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The initiation of signaling in T lymphocytes in response to the binding of the T cell receptor (TCR) to cognate ligands is a key
step in the emergence of adaptive immune responses. Conventional models posit that TCR signaling is initiated by the phos-
phorylation of receptor-associated immune receptor activation motifs (ITAMs). The cytoplasmic tyrosine kinase Zap70 binds to
phosphorylated ITAMs, is subsequently activated, and then propagates downstream signaling. While evidence for such models is
provided by experiments with cell lines, in vivo, Zap70 is bound to phosphorylated ITAMs in resting T cells. However, Zap70 is
activated only upon TCR binding to cognate ligand. We report the results of computational studies of a new model for the initia-
tion of TCR signaling that incorporates these in vivo observations. Importantly, the new model is shown to allow better and
faster TCR discrimination between self-ligands and foreign ligands. The new model is consistent with many past experimental
observations, and experiments that could further test the model are proposed.

Tlymphocytes (T cells) play an important role in coordinating
immune responses to infectious pathogens. They express T

cell antigen receptor (TCR) molecules on their surfaces, which can
recognize peptides bound to major histocompatibility complex
(pMHC) molecules that are displayed on the surfaces of infected,
or antigen-presenting, cells. Sufficiently strong binding of the
TCR to peptide-MHC molecules can initiate TCR signaling,
which is a key step in T cell activation and the development of
adaptive immune responses.

Peptides derived from both the host proteome and pathogenic
proteins can bind to MHC molecules and can be expressed on the
surface of a cell. It is critical that productive TCR signaling result-
ing in T cell activation be initiated when pathogenic pMHC mol-
ecules (agonists) are encountered. T cells discriminate between
self-peptides and pathogenic peptides with high specificity and are
extraordinarily sensitive to minute amounts of agonists (1). Much
effort has been devoted to understanding the cellular machinery
and topology of the membrane-proximal signaling network that
enables T cells to exhibit these properties (2).

Because of processes that occur during development of T cells
in the thymus, TCRs expressed on mature T cells bind weakly to
some self-peptide-MHC molecules present on peripheral tissues
and antigen-presenting cells. These weak interactions generate
some signaling necessary for homeostasis and T cell survival but
are insufficient to initiate a full activation response by the T cell.
Full activation of the T cell requires a more complete and stronger
signal to initiate a cellular response. Although the details of the
molecular mechanisms differ, most postulated mechanisms for
the ability of TCR signaling to discriminate between agonists and
self-ligands are variants of Hopfield’s kinetic-proofreading idea,
which was first adapted for T cells by Hopfield and McKeithan (3,
4). In brief, one posits that a set of biochemical transformations
needs to be completed before productive downstream signaling
can ensue. The ligand that binds more strongly to the TCR has a

higher probability of remaining engaged for the time required to
complete these biochemical reactions. The ability to discriminate
between ligands that bind with only modestly dissimilar strengths
improves as the number of biochemical transformations to be
completed increases. Importantly, this mechanism requires that
the biochemical transformations be driven out of equilibrium,
which is true, as many of the transformations are phosphorylation
reactions that consume ATP.

The conventional picture (Fig. 1A) for the earliest steps in-
volved in the initiation of TCR signaling upon receptor engage-
ment are recruitment of a CD4 or CD8 coreceptor-associated ki-
nase, Lck, and subsequent phosphorylation of the tyrosine
residues in the cytoplasmic � and CD3 chain immunoreceptor
tyrosine-based activation motifs (ITAMs). Some models also in-
clude a step in which Lck is activated, while experimental work has
established that some fraction of coreceptors are associated with
already active Lck in the basal state (5–7). Using its tandem SH2
domains, the kinase Zap70 can bind to doubly phosphorylated
ITAMs with high affinity and selectivity. Lck phosphorylates and
activates Zap70, after which it can transautophosphorylate and
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activate other vicinal Zap70 molecules. Active Zap70 is required
for further downstream signaling events leading to ERK activation
and calcium increase (2).

Previous experimental evidence suggested that in vivo Zap70 is
already bound to doubly phosphorylated ITAMs in thymocytes
and unstimulated T cells (8). Importantly, however, the Zap70
molecules are not phosphorylated. These in vivo observations sug-
gest that the model described above, as well as its variants, needs
modification. Specifically, an appropriate model must describe
how continuous weak interactions with self-ligands in vivo (9, 10)

allow sufficient ITAM phosphorylation to result in binding of
Zap70 but do not allow activation of Zap70 to initiate down-
stream signaling. It is also important to understand how re-
moval of the kinetic-proofreading steps associated with ITAM
phosphorylation and binding of Zap70 impacts ligand discrim-
ination.

In this article, we describe computer simulations carried out to
explore a variant of a model we proposed in a recent review article
(2) to address these issues. Our results indicate that, indeed, this
model is consistent with in vivo observations. Furthermore, the

FIG 1 Models for early steps of TCR signaling. (A) In the conventional model, coreceptor CD4/CD8 binds to MHC when agonist peptide is bound. In the
absence of agonist pMHC, ITAM is unphosphorylated, and only in the presence of agonist peptide does ITAM become phosphorylated, leading to Zap70 binding
and subsequent activation. (B) In contrast to the conventional model outlined above, it has been shown that even in the absence of agonist pMHC, Zap70 is
bound to doubly phosphorylated ITAM but not activated. We suggest a mechanism by which Zap70 can bind to phosphorylated ITAM even in the absence of
agonist pMHC, but due to slow subsequent phosphorylation of Tyr319 on Zap70 by Lck and binding of Lck to this residue, full activation is prevented until
binding of agonist pMHC.
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new model is better at discriminating between self- and agonist
pMHC ligands than the conventional model. We describe how a
specific experiment could test the veracity of the model.

MATERIALS AND METHODS
To study the differences between the new proposed model and the con-
ventional model, we implemented a Gillespie algorithm (11–13) for sam-
pling trajectories of continuous time jump Markov processes. The Gil-
lespie algorithm is a means of sampling from the chemical master
equation. We detailed the biochemical reactions that can occur in both
models and calculated statistics over many realized stochastic trajectories.
For steady-state results, we averaged both temporally (with measure-
ments separated by a sufficiently long burn period) and over many real-
ized trajectories to calculate statistics based on the stationary distribution.
Details of all the calculations are outlined in Appendix S4 in the supple-
mental material.

RESULTS
Proposed signaling model and in silico approach. Our model
(Fig. 1B) is motivated by recent data showing that, after Zap70
binds to a doubly phosphorylated ITAM, Lck must first phos-
phorylate tyrosines 315 and 319 on Zap70 in order to convert the
latter molecule from its inactive to its active conformation (14).
We further postulate that Lck can then bind to tyrosine 319 with
its SH2 domain, consistent with previous experimental data (15),
thus stabilizing the active conformations of both Zap70 and Lck
and the entire complex. Active Lck and Zap70 can then further
activate other Zap70 molecules, enabling productive downstream
signaling. If the rate at which Lck phosphorylates and binds to the
Zap70 tyrosine 319 is lower than the rate at which the coreceptor/
Lck/TCR-pMHC complex dissociates, then Lck will not activate
Zap70 with high probability and productive downstream signal-
ing will not ensue. Even if tyrosine 319 were to be phosphorylated
by Lck, it would be transient, as phosphatases would rapidly de-
phosphorylate the tyrosine if Lck did not bind to it with its SH2
domain. More stable TCR-pMHC bonds, such as with an agonist
pMHC, result in a longer lifetime for the coreceptor/Lck/TCR-
pMHC complex, enabling activation of Zap70 following the
mechanism described above. Note that the proposed model is
consistent with experiments showing that the SH2 domain of Lck
plays a role in T cell activation and coreceptor function (16–19).

In our computational model, we lump the processes of Lck-
mediated tyrosine 319 phosphorylation and subsequent binding
via the Lck SH2 domain into one composite step. It is the kinetic
rate of these two sequential steps that is important. We have car-
ried out calculations where, upon recruitment to the TCR-pMHC
complex, Lck undergoes an activation step (according to some
studies), as well as calculations where some fraction of the core-
ceptors have active Lck associated with them and there is no acti-
vation step. The qualitative results for these two cases are the same.
The results shown in the text are for the latter model, in which
some fraction of coreceptors have active Lck, whereas results for
the model including Lck activation are shown in the supplemental
material (see Fig. S9 to S12 in the supplemental material).

To simulate the protein interaction networks outlined above
and sketched in Fig. 1B, we use the Gillespie algorithm for simu-
lating Markov jump processes (11–13). Details of the simulation,
including the simulation volume, the particular rate constants,
and the initial copy numbers of all the species used, are provided
in the supplemental material (see Appendix S4 in the supplemen-
tal material). To compare the properties of the conventional and

proposed signaling networks, we use the number of activated
Zap70 molecules as a proxy for productive downstream signaling.
We estimate steady-state probability distributions of activated
Zap70 when the network is stimulated by self-pMHC alone and
then when a small percentage (2 to 4%) of agonist pMHC is also
present. This is to mimic the fact that a very small number of
agonist pMHC molecules can trigger T cell responses (1, 20–26).
We carry out calculations over a wide range of values of the ratio of
the dissociation rates of the TCR from self-pMHC and agonist
(nonself-pMHC) ligands (koff,self/koff,nonself) to assess the ability of
the networks to discriminate between self and nonself. Steady-
state probability distributions are estimated by simulating long
trajectories and recording the number of activated Zap70 mole-
cules periodically (details of the simulation protocol are in Appen-
dix S4 in the supplemental material).

To quantify signal discrimination, we calculate the relative in-
crease in the average number of activated Zap70 molecules upon
the introduction of a small quantity of agonist ligands. This is a
reasonable metric because, following the intuition of Weber’s law,
we expect biological systems to respond to the percent change in
phosphorylated Zap70 as opposed to the absolute magnitude of
the increase. We also compute receiver operating characteristic
(ROC) curves, which measure the relative extents of true and false
positives (see Appendix S1 in the supplemental material for de-
tails) to further examine ligand discrimination by the conven-
tional and new models.

The new model recapitulates in vivo observations. Upon
scanning the values of unknown kinetic parameters, we could not
find a set of values for which the conventional model could repro-
duce the in vivo observations that ITAMs are mostly phosphory-
lated, Zap70 is bound to them, and Zap70 is not phosphorylated.
The conventional model can exhibit a high degree of ITAM phos-
phorylation, with Zap70 bound upon stimulation with self-
pMHC alone, but we found that in these circumstances, much of
the bound Zap70 is also phosphorylated (Fig. 2). The new model
also exhibits a substantial amount of Zap70 bound to phosphor-
ylated ITAMs upon stimulation by self-pMHC alone, but only a
negligible fraction of the bound Zap70 molecules are phosphory-
lated (Fig. 2). Thus, the topology of the new model can recapitu-
late the in vivo observations, but the conventional model cannot.

An intuitive explanation for these results is that if the parame-
ters are chosen so that stimulation with self-pMHC molecules
results in efficient ITAM phosphorylation and binding of Zap70,
there is no mechanism to prevent Zap70 from becoming fully
activated once it is recruited. The new model is successful in reca-
pitulating the in vivo observation because we introduce a kinetic
bottleneck, the phosphorylation of tyrosine 319 on Zap70 fol-
lowed by binding of Lck to the residue via its SH2 domain, which
is necessary for downstream signal propagation. The kinetic-
proofreading steps of ITAM phosphorylation and recruitment of
Zap70 are replaced by Lck-mediated phosphorylation of tyrosine
319 and binding. Note also that once this sequence of events oc-
curs, it can act like a positive-feedback loop, since Zap70, now held
in its active conformation, and localized Lck, whose occupied SH2
domain ensures its continued activity, can phosphorylate other
Zap70 molecules and unphosphorylated ITAMs, as well.

As noted above, we have carried out calculations for two vari-
ants of the models, one in which Lck is activated upon recruitment
to the TCR-pMHC complex and another in which only a certain
fraction of coreceptors are associated with active Lck but there is
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no Lck activation step upon recruitment to the receptor. Figure S9
in the supplemental material shows that the qualitative results are
the same for both models.

The new model is better at discriminating between self-li-
gands and agonist ligands. The new model results in a far larger
percent increase in activated Zap70 upon introduction of a small
fraction of agonists (Fig. 3), indicating that it is better at ligand
discrimination.

We found that the results shown in Fig. 2 and 3 are robust to
variations in the off rate of TCR from self-ligands (koff,self) and the
rate at which Lck phosphorylates tyrosine 319 and binds to it
(kopen), as long as the latter process is slower than the former.
When this condition holds, the new model is better at ligand dis-
crimination (Fig. 4a) and Zap70 molecules bound to ITAMs upon
stimulation with self-pMHC are not phosphorylated (Fig. 4c).
The results shown in Fig. 4b demonstrate that, as expected, chang-
ing the rate kopen does not change the fraction of ZapP70 mole-
cules bound to phosphorylated ITAMs upon stimulation by self-
ligands alone. This robustness implies that it is possible to find
kinetic parameters such that kopen is less than koff,self and to use
experimentally known Zap70 binding kinetics to robustly obtain
the results we describe.

While these results show that at steady state the new model
exhibits a larger percent increase in activated Zap70, we also
wished to show that the model achieves this response quickly. This
is an important metric to consider, because if the new model out-

performs the old one at discriminating between ligands but
achieves this goal in an unreasonable amount of time, it would not
reflect reality (since membrane-proximal signaling occurs quickly
[27]). We calculated the average relative change in activated
Zap70 as a function of time after the introduction of a small per-
centage of agonist pMHC. We found that the new model responds
faster to cognate ligands (Fig. 5). This is because, upon stimulation
by agonists, the kinetic bottleneck is released, and since largely
unphosphorylated Zap70 molecules were already bound to the
ITAMs, they are rapidly phosphorylated. In the conventional
model, in the parameter regime where Zap70 is already bound to
ITAMs upon stimulation by self-pMHC, a large fraction of these
molecules are already phosphorylated. Therefore, the percentage
increase in phosphorylated Zap70 occurs slowly.

The new model is consistent with experiments showing that
inhibiting Csk enhances the sensitivity of T cells to weak ago-
nists but not strong agonists. Csk is a cytoplasmic tyrosine kinase
that negatively regulates Src family kinases (SFKs), such as Lck, by
phosphorylating an inhibitory site in the SFKs. Recent experi-
ments have demonstrated that increasing Lck activity by inhibit-
ing the catalytic function of a PP1 analog-sensitive Csk mutant
makes T cells much more sensitive to stimulation by weak agonists
but does not significantly alter their sensitivity to strong agonists
(28). To explore whether the new model recapitulates this obser-
vation, we assume that a threshold number of Zap70 molecules
must be phosphorylated for T cell activation. This is because the
number of phosphorylated Zap70 molecules is the proxy we are
using for productive downstream signaling. Increasing Lck activ-
ity by modulating Csk corresponds to increasing the fraction of
coreceptors that are bound to active Lck. We found that doubling
the fraction of coreceptors with active Lck increases the numbers
of phosphorylated Zap70 molecules for all ligands (Fig. 6, left).
However, weak agonists can now exceed the threshold number
required for T cell activation, whereas the strong agonists already
exceed this level of Zap70 phosphorylation with normal levels of
Lck activity (Fig. 6, right). Therefore, from the point of view of T
cell activation downstream of Zap70, Csk inhibition makes a qual-

FIG 2 The old model has less Zap70 bound in the absence of agonist pMHC
(a), and the percentage of bound Zap70 that is phosphorylated is much higher
than in the new model (b). Green lines, new model; blue lines, old model.

FIG 3 The new model exhibits a much greater percent change in activated
Zap70 after introducing a small fraction of agonist peptide into the system. The
percent change is calculated by allowing the system to reach steady state before
and after a small fraction of agonist peptide is added and calculating the aver-
age amounts of activated Zap70 in both cases. We calculated this measure of
discrimination for various ratios of self/nonself-pMHC-TCR off rates and
show that the new model outcompetes the old model for all such ratios. Green
line, new model; blue line, old model.
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itative difference for stimulation by weak agonists but not for
strong agonists. Thus, the predictions of our model are consistent
with the recently described experimental findings of Manz et al.
(28).

In a model where Lck is activated upon recruitment to the TCR
complex, we mimic the effects of inhibiting Csk by increasing the
rate of Lck activation. A 5-fold increase has the same qualitative
effect as that shown in Fig. 6, right, and allows weaker agonists to
exceed the threshold for activation. In Appendix S5 in the supple-
mental material, we describe calculations demonstrating that the
new model also incurs a lower metabolic cost for T cells.

Further experimental tests of the new model. The necessary
condition for the new model to exhibit the properties described
here is that kopen must be smaller than the off rate of self-peptide.
Excellent estimates for the rates of dissociation of TCR from self-
pMHC molecules are available. What is required is a measure-
ment of the rates at which Lck can phosphorylate tyrosine 319 on
Zap70 and subsequently bind to it with its SH2 domain (15, 29,

30). The rate of production of Lck bound to tyrosine 319 is encap-
sulated in kopen.

Another consequence of the new model should be enhanced
stabilization of the TCR-CD8-Zap70 complex upon engagement
of agonist ligands and productive signaling. Computational and
experimental work has shown the kinetics of CD8 to play an im-
portant role in T cell discrimination (23, 32). Because CD8 is now
effectively bound to the complex, not only through its interaction
with the pMHC, but also through the Lck-Zap70 bond, we expect
that an important feature of this model is that the off rate of CD8
from a TCR-pMHC will be effectively lowered. It is difficult to
determine exactly the extent of stabilization by this mechanism
because the binding affinity of Lck’s SH2 domain to phosphory-
lated tyrosine 319 on Zap70 is unknown. We made a conservative
estimate of the dissociation rate of the complex by using a discrete-
space Markov chain and finding the mean first passage time to
dissociation (details are available in Appendix S2 in the supple-
mental material). The inverse of the mean first passage time is the
rate of dissociation. Our rough estimate suggests that the off rate
of CD8 from the complex should be reduced by roughly a factor of
4 upon binding of Lck to Zap70 via its SH2 domain.

DISCUSSION

According to conventional models, TCR signaling is initiated by
the phosphorylation of ITAMs on �-chains. However, in vivo,
ITAMs are observed to be phosphorylated in resting T cells. In our
proposed model, the steady-state basal activity of Lck is sufficient
to allow significant ITAM phosphorylation in vivo, as in this cir-
cumstance, transient interactions between coreceptors, TCR, and
endogenous pMHC occur continuously. Thus, even though the
probability that one such interaction will lead to ITAM phosphor-
ylation can be small, the multitude of events allows a considerable
amount of ITAM phosphorylation. Evidence that such basal sig-
naling is ongoing is provided by the observation that stronger
interactions with endogenous pMHC allow more �-chain phos-
phorylation and more basal signaling by the TCR (9, 10). Al-
though Zap70 is bound to these phosphorylated ITAMs in vivo, it
is not in its active state. Unphosphorylated Zap70 is still autoin-
hibited as a consequence of the interaction between Tyr319 in

FIG 5 The relative change in active Zap70 as a function of time after stimu-
lation with a small amount (4%) of agonist peptide at time zero shows the new
model responds faster to stimulation. The calculations were based on the av-
erage of 5,000 trials after a burn time of 500 s with data collected every 0.1 s.
Green line, new model; blue line, old model.

FIG 4 (a) If the TCR-endogenous pMHC off rate (koff self) is greater than the rate at which Lck phosphorylates Tyr319 on Zap70 and binds to it (kopen), there will
be a significant increase in the amount of active Zap70 upon stimulation with a small amount of agonist peptide. (b) Changing the rate kopen does not change the
fraction of Zap70 that is bound at steady state in the absence of agonist peptide. (c) Negligible amounts of bound Zap70 are active in the regime for which koff self

is greater than kopen.
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interdomain B and the N-terminal catalytic domain. We propose
that Lck-mediated phosphorylation of Zap70 at Tyr319 relieves
the autoinhibited constraint imposed by Tyr319 on the N lobe of
the Zap70 catalytic domain, thereby leading to Zap70 activation.
Lck may also bind to Tyr319 via its SH2 domain, further stabiliz-
ing the active state of Zap70. In our model, the phosphorylation of
Tyr319 and the subsequent binding of Lck to it does not happen
upon interactions of the TCR with endogenous peptides, because
the rate at which these processes occur is lower than the off rate
characterizing TCR-endogenous pMHC bonds. Thus, in the rest-
ing state, Zap70 is not activated. However, when longer-lived ag-
onist pMHC-TCR bonds form, these processes can occur, leading
to activation of Zap70. Therefore, our model provides an expla-
nation for in vivo observations.

Our computational results show that, compared to the con-
ventional model, the model that we propose is better able to dis-
criminate between endogenous and agonist pMHC ligands under
in vivo conditions. This is because in the conventional model, it is
not possible to find a set of parameters wherein ITAMs are phos-
phorylated upon continuous interactions with endogenous
pMHC without Zap70 also being activated. Thus, there is only a
modest increase in active Zap70 molecules upon introduction of
agonists. The new model also leads to faster Zap70 activation
when agonist pMHC is expressed on antigen-presenting cells be-
cause there are fewer steps to complete. Also, our results show that
the new model is sensitive to small amounts of agonists present in
a sea of endogenous ligands, as observed in experiments (1, 7, 22,
24). Thus, our proposed model is consistent with in vivo observa-
tions and satisfies the key features of extraordinary selectivity and
sensitivity that characterize the earliest events in TCR signaling.

The model we propose is also not in conflict with recent com-
putational and experimental studies, which suggest that the half-
life of the TCR-agonist pMHC bond required for productive sig-
naling in vitro is set by the time scale associated with a coreceptor-
bound active Lck molecule finding a TCR bound to agonist ligand
(5). Our new model would posit that in vivo once this happens, the
next step is not ITAM phosphorylation, but rather, phosphoryla-
tion of Tyr319 on Zap70.

The binding of Lck to Tyr319 on Zap70 could also stabilize the
active conformation of Lck, localize it to the TCR-agonist pMHC
complex by hindering passive diffusion, and also stabilize the
TCR-pMHC-coreceptor complex (as seen in our calculations).
Stabilization of the active conformation of Lck promotes its ability
to further phosphorylate other Lck molecules and Zap70 mole-
cules associated with vicinal TCRs that are bound to other agonist
or endogenous ligands, thereby generating a positive-feedback
mechanism that could then overwhelm other, negative-feedback
loops that maintain the resting state. By this means, our model is
also in harmony with studies that suggest that signaling due to
TCR-agonist pMHC ligands is amplified by endogenous pMHC
molecules (6, 7, 23). The importance of Lck’s SH2 domain for its
function has also been emphasized by studies wherein CD4 core-
ceptor function was reconstituted in a Lck-sufficient antigen-spe-
cific hybridoma with CD4-Lck fusion proteins (17).

Tyr493 in the Zap70 activation loop is “preferentially” phos-
phorylated through transphosphorylation by Zap70 rather than
by Lck (30). Thus, the presence of multiple dimeric ITAMs may
serve to position pairs of Zap70 molecules across from each other
so that they can mediate transautophosphorylation and activation
following release from autoinhibition by Lck phosphorylation of
Tyr319. Triggering this positive-feedback loop may represent an
additional time scale that sets the threshold half-life of the TCR-
pMHC bond required for productive downstream signaling.

The importance of Zap70 autoinhibition involving the Tyr319
catalytic domain interaction is highlighted by a recent report of a
severe familial autoimmunity syndrome that results from the in-
heritance of compound heterozygous mutations (31). The two
affected children inherited a weak hypermorphic mutation in
Zap70, R360P, in the N lobe of the catalytic domain, which is
combined with a loss-of-function allele. R360P is predicted to
weaken the interaction of Tyr319 with the N lobe. This weak hy-
permorphic mutation exhibits increased sensitivity to TCR stim-
ulation and downstream signaling to Zap70 substrates in a recon-
stitution system. This mutation strongly supports the current
model and emphasizes the importance of the autoinhibitory
mechanism.

FIG 6 The new model recapitulates experimental observations with cells with enhanced Lck activation. The blue bars represent average levels of activated Zap70
when the number of coreceptor molecules with active Lck is 133, and the maroon bars correspond to doubling the amount of coreceptor with active Lck. The
graphs show dose curves of activated Zap70 as a function of the amount of agonist pMHC in the system. (Left) Dose curve for an agonist-TCR bond with an off
rate equal to 0.44 s�1 (a good agonist). (Right) Dose curve for the case where the off rate equals 5.0 s�1 (a weak agonist). The threshold amount of active Zap70
required for T cell activation is shown by the horizontal line. Increasing the Lck activity (by increasing the concentration of active Lck) has no effect on the
functional outcome for a good agonist, since all the conditions exceed the threshold. However, for a weak agonist, increasing Lck activity allows activation.
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While our model is consistent with many old and recent obser-
vations, our computational results suggest key experiments that
could test it further. A key assumption in the model is that the rate
of phosphorylation of Tyr319 on Zap70 by Lck and the subse-
quent binding of Lck to this residue via Lck’s SH2 domain is lower
than the off rate characterizing endogenous pMHC-TCR bonds.
Thus, a critical test of our model requires measuring the rate at
which Lck phosphorylates Tyr319 on Zap70 and subsequently
binds to it. We hope that such experiments will be possible in the
future.
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