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T cell antigen recognition occurs through interactions between 
TCRs and pMHCs. The invariant co-receptors CD4 or CD8 
also bind pMHC class II or I molecules, respectively. This 

recognition is highly discriminative, because small differences in 
peptide sequence can induce distinctive phenotypic outcomes in  
T cells. Extensive studies have been devoted to these molecular 
interactions1. Nonetheless, understanding remains incomplete 
regarding how the TCR and/or CD4/CD8 interact with pMHC in 
situ, what measures of these interactions provide the most informa-
tive features to predict T cell behavior, how such interactions trans-
mit (and are regulated by) extracellular and intracellular signals, 
and how they drive T cell function and developmental fate.

Existing models of thymocyte selection are based on measure-
ments of TCR kinetics and affinity; for example, the TCR–pMHC 
dwell time determines the selection outcome2,3. The differences 
in TCR dwell times with positive- and negative-selection ligands 
measured with purified proteins in solution (3D measurements) 
are very small; however, signaling initiated by these ligands results 
in the survival or death of thymocytes2,4. Whereas making in situ 
measurements with TCRs and co-receptors on live cells (2D mea-
surements) is an important advance in kinetic analysis5–7, these 
measurements are made without externally applied force and assess 
bond quantity only and may miss key information required to pre-
dict all T cell behaviors8. Additional information can be found by 
measuring TCR–pMHC dissociation under force, a method assess-
ing bond quality and revealing TCR dynamic bonds, including catch 

bonds with agonist pMHCs, in which force prolongs bond lifetime, 
and slip bonds with antagonist pMHCs, in which force shortens 
bond lifetime, thereby amplifying the kinetic differences among 
TCR bonds with different pMHCs9–11. Furthermore, T cells exert 
endogenous forces on the TCR and CD8 in a manner dependent 
on the ligand and the protein tyrosine kinase Lck, thus supporting 
the physiological relevance of kinetic measurements under force12.

To find better predictors of thymocyte-selection outcomes, we 
made in situ measurements of the affinities, molecular stiffness13, 
and force-dependent lifetimes of the bonds of two panels of pMHCs 
with two TCRs and/or CD8, and the thymocyte forces exerted on 
these bonds. Our data suggest that mechanotransduction amplifies 
the ligand-discriminative power of the TCR, thus allowing for the 
outcome of thymocyte selection to be determined.

Results
TCR dynamic bonds distinguish negative- and positive-selection 
ligands. We used a biomembrane force probe (BFP)9 to measure the 
force-dependent lifetimes of single pMHC bonds on the surfaces 
of CD4+CD8+ double-positive (DP) thymocytes from OT1 TCR 
transgenic mice. The probe was coated with H2-Kb or H2-Kbα​3A2 
(in which the mouse α​3 domain was replaced with that of human 
HLA-A2 to abolish CD8 binding9) to present Q4H7, the strongest 
positive-selection peptide, or Q4R7, the weakest negative-selec-
tion peptide, in a panel of peptides mutated from the ovalbumin 
(OVA)-derived sequence SIINFEKL, previously identified with fetal 
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thymic organ culture4 (Fig. 1a). The OT1 TCR interactions with 
Q4H7 and Q4R7 presented by H2-Kbα​3A2 (denoted mQ4R7 and 
mQ4H7 hereafter) showed comparable slip bonds, in which the 
mean bond lifetime decreased monotonically with increasing force 
(Fig. 1b). CD8 interaction with VSV (RGYVYQGL) presented by 
H2-Kb (denoted wVSV hereafter), a noncognate ligand of the OT1 
TCR, showed short-lived slip bonds (Fig. 1b). We next used H2-Kb 
to present cognate peptides, thus allowing for interaction with TCR, 
CD8, and both (denoted total interaction hereafter); wQ4R7 formed 
a catch bond that prolonged lifetime at low forces, then transitioned 
to a slip bond at >​13 pN force, whereas wQ4H7 formed a short-
lived slip bond nearly identical to that of mQ4H7 (Fig. 1b). These 
data suggest that whether a ligand forms a CD8-dependent catch 
bond with the TCR at low force determines whether it is a negative-
selection ligand.

A shift in the negative-selection threshold has been observed 
in OT1.CD8.4 thymocytes2, in which the wild-type (WT) CD8 is 
replaced by a chimeric co-receptor consisting of the CD8 ectodo-
main fused with the CD4 cytoplasmic tail14. The interaction of 
wQ4H7 with OT1.CD8.4 thymocytes at low force changed from a 
slip bond to a catch bond (Fig. 1b), an observation correlating with 
the negative-selection-threshold shift that changed Q4H7 from a 
positive- to a negative-selection ligand. The interaction of wQ4R7 
with OT1.CD8.4 thymocytes showed a more pronounced, longer-
lived catch bond than that with OT1 thymocytes (Fig. 1b), a result 

corresponding to the Q4R7 change from the weakest negative-selec-
tion ligand for OT1 thymocytes to a stronger negative-selection 
ligand for OT1.CD8.4 thymocytes2. The interaction of mQ4H7 and 
mQ4R7 with the OT1.CD8.4 thymocytes formed slip bonds similar 
to those formed with the OT1 thymocytes (Fig. 1b), thus indicating 
that the catch bonds of wQ4H7 and wQ4R7 with OT1.CD8.4 thy-
mocytes depended on the chimeric CD8.4 co-receptor.

The cytoplasmic tails of CD4 and CD8 associate with Lck, 
which phosphorylates CD3 and consequently initiates signal-
ing. CD4 (and CD8.4) displays greater association with Lck 
(and hence has greater signaling ability) than CD8 (ref. 2). Our 
data suggested that enhancing the signaling of the TCR stabi-
lized its ligand binding. Because Lck activity regulates the for-
mation of CD8-dependent TCR–pMHC bonds at zero force7, we 
tested whether Lck activity might also regulate the prolongation 
of CD8-dependent TCR–pMHC bond lifetimes under force. We 
treated OT1 thymocytes with a Lck inhibitor15 and repeated the 
above measurements. In OT1 thymocytes, Lck inhibition had a 
minimal effect on the wQ4H7 bond lifetime but converted the 
catch bond of wQ4R7 to a slip bond (Fig. 1c). In OT1.CD8.4 
thymocytes, Lck inhibition converted the catch bond of wQ4H7 
to a slip bond but was unable to do so for wQ4R7 (Fig. 1c).  
Together, these data indicate that Lck’s signaling capacity and activ-
ity regulate the CD8-dependent conversion of the TCR–pMHC 
slip bond to a catch bond at the negative-selection border.
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Fig. 1 | Lck-dependent dynamic bonds of TCR and/or CD8 with Q4H7 and Q4R7. a, BFP setup (left) and schematic showing the interacting molecules 
(right). The BFP uses a pressurized red blood cell (RBC) as a force transducer with an attached glass bead to present pMHC. A thymocyte is aspirated by 
an apposing micropipette and driven to contact the bead. Scale bar, 5 µ​m. The pMHC on the BFP bead is coupled via biotin–streptavidin (SA) and interacts 
with the TCR–CD3 complex as well as the CD8 co-receptor on the DP thymocyte. b,c, Untreated (b) and Lck-inhibitor- or DMSO-treated (c) systems. 
From left to right, the first and second graphs show data from OT1 thymocytes, and the third and forth graphs show data from OT1.CD8.4 thymocytes.  
The first and third graphs show data for Q4H7, whereas the second and fourth graphs show data for Q4R7. Data are shown as mean ±​ s.e.m. of lifetime- 
versus-force plots of TCR bonds with Q4H7 or Q4R7 presented by H2-Kbα​3A2 (brown circles), total bonds with either peptide presented by H2-Kb  
(green squares), or CD8 bonds with VSV:H-2Kb (black triangles). Open and closed symbols denote untreated and Lck-inhibitor-treated systems, 
respectively. Open black squares denote DMSO-treated controls. The two total interaction curves in the third and fourth graphs in b are reproduced in 
the third and fourth graphs in c to facilitate direct comparison. The numbers of lifetime measurements per curve for different ligands are summarized in 
Supplementary Table 1a. Results of statistical tests on the trends of the curves of bond lifetime versus force and on their differences are summarized in 
Supplementary Tables 2a and 3a,b.
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Molecular stiffness distinguishes trimolecular from bimolecular 
bonds. The detection of the catch bond of wQ4H7 with the OT1.
CD8.4 thymocytes and that of wQ4R7 with both the OT1 and OT1.
CD8.4 thymocytes indicated the presence of TCR–pMHC–CD8 
trimolecular interactions in addition to TCR–pMHC and pMHC–
CD8 bimolecular interactions, because any linear superposition 
of two slip bonds cannot produce a catch bond, regardless of how 
their relative contributions are adjusted16. The finding that catch 
(hence trimolecular) bonds were formed only with negative-, but 
not positive-selection ligands, even though both contained CD8-
binding sites, prompted us to measure the molecular stiffness of 
TCR bonds from the same BFP experiment from which their life-
times were measured. Stiffness was measured from the increasing-
force segment, and lifetime was measured from the constant-force 
segment of the force-versus-time trace17 (Fig. 2a–d). Because the 
TCR–pMHC–CD8 bond can be viewed as a heterodimeric bond 
and modeled as two springs in parallel with an equivalent spring 
constant approximating the sum of the spring constants of its two 
monomeric members (Fig. 2e), the TCR–pMHC–CD8 bond was 
predicted to have a greater spring constant than the TCR–pMHC 
or MHC–CD8 bond13.

When we measured the interaction of wVSV with the OT1 or 
OT1.CD8.4 thymocytes, which yielded MHC–CD8 slip bonds, we 
obtained single-mode molecular spring constant (km) histograms 
(Fig. 2f). When we measured the interaction of mQ4H7 or mQ4R7 
with OT1 thymocytes, OT1.CD8.4 thymocytes, or OT1 thymocytes 
treated with Lck inhibitor, which yields TCR–pMHC slip bonds, 
we also obtained monomodal km histograms (Fig. 2g). These his-
tograms had statistically indistinguishable means and were well fit-
ted to Gaussian distributions (Fig. 2f,g), thus suggesting that they 
comprised bimolecular bonds. When we measured the interaction 
of wQ4R7 with the OT1 thymocytes and that of wQ4H7 or wQ4R7 
with the OT1.CD8.4 thymocytes—which yields catch bonds and 
includes TCR–pMHC, MHC–CD8, and TCR–pMHC–CD8 three-
bond species—we obtained bimodal km histograms (Fig. 2g). These 
histograms were statistically better fitted to double Gaussian distri-
butions than to single distributions; moreover, the smaller means 
were indistinguishable from, and the larger means were approxi-
mately two times greater than, the means of the monomodal his-
tograms of the TCR–pMHC or MHC–CD8 bonds (Fig. 2g), thus 
suggesting that they included both bimolecular and trimolecular 
bonds. These data demonstrate that molecular stiffness can distin-
guish trimolecular from bimolecular interactions.

When we measured the interaction of wQ4H7 with the OT1 thy-
mocytes and that of wQ4H7 or wQ4R7 with the OT1 thymocytes 
treated with the Lck inhibitor, which yields slip bonds, we obtained 
monomodal km histograms that were not statistically better fitted to 
double Gaussian distributions than to single distributions (Fig. 2g). 
This result indicated that these interactions yielded only biomolecu-
lar bonds, although the peptides were presented by H2-Kb, which 
could have formed TCR–pMHC–CD8 trimolecular bonds. Thus, 
the presence or absence of a stiffer subpopulation in the molecular 
spring-constant histogram correlated with the presence or absence 
of a catch bond.

In control experiments, monomodal histograms were observed 
for the interaction of wQ4H7 with DMSO-treated OT1 thymocytes 
and Lck-inhibitor-treated OT1.CD8.4 thymocytes (Supplementary 
Fig. 1), which form slip bonds. In comparison, bimodal histograms 
were observed for the interaction of wQ4R7 with DMSO-treated 
OT1 thymocytes or Lck-inhibitor-treated OT1.CD8.4 thymocytes 
and that of wQ4H7 with DMSO-treated OT1.CD8.4 thymocytes 
(Supplementary Fig. 1), all of which form catch bonds. Together, 
these data indicated that catch bonds resulted from TCR–pMHC–
CD8 trimolecular interactions. This finding suggests that whether a 
ligand forms a trimolecular bond with DP thymocytes determines 
whether it is a negative-selection ligand.

Thymocyte force distinguishes negative- from positive-selec-
tion ligands. Dynamic-bond and molecular-stiffness analyses 
require external force to be applied to the TCR and/or co-recep-
tor. T cells can also exert endogenous forces on the TCR and/or 
co-receptor via engaged pMHC or anti-CD3 antibodies12,18. To 
determine whether endogenous force could produce readouts of 
thymocyte fate, we placed DP thymocytes on glass surfaces bear-
ing pMHC tagged with a molecular-tension probe (MTP), which 
contains a DNA hairpin designed to unfold at a threshold tension 
and dequench a Cy5 fluorophore, thereby reporting a force above 
this threshold12,19 (Fig. 3a). The MTP experiment is exemplified 
by the fluorescence images (shown together with the bright-field 
and merged images) of OT1 thymocytes on surfaces coated with 
wQ4R7, wQ4H7, or wVSV tagged by MTP, at 13.1-pN threshold 
tension (Fig. 3b).

We measured the time course of single-cell fluorescence inten-
sity normalized to the initial value, which reports the changing 
number of pMHCs pulled by that thymocyte with >​13.1-pN force 
over time (Supplementary Videos 1 and 2), and compared data 
pairs obtained under different conditions to correlate with the TCR 
dynamic-bond type. On mQ4H7 and mQ4R7, which formed slip 
bonds with thymocytes regardless of whether OT1 or OT1.CD8.4 
cells were used and whether they were treated with Lck inhibitor, 
we observed similar rapidly decreased force signals (Fig. 3c). On 
wQ4H7 and wQ4R7, which form catch bonds with OT1.CD8.4 
thymocytes but slip bonds with Lck-inhibitor-treated OT1 thymo-
cytes, we observed similar force signals from the same cells, but 
the signals decreased less rapidly from the OT1.CD8.4 thymocytes 
than the Lck-inhibitor-treated OT1 thymocytes (Fig. 3d). When 
OT1 thymocytes were placed on wQ4R7, which forms catch bonds, 
the force decreased significantly less rapidly than when the thy-
mocytes were placed on wQ4H7, which forms slip bonds (Fig. 3d 
and Supplementary Videos 1 and 2). Thus, more sustained force 
correlates with catch bonds, and less sustained force correlates with 
slip bonds.

On wQ4H7, the pulling was more sustained by OT1.CD8.4 thy-
mocytes, which form a catch bond, than by OT1 thymocytes, which 
form a slip bond (Fig. 3e). The force signals from the OT1.CD8.4 
thymocytes were more sustained on wQ4H7, which forms a catch 
bond, than mQ4H7, which forms a slip bond (Fig. 3e). On wQ4H7, 
we observed more sustained pulling by DMSO-treated than Lck-
inhibitor-treated OT1.CD8.4 thymocytes (Fig. 3e), a result correlat-
ing with the catch bond of the former interaction and the slip bond 
of the latter interaction.

Together, these data indicate that thymocytes exert more sus-
tained endogenous forces on negative- than positive-selection 
ligands, a finding correlated with the ability of thymocytes to form 
longer-lasting trimolecular catch bonds with negative-selection 
ligands and shorter-lasting bimolecular slip bonds with positive-
selection ligands.

Force distinguishes negative-selection ligands in other TCR–
pMHC systems. Next, we tested additional peptides to cover a 
broader span of functional avidity on both sides of the negative-
selection threshold for the OT1 thymocytes2,4. With presentation by 
H2-Kbα​3A2 to prevent trimolecular-bond formation, we observed 
slip bonds for all peptides except for mOVA, which is known to 
form a catch bond with the TCR on naïve OT1 T cells9 (Fig. 4a). 
With presentation by H2-Kb to analyze total interactions, we 
observed catch bonds for negative-selection ligands (OVA and Q4) 
and a threshold ligand (T4), and slip bonds for positive-selection 
ligands (Q7 and G4) (Fig. 4a). We also observed slip bonds for two 
endogenous positive-selection ligands (Catnb and Cappa1)20,21 in 
their interactions with the TCR, CD8, and both (Fig. 4b). We tested 
another TCR (2C) and found that negative-selection ligands (SIYR 
and dEV8:H2-Kbm3) formed catch bonds, whereas positive-selection 
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the system compliance equals the sum of the compliances of the two springs. e, Mechanical model of the TCR–pMHC and MHC–CD8 monomeric 
complexes (one spring) and the TCR–pMHC–CD8 heterodimeric complex (two springs in parallel). f, Molecular-stiffness histograms of the bimolecular 
bonds of wVSV with CD8 on OT1 (left) or OT1.CD8.4 (right) thymocytes. g, Top and middle rows, data from untreated OT1 and OT1.CD8.4 thymocytes, 
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various molecular-stiffness measurements, fitting parameters and statistics for their comparisons are summarized in Supplementary Tables 4 and 5a.
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ligands (dEV8, EVSV, and p2Ca) formed slip bonds with 2C thymo-
cytes (Supplementary Fig. 2a). These experiments confirmed that 
whether a ligand forms a CD8-dependent catch bond with the TCR 
at low force determines whether it is a negative-selection ligand.

Furthermore, molecular-stiffness measurements showed mono-
modal histograms for all peptides presented by H2-Kbα​3A2 (Fig. 4c)  
and bimodal histograms for negative-selection ligands, but mono-
modal histograms for positive-selection ligands with presentation 
by H2-Kb (Fig. 4d). Similar results were obtained with the 2C TCR 
system (Supplementary Fig. 2b). We calculated the fractions of 
bimolecular (ϕb) and trimolecular (ϕt) bonds from the areas under 
the first and the second peaks of the bimodal histograms and found 
that ϕt increased with the ligand biological activity at the expense 
of ϕb (satisfying ϕb +​ ϕt =​ 1; Fig. 4e), thus suggesting that the tri-
molecular bonding is peptide dependent and hence TCR induced.

To examine the dissociation characteristics of the stiff and soft 
bonds, we fitted the survival probability of total bonds to a two-state 
model22 (Fig. 4f) based on the assumption that the total bonds con-
sist of two subpopulations: one short lived (fraction ω1) with a fast 
off rate (koff1) and one long lived (fraction ω2 =​ 1 – ω1) with a slow 
off rate (koff2). The best-fit ω2 increased with the ligand biological 
activity at the expense of ω1 (Fig. 4g), similarly to ϕt increasing with 
the ligand biological activity at the expense of ϕb (Fig. 4e). These 
results confirmed that whether a ligand forms a stiffer, longer-lived 
trimolecular bond determines whether it is a negative-selection 
ligand. Of note, this conclusion would not be affected by ligand 
densities, because they were adjusted to keep the adhesion frequen-
cies uniformly low (<​20%), a necessary condition for the lifetimes 
and spring constants to be measured predominately (>​89%) from 
single-bond events.
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Moreover, MTP experiments showed only background fluores-
cence intensity when OT1 thymocytes were placed on wVSV sur-
faces, higher Cy5 intensity on wCatnb, and the highest Cy5 intensity 
on wOVA surfaces (Supplementary Fig. 2c,d), thus indicating that 
ligand recognition by the TCR is required for these force signals. 
When OT1 thymocytes were placed on wOVA, which forms trimo-
lecular bonds, we observed that the force decreased significantly 
less rapidly than when the thymocytes were placed on mOVA 
(Supplementary Fig. 2e), which forms bimolecular bonds. We also 
confirmed these findings by using an MTP with a force threshold 
of 4.7 pN instead of 13.1 pN (Supplementary Fig. 2f–h). The Cy5 
signals diminished over time when thymocytes were treated with 
latrunculin A to disrupt actin filaments or the ROCK inhibitor 
Y-27632 to prevent myosin contraction (Supplementary Fig. 2i,j), 
as compared with the DMSO control, thus indicating that pMHCs 
were pulled by actomyosin-based forces generated by the thymo-
cytes, in agreement with prior reports12,23. The data in the present 
section confirm the conclusions from the three preceding sections.

Force amplifies the discriminative power of thymocyte negative 
selection. Force amplifies the discriminative power of naïve T cells 
by eliciting TCR catch bonds with agonist pMHCs and slip bonds 
with antagonist pMHCs9,10. Therefore, we asked whether force 
might have a similar amplifying role in thymocyte selection and 
whether such a role might depend on CD8. When we plotted the 

survival frequency of CD8+ single-positive (SP) thymocytes previ-
ously reported in fetal thymic organ culture assays4 against the bond 
lifetime measured at zero force with the thermal fluctuation assay24, 
we found that, for the same panel of peptides presented by H2-Kbα​
3A2 or H2-Kb, the rank order of the functional avidities matched 
that of the lifetimes of bimolecular bonds and total bonds (Fig. 5a,b).  
These plots showed a sharp separation at the border between the 
positive- and negative-selection ligands with very small differences 
in their mean bond lifetimes (Fig. 5a,b). Because there were exten-
sive overlaps among the exponentially distributed individual bond 
lifetimes of different ligands (Supplementary Fig. 3a), it remained 
unclear how thymocytes make a ‘live or die’ decision on the  
basis of the small mean bond-lifetime differences, a problem 
encountered in previous reports using 3D measurements to predict 
thymocyte selection2–4.

When we plotted the SP-thymocyte survival frequency versus 
total bond lifetime measured at 10–15 pN, we found that the differ-
ential mean bond lifetime across the selection threshold increased 
by 4.9-fold from the zero-force measurement, as shown by the wid-
ened gap between the weakest negative-selection ligand and the 
strongest positive-selection ligand (Fig. 5c). The gap was widened 
because force induced two distinct dynamic-bond types, depend-
ing on the positive-selection- or negative-selection-inducing poten-
tial of the ligands. wOVA, wQ4, wQ4R7, and wT4 interacted with 
both TCR and CD8, thus forming long-lived catch bonds, whereas 
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wQ4H7, wQ7, and wG4 interacted with only TCR, thus forming 
short-lived slip bonds (Fig. 5c).

Because the ability of a ligand to form a TCR–pMHC–CD8 tri-
molecular catch bond was regulated by Lck, we examined the plots 
of published functional avidity readouts2 versus bond lifetimes 
measured here with OT1.CD8.4 thymocytes, which have greater 
association between Lck and the co-receptor, as compared with 
OT1 thymocytes. Overlaying these data with those from the OT1 
thymocytes showed that the negative-selection threshold remained 
unshifted, and only the Q4H7 data point shifted from the left to 
the right side of the negative-selection threshold (Fig. 5d), because 
its bond lifetime was lengthened as its dynamic-bond type changed 
from a slip to a catch bond. The corresponding bond lifetimes of G4 
and Q4H7 with OT1.CD8.4 were also lengthened, but they stayed at 
their respective sides (left for G4 and right for Q4H7) of the selec-
tion border, thereby remaining positive (G4) and negative (Q4H7) 
selection ligands.

We plotted the mean bond-lifetime ratios of the threshold ligand 
T4 to other ligands versus force and observed that the positive-
selection-ligand plots displayed a high peak around 10–15 pN, 
whereas the negative-selection-ligand plots were insensitive to force 
(Fig. 5e). The reason for this result is that the T4 curve was similar 
to the catch-bond curves of the negative-selection ligands but dis-
tinct from the slip-bond curves of the positive-selection ligands. As 
such, the bond lifetimes of negative- and positive-selection ligands 
were discriminated by a two- to fourfold separation at 10–15 pN. 
Q4H7 changed from being a positive-selection ligand for the OT1 
thymocytes to being a negative-selection ligand for the OT1.CD8.4 
thymocytes, and its bond-lifetime-ratio curve changed accordingly 
(Fig. 5e). However, all bond-lifetime-ratio plots became insensitive 
to force when we used H2-Kbα​3A2 to present the peptides instead of 
H2-Kb (Fig. 5f), thus highlighting CD8’s role in facilitating the force 
amplification of TCR ligand discrimination.

We also used the adhesion frequency assay25 to test whether 
2D binding measurements at zero force could discriminate  

positive- from negative-selection ligands (Supplementary Fig. 3b–e).  
When we plotted the 2D affinity for bimolecular interactions 
side by side with published peptide–H2-Kbα​3A2 tetramer data4, 
we observed that, except for OVA, which had the highest affinity, 
the measurements were comparable for all positive- and negative-
selection ligands (Supplementary Fig. 3e), despite their >​100-fold 
variations in functional avidities4. When we converted the adhe-
sion frequency Pa of total interactions to average adhesion bonds  
<​n>​ =​ – ln(1 – Pa) and normalized it to pMHC density mpMHC, we 
observed a collapse of all binding curves except for those of wOVA 
and wVSV (Supplementary Fig. 3f). When we plotted the plateau 
level of the normalized total adhesion bonds (<​ntotal>​ /mpMHC) side 
by side with published 3D data measured with peptide–H2-Kb tetra-
mer4, we observed that, similarly to the 2D affinity, the normalized 
total adhesion bonds showed minimal differences between nega-
tive- and positive-selection ligands across the selection threshold 
(Supplementary Fig. 3g). These negative results obtained at zero 
force contrast sharply with the positive results obtained at 10–15 pN,  
thus indicating the importance of force in thymocyte selection.

Force enhances the accuracy of thymocyte selection. Thymocyte 
signaling was triggered by individual TCR bonds whose lifetimes 
were distributed multiexponentially (Supplementary Fig. 4). This 
observation predicted that a small difference in mean lifetime 
would translate into a large difference in the fractions of bond sur-
vival over time, which has been hypothesized to be a basis for cell 
fate decision3. However, the difference in dwell times between Q4R7 
and Q4H7 measured from tetramer4 and quantum-dot2 dissocia-
tion from TCR and CD8 was too small to produce a sufficiently  
large difference in their survival probabilities. Similarly, the  
survival-probability difference between wQ4R7 and wQ4H7 was 
too small, on the basis of their minute bond-lifetime difference at 
zero force (Fig. 6a). At 10–15 pN of force, the survival-probability 
curves of wQ4R7 and wQ4H7 became separated because a sub-
population of the wQ4R7 catch bond dissociated much more slowly 
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than the wQ4H7 slip bond (Fig. 6b and Supplementary Fig. 4a). In 
addition, the Q4H7 survival-probability curve changed from fast 
decay, as seen in the OT1 thymocytes (Fig. 6b), to slow decay in the 
OT1.CD8.4 thymocytes (Fig. 6c), thus yielding a much greater frac-
tion of longer-lived bonds and explaining the conversion of Q4H7 
from a positive-selection ligand for the OT1 thymocytes to a nega-
tive-selection ligand for the OT1.CD8.4 thymocytes.

To understand how catch bonds affect fate decisions in thymo-
cytes, we defined a metric for ligand discrimination by using the 
lifetime distributions of Q4R7 and Q4H7 bonds. We assumed that a 
thymocyte encounters an antigen-presenting cell (APC) that has an 
equal chance of expressing either ligand and that the two cells would 
form n single bonds in a row during this encounter. We calculated 
the combined success rate for the cumulative bond lifetimes exceed-
ing (Q4R7) and not exceeding (Q4H7) a threshold cumulative bond 
lifetime, tth, required to induce negative selection. This parameter, 
termed ‘selection accuracy’ (SA) hereafter, represents the likelihood 
of appropriate selection; i.e., the thymocyte would be negatively or 
positively selected if the APC expressed Q4R7 or Q4H7, respectively. 

As such, an SA of 0.5 would indicate an equal likelihood of induc-
ing or not inducing negative selection, regardless of the ligands, i.e., 
no discrimination, whereas an SA approaching 1 would indicate a 
100% probability of inducing negative selection by Q4R7 and not by 
Q4H7, i.e., perfect discrimination. Plotting SA versus tth for a range 
of n showed that, for a given n, the SA-versus-tth curve was biphasic 
rather than increasing monotonically (Fig. 6d). The reason for this 
result is that, for short tth, both ligands had similarly high probabili-
ties of accumulating >​tth bond lifetimes, which yielded small SA, and 
for long tth, both ligands had similarly low probabilities of accumu-
lating >​tth bond lifetimes, which also yielded small SA. Only in mid-
range tth did Q4R7 have a high probability, and Q4H7 have a low 
probability, of accumulating >​tth bond lifetimes that differentially 
did or did not induce negative selection in thymocytes, thus yield-
ing a peak in the SA-versus-tth curve (Fig. 6d). The peak SA increased 
with increasing n, reaching >​90% at n =​ 64 (Fig. 6d), thus indicating 
that the more information the thymocyte gathers by forming more 
TCR bonds with pMHC over time, the more accurate a selection 
decision it can make. This increasing trend in the SA-versus-tth plots 
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selected by wQ4H7 (false-positive rate, or 1 – selectivity) for a range of n. g, Youden’s J statistic (sensitivity +​ selectivity – 1), plotted versus the number n 
of serial bonds over which bond lifetimes accumulated for the indicated cases, by using the ROC curves in f and in Supplementary Fig. 5c.
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was greatly suppressed when CD8 binding was prevented or when 
force was decreased (Supplementary Fig. 5a), thus indicating the 
important role of force and CD8. In addition, as n increased, the 
SA-versus-tth curve shifted rightward toward a longer tth (Fig. 6d), 
because the greater the bond-formation number, the longer the 
expected cumulative bond lifetime. Of note, if we were to change the 
SA definition using the probability of n bonds to have at least one 
lifetime (instead of the cumulative lifetime of n bonds) to (Q4R7) 
or not to (Q4H7) exceed tth as the criteria for negative- or positive-
selection, respectively, then the SA-versus-tth curves would have the 
same properties, except for the right shift. Finally, for a fixed tth, the 
SA-versus-n curve was biphasic and had an optimal n value where SA 
reached maximum (Fig. 6e and Supplementary Fig. 5b). Because a 
certain amount of time is required to form a given number of bonds, 
an optimal n corresponds to an optimal time window. This result is 
consistent with previous reports that T cell triggering depends on 
two factors: cumulative bond lifetime and the time window within 
which the bond lifetimes are accumulated9.

The biphasic shape of the SA-versus-tth curves reflected a well-
recognized difficulty of the existing models of antigen discrimina-
tion: the inability to achieve high sensitivity while retaining high 
specificity26. To illustrate how force and CD8 overcome this diffi-
culty, we used the bond-lifetime distributions to calculate and plot 
the probability of a thymocyte being negatively selected by Q4R7 
(true-positive rate, or sensitivity) versus the probability of being 
negatively selected by Q4H7 (false-positive rate, or 1 – selectivity) 
for varying tth and a range of n (Fig. 6f and Supplementary Fig. 5c).  
These receiver operating characteristic (ROC) curves visually 
depict the discriminatory ability of SA: a suboptimal SA could be due 
to a low probability of negative selection by Q4R7 (low sensitivity 
or low true-positive rate) or a high probability of negative selection 
by Q4H7 (low selectivity or high false-positive rate). The upward 
and leftward shift of the ROC curve with increasing n showed the 
benefit of forming more thymocyte–APC bonds (Fig. 6f), an effect 
that was suppressed by decreasing the force to 0–5 pN or by pre-
venting CD8 binding (Supplementary Fig. 5c). As a single-value 
quantification of a ROC curve, we plotted Youden’s J statistic (sensi-
tivity +​ selectivity – 1 =​ difference between true-positive and false-
positive rates) versus the number n of serial bonds. In the presence 
of 10–15 pN force and with CD8 binding allowed, J increased with 
n and achieved >​80% at n =​ 64 (Fig. 6g). J increased much less with 
n when the force was decreased to 0–5 pN or CD8 binding was pre-
vented (Fig. 6g). Observations similar to those above made in the 
OT1 TCR thymocytes were also obtained in the 2C TCR thymo-
cytes (Supplementary Fig. 4c,d). Together, these data suggest the 
existence of a CD8-dependent, force-regulated checkpoint, which 
amplifies the differential bond lifetimes, thereby deciding thymo-
cyte survival or deletion.

Decreasing CD3 ITAMs weakens TCR–pMHC–CD8 trimolecu-
lar interaction. Because Lck phosphorylates immunoreceptor 
tyrosine-based activation motifs (ITAMs) on the cytoplasmic tail 
of CD3, we tested whether mutating CD3 ITAMs might decrease 
Lck signaling and decrease the TCR–pMHC–CD8 bond lifetime. 
We used thymocytes from OT1 transgenic mice homozygous for 
the 6 F knock-in mutation (OT1.6 F), in which the tyrosines in the 
six CD3ζ​ ITAMs were mutated to phenylalanines, thus resulting 
in a predicted 60% decrease in the signaling capacity of the TCR 
complex27,28. OT1.6 F thymocytes formed catch bonds with wQ4R7 
or wQ4 and slip bonds with wVSV, mQ4R7, or mQ4, similarly 
to OT1 thymocytes (Fig. 7a). At >​10 pN forces, however, wQ4R7 
and wQ4 formed shorter-lived bonds with OT1.6 F thymocytes 
than OT1 thymocytes, thus resulting in a leftward and downward 
shift of the OT1.6 F curves relative to the OT1 curves (Fig. 7b) and  
indicating that decreasing the number of signaling-competent 
ITAMs decreases the TCR–pMHC–CD8 trimolecular-bond lifetime.  

These results suggest that the dynamic bonds of pMHC with TCR 
and/or CD8 may be regulated by the kinase activity of Lck and/or by 
the docking to and phosphorylation of CD3 ITAMs by other intra-
cellular kinases, phosphatases, and their activators/inhibitors, such 
as Csk, SHP-1/2, and ZAP-70 (Fig. 7c,d)29–31.

Discussion
Dynamic-bond formation occurs at the ligand-binding sites of 
the TCR and CD8 ectodomains. Our data indicated that increas-
ing Lck association with CD8, inhibiting Lck kinase activity, and 
decreasing the number of CD3ζ​ ITAMs, which represent an Lck 
substrate, resulted in an enhanced, suppressed, and decreased 
ability, respectively, of TCR and CD8 forming a catch bond with 
pMHC. The intracellular regulation of the extracellular binding of 
a receptor has been observed in integrins and is termed ‘inside-out’ 
signaling32. The ability of Lck to regulate ligand binding of TCR 
and CD8 may be interpreted as inside-out signaling. However, in a 
manner distinct from integrin inside-out signaling, TCR does not 
always associate with Lck before binding the pMHC, and outside-
in signaling by the TCR does not require priming of the TCR to 
bind pMHC. Integrin inside-out signaling involves conformational 
changes. Although the mechanism of such TCR–CD8 inside-out 
signaling remains unknown, our data support a model involving 
cis- and trans heterodimeric interactions. Cross-junctional interac-
tions between T cells and the APC are trans interactions and include 
both TCR–pMHC and pMHC–CD8 bimolecular interactions and 
TCR–pMHC–CD8 trimolecular interactions. Lateral interactions 
on the T cell surface are cis interactions and include the intracel-
lular interactions of Lck with CD8 and CD3 and the extracellular 
CD8 interaction with the TCR, as mediated by the common ligand 
pMHC. As a kinase, Lck transduces TCR signals by phosphorylat-
ing CD3 ITAMs. Our data suggest that Lck can also connect the 
TCR and CD8 intracellularly and enhance their binding of pMHC 
extracellularly, i.e., serving as an adaptor. The dependence of the 
TCR–pMHC–CD8 catch bonds on the kinase activity of Lck and 
its docking sites on CD8 and CD3 indicates the interdependence of 
Lck’s dual role.

The Lck-inhibitor effect was dependent on the ligand’s biological 
activity, thus indicating that the efficiency of TCR inside-out sig-
naling depends on its outside-in signaling. After becoming a stron-
ger agonist for OT1.CD8.4 than OT1 thymocytes, Q4R7 retained 
its ability to form catch bonds in the trans interactions, despite 
the presence of the Lck inhibitor, thus suggesting that Lck inhibi-
tion cannot suppress the cis interaction. This observation can be 
explained by mass action, because the propensity of Lck binding to 
CD8 and CD3 is determined not only by their affinities but also by 
the amount of Lck associated with CD8. Thus, the trans–cis interac-
tion loop operates in a progressive rather than an all-or-none fash-
ion. Ligands at the negative-selection border may be most sensitive 
to Lck modulation. The sensitivity may decrease when the weakest 
negative-selection ligand becomes stronger, as in the case of Q4R7 
in the OT1.CD8.4 system. Lck inhibition may decrease the affini-
ties of Lck for CD8 and/or CD3, which may be compensated by the 
increased amount of CD8-associated Lck in the OT1.CD8.4 thy-
mocytes. Thus, the digital switch between catch and slip bonds of 
pMHC with TCR and/or CD8 appear to be regulated by the analog 
changes in the kinase activity of Lck.

Our data support a positive feedback loop that amplifies dif-
ferential ligand binding. Differential TCR–pMHC binding would 
transduce differential signals, which may induce differential 
Lck-mediated intracellular interactions between TCR and CD8 
and consequently bring them to different degrees of proximity 
to allow or prevent TCR–pMHC–CD8 intercellular interaction, 
thereby amplifying the differential TCR engagement times with 
different pMHCs. The proposed trans–cis interaction loop also 
suggests a physical mechanism of amplification. When either the 
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TCR–pMHC or pMHC–CD8 interaction in the trimeric complex 
dissociates, it may readily rebind, owing to the proximity of the 
dissociated TCR or CD8 to the pMHC in the remaining bimo-
lecular complex. This more favorable configuration may greatly 
enhance the rebinding rate to a level much higher than its original 
on rate, thereby increasing the avidity and prolonging the overall 
lifetime of the trimeric bond until both TCR and CD8 simulta-
neously dissociate. Alternatively, the formation of the trimolecu-
lar bond may induce conformational changes that better fit the 
interfaces of the TCR–pMHC, CD8–pMHC, or both arms, thus 
strengthening their stability.

Because cooperativity in biophysical interactions may result 
from cooperativity in biochemical signaling, TCR signaling 
can also be amplified by the prolonged TCR engagement and 
increased accessibility to active Lck29. Prolongation of the time 
that the TCR senses the antigen through trans and cis interactions 
may translate into signaling enhancement. Thus, the trans–cis 
interaction loop and TCR mechanotransduction signaling loop 
may be internally self-reinforcing, as well as cross-reinforcing 
between the two loops. This scenario may provide two levels of 
positive feedback and a synergistic mechanism for amplifying the 
TCR discrimination of different pMHCs, which are the shared 
element that provides the coupling between the cis and trans  
heterodimers.

The intracellular cis interaction has been supported by pre-
vious studies indicating the association of CD8 with TCR–CD3  

(refs. 33–35), a process that may be dynamically regulated by TCR–
CD3 stimulation33. Coimmunoprecipitation studies in Jurkat cells 
have suggested a molecular model that involves CD8-associated Lck 
binding to CD3-associated tyrosine-phosphorylated ZAP-70 via its 
SH2 domain30,36. Another possibility is that the SH2 domain of Lck 
may directly bind phosphorylated CD3 ITAMs37. CD3–ZAP-70–
Lck–LAT interactions have been shown to facilitate LAT phosphor-
ylation38. Given the abundance of CD3 ITAMs, the intracellular cis 
interaction may include both direct and indirect binding of Lck to 
CD3, thus manifesting the dependence of the TCR–CD8–pMHC 
bond on Lck kinase activity, Lck-CD8 association, and CD3 ITAM 
availability.

We suggest that the trans–cis interaction and signaling loops 
may set a criterion to distinguish ligands that induce distinct cell 
fates in thymocyte selection. This assertion is supported by the con-
current shifts in the selection threshold and the dynamic-bond type 
of the threshold ligands in the OT1.CD8.4 system. This assertion is 
also consistent with the observation that weaker negative-selection 
ligands changed to positive-selection ligands in the absence of CD8 
(ref. 39). This shift in the thymocyte negative-selection threshold 
agrees with our data on the importance of CD8, because all ligands, 
except for OVA, formed slip bonds with the TCR when CD8 binding 
was prevented. Of note, OVA behaves differently from self-ligands 
because it is the specific antigen of (and hence interacts strongly 
with) the OT1 TCR. Similarly, the super agonist SIYR is a special 
case in the 2C TCR system.
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Fig. 7 | Outside-in/inside-out loop of the TCR mechanotransduction apparatus. a, Mean ±​ s.e.m. of lifetime-versus-force plots of OT1.6 F TCR bonds with 
mQ4R7 and mQ4 (brown circles), CD8 bonds with wVSV (black triangles), and total TCR and/or CD8 bonds with wQ4R7 and wQ4 (green squares). The 
numbers of lifetime measurements per curve, and the results of statistical tests on the trends of the curves and on their differences are summarized in 
Supplementary Tables 1c, 2d, and 3b, respectively. b, Mean ±​ s.e.m. of lifetime-versus-force plots of total bonds of OT1 (green squares; from Figs. 1b and 
4a) and OT1.6 F (black squares) thymocytes with wQ4R7 and wQ4. The results of statistical tests on their differences are summarized in Supplementary 
Table 3c. c,d, Model of the outside-in/inside-out loop of the TCR mechanotransduction apparatus. The loop consists of two orthogonal heterodimeric 
interactions. The first is an extracellular trans interaction of TCR and CD8 with pMHC, which forms a cooperative trimolecular catch bond, although in the 
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(TCR recognition) to be modulated by the regulatory element (Lck and related molecules), thus resulting in inside-out signaling (d).
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We propose that this binary criterion represents a force-regulated 
checkpoint for bond quality and includes three aspects: catch bonds, 
trimolecular interactions, and sustained pulling. The mechanism of 
signaling-regulated catch-bond formation is distinct from previ-
ously studied mechanisms that involve only force-induced atomistic 
contacts at the interface of the two binding partners40. The phe-
nomenon of force-induced formation of a trimolecular catch bond, 
although the two arms of the heterodimeric interactions behave as 
slip bonds, is termed dynamic catch, and has been observed in the 
integrin α​5β​1–Thy-1–syndecan-4 trimolecular interaction16.

Our force-based thymocyte negative-selection model extends 
existing models3. Owing to stochastic dissociation of TCR–pMHC–
CD8 complexes, the probability of a complex remaining associated 
decreases exponentially, with its half-life or dwell time as the recip-
rocal decay rate. However, previous measurements at zero force 
by surface plasmon resonance41, tetramer technology4 or quantum 
dot–pMHC monomers2, yielded very small differential 3D half-lives 
across the selection border. This finding suggests that most TCR 
molecules would have overlapping engagement times with pMHCs 
across the negative-selection border, thus making discrimination 
difficult. On the basis of the suggestion of a computational study 
that co-receptor binding to MHC primarily enhances Lck delivery 
and has a minor effect on stabilizing the TCR–pMHC interaction42, 
a long dwell time of the TCR–pMHC bond has been proposed to 
allow it to scan a pool of CD8 molecules, each binding and unbind-
ing the TCR-engaged pMHC rapidly, to search for one CD8 that 
associates with an active Lck2. Our data indicate that Lck-mediated 
cis interaction enhances the trans interaction of CD8, allowing it to 
synergize with that of TCR. This effect may allow rebinding to the 
same pMHC by the same TCR and CD8 molecules, thereby length-
ening the total bond lifetime under force for negative-selection 
ligands and enabling initiation, prolongation, and accumulation 
of signaling events. In contrast, positive-selection ligands do not 
induce Lck-mediated TCR–CD8 cooperation, and force shortens 
the lifetime of the TCR–pMHC bond and consequently restricts 
signaling from occurring, sustaining, or accumulating, thus result-
ing in a distinct thymocyte fate.

Differential lifetimes of TCR dynamic bonds also induced dif-
ferential endogenous forces on TCR and CD8 bonds, thus provid-
ing yet another level of positive feedback and self-reinforcement. 
Of note, the MTP used here reported an active response of the cell 
induced by TCR and CD8 after they engage with pMHC. Bond 
formation, as governed by affinity and kinetics, does not produce 
force per se. Only when the cell signals to generate actomyosin-
based force and exert such force on the TCR and CD8 to pull on 
pMHC does the DNA hairpin unfold and dequench fluorescence. 
This mechanism is different from that of the BFP assay, in which 
force is applied externally on the TCR and/or CD8 to trigger sig-
naling. Because the TCR bond lifetimes were much shorter than 
the decay timescale for the thymocyte force, the force signals 
report pulling on intermittent bonds that form, dissociate, and 
reform over time, mimicking serial engagement that sustains 
signaling. The slower the decay in the force signal, the more sus-
tained the TCR signaling, which should directly correlate with 
the level of thymocyte activation and consequently translate into 
clonal deletion (negative selection) or survival (positive selection). 
Higher and more efficient calcium signaling can be generated 
by moving the pMHC-coated microsphere in a tangential direc-
tion to its contact surface with the T cell rather than the normal 
direction43. Although we used BFP to exert forces normal to the  
T cell surface, the purpose was to analyze TCR dynamic bonds 
and molecular stiffness to allow us to correlate (rather than trig-
ger) thymocyte-selection outcomes in vivo. Moreover, the DNA 
force probe reports tensile (not exclusively shear) force on the 
pMHC transmitted by the TCR and/or CD8, despite its unknown  
(possibly variable) directions in vivo.

Our findings regarding Lck and CD8 may be closely related 
to previous reports of ligand-dependent TCR–CD8 interaction33; 
Lck-dependent T cell response to lower-affinity pMHC31; and 
co-receptor-dependent MHC restriction44, antigen recognition33, 
and ligand-dependent thymocyte migration45. Future studies 
should further elucidate the mechanism of how slip bonds and 
catch bonds drive functional and developmental outcomes and 
the possible parallel role of CD4. Whether and how catch bonds 
contribute to the development of other subsets of T cells such 
as γ​δ​ T cells and regulatory T cells will be interesting follow-up 
questions.
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Methods
Cells and protein. OT1 and 2C TCR transgenic mice were housed at the Emory 
University Department of Animal Resources facility. Protocols were approved 
by the Institutional Animal Care and Use Committee of Emory University. OT1 
CD8.4 Rag−/− (Rag2); MHCII−/− (H2) (OT1.CD8.4) and OT1 Rag−/−; MHCII−/− 
transgenic mice were housed at the NCI, and OT1 transgenic mice homozygous 
for the CD3ζ​ζ​ 6 F knock-in mutation (OT1.6 F) were housed at the NICHD. OT1.
CD8.4 and OT1.6 F mice were shipped from the NIH to the Zhu laboratory on 
the day of the experiment. Preselected DP thymocytes46 were purified from a 
mouse thymus with CD53–CD4+CD8+ thymocyte enrichment by magnetic bead 
immunoaffinity cell sorting according to the manufacturer’s instructions (Miltenyi 
Biotec). Because CD53 expression and positive selection are strongly correlated, 
we used CD53 as a purification marker47. Recombinant pMHC monomers 
were from the NIH Tetramer Core Facility at Emory University. For analysis of 
OT1 DP thymocytes, the following peptides were synthesized and presented by 
C-terminally biotinylated (on the α​-chain) mouse MHC class I H2-Kb or its mutant 
H2-Kbα​3A2 (with the mouse α​3 domain replaced by that of human HLA-A2): 
chicken ovalbumin-derived peptide OVA257–264 (SIINFEKL, agonist and negative-
selection ligand) and its altered peptides4 Q4 (SIIQFEKL, weak agonist and 
negative-selection ligand), Q4R7 (SIIQFERL, weak agonist and negative-selection 
ligand), T4 (SIITFEKL, weak agonist and negative-selection ligand), Q4H7 
(SIIQFEHL, weak agonist and positive-selection ligand), Q7 (SIINFEQL, weak 
agonist and positive-selection ligand), and G4 (SIIGFEKL, weak agonist/antagonist 
and positive-selection ligand) as well as endogenous peptides F-actin capping 
protein A–derived Cappa192–99 (ISFKFDHL, positive-selection ligand)20,21 and  
β​-catenin-derived Catnb329–336 (RTYRYEKL, positive-selection ligand)21. In addition, 
vesicular stomatitis virus–derived nucleoprotein VSV52–59 (RGYVYQGL) bound 
to H2-Kb was prepared in the same way as noncognate ligand to test CD8 binding. 
For the 2C TCR, SIYR (SIYRYYGL, super agonist and negative-selection ligand), 
dEV8 (EQYKFYSV, agonist and positive-selection ligand), EVSV (RGYVYQEL, 
antagonist and positive-selection ligand), and p2Ca (LSPFPFDL, weak agonist and 
endogenous positive-selection ligand) peptides were bound to H2-Kb, H2-Kbα​3A2, 
or H2-Kbm3 (two mutations in the α​1 domain, Asp77Ser and Lys89Ala)48–50.

Coating pMHC on RBC/beads. These procedures were as previously described5,51. 
Briefly, human RBCs were isolated from the whole blood of healthy volunteers 
according to a protocol approved by the Institutional Review Board of the Georgia 
Institute of Technology after informed written consent was obtained from 
subjects. pMHCs were coupled to RBCs by biotinylation of cells with biotin-XNHS 
(Calbiochem) at pH 7.2 for 30 min at room temperature, incubation with 0.5 mg/ml  
streptavidin (Pierce) for 30 min at 4 °C, and a final incubation with pMHCs. For 
coating proteins on glass beads for BFP experiments, borosilicate glass beads (Duke 
Scientific) were first covalently coupled with mercapto-propyl-trimethoxy silane 
(United Chemical Technologies), then covalently linked to tetravalent streptavidin-
maleimide (Sigma-Aldrich) in phosphate-buffered saline, pH 6.8, by overnight 
incubation at room temperature. Streptavidinylated beads were then incubated 
with biotinylated pMHCs for 2 h at room temperature and finally resuspended in 
HEPES-buffered saline plus 0.5% bovine serum albumin.

Site-density measurements. Site densities of TCR, CD8, and pMHC were 
measured by flow cytometry5 with the following PE-conjugated antibodies:  
anti–mouse Vα​2 TCR monoclonal antibody (B20.1, BD Pharmingen), anti–mouse 
CD4 (RM-45, eBioscience), anti–mouse CD8 (53-6.7, BD Pharmingen),  
anti–mouse OVA257–264-bound H2-Kb (25-D1.16, eBioscience), anti–mouse H2-Kb  
(AF6-88.5, BD Pharmingen), and anti–β​2 microglobulin (S19.8, Santa Cruz 
Biotechnology). PE-conjugated rat IgG2a κ​ (eBioscience), mouse IgG2a (Santa 
Cruz Biotechnology), and hamster IgG3 λ​1 (BD Pharmingen) were used as isotype 
controls. Cells and beads were incubated with the appropriate antibodies at  
10 μ​g/ml in 100 μ​l of FACS buffer (PBS without calcium and magnesium, 5 mM 
EDTA, 1% BSA, 25 mM HEPES, and 0.02% sodium azide) at 4 °C for 30 min. 
The fluorescence intensity was measured with a BD LSR II flow cytometer (BD 
Biosciences) and calibrated with BD QuantiBRITE PE standard beads (BD 
Biosciences) to determine the site densities with the cell or bead surface area  
(154 μ​m2 for a thymocyte; 140 μ​m2 for an RBC; and 12.6 μ​m2 for a bead)5.

Adhesion frequency assay. The force-free 2D kinetics of pMHC interactions with 
TCR and/or CD8 was measured with micropipette adhesion frequency assays, 
as described previously25. In brief, a thymocyte and an apposing pMHC-coated 
RBC were manipulated to move in repeated approach–retract cycles for detection 
of adhesion events by the deflection of the RBC membrane (Supplementary 
Fig. 3b). For bimolecular interactions, the contact time (tc)-dependent adhesion 
frequency (Pa) was measured and fitted with a probabilistic kinetic equation25, 

= − − − −P m m A K k t1 exp{ [1 exp( )]}a r 1 c a off c , to derive an effective 2D affinity AcKa 
and 2D off rate koff with separately measured molecular densities (mr and ml). The 
curve fit used the least-mean-squares method (Excel Solver), and the parameters 
were evaluated from repeated experiments (n ≥​ 3) with different TCR and pMHC 
densities. For blocking of OT1 TCR or CD8, DP thymocytes were incubated with 
50 μ​g/ml anti–mouse TCR Vα​2 monoclonal antibody B20.1 and anti–CD8  
CT-CD8a, respectively, for 30 min in 4 °C before the experiment, and the 

monoclonal antibodies were continuously present in the experiment chamber at 
the same concentration7.

Thermal fluctuation assay. Thermal fluctuation assays were used to obtain more 
actuate measurements of the zero-force off rate koff, as described previously24. In 
brief, a pMHC-coated bead was attached to the apex of an RBC, and an apposing 
thymocyte was driven to near the bead, thus allowing intermittent contacts by 
thermal fluctuation to prompt bond formation between the two (Fig. 1a). With 
high-speed edge-detection analysis, bond formation and dissociation were 
identified by the decrease and resumption of the thermal fluctuations of the BFP 
bead, respectively24. Bond lifetimes (tb), i.e., from the instant of bond association 
to the instant of bond dissociation, were obtained from the displacement and s.d. 
analysis of the bead movement. In modeling the kinetic process as a single-step 
first-order dissociation of a single monomeric bond (one-state model, described 
below), the probability Pb of a bond formed at time 0 of surviving at time tb is 

= −P k texp( )b off b . The natural log was taken to linearize the exponential function, 
and the plot of ln(n events with a lifetime ≥​ tb) versus tb was fitted with a straight 
line. The koff was estimated from the negative slope of the fitted line or from the 
reciprocal of the average bond lifetime, koff =​ 1/<​tb>​ (ref. 52). The average bond 
lifetime <​tb>​ is the same as the dwell time and is related to the half-life of a bond by 
t1/2 =​ <​tb>​ ln2.

Force-clamp assay. The force-dependent kinetics of pMHC dissociation from the 
TCR and/or CD8 was derived from force-clamp assays of bond lifetimes with BFP, 
as described previously9. Briefly, after a short contact between a thymocyte and 
a pMHC-coated bead attached to an RBC, the thymocyte retracted to, and was 
held at, a desired force to wait for bond dissociation (Fig. 1a). Adhesion, if present, 
was detected by a tensile force caused by a bead displacement that stretched the 
RBC. The bond lifetime was measured from the instant when the force reached 
the desired level to the instant of bond dissociation (Fig. 2a). After dissociation, 
the program returned the thymocyte to the original position for the next cycle. 
For each ligand tested, bond lifetimes were collected in a range of forces and 
presented in five to seven bins as mean ±​ s.e.m. (each bin with n ≥​ 20, number of 
measurements for each curve in Supplementary Table 1). To affirm the condition 
for >​89% single bonds, the pMHC densities on the beads were controlled to keep 
the adhesion frequency <​20% (ref. 25).

When the kinetic process did not follow single-step first-order dissociation of a 
single monomeric bond, the bond-lifetime distributions were analyzed by using the 
survival probability (fraction of events with a lifetime ≥​tb) for each force bin, which 
was plotted versus tb and fitted with a one-state model for force-free interactions 
measured by the thermal fluctuation assay and a two-state model22 for force-
dependent interactions measured by the force-clamp assay. The two-state model, 
Pb =​ ω1 exp(–koff1tb) +​ ω2 exp(–koff2tb), contains two off rates, koff1 and koff2, and two 
associated fractions, ω1 and ω2 (ω1 +​ ω2 =​ 1), for the fast (subscripted 1) and slow 
(subscripted 2) dissociating states.

Molecular-stiffness analysis. The stiffness of molecular bonds was measured 
from the release-and-pull phase of BFP test cycles16,17 (Fig. 2a). The force-
versus-time data from the bead-tracking system (blue points in Fig. 2b) and 
the displacement-versus-time driver data of the piezoelectric-actuator with a 
capacitance-sensor feedback system (red points in Fig. 2b) were combined to 
obtain force-versus-displacement data (Fig. 2c). Two straight lines were fitted to 
the piecewise linear data, one for compressive forces (<​0) and the other for tensile 
forces (>​0), to obtain two slopes respectively representing the compressive stiffness 
of the thymocyte (slope1 =​ kc, assuming that the molecules could not support 
compression) and the tensile stiffness of a serially connected system (slope2 =​ ks) 
consisting of the thymocyte and the molecular bond (Fig. 2d). Hooke’s law for 
springs in series states that 1/ks =​ 1/km +​ 1/kc, where km and kc are the molecular 
stiffness and the cellular stiffness, respectively. Assuming that the cellular stiffness 
in tension equals that in compression16,17, we calculated km =​ 1/(1/ks – 1/kc) from 
each set of force-versus-displacement data (Fig. 2c). An ensemble of km values  
was analyzed via histograms and fitted by single or double Gaussian distributions 
(Figs. 2f,g and 4c,d, and Supplementary Figs. 1 and 2b).

DNA tension-probe experiment. The DNA-based MTPs were synthesized as 
previously described19. These MTPs were functionalized onto glass surfaces with 
an NHS–PEG–maleimide linker (JenKem Technology), then linked to pMHC 
with biotin–streptavidin coupling. Anti–mouse CD11a (LFA-1) antibodies were 
incubated with the MTPs in a 1:10 ratio to facilitate anchoring of thymocytes 
on the glass surface. These antibodies were not conjugated to MTPs and did 
not contribute to the fluorescence signal. OT1 thymocytes were injected onto 
the coverslips and allowed to settle for 5 min before imaging, then were imaged 
with a Zeiss LSM 710 confocal microscope at room temperature for a maximum 
of 30 min. During 30 min, we either acquired single snapshots of multiple spots 
containing thymocytes interacting with the functionalized surface or performed 
time-lapse imaging of single cells for 9 min. For Lck-inhibition treatment, cells 
were allowed to settle onto the coverslip containing 4 μ​M of Lck inhibitor for 5 min 
before being imaged in the presence of the inhibitor. For other drug treatments,  
20-min time-lapse imaging experiments were performed with 5-min intervals on 
the multiposition imaging module.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


Articles NaTuRe IMMunology

In agreement with findings from a previous report53, small numbers of 
thymocytes spread on glass surfaces, thus resulting in relatively low frequencies of 
Cy5-positive signaling <​10%). Nevertheless, thymocytes that did spread formed 
multifocal immunological synapses54, thereby allowing us to image single cells. 
After unfolding of the DNA hairpin, an increase in Cy5 emission intensity was 
detected, owing to the separation between the fluorophore and the quencher. 
Normalized Cy5 intensity was calculated from single-cell-sized ROIs colocalized 
with a thymocyte in bright field with high Cy5 intensity at the cell–glass interface 
(Supplementary Video 3). Image analyses were performed in ImageJ. The mean 
Cy5 intensity of this ROI was normalized to that of the same size ROI without any 
thymocyte in the background. Any mean Cy5 intensities above the VSV condition 
were considered the positive signal. For time-lapse images, normalized Cy5 
intensity was calculated from identical subcellular-sized ROIs on the basis of the 
accumulation of Cy5 signal (Supplementary Videos 1 and 2 and Supplementary 
Fig. 2c). For quantitative comparisons in the time-lapse images, the normalized 
Cy5 intensities at different time points were normalized to the initial time point 
(0 min). The frequency of Cy5-positive cells were calculated by dividing the 
number of all positive cells from all image frames by the total number of cells 
observed in all image frames. The threshold forces of the two DNA force probes 
were 4.7 and 13.1 pN, as calibrated by the BFP19. The surface density of the DNA 
force probe was measured to be 119/μ​m2 from rhodamine–DHPE calibration.

Selection accuracy, ROC curves, and Youden’s J statistic. From the acquired 
lifetime data of the two bordering peptides, Q4R7 and Q4H7, we calculated the 
combined success rate or selection accuracy SA, defined as the probability of a 
thymocyte in n binding events accumulating enough Q4R7 bond lifetimes to 
exceed a threshold cumulative bond lifetime, tth, required to induce negative 
selection and not to accumulate enough Q4H7 bond lifetimes to exceed tth, by 
Monte Carlo selection of lifetimes. We simulated 10,000 cumulative lifetimes for 
each tth and peptide within each force range. The families of SA versus tth or n plots 
in Fig. 6d,e and Supplementary Fig. 5a,b were calculated for force ranges of 0–5 pN 
and 10–15 pN as well as for WT and mutant pMHCs.

A ROC curve was generated by plotting the probability of a thymocyte being 
negatively selected by Q4R7 (true-positive rate, or sensitivity) versus its probability 
of being negatively selected by Q4H7 (false-positive rate, or 1 – specificity) for a 
range of tth and a fixed n. By varying the n value, we generated a family of ROC 
curves. Youden’s J statistic was calculated as sensitivity +​ specificity – 1.

Statistical analysis. Statistical analyses were performed on bond lifetime, 
molecular-stiffness, and thymocyte pulling data. For the bond-lifetime data, 
we addressed two types of questions with different statistical tests. The first 
question was the determination of dynamic-bond types, i.e., whether a given 
bond lifetime versus force curve behaved as a catch-slip bond or a slip-only bond. 
Curves suspected to behave as catch-slip bonds were divided into two segments of 
monotonically ascending and descending trends on the basis of visual inspection. 
If the ascending segment contained more than two force bins, it was analyzed 
by linear regression weighted with the reciprocal standard error of each bin. 
The significance of the ascending trend was assessed by comparing the slope of 
the regression line to zero slope with Student’s t test. A significant positive slope 
indicated a catch bond. Curves suspected to behave as slip-only bonds were 
directly analyzed by linear regression weighted by the reciprocal standard error 
of each bin. The significance of the descending trend was assessed by comparison 
of the slope of the regression line to zero slope with Student’s t test. A significant 
negative slope indicated a slip bond. When only the smallest force bin (measured 
with force-clamp assays) had a longer mean bond lifetime than that of the zero-
force bin (measured with thermal fluctuation assays), as in the cases of Figs. 1c and 
4b, unpaired Student’s t test was used to compare the scatter lifetime data between 
these two force bins to assess the significance of the apparent catch bond. The 
results are summarized in Supplementary Table 2.

The second question was whether two force-dependent bond-lifetime curves 
had similar or different trends, and if so, what the significant differences were. 
If two curves both showed slip-bond behavior, two-way ANOVA (analyzed in 
GraphPad Prism) was used to assess the significance of their difference. The results 
are summarized in Supplementary Table 3a.

If one curve behaved as a catch-slip bond but the other behaved as a slip-only 
bond, or both curves had catch bonds but showed relative shifts, ANOVA could 
not be used, because it is essentially the same as linear regression. To analyze 
cases in which at least one of the two curves was biphasic, we used an accelerated 
failure time model to compare the mean lifetimes between the two curves over a 

range of forces. We binned bond lifetime versus force scatter data points in equal 
spaces of force levels and fitted the lifetime distributions in each force bin with 
Weibull distributions, which are an extended form of, and are more flexible than, 
exponential distributions. Because the functional form of association between 
the force level and bond lifetime appeared nonlinear, we adopted a penalized 
spline-smoothing function to fit the curve of mean bond lifetime versus force. The 
differences in nonlinear patterns between groups were then compared on the basis 
of the significance of group and force-level interaction terms (including spline 
terms). The analysis was done in R (version: 3.4.2, with survival package)55. The 
results are summarized in Supplementary Table 3b.

The data in Fig. 7b were further analyzed to determine whether the two curves 
for catch-slip bonds obtained with OT1 or OT1.6 F thymocytes in each panel 
exhibited a significant relative shift. First, as a post hoc analysis, the mean forces at 
which the mean bond lifetime peaked in the two curves were compared with two-
sample t tests, to examine whether the two peak locations (of force) were different. 
Second, the slip phases of the curves were compared for the relative vertical shift. 
Each curve was fitted with quadratic regression, weighted by the reciprocal of 
the standard error of each bin. The significance of the shift was evaluated with 
Student’s t test. The results are summarized in Supplementary Table 3c.

For the molecular-stiffness data, we sought to determine whether the single 
or double Gaussian model better fit the molecular-stiffness histograms of total 
bonds. The goodness of fit of these models was assessed with the extra sum-
of-squares F test (analyzed in GraphPad Prism). The results are summarized in 
Supplementary Table 5.

For the pulling-force data, statistical comparisons between snapshots of 
initial forces pulled by thymocytes under two conditions were made with 
Student’s t test, whereas those between two time courses were made with two-way 
ANOVA (analyzed in GraphPad Prism). The results are indicated in Fig. 3 and 
Supplementary Fig. 2d,e,g,h,j.

Code availability. The software code supporting the findings of this study is 
available from the corresponding author upon reasonable request.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Software and code
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Data collection We used customized LabView software to collect the bond lifetime with various force ranges. 

Data analysis We used customized LabView software (version 8.6) to analyze the bond lifetime with various force ranges. For statistical analysis, we 
used Prism software GraphPad (version 5 & 7) for curve fitting, Student T-test, ANOVA, F-test analysis (Supplementary Table 3, 4, 5). We 
also used R (version: 3.4.2, with survival package) to determine catch or slip bonds criteria and to compare the differences in them 
(Supplementary Table 2).
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Life sciences study design
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Sample size No sample-size was pre-calculated. Our bond lifetime sample size was based on the pool data from BFP experiments which resulted in 
N=104-1351 for each ligand tested. All the sample size has been documented in Supplementary Table 1.

Data exclusions Since adhesion frequency was lower than 20%, we were confident that over 95% of bond lifetime events were single bonds. However, 
because some events could have been multiple bonds we excluded bond lifetime events that were significantly longer (>10 sec) that could 
drift over long time (Chen et al., Journal of Biological Chemistry, 2010, 12;285(46):35967-78)

Replication In order to test reproducibility, we had two independent people run the same condition which resulted in similar trend of force vs. bond 
lifetime plot.

Randomization The frequency of bond lifetime event was randomized by sequential approach and retraction cycles between the biomembrane force probe 
and the thymocyte in the apposing micropipettes.

Blinding We did not run blinding in our experiments due to complex in sample preparation. However, we had independent person other than the 
experimenter to analyze the data.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used We used PE-conjugated antibodies for site density measurement. Detail information is as following: anti-mouse Vα2 TCR 

monoclonal antibody (mAb) (B20.1, BD Pharmingen, San Jose, CA), anti-mouse CD4 (RM-45, eBioscience, San Diego, CA), anti-
mouse CD8 (53-6.7, BD Pharmingen), anti-mouse OVA257-264 (SIINFEKL) peptide bound H2-Kb (25-D1.16, eBioscience), anti-
mouse H2-Kb (AF6-88.5, BD Pharmingen), and β2 microglobulin (S19.8, Santa Cruz Biotechnology, Dallas, TX). 

Validation PE-conjugated rat IgG2a κ (eBioscience), mouse IgG2a (Santa Cruz Biotechnology), and hamster IgG3 λ1 (BD Pharmingen) were 
used as isotype controls to validate above antibodies.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals OT1 and 2C TCR transgenic mice (3-4 week old) were housed at the Emory University Department of Animal Resources facility 
and followed protocols approved by the Institutional Animal Care and Use Committee of Emory University. CD8.4 OT1 Rag-/- 
MHCII-/- (CD8.4) and WT OT1 Rag-/-MHCII-/- transgenic mice were housed at the NCI and OT1 transgenic mice homozygous for 
the CD3ζζ 6F knock-in mutation were housed in NICHD. CD8.4 and 6F mice were shipped from the NIH to the Zhu lab on the day 
of the experiment. 

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.
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