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Supplementary Model Derivations

A. Kinetic model for TCR—pMHC-I bonds
A.1. Derivation of the force-induced energy change &,y (F)

The purpose of this subsection is to provide detailed derivation of the force-induced
change in the energy landscape, or the work done by force as the TCR—pMHC complex is
stretched at the two ends from the bound state to the transition state until dissociation (Fig. 2a,
b). Mathematically, &,y (F) is an integral over a force range 0 < f < F, where F is the level of
force under which the kinetic rate is being evaluated (Eq. 2). The integrand §,(f) is the
projection on the force direction of the length change of the TCR—pMHC structure relative to
its bound state during dissociation. Subtraction of this work from the interaction free energy
tilts the energy landscape that governs the off-rate (Eq. 1, Fig. 1b). To calculate molecular
stretch, we assume the TCR—pMHC complex to behave as a system of semi-rigid bodies of
globular domains connected by semi-flexible polymers (Fig. 2b). As such, the total length
change includes three components: 1) extension of individual globular domains, 2) various
domain rotations about hinges, and 3) unfolding of secondary structures at specific regions.

For a globular domain without unfolding, the force-extension relationship is described

by the three-dimensional freely-jointed chain model':

ai(f) = difooth[fdse/lepT] = 22} (14 L) )

where d; is end-to-end distance of the ith-domain, kg is the Boltzmann constant, 7 is absolute
temperature, f is force, and E4 ~ 100 pN is the elastic modulus of the folded globular domain?.
The present work considers domain extension of the whole TCR—pMHC-I complex (dy) and

three of its parts: the MHC a3 domain (d,3), bonding interface that includes the MHC a0

domains bound to the TCR Va3 domains (dg;), and the TCR Caf3 domains (d¢qg). Their

contour lengths, d;., have well-defined values depending on the TCR-pMHC complex in



question, which are summarized in Supplementary Table 1. For example, dy . = 12.7 and 10.9
nm for 2C TCR complexed with H2-K® (PDB codes 2CKB, IMWA, and 1G6R) and H2-LYm31
(2E7L), respectively, and 12.3 nm for 1G4 TCR complexed with HLA-A2 (2BNR and 2BNQ).
12.7 nm and 12.5 nm were used for P14 TCR (5M00) and NP1-B17 TCR complexed with H2-
DP (5SW2Z), respectively. We also choose 11.6 nm as a reasonable guess value for the N15
TCR/OT1 TCR-p:H2-K® complex (because average dy ¢ across 33 structures of TCR-pMHC
class I complexes is 11.6 = 1 nm (mean + sd)*).

To calculate the work 8y(F), we project the above domain extensions onto the
direction of force, which is taken as the z direction (Fig. 2b) using two angles between the z

axis and: 1) the normal direction of the bonding interface (#) and 2) the line connecting the C-

and N-termini of the MHC-I a3 domain excluding any unfolded residues (¢):

zn(f) = dn(f) , (6a)

2 6b

76s(F) = {220 — ([0 - deag (F)]sin6 — ds (D sin(p +OF .
zp1(f) = dgy(f) = [dn(f) — dCaB(f)] cos — dy3(f) cos(p +6), (60)
Zcag(f) = deop(f) (6d)

Note that 8is a model parameter as it describes the tilting of the bonding interface as part of
the force-induced conformational change, whereas ¢ is a model constant is measured from the
crystal structure (Supplementary Table 1, see A.2 below).

We assume that partial unfolding in the molecular complex may occur at connecting
regions of globular domains, in particular, the a102—03 joint of the MHC-I and the Va-Ca
interdomain joint of the TCR (Fig. 2a). The former may be caused by dissociation of the
noncovalent aja2—fB2m interdomain bond, which shifts the mechanical load originally borne by

this bond to the aioo—o3 hinge, resulting in its partial unfolding, as observed in SMD



simulations* (Fig. 2a). Similarly, ojco—Bom dissociation results in tilting of the bonding
interface and load shifting from the VB-CB joint to the Va—Ca joint, leading to partial
unfolding of the latter joint (Fig. 2a). The unfolded polypeptides are flexible and can bear only
tension but not moment, ensuring that their extension is along the direction of force, i.e., the z
axis.

The force-extension relationship of the unfolded polypeptides can be described by an

extensible worm-like chain (eWLC) model’:

o1 1zm e (w1
kT 4(1-zp/(nlc)) 4+nlc Kp+21'=1al <nlC Ep) ’ )

where z;, is the extension of the unfolded coil under force with the subscript p indicating
unstructured polypeptide, [ = 0.36 nm and [, = 0.39 nm are the average contour length and
persistence length per unfolded amino acid, respectively®®, Ep~ 50 uN is the elastic modulus
of polypeptides®, a; are polynomial coefficients for the improved approximation, and n is the
number of constituent amino acids in the unfolded polypeptide. In particular, we denote the
respective numbers of amino acids in the unfolded MHC-I a102—0i3 and TCR Va-Ca joints to
be n, muc and np rcr- Eq. 7 defines z, as a function of £, which can be solved numerically to
express in an explicit form: z,/nl. = z,,(f) = the extension per unit contour length for the

polypeptide under force f.
Thus, the length of the TCR—pMHC complex at the transition state is (Fig. 2b):
z(f) = z3(f) + npmuclezup(f) + zg1(f) + nprerlczup(f) + Zcap(f) t))
Since we do not have prior knowledge about either number of unfolded amino acids, we will

evaluate their sum n* = n, pcg + np My from curve-fitting of our model to the experimental

data (see below). Since dy(f) is the length of the TCR—pMHC complex at the bound state (Fig.



2b), we have z(f; 0) = dy(f). Finally, the integrand on the right-hand side of Eq. 3 can be

written as

6,(f) = 23 (f) + zg1(f) + zcop(f) + n'lezy p(f) — dn(f) , ®

A.2. Simplifying assumptions and reducing parameters

The purpose of this subsection is to provide the details omitted in the main text of how
the model parameters are reduced to the smallest possible set and the underlying simplifying
assumptions. To begin, we take the ¢ values from PDB for the specific TCR—pMHC
interactions in question (Supplementary Table 1). We assume that the ¢ value remains constant
during forced dissociation due to their small range, e.g., ¢ = 12.7° and 5° for 2C TCR
complexed with H2-K® (PDB codes 2CKB, IMWA, and 1G6R) and H2-L‘m31 (2E7L),
respectively, and 13.3° for 1G4 TCR complexed with HLA-A2 (2BNR and 2BNQ), 15° for
both P14 TCR (5M00) and NP1-B17 TCR complexed with H2-D® (5SWZ). We also chose
23.5° as a reasonable guess value for the N15 TCR/OT1 TCR—p:H2-K® complex. Additionally,
due to the semi-rigid approximation, the thickness of the constant domain of TCR a- and B-
subunit (dcqg) is also treated as constant for each construct (Supplementary Table 1). This
leaves only two structural parameters (d,3, 8) in our model to be evaluated by curve-fitting to

data. Noting that the structure-based force function y(F; ;) scales with the characteristic
extension change per unit change of molecular length such that 8y (F) = fOF 6,(f)df, the
dissociation rate of TCR—-pMHC-I bond can be written as:

F 3/2
. AG;;(l_( 12k 5z(f)df> )
5, kgT 3AG
k(p)zko\/l_MeB 0 (10)

3AG; ’

where 6,(f) is given by Eq. 9.
To further reduce model parameters, we make additional assumptions as discussed in

the main text. It is well-known that the fractions of free-energy change in biological interactions



in liquid, such as unfolding and refolding of proteins, unbinding and rebinding of receptor—
ligand bonds, and unzipping and rezipping of RNA or DNA, are small because of their limited
dynamic transition time®!2. Such a rate limit results from the nature of biological interactions,
e.g., polar/non-polar interactions, hydrophobic interactions, and charged interactions, which
typically yield finite range of transition kinetics. This enables to roughly estimate the free-
energy barrier as AGg~ In(k,, /ko) where k,,~10°s™! known as the prefactor®!2,
A.3. Defining the dissociation coordinate

The purpose of this subsection is to derive an operational way to determine the
dissociation coordinate variable §; used in the main text. We note that the total number of
unfolded amino acids n* is zero at the bound state before unfolding occurs, increases
monotonically during progressive unfolding along the dissociation path, and reaches maximum
at the dissociation point. Because n* is not known a priori, it must be treated as a fitting
parameter similar to dy3, €, and ;. Since §; is the contour length change along the

dissociation path, we wish that &§; approaches its upper bound &5 and depends on force
implicitly through the model parameters n*, d 3, and 8, as given below:

6 =n'l.+A(dy3,0) = 55, (11)
where A(dy3,0) is the difference of the contour lengths except for the partially unfolded
regions. Thus, Eq. 11 provides a constraint for §; instead of introducing another model
parameter. d 3 and 6 are determined for each n* during the model fitting that searches for
parameters to enable §; = §;. Small errors, which may occur for the various contributions to
A (red lines in Fig. 2a labeled as force transmission lines), can be identified using a pair of
(dy3,0) values and the crystal structure for each complex. Specifically, average differences
(A) are - 0.8 nm for the strong catch bond (SC) group (dy3 > 3 nm, 6 > 30°), -0.4 nm for the

weak catch bond (WC) group (1 nm < d,3 < 3 nm, 8°< 8 < 30°), and 0 nm for slip-only bond



(SO) group (dyz <1 nm, 8 < 8°), respectively (see Fig. 4e-i and associated text for the
definitions of SC, WC, and SO groups). It has been well established that the contour length of

a single amino acid is ~0.4 + 0.02 nm/a.a”!>!

, implying that the model has a resolution of 2
amino acids. We further note that, even without conformational change, it is possible for the
slip-only bond group to have 3 unfolded amino acids due to the limited resolution of the model.
Finally, the best-fit model parameters can be determined by finding the subset of best-fit

parameters among possible n* values that match the contour length change §; to the free-

energy well width at zero-force 8, i.e., finding n* such that &,(n", dys,6) = 85 (see
Supplementary Table 2). Under this condition, fOF 6,(df = 6y(F) - 6;y(F) and Eq. 10

becomes identical to Eq. 2.

A.4. Model applications, curve-fitting strategies, and biological relevance

The purpose of this subsection is to outline the procedures of applying our model to
experiments. Our procedures include four steps: 1) examine how the model parameters control
the model behaviors, 2) fit the model-predicted reciprocal off-rate (Eq. 10) to the experimental
bond lifetime vs force data, 3) construct the energy landscape and investigate its properties
based on the parameters evaluated in part 2, 4) elucidate the biological relevance of the model
parameters.

To examine how the model parameters control the model behaviors, we varied one
parameter while keeping others constant. For example, to investigate the effect of varying the
titling angle 6, we kept the other parameters constants (i.e., n* =7, and §; =2 nm, kqg =3 s
Vand AG§ = 12.7 ksT), Also kept constant were several structural constants (@ = 15°,dy =

12nm and d¢qp = 3.5 nm) introduced in section A.1. Of note, d3 varies as 6 changes because

of a pulling constraint (see section B.1). With a fixed 8 (i.e., 30°) the effect of molecular

extension at zero force was investigated by varying extension from 0.5-3.5 nm. These were



selected by the average values of actual fitting results, which had been tested and confirmed as
reasonable.
The free-energy landscape can be constructed by substituting the best-fit model

parameters into the following equations'*:

« 3/2
AG*(F) = AGy (1 - 22X2)

3AG] (12a)
. . 285y (F\ /2 (12b)
- 51252

Thus, by using model parameters, the dissociation state coordinates relative to the bound state
coordinates in the free-energy vs dissociation coordinate space can be defined as functions of
force. Note that this force-induced change of the barrier height should be under the condition
of small perturbation such that |—65y(F)| < AG. Since our fitting results show that the
average free-energy barrier height at zero force is ~12 kT ((AGg)), the force range
corresponding to a change of the barrier height of <10 kg7 is reasonable for each dataset, i.e.,
force range corresponding to energy barrier heights in the range of 2 kg7 < AGy < 22 kgT.
Firstly, to fit the model-predicted reciprocal off-rate (Eq. 10) to the experimental bond
lifetime vs force data, all four parameters were changed simultaneously to search for the
minimum of the chi squared error. Second, every fitting curve was then determined by the
parameter set that has the closest §; value to §; (described as Eq. 11 in section A.3 and
Supplementary Table 2). The fitting uncertainty of the best-fit parameters (or their ranges) were
calculated by the differences between the previously obtained parameter set and parameter set
from fitting to Mean + SEM of bond lifetimes with the lowest RSS and the lowest Chi-square.
Of the 55 datasets analyzed, only one has 4 data points and this dataset shows slip bond; as
such, is governed by two fitting parameters because the other two parameters are nearly zero.

All other datasets have 6-10 data points; therefore, over-fitting is not a problem.



To elucidate the biological relevance of the model parameters 6, n*, d¢qg, 89, and AGy,

we examine their changes with varying bond lifetime vs force data obtained from different TCR
and pMHC interactions that induce a wide range of biological responses. Finding
correspondence between a group of model parameters individually and/or collectively with the
biological response would be considered as support for the biological relevance of the model,
because such correspondence suggests that the model can discriminate different TCR—pMHC
interactions that result in differential T cell functions.
A.S. Class I model constraints

The purpose of this subsection is to check whether the model parameters obtained from
data fitting are consistent with the constraints to which the model is subjected. Our experiments
applied tensile force through the two ends of the TCR—-pMHC complex, such that the force
direction would always align with the line connecting the C-termini of the respective TCR and
MHC molecules during dissociation, giving rise to the so-called pulling constraint. To
formulate this pulling constraint in our model, we note that the pulling line is maintained so
that the coordinate perpendicular to the force direction is invariant. As depicted in
Supplementary Fig. 4a, several angle and length variables can be related using model

parameters and structural constants by:

cos(p+0)
cosf@

(dy = deap = dus )sin6 = dqs (St + cos (2 + ¢ +6 - 3)) (13a)

cos@
where 1 is the angle in an isosceles triangle constructed by rotating the a3 domain. By

assuming that the a3 domain would be aligned with force, we estimate that the angle in the last

term is near 90° ie., 2+ ¢ +0 —%zg— 6 where 6 <<§ . Under this small angle

assumption, Eq. 13a can be approximated by:



dN_dCotB
cot@ sin@+cos @+sin§/sinf ’

~

a3 ~

(13b)

Upon inversing Eq. 13b, we found that the tilting angle 0 is a function of the end-to-end
distance of the a3 domain, i.e., 8 = f(dy3). Setting § = 25°, which seems reasonable as it
approximates the maximum value of ¢, the structural parameters obtained by fitting are
scattered in-between two black curves on the d,3 — 6 plane marked as pulling constraint:
[dy = 13.5 nm, d¢gg = 2.75 nm, ¢ = 0°] and [dy = 10.5 nm, d¢eg = 4.25 nm, ¢ = 25°]
(Fig. 41).

Another constraint is the tilting constraint resulted from the asymmetric unfolding and
stretching of the interdomain links between the TCR constant and variable domains. This
constraint is introduced in the model to account for the potential regulatory effect of the FG-
loop on catch bond. Notwithstanding the total number of unfolded amino acids n* can be
determined by the validation procedure demonstrated in A.2, its breakdown into the number of
unfolded amino acids for MHC (n, mpuc) and TCR (n, rcr) remains undetermined. To do this,
known structures from PDB were used to determine ny, vy first. Briefly, by matching d
(Supplementary Fig. 4b, ¢) with the end-to-end distance between C-terminal end of a3 domain
and certain point following known PDB structure, the exact starting position of partial
unfolding in MHC can be found following additional assumption that unfolding starts from C-

terminal end of a2 domain towards a3 domain (Supplementary Fig. 4b). Thus, n,rcgr can be
simply calculated as n, rcg = n* — np muc. Upon combining all information, the tilting angle

(B1cr) of variable domains of TCR can be described by simple trigonometrical function:

(14)

—1 (MpTCRl
HTCR =~ tan 1 (M)

Wrcr

where Wrcr 1s width of two interdomain hinges of the TCR a- and B-subunits measured from
the crystal structures (Supplementary Fig. 4a, tilting constraint). In this work we use Wycgr =

3.7 £ 0.3 nm as a representative width due to structure-to-structure variations. Thus, by



comparing the tilting angle of the bonding interface 8 (model parameter) to the tilting angle of

the TCR Orcg (derived from another model parameter ny rcr and structural constants Wrcg

and [.), we can check the validity of tilting constraint using linear regression in the 8 vs Otcr

plot (Supplementary Fig. 4d).

B. Kinetic model for TCR—pMHC-II bonds

B.1. Development, validation, and characterization

The purpose of this subsection is to present details of the development, validation, and
characterization of the TCR—pMHC-II catch bond model omitted in the main text for
simplicity, in a similar fashion as the TCR—pMHC-I catch bond model described in Section A.
The two models share exact the same framework but have different detailed form of the
characteristic extension change 6,(f) (Eq. 9). Comparing to the TCR—-pMHC-I complex, the
TCR—pMHC-II complex has different docking domains and pulling geometries (one vs two
transmembrane domains on both TCR and MHC). For this reason, we assume that the force-
induced bonding interface tilting angle () would be much smaller in the TCR—pMHC-II than
TCR—pMHC-I complex. The extension at the bound state can be defined as the end-to-end
distance between both end-points identified by crystal structures (E8: 2IAM, 2IAN and 2B4

(as the substitution of 3.L.2): 6BGA, 3QIB):

z(f;0) = dn(f) + diinker (f) » as)

where dy is set to be 12.3 nm based on the crystal structures and djjpker = 9.4 nm represents
the linker (e.g., a leucine zipper) engineered at the C-termini of soluble pMHC-II constructs to
stabilize both the MHC a- and B-subunits, which is often used in experiments for measuring
TCR—pMHC-II catch bonds. To account for domain rotation resulted from partial unfolding

inside the TCR—pMHC-II complex, we introduce one more variable, ¢, as the tilting angle of



the TCR constant domains. Using the tilting constraint similarly to that used in the class I
model, this angle can be approximately described by structural parameters (dg, 8) and model
constants (see subsection B.2). In short, each component in the right-hand side of Eq. 15 can

be expressed by the model parameters (dgj, 8, n*), and model constants as follows.

z1(f) = (d1(f) + zpmuc(f)) cos b , (16a)
zeap(f) = (deap(f) + zp1er(f)) cos @, (16b)
Zlinker(f) = dlinker(f) cosf, (16¢)

where zp muc(f) and z, tcr (f) are respective extensions of unfolded polypeptides given by
npmucleZup (f) and np rerlezy,, (f), respectively, dg; is the length of structure consisting of
the MHC and the TCR variable domains, and other parameters defined previously. Finally, the
rate coefficient of the TCR—pMHC-II dissociation can be developed by employing the same
framework (see Eq. 10). However, when applying the model to experimental data, we can use
the constraints of the TCR—pMHC-II interaction to make the model much simpler (see section
B.2).

Validation of the class II model follows exactly the same procedure as that used in the
validation of the pMHC I model, which is done by checking self-consistent through the
definition of the reaction coordinate. By varying the ny muc from 0 to 10 (see details explained
in section B.2), the molecular extension at zero force (§5) can be estimated by using the contour
length-change (6;) along the dissociation coordinate:

81 = npmucle +A- 6, a7
where A(dgy, 0) < 0.2 nm because 6 < 10°. The best-fit model parameters can be determined

by finding a subset of best-fit parameters among possible 1y, yyc values that match the contour



length-change along the dissociation coordinate (§)) to the width of the free-energy well at zero
force (8p), i.e., finding ny myc such that 6, (np,MHC) — &, (see Supplementary Table 5).

To characterize the class II model, we examine the model predictions by varying the
model parameters one by one while fixing the others as constants. For example, to investigate
force-induced bonding interface titling, we fixed the other model parameters (i.e., n* =4, §; =
1.2 nm, ky = 10 s, and AG; = 11.5 ksT) and structural constants (dy = 12.3 nm, dg; = 8.5
nm, and djipker = 9.4 nm for pMHC-II constructs that have linkers). As another example, we
fixed & = 0° or 3° and examined the effect of the molecular extension at zero force by varying
6y from 0.3-1.8 nm. The constants used for model characterization were selected by their
averages from the corresponding values used to fit actual experiments. The parameters for free-
energy landscape construction, the energy barrier height (AG™) and energy well width (6*) as
functions of force, are given by Eq. 12, exactly the same as the pMHC I model.

Fitting of class Il model to experimental data and examination of the biological
relevance of the best-fit parameters were done the same way as the class I model.

B.2. Class II model constraints

The purpose of this subsection is to describe the constraints of the class Il model, which
share similar ideas to those of the class I model (e.g., pulling and tilting constraints) but differ
in their specific expressions. To formulate the pulling constraint, we again used the fact that
the pulling force direction must aligns with the line connecting to the C-termini of the TCR
and pMHC molecules so that the coordinate perpendicular to the force direction is invariant.

Using model parameters and structural constants, this pulling constraint can be written as:
(dg1 + zpmuc + diinker) SIN 6 = (dcap + zpTcr) Sing , (18a)

which can be solved for z, tcg explicitly:



sin 6 (18b)

zprer = (dB1 + Zpmuc + diinker) sing  dcap s

By combining Eq. 16 and 18, the total extension (z) can be calculated as the sum of all

component extensions (); z;) at dissociation (&; > 0):

2(f38) = (dp1(f) + zpmuc(f) + diinker (f)) (cos 6 + sin 6 cot ) , 19)

This equation states that only the number of unfolded amino acids in MHC (n, muc) affects

extension change during transition. The total number of unfolded amino acids from both TCR

and MHC can be estimated by Eq. 18b:

sin 6
. (dB.I"‘dlinker)m_dCaB + sin 6 (20)
n= I sing/ "'PMHC| -

which can be approximately calculated using contour lengths of length components at force-
free state.

By assuming small angle perturbation, which seems reasonable, we further reduce the
number of model parameters after relating the tilting angle of the TCR constant domain (¢)

and the titling angle of the bonding interface by the following equation:

cotp ~ _INdBI (ot g 21

dpi+djinker
Thus, all terms including ¢ can be re-expressed by using Eq. 21.

Additionally, the tilting constraint can be expressed as follows:

_1(™p,TCRLc
tan-1(ZBICRL)
Wrcr

~ (22)
B+ 1,

Thus, by using Eq. 19 and 21, only 4 fitting parameters, two structural parameters (dg, 8) and

two biophysical parameters (k, &y), were used to fit the class Il model to data.

C. A general biophysical limit of model parameters



The purpose of this section is to describe a general biophysical limit that constrains the
fitted model parameters, which is used in Fig. 6 to accept the correct model application to data
of matched MHC class and reject incorrect model application to data of mismatched MHC
class. The idea is that, even if the model is capable of fitting experimental data and the
parameters are self-consistent with one another within the model, their values should be within
known limits. A prototypical example of such a biophysical limit involves the molecular
extension per unfolded amino acids. It follows from Eqgs. 11 and 17 that the average molecular
extension at zero force over all data ((§,)) should be a linear function of n* such that (§,) =
an” + b. The y-axis intercept b can be determined from the slip bond data because slip bonds
are not expected to have unfolded amino acids (i.e., n* = 0) but still have a nonzero extension.
The slope a is constrained by the fact that the contour length of a single amino acid has a small
range (~0.4 = 0.02 nm/a.a.)”!>!4; thus, the average molecular extension ((§,)) per unfolded

amino acid should be bounded by:
0<a<04, (23)

Imposing this range limit of (§,)/a.a. would enable us to rule out inappropriate
application of the model even if such application could achieve reasonable level of goodness-
of-fit. Indeed, all results were below the biophysical limitation.

Conversely, a nearly zero estimate of a would indicate that the model is inappropriate
for catch-slip bond data because, for the model to fit catch-slip bonds, it requires n* > 0 (see
Figs. 2c-g and 3e, 3" row). A parameter estimation of a ~ 0 indicates the lack of dependence
of the model behavior on n*, which abolishes the model’s ability to predict TCR signaling and
antigen discrimination, making the model irrelevant to biology.

The sturdier class II than class I pMHC structure also precludes large rotation during

conformational change at transition state, leaving only unfolding and stretching along the force.



Thus, the average molecular extension per amino acid should be close to 0.4 nm/a.a. On the
other hand, a = 0 is expected from fitting the slip-only data because such data correspond to
the n* = 0 case, which makes it difficult to robustly estimate the correct a value. Thus, the
average molecular extension per amino acid should be well-correlated with each other (i.e.,
high level of goodness-of-fit as measured by R?) and in the range between 0 to 0.4 nm/a.a. In
Fig. 6, we used these criteria to test the appropriateness of cross-applying the class I model to
class II data and vice versa, showing that it is appropriate to use either model to fit matched

data but inappropriate to use either model to fit mismatch data.



Supplementary Figures
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Supplementary Figure 1 | Fitting class I model and two-pathway model to data of TCR-

pMHC-I bond lifetime vs force. Fitting of theoretical 1/k(F) curves of the class I model (solid

curves) and the two-pathway model (dashed curves) to experimental bond lifetime vs force



data (points, Mean + SEM from at least n > 20 bond lifetime data per each force bin) of 9 TCRs
and their mutants interacting with different pMHCs as described below (re-analyzed from Refs.
41519 "a OT1 TCR expressed on CD8" naive T cells (first three panels) or CD4"CD8*
thymocytes (last two panels) interacting with indicated p:H2-K°a3A2. b 2C TCR expressed on
CDS" naive T cells interacting with indicated p:H2-K°a3A2 (top, 1% panel) or on CDS§
hybridomas interacting with indicated peptides presented by WT (top, 2™ panel) or disulfate-
locked MT (top, 3 panel) H2-K®, 2C TCR with indicated point mutations expressed on CD§"
hybridomas interacting with R4:H2-K® (top, 4™ and 5™ panels), 2C TCR expressed on CD§"
hybridomas interacting with R4 peptide presented by H2-K® with indicated point mutations
(bottom, 1%-3" panels), or 2C TCR with indicated point mutations expressed on CDS§"
hybridomas interacting with R4 peptide presented by H2-K® with indicated point mutations
(bottom, 4™ and 5™ panels). ¢ 2C TCR expressed on CD8" naive T cells interacting with
indicated p:H2-LY%m31) with truncated a3 domain. d 2C TCR expressed on CD4'CD8"
thymocytes interacting with indicated p:H2-K°03A2. e 1G4 TCR expressed on CD§"
hybridomas interacting with indicated p:HLA-A2. f P14 TCR expressed on CD8" naive T cells
interacting with indicated p:H2-D°P??’%, ¢ TRBV TCRs of canonical (B13.C1 and B17.C1)
and reverse (B17.R1 and B17.R2) pMHC-I docking orientation expressed on hybridomas
interacting with NP3e6:H2-D"P?27¥_ h Purified N15 TCRa interacting with indicated p:H2-K®.
The first panel of a and the first two top panels of b are replotted from Fig. 3a and b for
completeness. See Supplementary Table 3 for a list of the interacting molecules. Source data

are provided as a Source Data file.
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Supplementary Figure 2 | Correlation of model parameters with pMHC-I biological
activity and TCR bond type. a Relative breadth vs the reciprocal peptide dose required to
stimulate half maximal of OT1 T cell proliferation. b-¢c Model parameters @ (the tilted angle
of the bonding interface, upper) and n* (the number of unfolded amino acids, lower) that best-
fit the data in Supplementary Fig. 1b and d are plotted vs the indicated WT and mutant 2C (b)
and 1G4 (¢) TCRs with their indicated pMHCs. d-f Scattergrams of 8 (d), n* (e), and 1/k, (f)
vs I = L/(1 + B) (catch bond intensity) are plotted using the data from Figs. 3e, 4b, and
Supplementary Figs. 2b & 2c¢ to examine correlation. Blue-open symbols indicate data of
known T cell biological activities (ligand potencies) induced by the corresponding TCR—
pMHC-I interactions that correlate to catch bond intensity. Green-closed symbols indicate data
of known effects on catch bond metrics by targeted mutations on the TCR, MHC, or both. All
error bars present SE derived from fitting of the model to Mean + SEM of bond lifetimes

(Supplementary Table 3). Source data are provided as a Source Data file.
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Supplementary Figure 3 | Correlation of force-induced TCR—pMHC-I hydrogen (H)

bonds with bonding interface tilting angle. a H-bond distributions at bonding interface

between 2C TCR and the indicated pMHCs (R4, dEVS8, EVSV, or L4) in the presence (solid

curves) or absence (dotted curves) of the force (obtained by re-analysis of SMD simulation

results from Ref. 4 and fitted by Gaussian functions). b Plots of average number of H-bonds

(Mean + SD from (a)) with respect to fitted tilting angle (with SE from fitting) of bonding

interface in the absence (red) and presence (blue) of force as well as their average (gray).

Average numbers of H-bonds were determined as mean value for each Gaussian distribution

at each titling angle. All colored dashed lines are linear fits. Source data are provided as a

Source Data file.
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as one of the fitting parameters. The validity of asymmetric stretching of TCR was checked by
the linear relationship between the two angles. All error bars present SE derived from fitting

of the model to Mean = SEM of bond lifetimes. Source data are provided as a Source Data file.
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Supplementary Figure 5 | Determining the number of clusters in parameter space. a
Definitions of the i-th point-to-centroid Euclidean distance (blue line) and of the within-cluster
sums of square point-to-centroid distance when the number of clusters is 1. All error bars
present SE derived from fitting of the model to Mean + SEM of bond lifetimes. b Sum of all
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(blue dotted-line). Source data are provided as a Source Data file.
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Supplementary Figure 6 | Lack of correlations between best-fit parameters of the two-
pathway model and T cell function. a-d Correlation plots of 1/kg p1 (a), 1/kgp2 (b), 801
(¢), and &g 7 (d) vs % changes in effector function. T cell effector function was defined by the
peptide dose required to achieve half-maximal proliferation (1/ECso) of OT1 T cells (blue) or
to generate 40% B cell apoptosis (1/ECs0)*® for 3.L2 T cells (red), or the area under the dose
response curve (AUC) of 2B4 hybridoma IL-2 production?! (orange). Color-matched solid
lines are linear fits for the indicated TCR—-pMHC systems. Also indicated are the slopes and R?
values. e-l Correlation plots of 1/Kkg 1 (e, i) 1/kgp2 (£, j), 8051 (g, k), and 8p 5 (h, 1) vs the
intensity of catch bond evaluated from the indicated class I (e-h) or class II (i-1) datasets. Solid
lines are linear fits, which are color-matched to indicate the ‘potency-’ or ‘mutation-’ related
datasets for the class I system. All error bars of points present SE derived from fitting of the
model to Mean = SEM of bond lifetimes (Supplementary Table 4). Source data are provided

as a Source Data file.
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Supplementary Figure 7 | Characterization of the energy landscape of TCR—-pMHC-II
dissociation. a-d Plots of transition state location 8" (a, ¢) and height of energy barrier AG* (b,
d) vs force F for changing 8 and n* (a, b) or §, and n* (¢, d) while keeping 8, = 1.2 nm (a,
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theoretical curves. Source data are provided as a Source Data file.
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Supplementary Figure 8 | Correlation of metrics of TCR—pMHC-II bond lifetime vs force
curves with T cell biological activity. a-c Dimensional metrices, tpeak (2), AF (b) and
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Supplementary Figure 9 | Comparing fitting curves of class I and class II models to the
same data. a-j Fitting of theoretical 1/k(F) curves predicted by the class I (blue) or class II
(red) model to experimental lifetime (points, Mean £ SEM from at least n > 20 bond lifetime
data per each force bin) vs force data of TCR bonds with pMHC-I (a-g) or pMHC-II (h-j)
ligands, as described below (partly presented in Supplementary Fig. 1, re-analyzed from Refs.
415192224y OT1 (a) or 2C (b) TCR expressed on either CD8" naive T cells or CD4"CD8*
thymocytes interacting with indicated p:H2-K*a3A2; WT or mutant 2C (¢) or 1G4 (d) TCR
expressed on hybridomas interacting with indicated peptides presented by WT or MT H2-K®
or HLA-A2. B13.C1 and B17.C1 TCR expressed on hybridomas interacted with NP3ss bound
to the D227K MT of H-2DP to prevent CD8 binding (e). P14 TCR expressed on CD8" naive T
cells interacting with indicated the D227K MT of H-2DP to prevent CD8 binding (f). Soluble
N15 TCRo interacting with indicated p:H2-K" (g). 3.L2 TCR expressed on CD4CD8" T cells
interacting with indicated p:I-E* (h). E8 TCR expressed on CD4" Jurkat cells interacting with
TPI:HLA-DR1 or TPI:HLA-DRI1 expressed on THP-1 cells interacting with E8 TCR (i). WT
or MT 2B4 TCRs expressed on CD4 hybridomas interacting with K5:I-E* (j). See
Supplementary Table 3 and 6 for lists of the interacting molecules. Source data are provided

as a Source Data file.
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Supplementary Figure 10 | Comparison of goodness-of-fit measures among the class I and
IT models and the two-pathway model to class I and class II data. a-b Residual sum of
squares (RSS, a) and Chi-square values (x?, b) obtained using three models — two-pathway
model (black), TCR—-pMHC-I model (red), and TCR—-pMHC-II model (blue) — to fit pMHC-I
data. c-d Residual sum of squares (RSS, ¢) and Chi-square values (2, d) obtained using three
models — two-pathway model (black), TCR-pMHC-I model (red), and TCR-pMHC-II model
(blue) — to fit pMHC-II data. Individual scattered points, median, 25%, 75% and 5%, 95%
whiskers are shown. Statistical tests were done using two-sided paired 7 test. Source data are

provided as a Source Data file.
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Supplementary Figure 11 | Examples of gating strategy for flow cytometry. Naive T cells
expressing 2C TCR and CD8 from 2C transgenic mice were stained with PE-anti-CD69 and
PE-cy7-anti-CD25. Samples were first gated on FSC-A vs SSC-A followed by a secondary

gate for single cells based on FSC-A vs FSC-H.
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Supplementary Figure 12 | Comparison of pMHC interactions with cell surface and
soluble TCRs. a Schematics of three biomembrane force probe (BFP) experiments. The BFP
were set up in three configurations (upper row) depending on the molecular systems tested
(lower row). In the first configuration (left column), the pMHC was coated on a BFP bead (/ef?)
and the TCR-CD3 complex was expressed on a T cell (right). In the second configuration
(middle column), the purified TCRaf3 was coated on a BFP bead (/eft) and the pMHC was
expressed on an APC (right). In the third configuration, the pMHC was coated on a BFP bead
(left) and the purified TCRa3 was coated on a glass bead (right). The TCR—pMHC complexes
were drawn based on the cryoEM structure with CD3 (6JXR) or crystal structure without CD3
(2CKB). b-c¢ Fitting of theoretical 1/k(F) (curves) to experimental bond lifetime vs force data
(points, Mean = SEM from n > 50 bond lifetime data per each force bin) of the following

interactions: OT1 or 2C TCR respectively expressed on CD8" naive T cells (red) or CD8"



hybridomas (green) or coated on beads (pink for OT1 and yellow-green for 2C) respectively
interacting with OVA:H2-K°a3A2 or QL9:H2-L%m3), both MHC class I molecules?? (b) or
of E8 TCR expressed on CD8 Jurkat (sky-blue) or coated on beads interacting with TPI:HLA-
DR1, a MHC class 11, coated on beads (blue) or expressed on THP-1 cells (purple)** (¢). d
Comparison of the catch bond intensity (fop) and best-fit parameters 8, (middle) and 6
(bottom) evaluated from data in b and ¢ of TCR—pMHC interactions measured using the three
configurations depicted in a. All error bars present SE derived from fitting of the model to

Mean + SEM of bond lifetimes. Source data are provided as a Source Data file.



Supplementary Table 1 | Summary of model constants

Parameters Symbol Value Reference
Elastic modulus of the folded globular domain Eq4 100 pN 2
Average contour length l. 0.36 nm 68
Persistence length L 0.39 nm 68
Elastic modulus of polypeptides Ey 50 uN 8
TCR : peptide : MHC dy . (nm)? dcop,c (nm)* o (©)
OT1:peptide:H2-K" 11.6 3.4 23.6
2C:peptide:H2-K® 12.7 3.7 13.8
2C:peptide:H2-L4(m3) 10.9 3.7 5
1G4:peptide:HLA-A2 12.3 3.7 13.3
P14:peptide:H2-DP 12.7 3.4 15
B13.C1, B17.C1, B17.R1, B17.R2:peptide:H2-D" 12.5 3.4 15
N15:peptide:H2-K® 11.6 3.4 23.6
3.L2:peptode:I-E¥ 12.3 34 N.A.
E8:peptide:HLA-DR1 12.3 3.4 N.A.
2B4:peptide:1-EX 12.3 3.4 N.A.

" Force-free extension of bound state

* Force-free length of TCRap constant domain

' Angle shown in Fig. 2b and Supplementary Figure 4

N.A. indicates not applicable.




Supplementary Table 2 | An example of finding the best-fit parameters for OT1 TCR-

OVA:H2-KPa3A2 bond

n’__ dg (om) 6 () n’l; (nm) 6, (nm) 8o (nm)’ ko (s
1 52 61.9 0.36 -0.8 0.7 4.84
2 5.1 59.7 0.72 -0.5 1.1 4.66
3 4.9 57.3 1.08 0.0 1.4 4.54
4 4.7 554 1.44 0.2 1.7 4.44
5 4.5 54.1 1.80 0.6 1.9 4.34
6 4.4 53.5 2.16 1.0 2.1 4.26
7 43 53.4 2.52 1.3 22 4.20
8 4.2 53.6 2.88 1.7 2.4 4.14
9 4.1 54.1 3.24 2.0 2.5 4.09
10 4.1 54.8 3.60 2.4 2.6 4.04
11 4.0 55.5 3.96 2.7 2.7 4.00
12 4.0 56.4 4.32 3.1 2.8 3.73
13 1.8 25.8 4.68 3.5 3.9 3.76
14 24 70.5 5.04 3.9 33 3.87

‘The fitting parameters derived from model (see Supplementary Model Derivation, Section A.3).




Supplementary Table 3 | TCR—pMHC-I bond summary and their best-fitting

parameters
. d,3; * error 0 * error 8¢ X error | ky xerror AGE % error
TCR eptide | MHCclass I | n* a3 0 0= 0
pep (nm) ) (nm) (s™) (ksT)
H2-KP
-
oT1 OVA wanonpzm | 11| 40%02 555408 | 27%04 | 40%05 124401
H2-KP
r
OT1 OVA wanonpzm) | © 40+05 | 349+101 | 11201 96+15 116+0.1
H2-KP
:
oT1 A2 wanohgzm) | 7 40+07 | 461+112 | 12+041 | 4105 12.4+0.1
H2-KP
;
oT1 G4 wanohgzm) | 2 0.4+0.2 100+32 | 08+03 | 34+04 12,6 + 0.1
H2-KP
-
oT1 E1 wanonpzm) | © NA. NA. 09+01 | 24:06 13.0+0.3
H2-KP
-
oT1 R4 wanonpzm) | © NA. NA. 10£03 | 20£0.1 131+0.1
; H2-KP
oT1 OVA waazmpem) | 7 1.7+03 200£29 | 17404 | 3312 12.6+0.3
. H2-KP
oT1 Q4H7 waazmpm) | 2 NA. NA. 04+02 | 43+08 124402
. H2-K®
oT1 Q4R7 waazmpzm) | ! NA. NA. 0.4 £0.1 38404 12.5+0.1
H2-K®
:
2C R4 wAzmpam) | 17| 4220 493%01 | 57+08 | 4729 123405
H2-K®
:
2 R4 (w3rohpam | 10| 3508 326492 | 2801 75412 118+0.2
H2-KP
;
2 dEVS wanonpzm | 1| 21%04 262406 | 55+01 | 344+63 103+0.2
H2-KP
-
2 L4 wanonpzm) | © NA. NA. 0.4 £0.1 38403 12.5+0.1
. H2-KP
2c R4 waazmpzm) | © 0.9 0.1 73+37 | 1.3£01 37404 12.5+0.1
. H2-K®
2 EVSV waazmpzm) | ! 0.1 £0.1 0.2+0.1 0.5+0.1 65405 11.9+0.1
. H2-KP
2 dEVS waazmpm) | 2 NA. NA. 05401 | 4707 12.3+0.1
_Kb
2 R4 H2-K 7 46+03 350+71 | 15+01 | 8977 116 £0.1
(hB2m)
H2-KP
2 R4 C-Clocked® | 10 | 1.1+0.1 129+01 | 38+01 | 136+1.1 112401
(hB2m)
Kb
2c EVSV H2-K 3 0402 6.0£0.2 14+04 | 90%53 116405
(hB2m)
b
2c L4 H2-K 2 0.2£0.1 32%23 | 08406 | 6916 119%0.2
(hR2m)
2C H2-KP
oo R4 (p2m) 6 0.6 +0.1 6410 | 24403 | 7.2+02 118+ 0.1
2C H2-K
NaoA R4 (o) 6 47+03 259%99 | 13%02 | 95+05 116+0.1
H2-KP
2 R4 aronppemy | © 47401 253+17 | 1.0£0.1 8.1+0.6 117 £0.1
H2-KP
2c R4 Kiabh opam) | 2 46+0.4 151+28 | 03+01 8.0£0.2 117401
H2-K®
2 R4 R7oA g2m) | © 1.0+0.1 146+03 | 28+03 | 133%05 112401
2C H2-KP
oo R4 Qronpemy | 4 0.3+0.1 34+06 | 14+0.1 6.9+0.2 11.9+0.1
2C H2-KP
NaoA R4 k14 gz | 0.8+0.2 50£22 | 29403 | 7202 118+0.1
H2-L9
B
2 QL9 maingem | 11 37402 428+32 | 46+10 | 8960 116+0.5
H2-L9
d
2 QL9 matngem) | 17+03 112+04 | 14205 | 176+58 10.8+0.1
1G4 9C HLA-A2 (hg2m) | 16 | 2.2+0.2 290+40 | 61+04 | 103+26 115+0.3




HLA-A2
164 9C RToA (om) | 13| 24%05 243+69 | 48+08 | 8103 117£041
HLA-A2
164 9C n2ast ey | 1 1320.1 175403 | 47+04 | 72409 11801
HLA-A2
1G4 9C Fov o) | 12| 17202 202+23 | 47+05 | 10328 115403
H-2D°
;
P14 | GP33410) | omrigmpzmy | 5 29402 213+45 | 16402 | 77+02 11801
H-2D°
;
P14 | GP33(AIM) | poiD sy | 17 | 2320 277406 | 63+03 | 10812 11.4£0.1
Gp33 H-20°
;
P14 wroa | ozzrompam | 2 32+01 130419 | 0601 | 41.9+33 101 £0.1
b
N151 VSV8 H2-K 17 | 3305 563+91 | 45+05 | 26853 10.5+0.2
(mB2m)
Kb
N151 L4 H2-K 16| 21£041 358+16 | 43+05 | 56+417 121409
(mB2m)
Kb
N151 SEV9 H2-K 0 NA. NA. 0.6+0.1 16+0.1 143402
(mB2m)
B13.C H-20°
S NPses o22ranpam) | 6 49402 467+35 | 13402 | 1706 133403
B17.C H-2D°
g NPses (22ringam) | 11| 4503 463+18 | 31407 | 9730 115404
BI7R H-2D°
1# NPses o22ranpem | © NA. NA. 06+02 | 0301 149+03
BI7R H-2D°
u NPses o22mengzm) | 2 03+02 04403 | 12402 | 0401 149402

PPurified recombinant TCRs coated on beads were used in BFP measurement.

*OT1 or 2C TCR expressed on CD4*CDS8* thymocytes were used.

fOT1, P14 or 2C TCR expressed on naive T cells from transgenic mice were used. In other cases, 2C
or 1G4 TCR expressed on 58 ' hybridomas and J76 Jurkat cells were used.

ISoluble mouse N15 TCRo3 was used to measure bond lifetime in optical tweezers'.

*Mouse TRBV TCRs (B13.C1 and B17.C1 with canonical docking orientation and B17.R1 and B17.R2
with reverse docking orientation) expressed on SKC hybridomas interacted with NPsg bound to the
D227K MT of H-2D" to prevent CD8 binding'®

*I1C mutation in f2m domain, G120C and C121S mutations in o. domain (H2-K®) were introduced.
N.A. indicates not applicable.

Note that the best-fit parameters were chosen by the procedure shown in Supplementary Table 2 or
determined as the parameter set with the closest §; value to §, as well as the smallest RSS. All errors
of fitting parameters are from the standard errors of bond lifetimes after optimizing the best-fit
parameters. All values were rounded to one decimal place.




Supplementary Table 4 | Two-pathway model summary and their best-fitting

parameters
TCR-pMHC class |
TCR peptide MHC class I ko;'fl Kop1 Sop1 Sop1 ko'_ﬁ’z Kopa 80,2 802
(s™) error (nm) error (s7) error (nm) error
oT1! OVA H2-K® 3.99 049 | -136 | 005 0.41 0.04 0.43 0.02
(a3A2/hB2m) : ' : ' ' : ' '
H2-KP
P -
OT1 OVA wanompzm) | 777 0.98 181 0.45 3.29 0.11 0.44 2.96
H2-KP
T -
OT1 A2 (wnohpzm) | 33 0.44 1.01 0.07 0.86 0.04 0.35 0.55
H2-KP
T -
OT1 G4 wahonpzm | 199 0.26 313 | 004 147 0.26 104 0.17
H2-KP
T -
OT1 E1 (nohpzm) | 03 0.09 232 147 2.01 0.57 0.95 0.49
H2-KP
:
OT1 R4 wanohpzm) | A NA. NA. NA. 2 0.74 0.91 0.35
. H2-KP
OT1 OVA (nompzmy | 302 077 | -084 | 004 0.35 0.01 0.33 0.03
; H2-KP
OT1 Q4H7 wnompzm | NA NA. NA. NA. 4.09 2.54 0.13 142
; H2-KP
OT1 Q4R7 wnompzm | NA NA. NA. NA. 3.44 1.81 0.16 147
H2-K®
T .
2 R4 (Aompzm | 289 | 1039 394 | 008 0.19 0.02 0.56 0.39
H2-K®
T -
2 R4 (wnompzm) | 609 0.93 113 | 003 0.28 0.03 0.56 0.25
H2-KP
T -
2C dEV8 waronpam | 1544 | 272 0.81 0.01 0.06 0.01 0.99 0.93
H2-KP
;
2C L4 wanohpzm) | VA NA. NA. NA. 3.85 2.81 0.36 0.68
; H2-KP
2 R4 wrompzm | 3% 034 | -026 | 004 0.13 0.01 0.75 0.63
; H2-K®
2 EVSV nompzm | 369 149 | 033 | o022 281 1.05 0.22 3.63
. H2-KP
2 dEV8 nompam) | 149 015 | -065 | 047 3.2 0.34 0.28 257
b
2 R4 H2-K 8.04 089 | -143 | 028 146 0.19 0.4 125
(hB2m)
H2-KP
2 R4 C-Clocked® | 1263 | 053 | -143 | 034 2.48 0.31 0.49 23
(hB2m)
H2-KP
2 EVSV 713 182 | -008 | o008 0.28 0.06 1.02 0.68
(hB2m)
_Kb
2 L4 H2-K 5.62 1.51 0 0.01 0.49 0.63 0.9 0.22
(hB2m)
2C H2-KP
o R4 (o) 5.27 033 | -127 | 001 279 0.32 0.41 2.06
2C H2-KP
NaoA R4 (2 7.91 034 | -1.21 0.74 163 0.38 0.56 145
H2-KP
2 R4 Qrongem) | 752 009 | -1421 | 151 2.83 0.12 0.29 2.42
H2-KP
2 R4 K146 tpzm) | 302 009 | -1.21 127 3.83 0.08 0.2 3.55
Ho-K®
2 R4 Rromqgom) | 1237 | 081 048 | 021 0.3 0.34 112 0.48
2C H2-KP
2o R4 Qrontgom | 32 0.29 15 23 426 0.3 0.29 3.67
2C H2-KP
Naoh R4 K146 g2y | BT 036 | -039 | 035 0.26 0.34 137 0.77
Ho-Ld
T -
2C QLo (mimpem) | 1418 29 224 | 002 0.19 0.01 0.53 0.35
H-La
d -
2C QL9 (mainpomy | 1591 | 042 082 | 014 2.02 15 0.47 0.05




1G4 9C HLA-A2 (hg2m) | 6.25 077 | -098 | 003 0.05 0.01 0.97 0.91
HLA-AZ

1G4 9C R7oA (o) 7.3 042 | -136 | 012 0.19 0.03 0.93 0.71
HLA-A2

1G4 9C n2sst ibemy | 88 119 | 201 0.67 0.82 0.16 0.4 0.58
HLA-A2

1G4 9C e 7.72 153 | -092 | 0.01 0.18 0.07 0.8 0.55
oMb

P14t | Gp33(41C) (Dzzl;Kz/Ewszm) 7.49 316 | -144 | 036 0.45 0.08 0.24 0.14
b

P14t | Gp3341M) (D22';;(2/z62m) 7.35 123 | 104 | 003 0.04 0.01 113 1.09
Gp33 H-2D°

T _

P14t | oy | oozvpem) | 12555 | 1212 277 | o016 6.12 1.21 0.19 472
Kb

N151 VSV8 (:[232Km) 3335 | 0.01 18 0.05 0.05 0.01 0.43 0.38
b

N151 L4 (zé_z}fn) 7.96 345 | -1.12 0.19 0.01 0.01 0.98 0.97
b

N15T SEV9 (:EZifn) NA. NA. NA. NA. 0.64 0.54 0.58 0.48
B13. H-20°

s NPses 2zvamgam | 429 026 | -254 | 043 0.32 0.04 0.14 0.14
B17. H-2D°

h NPses (22rangam | 1484 6.1 193 | o028 0.54 0.02 0.41 0.15
B17. H-2D°

o NPses o2amhpzm | NA NA. NA. NA. 0.35 0.01 0.61 0.26
B17. H-2D°

o NPses o22vempem | 029 0.01 0 0.01 0.02 0.01 0.78 0.76

TCR-pMHC class II

TCR peptide MHC class 11 kop1 ko p1 8op1 8op1 ko pz ko pz 8op2 8op2

(s error (nm) error (s error (nm) error

3.L2 Hb I-EX 154 018 | -157 | 0.16 0.16 0.01 0.39 0.22

3.L2 T72 I-EX 2.11 043 | -1.01 0.02 0.24 0.01 0.49 0.24

3.L2 A72 I-EX 425 183 | -008 | 034 0.32 154 0.58 128

3.L2 172 I-EX 277 002 | -024 | 013 113 0.54 0.23 0.36

ES TPI HLA-DR1 1754 | 253 | -039 | 002 0.29 0.24 0.58 0.53

ESP TPI HLA-DR1 1013 | 359 | -042 | 009 0.44 0.18 0.38 0.12

Eg* TPI HLA-DR1 53.00 | 879 A5 0.01 0.5 0.12 0.44 0.06

2,\185' K5 I-Ek 426 195 | 212 | 039 0.14 0.02 0.45 0.33

%/\E;f.' K5 I-Ek 5.99 017 | -164 | 012 0.06 0.01 0.81 0.74

2GB£' K5 I-Ek 9.53 228 | -188 | 012 0.18 0.01 0.51 0.32

2|_|B,j' K5 I-Ek 253 253 | -029 | 029 0.35 163 0.51 147

2’\18: K5 I-Ek NA. N.A. NA. NA. 258 235 0.32 0.1

PPurified recombinant TCRs coated on beads were used in BFP measurement.

*OT1 or 2C TCR expressed on CD4*CDS8* thymocytes were used.
fOT1, P14 or 2C TCR expressed on naive T cells from transgenic mice were used. In other cases, 2C

or 1G4 TCR expressed on 58! ! hybridomas and J76 Jurkat cells were used.

ISoluble mouse N15 TCRo3 was used to measure bond lifetime in optical tweezers'’.
*Mouse TRBV TCRs (B13.C1 and B17.C1 with canonical docking orientation and B17.R1 and B17.R2
with reverse docking orientation) expressed on SKC hybridomas interacted with NPss bound to the
D227K MT of H-2D" to prevent CD8 binding'®

*I1C mutation in f2m domain, G120C and C121S mutations in o. domain (H2-K®) were introduced.

“*The recombinant TCR coated to the BFP bead was tested against pMHC expressed on a THP-1 cell.
N.A. indicates not applicable.




Note that the best-fit parameters were extracted from equation (4) (two-pathway model) in the main
text. All errors of fitting parameters are from the standard errors of bond lifetimes after optimizing the

best-fit parameters.



Supplementary Table 5 | An example of finding the best-fit parameters for the 3.L2

TCR-Hb:I-EX¥ bond

) 6 k

* t * o\# * 1 0 0
Nyyc dB.I (nm) 0 ( ) n lc (nm) (nm) (nm)# (3.1)#
1 8.9 0.0 04 0.6 0.7 2.0
2 8.8 0.0 0.7 0.9 1.2 1.9
3 8.6 0.5 1.1 1.3 1.5 1.8
4 8.0 3.2 1.4 1.6 1.6 1.8
5 7.9 2.6 1.8 20 1.7 1.7
6 7.8 21 2.2 24 1.9 1.7
7 8.0 1.5 25 2.7 21 1.6
8 7.8 0.6 29 3.1 2.2 1.6

n* can be estimated from NpMHC-
*See Supplementary Model Derivations, Section B.



Supplementary Table 6 | TCR—pMHC-II bond summary and their best-fit parameters

TCR | peptide cll\:Is-IsCII n* dm( : rT:—:A)rror 0 i(f)rror 6‘0(1;] rir)ror ko (is _?;ror AG:FEki,; Tg)rror
312 | Hb |-EX 8 8.0+0.2 32+15 | 16+03 | 18%02 | 1320.1
32 | T72 |- 6 8.7+0.1 NA | 1201 | 26+03 | 12.9+0.1
32 | A72 |-EX 2 9.3£0.2 NA | 02+01 | 47+02 | 123+0.1
32 | 172 |- 2 9.1+0.1 NA | 0100 | 39:03 | 124:0.1
E8 TPl | HLADR1 | 4 8.5+0.1 38+04 | 1.0+03 | 502+48 | 99+0.1
E' | TPl |HLADR1| 4 7.9+0.1 85+05 | 1103 |51.0£105| 99+03
E§ | TPl |HLADR1| 8 7602 84+24 | 2404 | 114064 | 9.1+0.1
(ZNBFf') K5 |-EX 14 7503 67+12 | 25402 | 37+02 | 12501
(2\/5% K5 lEX | 16 7504 61+11 | 2904 | 49+67 | 122:09
(%;Bé) K5 |-EX 10 8305 03402 | 26+03 | 84+12 | 11.7+02
(ZNB:) K5 |- 0 N.A. NA | 03%01 | 26+06 | 129:03
(ZHBI\T') K5 |-EX 4 8.9+0.1 03401 | 07403 | 53+05 | 122+0.1

PThe recombinant TCR coated to the bead was tested against pMHC on the BFP bead.

*The recombinant TCR coated to the BFP bead was tested against pMHC expressed on a THP-1 cell.
N.A. indicates not applicable.

Note that the best-fit parameters were chosen using the procedure shown in Supplementary Table 5 or
determined as the parameter set with the §,(n") value closest to &, as well as the smallest RSS. All
errors of fitting parameters are from the standard errors of bond lifetimes after optimizing the best-fit

parameters. All values were rounded to one decimal place.
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