
Plasmid: pHAGE-(2C) TCRa-IRES-(2C) TCRB-E56A | This paper N/A
Plasmid: pET28-HLA-A2-AVI This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pET28-HLA-A2 (F8V)-AVI This paper N/A

Plasmid: pET28-HLA-A2 (A236T)-AVI This paper N/A

Plasmid: pET28-HLA-A2 (E19A)-AVI This paper N/A

Plasmid: pET28-HLA-A2 (R75A)-AVI This paper N/A

Plasmid: pET28-6xHis-SpyCather This paper N/A

Software and Algorithms

GraphPad Prism GraphPad https://www.graphpad.com/
FlowJo FLOWJO https://www.flowjo.com/
Chimera UCSF CHIMERA https://www.cgl.ucsf.edu/chimera/
Labview National Instruments http://www.ni.com

QI algorithm Marijn T. J. van Loenhout et al.,

2012

VMD (Visual Molecular Dynamics)

University of Illinois at Urbana-
Champaign

http://www.ks.uiuc.edu/Research/vmd/

NAMD

University of Illinois at Urbana-
Champaign

http://www.ks.uiuc.edu/Research/namd/

CHARMM Force Field

Alex Mackerell lab at School of
Pharmacy, University of
Maryland

http://mackerell.umaryland.edu/charmm_ff.shtml

ModLoop (Modeling of Loops in Protein Structures)

Andrej Sali’s Lab at University
of California San Fransisco

https://modbase.compbio.ucsf.edu/modloop/

Other

Streptavidin coated magnetic bead

Thermo Fisher Scientific

Cat#65801D

Amino coated polystyrene bead

Big goose (Tianjin) technology
co. LTD

Cat#PSN-03000

Glass bead

Thermo Fisher Scientific

Cat#9002
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