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The aff T-cell receptor (TCR) on each T lymphocyte mediates exqui-
site specificity for a particular foreign peptide bound to a major
histocompatibility complex molecule (pMHC) displayed on the sur-
face of altered cells. This recognition stimulates protection in the
mammalian host against intracellular pathogens, including viruses,
and involves piconewton forces that accompany pMHC ligation.
Physical forces are generated by T-lymphocyte movement during
immune surveillance as well as by cytoskeletal rearrangements at
the immunological synapse following cessation of cell migration.
The mechanistic explanation for how TCRs distinguish between
foreign and self-peptides bound to a given MHC molecule is un-
clear: peptide residues themselves comprise few of the TCR con-
tacts on the pMHC, and pathogen-derived peptides are scant
among myriad self-peptides bound to the same MHC class arrayed
on infected cells. Using optical tweezers and DNA tether spacer
technology that permit piconewton force application and nanome-
ter scale precision, we have determined how bioforces relate to
self versus nonself discrimination. Single-molecule analyses involv-
ing isolated ap-heterodimers as well as complete TCR complexes
on T lymphocytes reveal that the FG loop in the $-subunit constant
domain allosterically controls both the variable domain module’s
catch bond lifetime and peptide discrimination via force-driven
conformational transition. In contrast to integrins, the TCR inter-
rogates its ligand via a strong force-loaded state with release
through a weakened, extended state. Our work defines a key el-
ement of TCR mechanotransduction, explaining why the FG loop
structure evolved for adaptive immunity in aff but not y8TCRs or
immunoglobulins.
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Antigen recognition by T lymphocytes is a crucial feature of
adaptive immunity. This process requires the interaction
of a clone-specific T-cell receptor (TCR) via its membrane distal
variable module with a cognate peptide bound to a major his-
tocompatibility complex molecule (pMHC) (refs. 1 and 2 and
references therein). “Foreign” peptide antigens derived from in-
fectious or other cell-altering processes including oncogenic trans-
formation are presented either on a surface of the perturbed cell
directly or indirectly via cross-presentation on antigen-presenting
cells (APC). In either case, ligation of the relevant TCRaf hetero-
dimer initiates a cascade of T-cell signaling events following ex-
posure of the immunoreceptor tyrosine-based activation motif
(ITAM) elements in the cytoplasmic tail of the noncovalently as-
sociated subunits (CD3ey, CD3¢8, and CD3(() composing the TCR
complex in 1:1:1:1 dimer stoichiometry. This accessibility allows the
active kinase, Lck, to bind and phosphorylate ITAMs followed by
recruitment and activation of a second tyrosine kinase, ZAP-70 (3—
6). In turn, multiple downstream pathways are engaged, including
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transcriptional regulators controlling activation and differentiation
of T cells (7, 8). Thymocyte development is also regulated by the
TCR-pMHC interaction as it relates to repertoire selection,
generating millions of useful TCRs with diverse specifications
(reviewed in ref. 9).

The MHC-bound peptides recognized by T cells are typically
8-11 amino acids in length with single amino acid substitutions
readily sensed and discriminated by a TCR. During immune
surveillance, an individual high-avidity T cell has the capacity
to detect several copies of a specific pMHC on the APC that
expresses 100,000 chemically similar pMHC molecules. Dis-
crimination of foreign vs. myriad self-peptides is manifest with
precision; if this were not the case, then either autoimmunity or
immunodeficiency would result. How TCRs are capable of me-
diating such exquisite specificity and sensitivity has remained
a mystery, especially in view of the fact that, unlike with B-cell
receptors, there is no somatic hypermutation of TCR genes and
monomeric TCR-pMHC affinities are orders of magnitude weaker
than high-affinity antibody—antigen interactions (10).

Significance

The of T-cell receptor (TCR) on mammalian T lymphocytes
recognizes intracellular pathogens to afford protective im-
munity. Detection of various foreign peptides bound to MHC
molecules as TCR ligands occurs during immune surveillance
where mechanical forces are generated through cell movement.
Using single-molecule optical tweezer assays, we show with
isolated and complete receptors on single T cells that both
sensitivity and specificity of the biological T-lymphocyte re-
sponse is dependent upon force-based interactions. Our work
demonstrates a catch-and-release afTCR structural conversion
correlating with ligand potency wherein a strongly binding/
compact state transitions to a weakly binding/extended state.
An allosteric mechanism controls bond strength and lifetime,
supporting a model in which quaternary afTCR subunit asso-
ciations regulate TCR recognition under load.
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Very recently, it has become clear that the TCR functions as
a mechanosensor. Kim et al. provided the first, to our knowl-
edge, direct evidence of the influence of mechanical force in
TCR activation (11). Using an optically trapped bead coated
with pMHC or anti-CD3 monoclonal antibody for engaging the
TCR, T cells were mechanically triggered by applying an oscil-
lating tangential force to the cell surface while monitoring their
activation via intracellular calcium flux. Importantly, piconewton
(pN) force application with cognate pMHC but not irrelevant
pMHC triggered activation. Additional mechanosensor evidence
was provided in subsequent studies by Li using a micropipette to
demonstrate shear force associated with activation (12) and
by Husson using a biomembrane force probe (BFP) to reveal
pushing and pulling associated with T-cell triggering (13). Trig-
gering was also shown to depend on substrate stiffness (14).
Prediction that a nonlinear mechanical response such as catch
bond formation might facilitate TCR-based recognition (11) was
elegantly confirmed by Zhu and coworkers using a BFP (15).
Given the complexities of surface-antigen display on an APC and
the physical forces associated with cellular migration, specific
structural adaptations must exist for the TCR to work in such
a chemically and physically “noisy” environment. Here we use
single-molecule (SM) techniques to search for such relevant
mechanotransduction features, identifying the TCRaf hetero-
dimer as a finely tuned allosteric regulator of force-driven pep-
tide discrimination.

Results

Structural Features of the Cp FG Loop as a Focus of Single-Molecule
Analysis. As shown in Fig. 14, the TCRap heterodimer is very
similar in overall topology to an Ig Fab fragment, consisting of
a paired variable module (VaVp vs. VL. Vy) linked to a constant
domain module (CaCp vs. C; Cy). Moreover, the overall height
and width of these structures are similar (16). Closer inspection,
however, reveals two striking differences. First, the CaCp mod-
ule manifests an obvious asymmetry, exposing residues on the
ABD -sheet of the Cp domain that are buried in the symmet-
rical Fab (Fig. 1 B and A, green). Second, the size of the VBCp
interface is very different from that of the VyCy, interface. In
particular, the buried surface area between VB and C§ domains
is ~350 Azoon each side whereas that between Vy and Cyy is
only ~150 A%, This more robust VBC interface is contributed to
by the CBFG loop (Fig. 14, red), a 12-residue-long insertion
unique to mammalian afpTCRs (17) and accounting for almost
one-third of the buried surface area (SI Appendix, Fig. S3). As
shown in Fig. 1C, the CBFG loop is well structured. At the
middle of the loop is W223, which uses the NH group at its in-
dole ring to form two hydrogen bonds to the main chain carbonyl
oxygen atoms from Q225 and R227. This fixes the W223 residue
in a position to serve as the center of a mini-hydrophobic core
joined by L217 and P230 (cyan) (16). In addition, a 3¢ helix
connector between the VB and Cp domains is spatially adjacent
to this CBFG loop. This helix is unique to TCRp (Fig. 1D). A 349
helix is an overwound secondary structure and might be induced
to extend when subject to a pulling force, as could the CPFG
loop, given the absence of disulfide bonds therein to preclude
force-driven extension. Because deletion of the CBFG loop at-
tenuated antigen-triggered T-cell function (18, 19), we focused
on this afpTCR feature to determine if it is associated with
mechanotransduction. Note that throughout the designation
“afTCR” will be used to refer to the complete TCR complex
(i.e., including the associated CD3 subunits) whereas the desig-
nation “TCRap” refers exclusively to the clonotypic hetero-
dimeric component of the complex.

Single-Molecule Assay lIsolating the TCRap-pMHC Complex. Two

single-molecule assays were developed for probing the TCRap—
pMHC complex under load. The first isolates the N1STCRop—
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Fig. 1. The CBFG loop region includes a structured element expanding the
B-subunit interface between its variable and constant domains and an adja-
cent VB-CB connector. (A) Comparison of TCRap heterodimer (10GA) and Ig
Fab (4JFX) fragments with comparable domains delineated in their re-
spectively colored CPK format. (B) Ribbon diagram of TCRof heterodimer
with FG loop highlighted in yellow. (C) Magnified view of the CBFG loop
region with three conserved hydrophobic loop residues indicated in blue and
hydrogen bonds in dashed red. Note the 3,4 helix in the connector linking VB
and CB domains in brown. (D) Connector sequences of different V-C domains
indicated with numbering of sequence according to TCRf and relevant
structural alignment. PDB numbering for each structure is indicated.

pMHC interaction to a coverslip surface (Fig. 24) in a tethered
bead configuration. This TCR is specific for the vesicular stomatitis
virus octapeptide (VSVS8) bound to murine H-2K®. Biotinylated
pMHC molecules (VSV8/K") were bound through streptavidin to
a PEG-pacified surface containing sparse biotin-PEG molecules.
The TCRaf heterodimer is fused to an acid-base leucine zipper
(LZ) at the C terminus and tethered to an ~300-nm-long 1,010-bp
DNA molecule covalently bound to the zipper-specific antibody
2HI11 and functionalized with digoxygenin on opposite 5’ ends.
Force is applied to the TCRap—-pMHC complex through an
optically trapped anti-digoxigenin—coated bead. To measure the
TCRap-pMHC bond strength in the isolated SM assay, tethered
beads were visualized, centered in the detector laser, and calibrated
for position sensing using automated procedures. Lifetime mea-
surements were performed by translating the sample relative to the
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Fig. 2. SM studies. (A) Cartoon showing single-molecule tether assay for

probing the lifetime of apTCR-pMHC bonds. “AX" denotes displacement of
bead out of the center of the trap. (B) Loading profile for measuring bond
lifetime. Increase in distance represents greater separation along the system
path. An initial ramp phase, indicated by a black dashed line, loads the
tether to a fixed force, “Pre-transition dwell,” indicated by a green line.
Frequently, a signature structural transition is observed, indicated by green
to blue line, followed by a “Post-transition dwell,” in blue. “Rupture,” in-
dicated by red line, is seen as an abrupt upward step. (C) Representative
traces at 10 pN for WT, AFG, and H57 Fab. The WT trace shows a typical
transition and rupture. AFG traces typically transition early, here occurring
during the initial ramp phase. H57 Fab traces typically show no transition
and dwell for longer periods before rupture. Low-amplitude motions in the
green baseline (see WT) were also observed. (D) Force-bond lifetime plots for
WT, AFG, and H57 Fab showing catch bonds for both VSV8 and L4 and slip
bond character for SEV9. Catch bonds peak at ~15 pN for WT and shift to
lower force for AFG with significant reduction in bond lifetime. H57 stabi-
lized the FG loop exhibiting dramatic amplification of catch bond lifetimes.

fixed trap and holding at a fixed position/force until bond rupture,
identified as an abrupt snap back of the bead position within the
trap. Conformational extensions are seen as upward displacements
of the bead within the trap (Fig. 2 B and C).

In addition to analyzing conformational extensions (Fig. 2C),
bond lifetime measurements as a function of force were per-
formed using wild-type (WT), CBFG loop-deleted (AFG) (18,
19) and H57 Fab-stabilized TCRap heterodimers paired with
pMHC molecules (Fig. 2D). Note that H57 binds the CBFG loop
(16). The MHC class I H-2 K" molecules were complexed with
the strong agonist peptide VSVS, the weak agonist L4 containing
a single valine-to-leucine substitution at the p4 position of VSVS,
or the unrelated Sendai virus nonamer peptide SEV9. SEV9
binds to K® with comparable affinity to VSV8 but is unable to
activate N15TCR-expressing T cells (20). SM measurements for
the WT-TCRap showed catch bond behavior with peak lifetimes
at ~15 pN for VSV8, a weaker catch bond character for L4, and
a slip bond for SEV9 (Fig. 2D). AFG shows significantly reduced
bond lifetime, shifting the maximal lifetime to a lower force of
~10 pN (Fig. 2D), and lessens the ability of the TCR to dis-
criminate different ligands bound to the same MHC molecule
(see below). In contrast, stabilizing the CBFG loop via H57 Fab
ligation amplifies catch bond lifetimes (Fig. 2D). By comparison,
the Ca-binding antibody H28 only modestly extends bond life-
time (SI Appendix, Fig. S1).
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Conformational Transition Is Linked to the FG Loop. Before rupture,
we frequently observed a signature conformational transition
spanning 8-15 nm (Fig. 2C). The upward transition represents
an extension of the system incorporating rotations of domains,
extensions, and potential unfolding. The transition is coupled to
the state of the CBFG loop in several respects. First, removing the
CBFG loop weakens an energetic barrier, as TCRafAFG tran-
sitions frequently occurred during the ramp phase (compare Fig.
2C, WT vs. AFG). Second, stabilizing the CBFG loop with H57
Fab virtually abolished the transition (Fig. 2C, H57), suggesting
that this loop region controls access to the transition. Third, AFG
altered the displacement magnitude, described below.

Single-Molecule Measurements on Isolated Single Cells. Single-mol-
ecule measurements on isolated single cells (SMSC), the second
assay, corroborate the SM observations (Fig. 3). Single tethers on
single cells were constructed using anti-digoxygenin beads that
linked a digoxygenin-adducted 3,500-bp DNA molecule cova-
lently bound to the thiol group in the hinge domain of a biotin-
specific antibody that binds single biotin-labeled pMHC mole-
cules (Fig. 34). SMSC studies were performed by trapping and
calibrating a bead, positioning cells to facilitate tether formation,
displacing cells to a fixed load, and recording bead position until
rupture, as with SM assay. Although the cell system is much
more compliant due to the cellular connectivity of the load
pathway, the measurements recapitulate a more natural state of
the ap TCR-pMHC complex. As with SM measurements, catch
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Fig. 3. Single-cell studies. (A) Cartoon showing the SMSC assay along with
a photomicrograph of a T cell with tethered bead in the yellow box. (B)
Lifetime-force plots comparing N15WT and N15AFG T-cell ligation with
VSV8/K® and VSV8/KS, a mutant pPMHC lacking the ability to bind CD8, show
catch bonds peaking at 15 pN. (C) Representative traces at low force (5 pN)
and high force (16 pN) comparing WT to AFG for VSVSIK?n, where the
structural transition is clearly visible. AFG traces at 16 pN exhibit transitions
early on, here during the loading phase of the trace. (D) IL-2 production
requires a 2-log-greater VSV8 peptide concentration for AFG than WT de-
spite comparable capacity to produce equivalent maximal IL-2 production
triggered by phorbal myristate acetate (PMA) plus ionomycin (ION). (E) Flow
cytometry confirms similar CD3¢ and CD8 density and lack of FG loop seen in
H57-binding assay. Color code is as in D with gray curve showing background
staining.
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bonds were seen peaking at ~15 pN but with generally longer
lifetimes (Fig. 3B). Dramatic reduction in bond lifetime was seen
for N15STCRapAFG cells. Despite the gradual creep in position
and other displacements as a consequence of membrane com-
pliance and cytoskeletal attachment in single-cell measurements,
we were able to identify records displaying the signature con-
formational transitions found in SM studies (Fig. 3C). The
N15apAFG cells show early transition including some during the
ramp phase (Fig. 3C). This difference is functionally correlated
with a 100-fold reduction in responsiveness to the cognate VSV8
peptide as judged by IL-2 production when stimulated through
the TCR, despite comparable surface TCR and coreceptor levels
as assessed by anti-CD3¢ and anti-CD8x mAbs (Fig. 3 D and E).

CD8ap is an important T-cell surface molecule, absent in the
SM assay, that functions as a coreceptor by associating with the
afTCR-pMHC complex via binding to the membrane proximal
o3 domain of H-2K" (reviewed in ref. 1). To measure the influence
of CDS8, we performed our assay on cells using a mutant pMHC
(VSV8/K®,) unable to bind CD8aa and CDS8ap dimers (de-
scribed below). As shown in Fig. 3B, a general reduction in bond
lifetime was observed, shifting the curve closer to SM and ex-
posing the TCRapAFG as forming a weak catch bond. Much of
the “slip bond” character seen in the AFG native system can be
attributed to CD8 binding, which masks the diminished pMHC
interaction.

When comparing transitions, plots of magnitude vs. force (Fig.
4A4) demonstrate that greater transition displacements are seen
for agonists than for nonagonists and in SMSC vs. SM systems.
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Fig. 4. Force-dependent structural transitions, ligand sensitivity, amplifica-
tion factors and an «fTCR model. (A) The major structural transition dis-
tance, measured as the difference in bead position before and after the
transition, is plotted vs. force for WT-VSV8 cognate peptide (red), -L4 par-
tial agonist (black), -SEV9 irrelevant ligand (blue), and AFG-VSV8 (green)
showing a ligand dependence with greater ligand potency exhibiting larger
structural transition distances in SM systems. Force-transition distance plots
for cell systems; SMSC (diamonds with dotted lines) exhibit greater dis-
placement with VSV8 for AFG than for WT and are generally larger than the
SM transitions. (B) Sensitivity plots comparing lifetime ratios of various
antigens for WT (solid), H57 (dashed), and AFG (dotted). Plots were con-
structed from fits in Fig. 2. (C) Amplification factors associated with lifetime
enhancement for VSV8 binding including ratios of WT-H57/AFG (red), WT-
H57/WT (black), and WT/AFG (blue). Amplification factors rise abruptly at 10
pN, are greatest with stabilization of the FG loop, and increase generally as
a function of force. (D) Model for force-induced motions and gating asso-
ciated with the CBFG loop region. The FG loop region couples to the binding
interface strength and conformational change magnitude. Associations with
molecules such as CD3ey may dramatically stabilize the CBFG loop, influ-
encing bond lifetime and force transfer response of the loaded afTCR-pMHC
complex system.
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Analysis of the relative response to agonists and nonagonists by
comparing ratios of lifetimes for pairs of peptides bound to the
same MHC, sensitivity index plots, reveal a peak for VSV8/SEV9
at 15 pN but minimal, if any, discrimination at low loads (Fig. 4B).
Plots comparing ratios of lifetimes for VSV8 demonstrate greatest
amplification for the stabilized CBFG loop region and with in-
creasing force (Fig. 4C).

Discussion

Using both SM and SMSC assays, we have compared the
strength of pMHC interactions with WT-TCRap, TCRapAFG,
and HS57 Fab-stabilized WT-TCRaf. We have found strong ev-
idence for allostery in that the state of the CBFG loop region
dramatically modulates the strength of the TCRap-pMHC bond.
Moreover, we observe a mechanical extension, the displacement
of which correlates with ligand potency and the strength of which
correlates with the CBFG loop region structure. Single-molecule
records are consistent with a model where an unloaded compact
TCR binds weakly, a loaded compact TCR binds strongly, and a
stabilized CBFG loop region further strengthens binding, whereas
release occurs through an extended TCRap heterodimer. The
adjacent CD3ey ectodomains may stabilize the CPFG loop re-
gion, prolonging bond lifetime under force in SMSC relative to
SM experiments as detailed below. Our model implies a mecha-
nism whereby the CPFG loop enhances mechanosensor action
through force-driven gating of initial access and stabilization of
productive pMHC interactions but release of unproductive in-
teractions, thereby controlling catch bond strength and bond
lifetime (Fig. 4D).

These data confirm that the apTCR is a mechanosensor ac-
tivated by pN forces upon pMHC ligation. More importantly,
they show that the CBFG loop region allosterically controls the V
domain module’s catch bond lifetime and peptide discrimination
via force-driven conformational transitions. By contrast, CDS§
neither contributes to catch bond formation in mature afiT cells
as shown here nor is a mechanosensor as revealed by earlier data
showing an inability of CD8-directed force application to stim-
ulate T-cell activation (11).

The force-induced structural transition observed in SM ex-
periments is large, being on the order of ~120 A (Fig. 44). That
said, ~40 A of transition is observed differentially between
VSVS/K® (agonist) vs. SEVY/K" (irrelevant) pMHC ligation of
the N15afTCR heterodimer (Fig. 44). This distance is more
than the ~15 A permitted by simple extension of the VB-Cp
connector. In fact, in SM assays, displacements for TCRaBAFG
were greater than WT-TCRop (Fig. 44). Therefore, additional
rearrangements, outside of the FG loop, in the TCRap hetero-
dimer-pMHC complex must exist. These might include exten-
sion of the long (>20-aa residues) connecting peptides between
Cp and the transmembrane surrogate (LZ) and Ca and LZ or
possibly even sliding of the VB and Va domains relative to one
another at the hydrophobic interface of the V module. Major
motion within individual V and C domains of the TCR hetero-
dimer per se is unlikely, given the existence of intradomain disul-
fide bonds in each (Fig. 1B), but the A and/or G strands none-
theless might be flayed via force. Although our focus has been
on the large transition, conformational change was also observed
featuring reversible, low-amplitude, 1- to 3-nm motions of the
baseline (Fig. 3C, WT), suggesting reconfigurations of the apTCR~
PMHC complex. Single-molecule FRET analysis with fluorophores
placed in individual domains can more precisely define the nature
of domain extension and twisting in future investigation.

Our prior studies (18, 19) revealed that the CBFG loop facili-
tates thymocyte development at both CD4~CDS8™ double negative
and CD4*CD8" double-positive stages. The former requires the
pre-TCR, a molecular complex involving the same f and CD3
subunits but with the p-chain ectodomain stalk disulfide linked to
that of pTa, a surrogate a-chain lacking a V domain. Given the
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current data, it is tempting to speculate that the CBFG loop-
regulated transition observed for the TCRaf heterodimer may be
applicable to the pre-TCR, but in even greater magnitude in the
absence of a Va pairing constraint. The suggestion that pMHC or
other self-ligands could interact with the unpaired VB domain
(21) is consistent with this possibility and worthy of further
investigation.

The CPp FG loop evolved in mammals at the same time as
molecular speciation of CD3y and CD36 genes from a single
CD3 precursor gene among Gnathostomata, a group of verte-
brates with adaptive immunity involving a recombinatorial sys-
tem (VDJ) (17). The sensitivity of allosteric regulation makes
this adaptation highly efficient for antigen recognition. That
requirement may be less critical for recognition by y§TCRs,
given the potential for high copy numbers of their less diverse
stimulating ligands on APCs (22, 23). The distinctive CD3ey
topology adjacent to the CPFG loop can further maximize anti-
gen activation by facilitating force transfer from the TCRap
heterodimer to adjacent CD3ey (17, 24, 25). Perhaps force-
mediated structural transitions enrich for conformers with the
greatest intersubunit ectodomain complementarity, thereby fa-
voring ligation-mediated signaling. That H57Fab prolongs TCR-
pMHC bond lifetime (Fig. 2H) yet blocks pMHC-triggered T-cell
responses (11) is consistent with such a notion. How CD3ey may
associate with pretransition, intermediate, or posttransition states
is unclear. Pretransition binding of CD3 to a compact state might
extend the lifetime of the apTCR-pMHC bond. During the
transition, the bound CD3 heterodimer may participate in the
mechanical change, being pushed and pulled to expose seques-
tered CD3 cytoplasmic tail ITAMs. Posttransition binding to an
extended TCR state may also modulate CD3 binding in a positive
and/or negative sense in ways that need to be defined.

Mechanotransduction is obviously critical for ap TCR function,
as evident from the above studies. Understanding the structural
consequences of pN load will be important to elucidate T-lineage
cell biology related to cognate recognition of antigen as well as
thymocyte development. Mechanical influence has been estab-
lished in many systems including stem cell differentiation (26),
cell migration and rolling (27), focal adhesion development (28),
and integrin adhesion (29). Single-molecule methods have been
pioneered largely through the study of biological motors using
classical assays such as our SM system (30), yet there is great
opportunity for using single-molecule methods to probe ma-
chinery on or within intact cells. The approach presented here
bridges the classic isolated single-molecule assays to the more
biologically relevant single molecule in a single-cell system. The
SMSC system is ideally suited for in situ study of surface membrane-
embedded receptors and represents an evolution of single-molecule
technology.

Our studies begin to address how it is possible that afTCRs,
whose affinity in the absence of load (i.e., in solution) is ex-
tremely weak, can nevertheless mediate exquisite sensitivity and
specificity in a noisy chemical environment on the antigen-pre-
senting cell surface. There, many identically sized peptides are
bound to the same type of MHC molecule, forming an array of
~100,000 different pMHC complexes. The challenge for any T
lymphocyte is to use its clonally endowed 20,000 apTCR surface
copies to rapidly scan this collection of diverse pMHCs on each
cell where a dozen or fewer relevant foreign peptides may
be embedded. In this context, load-induced transitions tune
apTCR-pMHC bond lifetime with high specificity. In particular,
maximal nonlinear dynamic bond lifetime is associated with
TCRap structural transitions that readily distinguish among pep-
tides, even when differences compose a single residue (VSV8 vs.
L4). On the other hand, without force, discrimination is minimal.
Hence, during immune surveillance as an apTCR is gaffed (i.e.,
hooked) by its specific pMHC, force is generated, bond lifetime
extends, and a structural transition is induced in TCRaf. These
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features associated with catch bond formation likely are sufficient
to promote further apTCR quaternary change, CD3 heterodimer
interactions, and transmembrane and cytoplasmic tail segment
alterations to foster downstream signaling events (1, 11, 31). A small
number of those productive interactions in time and space will re-
sult in quantal T-cell activation that can be further sustained at the
immunological synapse (32, 33). Unlike the cognate peptide, un-
related or variant peptides will not induce either these transitions or
extend bond lifetime sufficient to promulgate a signaling event.
Remarkably, then, the TCR is able to detect very few side chains of
a peptide in the MHC groove even though the majority of recog-
nition surface contacts are shared in common with other pMHC
complexes.

That the afTCR physically goes through a mechanical tran-
sition that prolongs the afTCR-pMHC bond lifetime has a
number of immediate consequences. First, the extension repre-
sents a previously unknown state. As in physical changes ob-
served with integrin aff heterodimers, affinities between compact
and extended states can be very different. Interestingly, the
mechanical action of the afTCR appears to work with a logic
opposite to that of the integrins because in the TCR the compact
form binds strongly whereas the extended form binds weakly.
Leading from an “on state” as opposed to an “off state,” as in
integrins where ligands are plentiful, may be a consequence of
the afp TCR seeking out rare binding events. Second, the ligand-
dependent displacement seen here may differentially couple to
mechanisms that critically depend on distance such as TCR-APC
intercellular membrane proximity. Third, the mechanical tran-
sition in the ap TCR-pMHC system is regulated via the FG loop
region, as observed by H57 Fab stabilization, which may also be
occurring through the physiological CD3 associations noted
above. This partitioning of function allows the mechanism of
discrimination to be conserved within the constant region of the
TCR while maintaining near-infinite variability in the ligand-
recognition elements in the V-domain module. Fourth, kinetic
proofreading mechanisms require working outside of thermal
equilibrium and are thus generally energy intensive (31, 34).
Mechanical work through a mechanosensor mechanism can drive
such nonequilibrium signaling events, sustaining triggering during
immune surveillance and at the immunological synapse while
using forces derived via concomitant cell movements.

Materials and Methods

TCRap Production and Peptide and Protein Preparation. TCR N15a and
B-subunits were fused to basic and acidic LZ components, respectively, as
previously described (35). They were then separately cloned into the eukaryotic
expression vector containing human cytomegalovirus promotor designed for
expression of antibody y-chain (36) using Agel/Sall to insert each subunit
in-frame, retaining the vector signal sequence while adding a stop codon
immediately following the LZ motif. Both WT-TCRa- and p-subunits were
expressed simultaneously after transient cotransfection in Freestyle 293F
cells (Life Technologies) according to the manufacturer’s recommendations.
A second TCRp construct wherein the Cp FG loop was excised as previously
described (18, 19), termed N158AFG, was used for cotransfection with
WT-TCRa« to create N15aBAFG. Proteins were purified from cell supernatants
essentially as described (35). Although yields were lower for the N15aBAFG
than for N15afWT, we were able to confirm purification of the N15aBAFG
through SDS/PAGE separation, band excision, trypsin digestion, and identi-
fication of both N15a and N15f subunit peptides via electrospray mass
spectrometry. Singly biotinylated pMHC were purified (37) and biotinylated
(38) as described. Peptides were synthesized by United Biosystems. The
monoclonal anti-Cp antibody H57 was produced as described (35), and Fab
fragments were generated and purified using a Pierce Fab Micro Prepara-
tion Kit (Thermo Scientific) according to the manufacturer’s directions.

Single-Molecule Assay. For single-molecule measurements, a complex of
N15apTCR and pMHC was tethered between a single trapped bead and glass
surface. The overall assay geometry included a N15TCRaf heterodimer fused
to a leucine zipper at the C terminus. A 1,010-bp DNA molecule with anti-leucine
zipper antibody (2H11) on one 5’ end and a digoxygenin on the opposite 5’
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end, described below, was used to attach the N15TCRof heterodimer to an
anti-digoxygenin—coated bead. The DNA served as a spacer between the bead
and N15TCRaf. A biotinylated pMHC complex, VSV8/K®, was immobilized on
a PEG functionalized coverglass surface using biotin-streptavidin chemistry. The
schematic diagram of our single-molecule assay is shown in Fig. 2.

The DNA linker was constructed by PCR of a 1,010-bp region of the
M13mp18 plasmid with 5’ primers of an amino group and digoxigenin. The
5’ amino group was cross-linked to 2H11 using carbodiimide cross-linker
strategy (EDC chemistry). A 10-uL flow cell was prepared using two pieces of
double-sided sticky tape. Cover-glass surfaces were coated with functional-
ized PEG silane 99% mixed with 1% biotin-PEG silane similar to previously
described work (39). Streptavidin (1 mg/mL) was introduced into the flow
cell, incubated for 10 min, and washed with PBS buffer. A total of 20 pL of
biotinylated pMHC (1 pg/1 pL) was introduced and incubated for 30 min and
washed again with PBS buffer. During this time period, N15TCRaf (100 ng/1 pL)
and 2H11-DNA-digoxigenin (200 ng/uL), +/-H57 or H28 mAb (1mg/mL), were
mixed, added to the flow cell, and incubated for 30 min. After washing with
30 uL of PBS buffer, anti-digoxygenin—-coated (Roche Diagnostics) poly-
sterene beads (Spherotech Inc.) were introduced followed by a 30-pL PBS
buffer wash. The flow cell was sealed with nail polish and loaded on the
optical-trapping instrument for measurements. Tethers were found by eye,
centered using an automated procedure (40), and trapped with typical
stiffness of ~0.25 pN/nm. Bead positions were sampled at 3 kHz, antialias-
filtered at 1.5 kHz, and recorded until rupture. Control experiments where
N15aBTCR was excluded from the assay resulted in no tethers.

Single-Cell Assay. Tethers for SMSC assays were constructed using anti-
digoxygenin—-coated polystyrene beads (1.0 pm in diameter, Spherotech Inc.)
to tether the digoxigenin-labeled, 3,500-bp DNA at one end. At the other
end, a sulfo-SMCC (Pierce) reaction was used to bind the free thiol group of
the half anti-biotin antibody (see S/ Appendix). Finally, biotin-labeled pMHC
was linked to the half anti-biotin antibody. Specifically, 0.5 pL 0.25% wt/vol
anti-digoxygenin beads were washed two times by PBS buffer (Cellgro)
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containing 0.02% Tween 20 (PBST) and were incubated with 10 pL of half-
anti-biotin functionalized DNA (~65 ng/pL). The bead surface was saturated
with these 3,500-bp DNA tethers to reduce nonspecific binding between the
bead and cell surface. After 1 h of incubation, the DNA-labeled bead was
washed three times with PBST buffer and then resuspended in a solution
containing 5 pL of 20 pM biotinylated pMHC in PBS buffer for 1 h incubation.
After two washes with PBST buffer, the bead slurry was diluted 200-fold for
bond lifetime measurements. All of the incubations were performed at
room temperature.

Cells were cultured in selection medium [complete RPMI medium 1640
(Life Technology) plus 0.1 mg/mL G418 (Life Technology) and 2 mg/mL
hygromycin B (Life Technology)] and reached the log phase before the
experiments. Cells were washed one time with PBS and then kept in colorless
complete RMPI 1640 medium (Life Technology) at 2 million/mL; 20 pL of cells
were introduced into the flow chamber, and cells were bound to a poly-L-
lysine coverslip prepared as described previously (11). The coverslip surface
was further blocked by 1 mg/mL casein (Sigma-Aldrich) in PBS buffer (11).
After a 10-min incubation at 37 °C, the pMHC-DNA bead slurry (20 pL) was
introduced into the flow cell. The tether-functionalized bead was trapped
and brought in the vicinity of N15afWT or N15aBAFG cells to form a stable
tether. Tether formation was verified and then loaded by displacing the cell
relative to the fixed trap using fine motions of the piezo stage. Bead posi-
tions were sampled at 3 kHz, antialias-filtered at 1.5 kHz, and recorded until
complete rupture. Assays were performed at 37 °C.
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