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T cell signaling starts with assembling several tyrosine
kinases and adapter proteins to the T cell receptor (TCR),
following the antigen binding to the TCR. The stability of the
TCR–antigen complex and the delay between the recruitment
and activation of each kinase determines the T cell response.
Integration of such delays constitutes a kinetic proofreading
mechanism to regulate T cell response to the antigen binding.
However, the mechanism of these delays is not fully understood. Combining biochemical experiments and kinetic
modeling, here we report a thermodynamic brake in the regulatory module of the tyrosine kinase ZAP-70, which determines the ligand selectivity, and may delay the ZAP-70
activation upon antigen binding to TCR. The regulatory
module of ZAP-70 comprises of a tandem SH2 domain that
binds to its ligand, doubly-phosphorylated ITAM peptide
(ITAM-Y2P), in two kinetic steps: a fast step and a slow step.
We show the initial encounter complex formation between the
ITAM-Y2P and tandem SH2 domain follows a fast-kinetic step,
whereas the conformational transition to the holo-state follows
a slow-kinetic step. We further observed a thermodynamic
penalty imposed during the second phosphate-binding event
reduces the rate of structural transition to the holo-state.
Phylogenetic analysis revealed the evolution of the thermodynamic brake coincides with the divergence of the adaptive
immune system to the cell-mediated and humoral responses. In
addition, the paralogous kinase Syk expressed in B cells does
not possess such a functional thermodynamic brake, which
may explain the higher basal activation and lack of ligand
selectivity in Syk.

The activation and quiescence in the cell-mediated immune
response by T cell is regulated by a kinetic proofreading
mechanism (1–3). According to this mechanism, a time delay
separates the binding of an antigen to the T cell receptor
(TCR) from the subsequent downstream signaling (4–6). TCR
lacks intrinsic catalytic activity, and the downstream signaling
starts with the recruitment of multiple kinases and adapter
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proteins to the complex (Fig. S1A) (7–9). Each recruitment
step introduces a delay between the ligand binding and activation of the enzyme. The nonspeciﬁc interaction between
self-antigen and TCR is short-lived and does not signal
because the antigen–TCR complex dismantles before the
activation of the downstream kinases. The interactions arising
from foreign antigens are long-lived and get enough time to
signal by activating the kinases. Paralogous kinases mediating
the early events in B cell receptor (BCR) signaling of the humoral immune response employ conceptually similar mechanisms (10). Nevertheless, the mechanism of differential
activation of early T cell signaling compared to B cell remains
unclear (11, 12).
The Syk family of nonreceptor tyrosine kinases, ZAP-70 and
Syk, are indispensable in the early stage of TCR and BCR
signaling, respectively (10, 13). Both the kinases are activated
by recruiting to the membrane following antigen binding
(Fig. S1A). The dwell time of the kinases at the membrane
determines their response (14). ZAP-70 and Syk, both shares a
modular structure composed of an N-terminal regulatory
module and a C-terminal kinase domain (Fig. 1A) (10, 13). The
regulatory module is made up of tandem Src homology 2
(tSH2) domains connected by a helical linker called interdomain A (Fig. 1, A and C). In the inactive state (apo-state), the
two SH2 domains adopt an ‘L’-like open conformation making
them incompatible to ligand binding (Fig. 1C) (15, 16). The
Syk kinases are activated by binding to the doublyphosphorylated immunoreceptor tyrosine based activation
motif (ITAM-Y2P) motifs at the TCR or BCR, respectively,
through the tSH2 domain (Figs. 1B and S1A) (17, 18). The
tSH2 domain adopts a closed conformation upon binding to
ITAM-Y2P, releasing the autoinhibitory interactions leading
to the activation of the kinase domain (Figs. 1C and S1A) (19,
20). The active conformation of ZAP-70 is stabilized by
phosphorylating two key residues Y315 and Y319, by Lck, a Src
family kinase, recruited to the antigen: TCR complex (21–23).
Several lines of evidence suggest that the ZAP-70 and Syk
behave differently in the cell. Notably, ZAP-70 does not
display basal activation, whereas Syk-mediated basal signaling
is essential for cell survival (24–29). A ligand-independent
closed conformation of the Syk tSH2 domain is proposed to
facilitate high basal activation (30, 31). Despite the high
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Figure 1. Binding of tSH2 domain of ZAP-70 to the ITAM-Y2P peptides. A, domain architecture of ZAP-70 full-length and the regulatory module.
B, sequence alignment between ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3 peptides. C, space-ﬁlled representation of tSH2-apo (PDB ID: 1M61) and tSH2-holo (PDB ID:
2OQ1) structure, the intermediate step is represented as cartoon. The N- and C-terminal SH2 domain, phosphate-binding pocket, and the respective binding
constants are labeled. The tryptophan residues used for measuring intrinsic ﬂuorescence are labeled. The residues are numbered according to the ZAP-70
holo-tSH2 domain structure (PDB ID: 2OQ1). D, plot of change in intrinsic tryptophan ﬂuorescence as a function of indicated ITAM-Y2P: tSH2 domain ratio.
The Hill coefﬁcients were calculated using Hill Plot. The solid red line is for guiding eyes. The error bar represents the SD from three independent

is reported from the
experiments. E, Table summarizes the respective binding constants for the indicated tSH2 domain and ITAM-Y2P. The Kd1 and Kd1

values determined by ITC is tabulated in Table S3. Also see Fig. S1. tSH2, tandem Src
intrinsic ﬂuorescence titration and Kd2 is measured by ITC. The Kd1
homology 2; ITAM-Y2P, doubly-phosphorylated immunoreceptor tyrosine based activation motif; ITC, isothermal titration calorimetry.

sequence homology with Syk, it is not understood why the
tSH2 domain of ZAP-70 could not adopt a stable closed
conformation in the apo-state. It is also not clear why does
ZAP-70 display a delayed Ca2+ response upon activation
compared to Syk (12, 32). Moreover, the tSH2 domain of
ZAP-70 binds in a biphasic manner with a high degree of
selectivity to a conserved ITAM-Y2P sequence (33),
compared to hyperbolic binding in Syk (34–36). The mechanism and functional signiﬁcance of biphasic ligand binding
for T cell signaling remains unclear.
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We present a kinetic model from a comparative study of the
tSH2 domain of ZAP-70 and Syk that explains the differential
ligand binding. We observed that the tSH2 domain of ZAP-70
binds to ITAM-Y2P in two-step kinetics, fast and slow,
compared to one-step binding in Syk. The slow binding to the
ZAP-70 tSH2 domain arises from a thermodynamic penalty
(brake) that determines the ligand selectivity and biases the
conformational equilibrium of the apo-tSH2 domain toward
the open conformation. Conversely, such thermodynamic
break is nonfunctional in Syk tSH2-domain. Phylogenetic
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mapping shows that the emergence of the thermodynamic
brake coincides with the evolution of the BCR-TCR-MHC like
immune system at the divergence of jawless and jawed ﬁsh
approximately 500 million years ago (37).

Results and discussion
The tSH2 domain of ZAP-70 is sensitive to the subtle changes
in the ITAM peptide sequence
The ZAP-70 tSH2 domain binding to the doubly phosphorylated ITAM-ζ1 peptide (ITAM-Y2P-ζ1) produces a
biphasic curve with three distinct dissociation constants, Kd1 ,

Kd2 , and Kd1
(Fig. 1, B–D) (33). First, the N-terminal phosphotyrosine residue from ITAM-Y2P binds uncooperatively to
the C-SH2 phosphate-binding pocket (PBP) with a low
nanomolar afﬁnity (Kd1 ) to form an encounter complex (Fig. 1,
C–E). The formation of the tSH2:ITAM-Y2P encounter
complex allows the assembly of the N-SH2 PBP. Subsequently,
C-terminal phosphotyrosine residue from ITAM-Y2P binds
weakly to the newly formed PBP with micromolar afﬁnity
ðKd2 Þ. In the steady-state, the two binding events are interlinked by a plateau (Fig. 1D). The second binding event
remodels the C-SH2 PBP to an intermediate-binding pocket

) producing a hill-coefﬁcient of 3.4 ± 0.36 (suggesting
(Kd1
cooperative binding).
It was reported previously, the tSH2-domain of ZAP-70
displays hierarchical preference in binding to different ITAM
sequences (17, 35, 38–40). We begin by asking which part of
the biphasic binding isotherm, in the steady-state, is sensitive
to the ITAM peptide sequence (Fig. 1B). We comparatively
studied the binding of ITAM-Y2P-ζ3 to the tSH2 domain by
intrinsic tryptophan ﬂuorescence spectroscopy and isothermal
titration calorimetry (ITC) (Figs. 1, B, D–E and S1, B–F). We

by ﬂuorescence spectroscopy and Kd2 and
probed Kd1 and Kd1

Kd1 by ITC. To probe the Kd2 , we used tSH2R190A mutant that
impairs phosphotyrosine binding to C-SH2 PBP (Figs. 1E and
S1F).
We overserved that ITAM-Y2P-ζ3 binds weakly to the ZAP70 tSH2 domain, compared to ITAM-Y2P-ζ1, consistent with
the previous reports (17, 41) (Fig. 1E). Our data revealed that
the C-SH2 domain does not distinguish between the two
ITAM-Y2P while forming the encounter complex. Both the
peptides, ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3, bind to the C-SH2
domain with low nanomolar afﬁnity (Kd1 ) of 3.3 ± 0.5 nM and
6.8 ± 1.5 nM, respectively. However, we noted a signiﬁcant
increase in the plateau width for the ITAM-Y2P-ζ3 and tSH2
interaction (Fig. 1D). The ITAM-Y2P-ζ3 binding perturbed the

contributing to the overall increase in the dissoKd2 and Kd1
ciation constant (Fig. 1E). We ask why the plateau-width in the
steady-state binding (Fig. 1D) is sensitive to the subtle changes
in ligand type?
A multistep ligand-receptor model explains the binding
kinetics of ITAM-Y2P to ZAP-70
We developed a multistep mathematical-kinetic model to
explain the biphasic bindings of ITAM-Y2P and tSH2 domains. This model comprised of different tSH2 domain

conformations, open and closed, connected by a complex
network (Fig. 2, A and B). The tSH2-apo state (R00
open ) ultimately reaches the tSH2-holo state (R11
)
through
different
closed
pathways associated with distinct rates. The receptor in the
apo-state ﬁrst converts to an encounter complex (R01
open ) and
then adopts a closed conformation (R01
).
We
also
considclosed
10
ered two other intermediates (R00
and
R
)
through
which
closed
closed
the ﬁnal holo-state may form (see Experimental procedures).
Based on our experimental dissociation constants, we assumed
that the formation of the encounter complex is the fastest
(Kd1 ¼ kkbf ¼ 3 − 10 nM; Fig. 1E). To explain the biphasic
binding (Fig. 1D), we further assumed that the transitions to
the holo-state from the partially bound states (from R10
closed or
11
R01
closed to Rclosed ) exhibit negative cooperativity. These steps
represent kinetic penalties (42) and occur with much slower
forward rates (w1 kf and w2kf , with0<wi <1 , i ¼ 1 or 2) with

dissociation constants Kd2 ¼ wk1b1kf and Kd1
(= wk2b2kf ), respectively. It may be noted that our model does not have any
feedback regulation (43, 44) and is based on allosteric interaction between the two SH2 domains (33). We anticipate the

variation in Kd1 , Kd2 , or Kd1
may determine the steady-state
response.
The model was analyzed numerically to calculate the ligandbound fraction (Equations S1 and S2) and to predict the
steady-state response and the kinetic behavior. In the steadystate, the Kd1 determines the receptor sensitivity (initial rising slopes of the bound fractions) in low ligand concentration
regime (nM level) and also modulates the plateau width
(Fig. 2C). The kinetic behavior mostly showed a single exponential decay except in a narrow intermediate range of Kd1
(around 8 nM – 20 nM), where a two-step decay was observed
(Figs. 2, D and E and S2, A and B).
Next, we assessed the effect of Kd2 (Fig. 1C) variation on the
steady-state behavior by changing the penalty factor, w1
11
(associated with the transition from R01
closed to Rclosed , Fig. 2B).
The Kd2 variation modulated the ligand selectivity by altering
the plateau width in the steady-state (Fig. 2F). With a higher
penalty (equivalently lower w1 or higher Kd2 ), the plateau
width became broader and displayed two-step kinetics with a
sharp initial decay and a slow subsequent decrease of the
unbound fraction. (Fig. 2, G and H).
We asked, does a biphasic behavior in the steady-state arise
due to slow transition of the partially-bound closed states
10
(R01
closed or Rclosed ) to an open conﬁguration. In our model, we
10
introduced slow transition from R01
closed or Rclosed states to open
01
00
conﬁgurations ðRopen or Ropen ; respectivelyÞ by varying the
respective rates, at the same time without putting penalties on

). None of the changes made produced
other steps (Kd2 and Kd1
any biphasic response in the steady-state (Fig. S2, E–H). In
contrast, when we introduce slow transition from R01
closed or
11
R10
to
the
ﬁnal
holo-state
(R
),
the
steady-state
responses
closed
closed
become biphasic (Fig. S2, I–L). Thus, we conclude that the
10
slow transitions (due to the penalty) from the R01
closed and Rclosed
11
to the Rclosed determines the plateau behavior and not the slow
relaxation of the close states to the open state.
10
Since both the slow transition from the R01
closed or Rclosed
11
states to the ﬁnal holo-state (Rclosed ) could, in principle, lead to
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Figure 2. A kinetic-mathematical model explaining the biphasic ligand binding. A, receptor conformations used in the model and their corresponding
symbols. B, schematic diagram of the model showing different reaction pathways. Arrow-widths represent distinct weightages of kinetic rates (bold arrows:
higher rates, thin arrows: lower rates, and dotted arrows: negligible rates). C, theoretical curves of the bound fractions, deﬁned as the proportion of partially
10
11
bound closed states and the holo-state (R01
closed , Rclosed , and Rclosed ; see Equation S2), is plotted against the ligand concentration. In the steady-state, the effect of
Kd1 variation is shown, while other parameters are kept constant as in Table S4. D, in the presteady state condition, the representative kinetic proﬁles showing
the effect of Kd1 variation on the unbound fraction. E, two-step decay in the kinetic proﬁle is shown with two distinct exponential ﬁts (dashed line) in a semi-log
plot. F and G, effects of Kd2 variation on the bound and unbound fraction under steady-state and presteady state, respectively (other parameters are ﬁxed as in
Table S4). H, similar to panel (E), two exponential ﬁts (dashed line) represent distinctive two-step kinetics. I, comparison of theoretical prediction with the
experimental data for binding of indicated ITAM-Y2P to the ZAP-70 tSH2 domains. Fitted parameters are in Table S5. All kinetic plots in the model are shown
under the saturating ligand concentration (i.e., L >> R00
open ; exact concentration values are mentioned in the Experimental procedures). Also see Fig. S2. tSH2,
tandem Src homology 2; ITAM-Y2P, doubly-phosphorylated immunoreceptor tyrosine based activation motif.

a biphasic response, we next asked which transition is more

marginally alters
sensitive. We found that the variation of Kd1
the plateau width in the steady-state (Fig. S2, C and D) (when
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we introduced penalties in the transitions from R10
closed and
11
to
R
).
Therefore,
the
slowest
binding
step
to
the NR01
closed
closed
SH2 PBP (Kd2 ) mainly controls the plateau width. This
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conclusion correlates with the observed Kd2 , which is orders of

magnitude lower than the Kd1 and Kd1
(Fig. 1E), suggesting the
corresponding step may impart a signiﬁcant penalty in the
dynamic binding of the ligand. However, measurement of free
energy change is necessary to determine if a thermodynamic
cost manifests as a kinetic penalty, as elucidated in the model.
Finally, for a particular set of parameter choices, the model
prediction reasonably agreed with the experimental data of ITAMY2P-ζ1 and ITAM-Y2P-ζ3 bindings to the tSH2 domain (Fig. 2I).

(Fig. 1E) were
In the model, reported values of Kd1 , Kd2 , and Kd1
used for the quantitative matching, but other parameters were
unknown and chosen arbitrarily to ﬁt the data (Table S5).
The tSH2 domain of ZAP-70 binds ITAM-Y2P in two kinetic
steps
Since our model predicted two-step binding kinetics (Fig. 2,
E and H), we next probed the binding kinetics of ITAM-Y2Pζ1 or ITAM-Y2P-ζ3 to the tSH2 domain by stopped-ﬂow
ﬂuorescence spectroscopy. We started with mixing excess
ITAM-Y2P-ζ1 to the tSH2 domains at 10  C and measured the
change in tryptophan ﬂuorescence intensity for 200 s (Fig. 3A).
We observed that the ﬂuorescence intensity decay in two steps,
fast (<200 ms) and slow (>20 s) (Fig. 3A). Hence, we recorded
all the kinetic experiments at two-time scales. All kinetic data
were ﬁrst normalized against the highest intensity and then
subtracted by the blank (protein only sample) (Fig. 3, A and B)
and ﬁtted to a one-site association kinetics (Table 1).
We observed that the ITAM-Y2P-ζ1 binds to the tSH2
fast
domain with two observed rates of kobs ¼ 23:87±1:01 s−1 and
−1
slow
¼ 0:262±0:098 s (Fig. 3, A, B and Table 1). Our
kobs
mathematical model suggests that the fast-binding kinetic may
arise (Fig. 2, E and H) during the formation of the encounter
complex (Kd1 ). To test that, we turn to three samples, two
mutants tSH2R39A and tSH2R192A that would prevent phosphotyrosine binding to N-SH2 and C-SH2 PBP, respectively.
Third, a single phosphotyrosine ITAM-ζ1 peptide (ITAM-YPζ1) that will show only one binding event (Fig. 3C). The steadystate ﬂuorescence titration of tSH2R39A to ITAM-Y2P-ζ1 and
tSH2 domain to ITAM-YP-ζ1 showed that the ﬁrst binding
step is preserved with (Kd1 ) of 8 ± 1.05 nM and 3.7 ± 0.1 nM,
respectively, and no subsequent binding was observed
(Figs. 3C, S3, A and B). In the kinetics experiment, both the
fast
samples showed a kobs of 24.82 ± 2.29 s−1 and 28.60 ± 5.84 s−1,
respectively, with no detectable slow binding (Fig. 3, D and E).
Under substoichiometric ligand concentration, tSH2R192A did
not bind to the ITAM-Y2P-ζ1(33) and showed a linear ligand
binding at a higher ITAM-Y2P-ζ1 (μM) concentration
slow
(Fig. S3G). The tSH2R192A binds with a ten-fold slower kobs
−1
(0.006 ± 0.002 s ) rate in comparison to the WT tSH2 domain
(Table 1), with no detectable fast binding (Fig. 3, D and E).
Together, our data indicates that the N-SH2 (R39A) and
C-SH2 (R192A) mutants display only μM and nM afﬁnity,
respectively, suggesting that the formation of the encounter
complex is critical for the subsequent ligand binding.
To check if our proposed model (Fig. 2B) could explain the
above data (Fig. 3, C–E), we introduced a modiﬁcation in the

model (Fig. 3F). The N-SH2 binding is almost absent in both
cases, and the partially bound state does not transform to the
ﬁnal holo-state. Hence, we ignored all pathways except the ﬁrst
encounter complex and the subsequent conformational
change (Fig. 3F). This assumption was sufﬁcient for a quantitative matching between the model prediction and the
experimental data in the steady-state (Fig. 3G). The corresponding kinetic behavior also showed a single exponential
decay as observed in our experiment (Fig. 3H).
Our model suggests that the tSH2 domain forms the
encounter complex ðKd1 Þ with a fast-kinetic step, whereas the
phosphate binding to the N-SH2 PBP (Kd2 ) is the rate-limiting
step and may determine the plateau width (Fig. 2, F–H). To
validate, we measured the binding kinetics of the tSH2 domains and ITAM-Y2P-ζ3 (Fig. 1D). Indeed, the ITAM-Y2P-ζ3
slow
= 0.012 ± 0.005 s−1) to the N-SH2 PBP than
binds slower (kobs
ITAM-Y2P-ζ1, with no signiﬁcant change in the fast-kinetic
step (Figs. 2I, 3,I and J and Table 1).
Our experiments suggest that (i) the Kd2 is the rate-limiting
step, (ii) the formation of the encounter complex (R01
open ) is
essential for the transition to the holo-state, and (iii) a direct
transition to the holo-state through the species R10
closed and
R00
closed is unlikely. Therefore, a reduced version of the full
model (Fig. 2A) is sufﬁcient to capture essential features of the
two-step kinetics (see Experimental procedures). This reduced
model has three basic steps: (i) a fast encounter to C-SH2
pocket (ii) followed by slower conformational changes of intermediates (open ↔ closed) and (iii) subsequent transition of
intermediates to the ﬁnal holo-state by imposing a kinetic
penalty (Fig. 3K). The minimal model was solved mathematically, and it produced qualitatively the same results as the full
model (see Equations S4 and S5 and Fig. S3, C–F). However,
incorporating the ﬁner details in the full model was necessary
for quantitative matching with the data. We now ask, what
determines the nature of the slow-kinetic step?
The nature of the slow-kinetic step is determined by the
structural coupling between the two SH2 domains
The ‘open to closed’ structural transitions of ZAP-70 tSH2
domain upon ligand binding requires cooperative interaction
between the ITAM peptide, and the allosteric network resides
in the tSH2 domain (Fig. 1C) (17, 33, 45). Analyzing the
crystal structure of ZAP-70 tSH2 domain in complex with
ITAM-Y2P-ζ1 (19), we identiﬁed a salt-bridge between the
ITAM-ζ1
E13 and tSH2K245 residue that may be critical for the
structural coupling between the N- and C-SH2 domain during ligand binding (Fig. 4A). The corresponding residue in
ITAM-ζ3 is an aspartic acid, which may increase the distance
between the ion-pair in the salt-bridge. This may reduce the
slow
Þ and increase the
transition rate to the ﬁnal holo-state ðkobs
plateau width in the steady-state (Figs. 1, B, D, and 3I). To
test the role of the salt-bridge in determining the plateau
width, we modulated the strength of the salt-bridge by
changing the pH or by ITAM-ζ1E13A mutation (Figs. 4, A–E,
S4D and S1B). We observed that lowering the pH to 6.5
changes the surface potential of the tSH2 domain (Fig. S4D)
J. Biol. Chem. (2022) 298(10) 102376
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Figure 3. Binding kinetic of tSH2 domain of ZAP-70 and ITAM-Y2P. A and B, are the plots of time-dependent binding kinetics of tSH2 domain (conc. of
100 nM) and ITAM-Y2P-ζ1 (conc. of 30 μM) in the slow and fast time scales, respectively. Inset represents the single exponential ﬁtting of the blank
subtracted data. The error bar represents the SD from three independent experiments. C, the steady-state binding of the indicated tSH2 construct to ITAMY2P-ζ1 and ITAM-YP-ζ1. The solid red line is for guiding eyes. D and E, are the plots of slow and fast binding kinetics of indicated tSH2 construct to ITAM-Y2Pζ1 and ITAM-YP-ζ1, respectively. The residues are numbered according to the ZAP-70 holo-tSH2 domain structure (PDB ID: 2OQ1). F, a modiﬁed version of
the full model (Fig. 2B) to explain the binding kinetics of tSH2R39A to ligand. Forbidden intermediate conformations are highlighted by shadow boxes and
dotted arrows. G and H, the bound and unbound fractions of tSH2:ITAM-YP and tSH2R39A:ITAM-Y2P under the steady-state and presteady state conditions,
respectively. In panel (G), experimental steady-state data are also shown for comparison. I and J, binding kinetics of ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3 to the
ZAP-70 tSH2 domain. The error bar represents the SD from three independent experiments. K, a reduced kinetic model of ligand binding derived from the
full model (Fig. 2B). The reduced model neglects the formation of ligand-independent closed state (R00
closed ) and assumes that the formation of encounter
complex (R01
open ) is critical for subsequent binding steps. Also see Fig. S3. tSH2, tandem Src homology 2; ITAM-Y2P, doubly-phosphorylated immunoreceptor
tyrosine based activation motif.

and marginally increases the plateau width, suggesting that
the ITAM-ζ1E13 and tSH2K245 salt-bridge may be essential in
the structural coupling (Fig. 4B). To further investigate the
role of the salt bridge, we measured the steady-state and kinetics of the tSH2 domain binding to the ITAM-ζ1E13A. We
observed that the ITAM-ζ1E13A increases the plateau width in
the steady-state binding with a signiﬁcant increase in the Kd2

and Kd1
compared to the ITAM-Y2P-ζ1 (Figs. 1E and 4,
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C–F). The binding kinetics shows that the mutation in the
ITAM-Y2P-ζ1 does not perturb the rate of encounter comfast
plex formation (kobs ) but slows down the transitioning to the
slow
closed-conformation (kobs
= 0.022 ± 0.005 s−1), similar to
ITAM-Y2P-ζ3 binding (Figs. 3,I, J, 4, D and E, and Table 1).
Our data suggest that the coupling between the two SH2
domains may determine the rate of the slow kinetic step
slow
).
(kobs

Thermodynamic brake in ZAP-70
Table 1
Observed rate for the ZAP-70 tSH2 domain and ITAM-Y2P binding
fast

kobs (s-1)

Construct

slow
kobs
(s-1)

tSH2:ITAM-Y2P-ζ1

23.87 ± 1.01

0.262 ± 0.0977

tSH2:ITAM-Y2P-ζ3

21.44 ± 1.83

0.012 ± 0.0048

tSH2

24.82 ± 2.29

—

28.60 ± 5.84

—

24.4 ± 2.04

0.022 ± 0.0045

R39A:ITAM-Y2P-ζ1

tSH2:ITAM-YP-ζ1

tSH2:

ITAM-Y2P-ζ1

E13A

tSH2

F117A: ITAM-Y2P-ζ1

21.83 ± 1.49

0.0517 ± 0.0062

tSH2

R43P: ITAM-Y2P-ζ1

27.96 ± 3.45

2.25 ± 0.032

—

0.006 ± 0.002

tSH2

R192A: ITAM-Y2P-ζ1

A network of residues comprised of aromatic–aromatic
stacking interaction allosterically couple the two SH2
domains of ZAP-70 during the transition to the ﬁnal holoconformation (Fig. 4G) (33). Mutating the residues in the
allosteric network uncouples the formation of the encounter
complex to the phosphotyrosine binding to the N-SH2 PBP
(Kd2 ). To determine if the mutation in the allosteric network
will reduce the rate of conformational transition to the closed
slow
state (kobs
), we studied the effect of tSH2R43P and tSH2F117A
mutants on the ITAM-Y2P-ζ1 binding kinetics (Fig. 4,G–I and
Table 1). We observed that the allosteric mutant did not
fast
perturb the rate of encounter complex formation (kobs )
compared to the WT tSH2 domain. As anticipated, the allosteric mutants, tSH2R43P and tSH2F117A, either inhibit or
slow
reduce the kobs
, respectively (Fig. 4,H and I and Table 1).
Analysis of the change in Gibb’s free-energy due to ligand
binding (ΔGbinding ) suggests that the ﬁnal transition to the
close-conformation may impart a thermodynamic penalty
(Fig. 4, J–L). Therefore, weakening the allosteric coupling led

to a higher penalty at the transitions to the closed-state
(Fig. 3K). We conclude that the residues in the allosteric
network collectively constitute a thermodynamic brake which
may impart a delay between ZAP-70 binding and activation at
the membrane (Fig. 4M). It is widely believed that TCR shares
a common ancestry and design principle with the BCR. Is the
thermodynamic brake present in Syk?
Thermodynamic penalty coincides with the evolutionarydivergence of humoral and cell-mediated immune response
Syk is less selective than ZAP-70 and activated by a wide
range of ITAM sequences in cells of innate and adaptive immune systems (10, 17, 20, 36, 46–48). Sequence analysis shows
that most PBP and allosteric network residues in the regulatory module are conserved between Syk and ZAP-70 (Fig. 5, A
and B). The exception is ZAP-70R43; the corresponding residue
in Syk is glutamine (Fig. 5, A and B). Phylogenetic mapping
using the ZAP-70 as reference revealed that the ZAP-70 is
J. Biol. Chem. (2022) 298(10) 102376
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Figure 4. Structural evaluation of the tSH2 domain in determining the penalty step. A, space-ﬁlled model of tSH2-holo structure of ZAP-70 (PDB ID:
2OQ1) highlighting the salt-bridge between the tSH2 domain and ITAM-Y2P-ζ1. B and C, the steady-state binding of the tSH2 domain to ITAM-Y2P-ζ1 at
indicated pH and ITAM-Y2P-ζ1 mutant, respectively. The solid red line is for guiding eyes. The error bar represents the SD from three independent
experiments. D and E, the plots of slow and fast binding kinetics of tSH2 domain to indicated ITAM-Y2P-ζ1 peptides, respectively. The error bar represents
the SD from three independent experiments. F, table summarizing the dissociation constants for the indicated tSH2 domain and ITAM-Y2P samples. The Kd1

and Kd1
is reported from the intrinsic ﬂuorescence titration and Kd2 is measured by ITC. G, structure representing the allosteric network coupling the two
SH2 domains in ZAP-70 (PDB ID: 2OQ1). H and I slow and fast binding kinetics of indicated tSH2 domain mutants, respectively. The error bar represents the
SD from three independent experiments. J, represents the change in Gibb’s free energy upon ligand binding (ΔGbinding ) in tSH2:ITAM-Y2P-ζ1 (blue),
total
tSH2:ITAM-Y2P-ζ3 (green), tSH2:ITAM-Y2P-ζ1E13A (gray), and tSH2F117A:ITAM-Y2P-ζ1 (yellow). K and L are the ΔGtotal
binding and ΔΔGbinding , for the indicated tSH2

8 J. Biol. Chem. (2022) 298(10) 102376

Thermodynamic brake in ZAP-70

Figure 5. Phylogenetic analysis of allosteric network in the Syk family kinases A, sequence alignment of tSH2 domain of Syk and ZAP-70. The residues
at the PBP are marked with red-star, and the allosteric network residues are marked with blue-arrow. The residues are numbered according to the ZAP-70
and Syk tSH2 domain structure, PDB ID: 2OQ1 and 1A81, respectively. B, schematic representation of undirected allosteric network in the tSH2 domain of
ZAP-70. C, phylogenetic tree depicting the evolution of Syk family kinases and Syk-related kinases. The emergence of ZAP-70 is marked as a red dot.
D, sequence logo representing the conservation of allosteric network residue in ZAP-70 (top) and in Syk (including the Syk-related kinases) (bottom). Also
see Tables S1, S2, Figs. S5 and S6. tSH2, tandem Src homology 2; PBP, phosphate-binding pocket.

conserved in all vertebrates and may appear ﬁrst in the jawed
ﬁsh (cartilage ﬁsh) (Fig. 5C) (30, 49). Syk and Syk-related
proteins are present in vertebrates and some invertebrates,
including sponges and hydra (Figs. 5C and S6A). This indicates
that ZAP-70 may appear along with the evolution of the BCRTCR-MHC like adaptive immune system at the divergence of
jawless and jawed ﬁsh (37, 50). Intriguingly, the allosteric
network residues comprising the thermodynamic brake in
ZAP-70 are conserved, except residue L191 (Fig. 5, B–D). In
amphibians and jawed ﬁsh, the Leu is often replaced by similar
residues like Ile, Val, and Met. In Syk, two key residues in the
allosteric network, N46 and W238 (corresponds to ZAP-70
R43 and W235, respectively), are not conserved (Figs. 5,
B–D and S6B), suggesting that the thermodynamic brake may
be nonfunctional.

To evaluate the role of the thermodynamic-brake in the Syk
tSH2 domain, we characterized the steady-state binding of the
tSH2 domain to ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3, respectively. As reported previously, we observed that the Syk tSH2
domain could not distinguish between the ITAM sequences
and bind with a similar Kd (65 nM) (Fig. 6, A and B) (36).
Unlike ZAP-70, the tSH2 domain of Syk binds ITAM-Y2P in a
fast
single fast kinetic step (kobs = 32.81 ± 0.005 s−1), without any
subsequent slow binding (Fig. 6, B–D). To evaluate if the
absence of this slow binding correlates with the integrity of the
allosteric network (33), we inspected the open and closed
structures of the Syk tSH2 domain (Figs. 4G and 6E). Analysis
of the crystal structures showed that the ZAP-70 tSH2 domain
could adopt only two conformations, open (apo) and closed
(holo) (Fig. 1C) (19, 31). In comparison, the Syk tSH2 domain

domain: ITAM-Y2P interactions. The error bar represents standard error. M, schematic model showing the binding kinetics and the thermodynamic penalty
in the tSH2 and ITAM-Y2P interaction. Also see Fig. S4. tSH2, tandem Src homology 2; ITAM-Y2P, doubly-phosphorylated immunoreceptor tyrosine based
activation motif; ITC, isothermal titration calorimetry.
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Figure 6. Steady-state and kinetic binding of Syk tSH2 domain to ITAM-Y2P: A, steady-state binding of ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3 to the Syk tSH2
domain measured by intrinsic tryptophan ﬂuorescence. The solid red line is for guiding eyes. The error bar represents the SD from three independent
experiments. B and C, slow and fast binding kinetics of indicated tSH2 domains to ITAM-Y2P peptides. D, table summarizing the dissociation constant ðKd Þ
and observed rate constant ðkobs Þ for the Syk tSH2 domain. E, structure highlighting the allosteric network in the Syk tSH2 domain in apo- (PDB ID: 4FL2) and
holo-state (PDB ID: 1A81), respectively. The residues are numbered according to the Syk holo-tSH2 domain structure (PDB ID: 1A81). F steady-state binding
of the indicated tSH2 construct to ITAM-Y2P-ζ1. G, tabulation of dissociation constant ðKd Þ for the tSH2 allosteric mutant. The error bar represents the SD
from three independent experiments. H, a modiﬁed version of the full model (Fig. 2B) explaining Syk ITAM–Y2P interaction. The modiﬁed model assumes no
kinetic penalty at any step and neglects the formation of ligand-independent closed state (R00
closed ; highlighted by shadow boxes and dotted arrows). I,
comparison of the predicted bound-fraction with the experimental data (ﬁlled circles and triangles) in the steady-state. J, presteady state kinetic proﬁles of
the unbound fraction showing single-step decay. Also see Fig. S7. tSH2, tandem Src homology 2; ITAM-Y2P, doubly-phosphorylated immunoreceptor
tyrosine based activation motif.

adopts three conformations: two structures in the apo-state,
open and closed, and one ITAM-Y2P–bound closed conformation (16, 20, 30). In the apo-state of both Syk and ZAP-70,
the SH2 domains are separated, preventing the aromatic
amino acid residues to form the stacking interaction, which is
central in coupling the N- and C-SH2 domains (Figs. 4G and
6E). Surprisingly, the aromatic–aromatic stacking interaction
does not form in the Syk tSH2 holo-state (Fig. 6E). This indicates that the ﬁnal transition to the holo-state does not
require the allosteric network to assemble. To test that, we
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determine the steady-state binding of ITAM-Y2P-ζ1 to Syk
tSH2 mutant, tSH2F120A and tSH2W168C, respectively (Figs
5A, 6, F and G). None of the mutants altered the ITAM-Y2P
binding, implying that the allosteric network is nonfunctional in Syk.
To explain if the absence of a penalty in Syk could lead to
the hyperbolic binding in steady-state (Fig. 6A) and one-step
binding kinetics (Fig. 6, B and C), we removed the kinetic
penalty in all pathways (wi ¼ 1) in the model described before
(compare Figs. 2B and 6H). We further assumed that the
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closed conformation in the apo-state (the central species in the
network, Fig. 6I) is short-lived. The experimental data of
ITAM-Y2P binding to Syk matched with the modiﬁed model
(Fig. 6I), producing a single exponential decay (Compare
Figs. 6J and 2F). Therefore, the same kinetic model used for
ZAP-70, in principle, also explains ligand binding in Syk if we
consider independent binding in two SH2 domains (20, 34).
This suggests that Syk tSH2 may have little or no penalty,
explaining the lack of speciﬁcity for ITAM sequence (36, 51).
Indeed, titration with ITAM-YP showed that Syk tSH2 domain
binds with relatively stronger afﬁnity (Kd = 27.7 ± 2.3 nM) than
ITAM-Y2P (Kd = 65 ± 12 nM) (Figs. 6A, S7, A and B), suggesting the presence of negative cooperativity, as reported
previously (52). We conclude the thermodynamic brake is
unique to ZAP-70, which may have coevolved in the adaptive
immune cells during the divergence of the BCR-TCR-MHC
like the immune system in the jawed ﬁsh.

Conclusions
In summary, we have presented a uniﬁed kinetic model that
explains the ZAP-70 and Syk tSH2 domain recruitment to the
ITAM motifs at the membrane. Our model explains the
recently observed closed conformation of an isolated apo-tSH2
domain structure of Syk (30). Due to the absence of a penalty
step, the Syk tSH2 domains could spontaneously adopt a
closed conformation like in the holo-state, allowing the tSH2
domain to bind a wide range of ITAM-Y2P sequences with less
selectivity. Absence of thermodynamic penalty facilitates
binding of ITAM-Y2P even at lower concentrations observed
under the basal level in B cells.
Our model suggests that incorporating a penalty step
(thermodynamic brake) during the ﬁnal transitioning to the
holo-state (Fig. 4M) is enough to explain the biphasic ITAMY2P binding and selectivity in the ZAP-70 tSH2 domain.
Alternatively, a bivalent avidity model comprised of two lowafﬁnity interactions (Kd in μM range) could generate a
higher afﬁnity binding, which may explain a biphasic response
(53). However, we could not detect two low-afﬁnity binding
events, in contrast our data (Fig. 3C) suggest that the C-SH2
and N-SH2 PBP of ZAP-70 binds sequentially with an nM and
μM Kd, respectively. Thus, we prefer the cooperative model
comprised of a penalty step (Fig. 2A) to explain the biphasic
ligand binding to ZAP-70.
We propose that the thermodynamic brake is an essential
component in the kinetic proofreading mechanism of ZAP-70
regulation. The residues constituting the thermodynamic
brake are conserved in all ZAP-70 kinases in the vertebrates,
which coincides with the evolution of the humoral and cellmediated immune system in jawed ﬁsh. Several rate-limiting
steps kinetically regulate the initiation of the ZAP-70dependent TCR signaling, including recruitment of coreceptor molecules coupled to Lck, dwell-time of ZAP-70, and
phosphorylation of Y132 in LAT by ZAP-70 (49, 54, 55). In the
T cell quiescence, the thermodynamic brake shifts the
conformational equilibrium of the apo-tSH2 domain of ZAP70 toward the open state. The additional energy barrier

further stabilizes the compact inactive conformation of the
kinase domain, which may shorten ZAP-70 dwell time at the
TCR, causing reduced basal activation. The penalty step introduces a delay between the encounter complex formation
and subsequent transition to the holo-tSH2 structure required
for the activation of ZAP-70, which most likely explains
delayed ZAP-70 recruitment to the TCR microcluster (32) and
subsequent Ca2+ release in T cell (12). The thermodynamic
brake may provide an added layer of regulation in the kinetic
proofreading, fundamentally differentiating TCR from BCR
response. However, we noted that ZAP-70 recruitment to the
slow
TCR microcluster is signiﬁcantly slower than the kobs
measured in our in vitro experiments. Under the basal
condition, the CD 3ξ chain is embedded into the plasma
membrane (56, 57) and the rate of phosphorylation of the
ITAM motif is regulated by a delicate balance between the
activation of kinases, phosphatase, and the intracellular ion
concentration (32, 58). A complete understanding of how the
proposed thermodynamic brake modulates the ZAP-70 dwell
time at the membrane needs future investigation.
The multiplicity of CD3 ITAM motifs provides tuneable
ampliﬁcation of downstream signaling (14), regulates T cell
proliferation, secures effective negative selection, and prevents
autoimmunity (59–61). The CD3- ζ is comprised of three ITAM
motifs (numbered 1–3), and rest of the CD3 chains (γ, δ, and ε)
contain one ITAM motif each. The tSH2 domain of ZAP-70
displays hierarchical preference in binding to the respective
doubly phosphorylated ITAM motifs (41). The functional signiﬁcance of sequence diversity of ITAM motifs and the preferential binding to the tSH2 domain is an open question. The
ITAM sequence diversity in CD3 chains is required to regulate
thymocyte selection during the T cell maturation (62–64).
Apart from its role in transducing TCR signaling in response to
antigen binding, ZAP-70 is essential for pre-T cell signaling
during early thymocyte development (65). A temporal separation between the Syk and ZAP-70 activity is crucial for the
thymocyte selection during the double-negative stage (DN3) to
the double-positive stage (66, 67). We speculate that the ITAM
multiplicity and the differential binding to the tSH2 domain of
Syk and ZAP-70, respectively, could constitute an additional
proofreading step that may help discriminate signals during
thymocytes’ negative and positive selection.

Experimental procedures
Constructs
ZAP-70 tSH2 WT (1–256), cloned in pSKB2 vector, was
gifted from Prof. John Kuriyan, UC Berkeley. Syk tSH2
(7–263), cloned in pGEX6P1 vector, was gifted from Bruce
Mayer (Addgene plasmid (Syk(NC)-SH2) #46521;). PCR-based
site-directed mutagenesis was done in the tSH2 background
(R39A, R43P, F117A, W165C, R192A).
tSH2 domain expression and puriﬁcation
The tSH2 domain of ZAP-70 and Syk was expressed and
puriﬁed as explained previously (33). Brieﬂy, the tSH2 domain
of ZAP-70 was expressed in E. coli -BL21(DE3) cells by IPTG
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induction and puriﬁed using Ni-NTA column. The eluted
protein from the Ni-NTA column was further puriﬁed using a
Q-column, followed by gel ﬁltration chromatography. The
puriﬁed tSH2 domain was buffer exchanged to 20 mM Tris–
Cl, pH 8.0, 150 mM NaCl, 5 mM β-mercaptoethanol, and
5% glycerol and stored at -80  C. The Syk tSH2 domain was
expressed as GST fusion tag (68, 69) in E. coli-BL21(DE3) cells
by IPTG induction. The protein was puriﬁed using GSH column by eluting with reduced glutathione–containing buffer
(50 mM Tris–cl pH 8, 10 mM reduced glutathione, 10%
glycerol). The GST tag was removed by digesting the protein
with Prescission protease for overnight at 4  C. The digested
sample was run over GSH column, followed by gel ﬁltration
chromatography for further puriﬁcation. The puriﬁed constructs were stored in (20 mM Tris–Cl, pH8.0, 150 mM NaCl,
5% glycerol, and 5 mM β-mercaptoethanol) at −80  C. The
quality of the sample was determined by mass spectroscopy.
Mass spectroscopy
The absolute mass of the tSH2 domains of ZAP-70 and Syk
was measured using the Ultraﬂextreme MALDI-TOF/TOF
mass spectrometer. The puriﬁed protein was buffer
exchanged to 10 mM ammonium bicarbonate using a HiTrap
Desalting Column (Cytiva). Then, 20 μM of the protein was
mixed with the sinapinic acid matrix in a 1:1 ratio, loaded on
the 384 well target plate, and dried for 1 h. The samples were
pulsed with the smartbeam-II laser, and the data were
collected in linear mode.
Steady-state ﬂuorescence experiments
Interaction between tSH2 domain and ITAM-Y2P in
steady-state were measured at 25  C by following the change in
intrinsic tryptophan ﬂuorescence upon ITAM-Y2P binding by
using PTI spectroﬂuorometer (33). All the ITAM-Y2P peptides were purchased from Biotechdesk and GMRF group labs.
0.5 μM of tSH2 domain was titrated with various concentration of ITAM-Y2P peptide. The tryptophan ﬂuorescence was
recorded at λex 295 nm and the emission was recorded from
300 nm to 400 nm. The dissociation constant (Kd ) was derived
by ﬁtting the normalized intensity (F0/F) versus ligand concentration using the following equation:
F0
¼ Bmax  X nH
F


ðKd nH þ X nH Þ

where F0 and F is ﬂuorescence intensity in absence and presence of ligand, respectively. Bmax is the maximum binding, and
nH is the Hill coefﬁcient. The Hill coefﬁcient (nH) was also
determined from Hill plot (70). The change in Gibb’s free
energy (ΔGbinding ) for each ligand binding step were calculated
using ΔGbinding = -RTlnK, where K=1/ Kd . The total change in
Gibb’s free energy ΔGbinding was calculated by adding the
respective ΔGbinding at each step for respective tSH2 domain:
ITAM-Y2P interaction. ΔΔGbinding was calculated by
total
for the WT tSH2 domain: ITAM-Y2Psubtracting ΔGbinding
ζ1 from the indicated tSH2:ITAM-Y2P interactions (Fig. 4L).
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Pre-steady state kinetics
The binding kinetics between tSH2 domain and ITAM-Y2P
ligands were measured by following change in tryptophan
ﬂuorescence using a stopped-ﬂow ﬂuorimeter (SFM2000
BioLogic Spectrophotometer). The change in ﬂuorescence
intensity was measured at λex 290 nm, λem 350 nm, and 10  C
(71). Hundred nanomolar of protein (tSH2 domain) in 20 mM
Tris (pH 8.0), 150 mM NaCl, 5% glycerol, 5 mM β-mercaptoethanol, and 30 μM of ITAM-Y2P in same buffer, were
mixed using syringe. Each transient was measured over 200s
(for slow kinetics) or 1s (for fast kinetics), interval with 1500
and 101 time points, respectively. For each sample, a blank
dataset was recorded by measuring the change in intensity for
protein only. Each data set was normalized against the
maximum intensity observed for the respective sample at time
0. The normalized sample was further corrected by blank
subtraction. The observed rate (kobs) was derived by ﬁtting the
change in intensity with respect to time by ﬁtting to association kinetics equation implemented in Prism.


Y ¼ Y0 þðYmax − Y0 Þ 1 − e−k20t
where, Y0 is the intensity at time 0, Ymax is the maximum intensity, k is rate constant.
Isothermal titration calorimetry
ITC studies were carried out using Malvern-PEAQ_ITC at
20  C. The WT tSH2 domain at a concentration of 20 μM was
titrated to different ITAM-Y2P constructs in glycerol-free Tris
buffer (20 mM Tris–Cl, pH8.0, 150 mM NaCl, 5 mM β-mercaptoethanol). The Kd , ΔH, and ΔS were ﬁtted into two-site
sequential ﬁt using ORIGIN as described previously (33). In
the ITC experiments with C-SH2 domain mutant (R190A), the
protein was buffer exchanged to 20 mM Hepes pH 8.2,
150 mM NaCl, and 5 mM β-mercaptoethanol. Titrations were
carried out with 300 μM of ITAM-Y2P-ζ1EI3A and ITAM-Y2P-ζ3
peptides and the data was ﬁtted to one-site binding model to
determine the Kd , ΔH, and ΔS.
Phylogenetic analysis
The full-length protein sequences for Syk related kinases,
Syk and ZAP-70, were acquired using multiple blast searches
in the Uniprot database and PSI blast in NCBI. Homo sapiens
Syk and ZAP-70 were separately used as query sequences
against invertebrates and vertebrates. (Tables S1 and S2)
(72–74). The secondary structures of proteins were veriﬁed
using the PROSITE Expasy(Fig. S5) (75). Only the proteins
with tSH2 domains connected by a linker, which is connected
to a kinase domain as seen in the H. sapiens ZAP-70 with
comparable interdomain A and B lengths were selected for
sequence analysis. TK4, a Syk family kinase found in Platyhelminthes, was not considered for analysis due to considerably longer interdomain B (594 residues) than Syk kinase in
H. sapiens (110 residues). Also, HTK16 in Hydra Vulgaris and
SHARK in Drosophila is not included in our analysis, since
they possess Ankyrin repeats between the two SH2 domains.
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The protein tyrosine kinase in Eptatretus burgeri (jawless ﬁsh)
was also removed as it comprises PH, Btk-type zinc ﬁnger,
SH2, SH3, and Kinase domains. A total of 148 sequences from
82 organisms were selected, and accession numbers are summarized in Tables S1 and S2. All the sequences were aligned,
and a phylogenetic tree was constructed using MEGAX with
the maximum likelihood method and bootstrapped 1000 times
(76–79). The phylogenetic tree was visualized using iTOL (80).
The WEB LOGO was used to visualize allosteric network
residue conservation in Syk and ZAP-70 (81, 82).
Mathematical analysis of kinetic models
Using laws of mass action, we derived the following set of
ordinary differential equations (ODEs) from the kinetic full
model shown in Figure 2B



with a dissociation constant Kd1
(Kd1
¼ kb2 =w2 kf ). Experi
ments suggest that Kd2 and Kd1 are around 3 to 12 μM and 45
to 140 nM, respectively, while the dissociation constant for the
01
transition from R00
open to Ropen (Kd1 ) is around 3 to 10 nM (see
Fig. 1E and Table S3) (33). Therefore, we ﬁrst ﬁxed these
parameter values in our simulations as Kd1 ¼ 2 nM, Kd2 ¼ 10

μM, and Kd1
¼ 100 nM and then varied any one of the Kd
values to determine its effect.
In the ODEs (Equation S1), kinetic rates are, in general,
denoted by ki , where i symbolically represents the respective
forward or backward transitions for each species (see Fig. 2B).
To form the ODEs based on the mass-action principle, we
assumed a single binding event at any of the two sites (N-SH2
or C-SH2 PBP) as ﬁrst order kinetics (i.e., binding rate is
proportional to L) and double binding events as second order
kinetics (i.e., proportional to L2). It is to be noted that our
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All the notations for each chemical species involved in our
model are summarized in Figure 2A, and L denotes the concentration of the ligand. In our model, as described previously
(33), the ligand ﬁrst binds to the C-SH2 PBP converting the
01
apo-state (R00
open ) to the encounter complex, Ropen . We assume
that the encounter complex undergoes ligand-independent
conformational change that brings the two SH2 domains
close to each other forming the partially bound closed intermediate (R01
closed ). We also assumed two other closed in10
00
termediates, R00
closed and Rclosed : (i) the apo-state (Ropen ) may
directly undergo conformational transition to an unligated
closed intermediate (R00
closed ) and (ii) there exists another
partially bound closed state, R10
closed (N-SH2 PBP is bound but
00
C-SH2 PBP is free), which may arise from R00
closed , Ropen ; or
11
Rclosed (see Fig. 2B). Since there is allosteric interaction between the two SH2 domains, we considered kinetic penalties
(i.e., reduced forward kinetics compared to the backward) in
01
the transitions from the partially bound states (R10
closed or Rclosed )
11
to the ﬁnal holo-state (Rclosed ). These penalties were introduced
mathematically by the factors w1 and w2 that were assumed to
have values less than 1. The penalty-inducing steps are mainly
11
the following: (i) from R01
closed to Rclosed with a dissociation
11
constant Kd2 (Kd2 ¼ kb1 =w1 kf ) and (ii) from R10
closed to Rclosed

(S1)

kinetic model is mainly based on the allosteric interaction of
ZAP-70 tSH2 domain and does not contain any feedback (43,
44).
Following Sevlever et al. 2020 (42), the ‘bound fraction’ is
deﬁned as the proportion of three species, two partially bound
10
closed intermediates (R01
closed , Rclosed ) and the closed holo-state
11
(Rclosed ). The formula for the bound fraction is given by
Φb ¼

1

01
1 10
11
2Rclosed þ2Rclosed þRclosed



Rtotal

(S2)

01
01
10
00
11
where Rtotal ¼ ðR00
open þ Ropen þ Rclosed þ Rclosed þ Rclosed þ Rclosed Þ.
In the Equation S2, the ½ factors in the numerator (associated
10
with R01
closed and Rclosed ) account the fact that only one of the two
PBPs are occupied by the ligand. Conversely, the ‘unbound
fraction’ is given by Φub ¼ ð1 − Φb Þ.
We solved the above set of ODEs (Equation S1) numerically
in Mathematica (using Parametric NDSOLVE) to obtain the
concentrations for each species. We assumed that the steadystate has reached when all concentrations were constant at a
large time (we took numerical data at t >> 5 h). From steadystate concentrations, we calculated the bound fraction using
the Equation S2 and then plotted them against the ligand
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concentrations (in Fig. 2, C and F). The initial concentrations
00
01
were as follows: R00
open = 500 nM and Rclosed ¼ Ropen ¼
01
10
11
Rclosed ¼ Rclosed ¼ Rclosed ¼ 0, at t = 0.
To observe the kinetic behavior, we numerically solved the
same set of ODEs (Equation S1) under the saturating ligand
concentration (L >> R00
open ). To check consistency, we performed multiple simulations of the kinetic proﬁles with
different initial ligand concentrations (L), 5 to 10 times higher
than the receptor concentration (R00
open ). We mostly used initial
concentrations of R00
open = 500 nM and L = 10 μM (Figs. 2, G, H,
S2, A and B) as representative plots. However, we used
initial concentrations of R00
open = 100 nM and L = 0.5 μM in
Fig. 2, D and E for visual clarity since the curves are well
separated from each other and the trend of the Kd1 variation
can be clearly seen. Nevertheless, in Fig S2, A and B, we have
shown that choosing the initial concentration of R00
open =
500 nM and L = 10 μM produces the same effect of Kd1
variation. All other parameter values used to produce the kinetic proﬁles are summarized in Table S4.
To match the theoretical bound fraction with the experimental data (Fig. 2I), we calculated the bound fraction from
the experimental data as below:
Φb ðexperimentalÞ ¼

ðFmax −FÞ
ðFmax −Fmin Þ

(S3)

where F is the ﬂuorescence intensity and Fmax and Fmin are the
maximum and minimum intensities, respectively.

Modiﬁed model for tSH2: ITAM-YP-ζ1 and tSH2R39A: ITAM-Y2Pζ1 interaction
We introduced a modiﬁed model (see Fig. 3F) to explain the
binding kinetics of tSH2: ITAM-YP-ζ1 and tSH2R39A: ITAMY2P-ζ1 in the steady-state. For both the tSH2: ITAM-YP-ζ1
and tSH2R39A: ITAM-Y2P-ζ1 interactions, the N-SH2 binding
is almost absent, and hence, other intermediates
10
11
(R00
closed and Rclosed ) and the ﬁnal holo-state (Rclosed ) cannot be
10
formed. We, therefore, neglect these species (R00
closed ;Rclosed , and
R11
)
in
the
full
kinetic
model
(Fig.
2B).
Accordingly,
we set
closed
w1 ¼ w2 ¼ w3 ¼ 0 and {kb1 ; kb2 ; kb3 ; k1þ ; k1− ; k2þ ; k2− ; k3þ ; k3− ;
0
0
kclose , kopen }  0 (i.e., negligible) in our model.
In this case, since only the C-SH2 PBP can be occupied,
 01 
the bound fraction would be Φb ¼ RRtotal . The bound fraction for both tSH2: ITAM-YP-ζ1 and tSH2R39A: ITAM-Y2Pζ1 are plotted in Figure 3G and the kinetic proﬁles of the
unbound fraction are shown in Figure 3H. The corresponding parameter values used to match the theoretical bound
fraction with the experimental data are mentioned in
Table S6. According to our experimental data, C-SH2 binding afﬁnity are similar for tSH2: ITAM-YP-ζ1 and tSH2R39A:
ITAM-Y2P-ζ1 (Kd1 = 4 nM and 8 nM, respectively; Fig. S3B).
However, our ﬁtted parameters suggest that the rate of
transition of closed to open conformational change (kopen in
Fig. 3F) are different for tSH2: ITAM-YP-ζ1 and tSH2R39A:
ITAM-Y2P-ζ1 (Table S6).
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Modiﬁed model for ITAM-Y2P and Syk tSH2 domain
interaction
Binding of ITAM-Y2P-ζ1 and ITAM-Y2P-ζ3 with Syk were
also explained by a modiﬁed model (Fig. 6H). We solved the
same set of ODEs (Equation S1) with the conditions:
w1 ¼ w2 ¼ w3 ¼ 1; kb1 ¼ kb2 ¼ kb3 ¼ kb ði:e:; no kinetic
penaltyÞ
and
0
0
fk1þ ; k1− ; k2þ ; k2− ; k3þ ; k3− ; kclose , kopen } 0 (i.e. negligible).
The bound fraction in the steady-state for three different Kd
values were plotted against the ligand concentration in Figure 6I
and kinetic proﬁles of the unbound fraction are shown in
Figure 6J. Parameters corresponding to these plots are shown in
Table S7. According to the experiments, Syk showed similar Kd
values (around 65–70 nM) for ITAM-Y2P-ζ1 and ITAM-Y2Pζ3 peptides. Hence, we varied Kd values ranging from 20 nM to
100 nM in our simulations to produce a quantitative match
between the theoretical and the experimental data.
Reduced kinetic model
Our experimental data (Figs. 3, C–E and S3, A, B, and G)
and our previous results (33) suggest that the encounter
complex (R01
open ) is indispensable in transitioning to the holocomplex (R11
closed ). This observation motivated us to build a
simpler reduced model (Fig. 3K) from the full complex model
(Fig. 2B). Speciﬁcally, we considered two simpliﬁcations: (i) we
10
eliminated the direct transition from R00
open to Rclosed , because
10
Rclosed is unlikely to form in the substoichiometric ligand
concentration (Fig. S3G) (33) and the formation of R10
closed is
conditional on the formation of the encounter complex (R01
open );
(ii) we removed the possibility of forming the ligandindependent closed intermediate (R00
closed ) since our previous
acrylamide quenching of tryptophan ﬂuorescence (indicated
by Stern-Volmer constant, KSV) revealed that the formation of
the encounter complex is prerequisite for bringing the two
SH2-domains close to each other (33).
Similar to the full model in Figure 2B, we have derived the
ODEs for the reduced model shown in Figure 3K. The ODEs
are as follows:
dR00
open
dt
dR01
open
dt

9
>
>
>
>
¼
>
>
>
>
>
>
>


01=10
00
11
01 >
>
¼ kf LRopen þk− Rclosed þkb Rclosed − kb þkþ þw1 kf L Ropen >
=
00
kb R01
open −kf LRopen


 01=10
dRclosed
11
¼ kþ R01
open þkb Rclosed − k− þw2 kf L Rclosed
dt
01=10

dR11
01=10
11
closed
¼ w1 kf LR01
open þw2 kf LRclosed −2kb Rclosed
dt

>
>
>
>
>
>
>
>
>
>
>
>
>
>
;
(S4)

01=10

Here, Rclosed denotes the concentration of partially bound closed
intermediates (i.e., either N-SH2 PBP or C-SH2 PBP is bound to the
ligand). Other chemical species are as mentioned in Figure 2A.
Similar to the full model, the transitions between open and closed
conformations (via rates kþ and k− ) are ligand independent.

Thermodynamic brake in ZAP-70
Solving the above set of ODEs in the steady-state
(Equation S4), we derived exact expressions for the concentrations as follows
9

L
>
00
>
×Ropen
¼
>
>
>
Kd1
>
>
>
  

>
=
2kþ þw1 kf L
L
01=10
00
×
Rclosed ¼
×Ropen
Kd1
2k− þw2 kf L
>
>
>
>
   2


>
>
>
w1 k− þw2 kþ þw1 kf L
L
11
00 >
Rclosed ¼
×Ropen >
×
;
2k− þw2 kf L
Kd1
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R01
open

(S5)

where, Kd1 = kkbf
We used the same parameter values for kf , kb , w1 , w2 as in
k
Table
 S4, while we took kþ = 0.00007/s, k− =0.0007/s kþ− ¼
10 . From the above expressions (Equation S5), we calculated
the bound-fraction and the unbound-fraction as below

Φb ¼ 

1
2

R01
open þ

1
2

01=10

Rclosed þR11
closed
01=10



11
01
R00
open þ Ropen þRclosed þRclosed
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 and Φub ¼ 1−Φb

The bound and unbound fractions for the reduced model
are plotted in Fig. S3, C–F, which qualitatively show the same
results as in the full model (compare Figs. 2, C–H, and S3,
C–F).
Mathematica Codes: all codes are publicly available online at
the following link https://github.com/arnabroy97/ODE_
calculations
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Supporting information—The supporting information contains
Figures S1–S7 and Table S1–S7.
Acknowledgments—The authors thank Prof. Pradipta Purkayastha
for access to ﬂuorimeter; Prof. Amit K Das and Dr Samiran S Gauri
at I.I.T. Kharagpur for Mass Spectroscopy, Manas Pratim Chakraborty and Prosad Kumar Das for their valuable inputs. The authors
thank Pritha Ganguly for her help with phylogenetic analysis. The
authors thank research funding from IISER Kolkata, infrastructural
facilities supported by IISER Kolkata and DST-FIST (SR/FST/LS-II/
2017/93(c)).
Author contributions—K. G., A. R., A. C. C., S. R., S. S. G., S. C.,
D. D., and R. D. methodology; K. G., A. R., A. C. C., O. D., S. R., S. S. G.,
S. C., and R. D. investigation; K. G., A. C. C., S. R., S. S. G., and S. C.
formal analysis; K. G., A. R., A. C. C., D. D., and R. D. writing–
original draft; K. G., A. R., and A. C. C. data curation; K. G.,
A. R., A. C. C., D. D., S. R., writing–review and editing; D. D. and
R. D. supervision; D. D. and R. D. conceptualization; D. D. and R. D.
writing–original draft; D. D. and R. D. writing–review and editing.
Funding and additional information—This work is supported by
grant from SERB (CRG/2020/000437) and DBT Ramalingaswami

Abbreviations—The abbreviations used are: BCR, B cell receptor;
ITAM-Y2P, doubly-phosphorylated immunoreceptor tyrosine
based activation motif; ITC, isothermal titration calorimetry; ODE,
ordinary differential equation; PBP, phosphate-binding pocket;
TCR, T cell receptor; tSH2, tandem Src homology 2.

References
1. McKeithan, T. W. (1995) Kinetic proofreading in T-cell receptor signal
transduction. Proc. Natl. Acad. Sci. U. S. A. 92, 5042–5046
2. Rabinowitz, J. D., Beeson, C., Lyons, D. S., Davis, M. M., and McConnell,
H. M. (1996) Kinetic discrimination in T-cell activation. Proc. Natl. Acad.
Sci. U. S. A. 93, 1401–1405
3. Chakraborty, A. K., and Weiss, A. (2014) Insights into the initiation of
TCR signaling. Nat. Immunol. 15, 798–807
4. Huang, W. Y. C., Yan, Q., Lin, W.-C., Chung, J. K., Hansen, S. D.,
Christensen, S. M., et al. (2016) Phosphotyrosine-mediated LAT assembly
on membranes drives kinetic bifurcation in recruitment dynamics of the
Ras activator SOS. Proc. Natl. Acad. Sci. U. S. A. 113, 8218–8223
5. Tischer, D. K., and Weiner, O. D. (2019) Light-based tuning of ligand
half-life supports kinetic proofreading model of T cell signaling. eLife 8,
e42498
6. Youseﬁ, O. S., Günther, M., Hörner, M., Chalupsky, J., Wess, M., Brandl,
S. M., et al. (2019) Optogenetic control shows that kinetic proofreading
regulates the activity of the T cell receptor. eLife 8, e42475
7. Gaud, G., Lesourne, R., and Love, P. E. (2018) Regulatory mechanisms in
T cell receptor signalling. Nat. Rev. Immunol. 18, 485–497
8. Chan, A. C., Iwashima, M., Turck, C. W., and Weiss, A. (1992) ZAP-70: A
70 kd protein-tyrosine kinase that associates with the TCR zeta chain.
Cell 71, 649–662
9. Madrenas, J., Wange, R. L., Wang, J. L., Isakov, N., Samelson, L. E., and
Germain, R. N. (1995) Zeta phosphorylation without ZAP-70 activation
induced by TCR antagonists or partial agonists. Science 267, 515–518
10. Mocsai, A., Ruland, J., and Tybulewicz, V. L. (2010) The SYK tyrosine
kinase: a crucial player in diverse biological functions. Nat. Rev. Immunol.
10, 387–402
11. Borna, S., Fabisik, M., Ilievova, K., Dvoracek, T., and Brdicka, T. (2020)
Mechanisms determining a differential threshold for sensing Src family
kinase activity by B and T cell antigen receptors. J. Biol. Chem. 295,
12935–12945
12. Sadras, T., Martin, M., Kume, K., Robinson, M. E., Saravanakumar,
S., Lenz, G., et al. (2021) Developmental partitioning of SYK and
ZAP70 prevents autoimmunity and cancer. Mol. Cell 81, 2094–2111.
e2099
13. Au-Yeung, B. B., Shah, N. H., Shen, L., and Weiss, A. (2018) ZAP-70 in
signaling, biology, and disease. Annu. Rev. Immunol. 36, 127–156
14. Katz, Z. B., Novotna, L., Blount, A., and Lillemeier, B. F. (2017) A cycle of
Zap70 kinase activation and release from the TCR ampliﬁes and disperses
antigenic stimuli. Nat. Immunol. 18, 86–95
15. Deindl, S., Kadlecek, T. A., Brdicka, T., Cao, X., Weiss, A., and Kuriyan, J.
(2007) Structural basis for the inhibition of tyrosine kinase activity of
ZAP-70. Cell 129, 735–746
16. Gradler, U., Schwarz, D., Dresing, V., Musil, D., Bomke, J., Frech, M.,
et al. (2013) Structural and biophysical characterization of the Syk activation switch. J. Mol. Biol. 425, 309–333
17. Bu, J. Y., Shaw, A. S., and Chan, A. C. (1995) Analysis of the interaction
of ZAP-70 and Syk protein-tyrosine kinases with the T-cell antigen
receptor by plasmon resonance. Proc. Natl. Acad. Sci. U. S. A. 92,
5106–5110

J. Biol. Chem. (2022) 298(10) 102376

15

Thermodynamic brake in ZAP-70
18. Iwashima, M., Irving, B. A., van Oers, N. S., Chan, A. C., and Weiss, A.
(1994) Sequential interactions of the TCR with two distinct cytoplasmic
tyrosine kinases. Science 263, 1136–1139
19. Hatada, M. H., Lu, X., Laird, E. R., Green, J., Morgenstern, J. P., Lou, M.,
et al. (1995) Molecular basis for interaction of the protein tyrosine kinase
ZAP-70 with the T-cell receptor. Nature 377, 32–38
20. Futterer, K., Wong, J., Grucza, R. A., Chan, A. C., and Waksman, G.
(1998) Structural basis for Syk tyrosine kinase ubiquity in signal transduction pathways revealed by the crystal structure of its regulatory SH2
domains bound to a dually phosphorylated ITAM peptide. J. Mol. Biol.
281, 523–537
21. Brdicka, T., Kadlecek, T. A., Roose, J. P., Pastuszak, A. W., and Weiss, A.
(2005) Intramolecular regulatory switch in ZAP-70: analogy with receptor
tyrosine kinases. Mol. Cell. Biol. 25, 4924–4933
22. Yan, Q., Barros, T., Visperas, P. R., Deindl, S., Kadlecek, T. A., Weiss, A.,
et al. (2013) Structural basis for activation of ZAP-70 by phosphorylation
of the SH2-kinase linker. Mol. Cell. Biol. 33, 2188–2201
23. Williams, B. L., Irvin, B. J., Sutor, S. L., Chini, C. C., Yacyshyn, E., Bubeck
Wardenburg, J., et al. (1999) Phosphorylation of Tyr319 in ZAP-70 is
required for T-cell antigen receptor-dependent phospholipase C-gamma1
and Ras activation. EMBO J. 18, 1832–1844
24. Gururajan, M., Jennings, C. D., and Bondada, S. (2006) Cutting edge:
constitutive B cell receptor signaling is critical for basal growth of B
lymphoma. J. Immunol. 176, 5715–5719
25. Kraus, M., Alimzhanov, M. B., Rajewsky, N., and Rajewsky, K. (2004)
Survival of resting mature B lymphocytes depends on BCR signaling via
the Igα/β heterodimer. Cell 117, 787–800
26. Chu, D. H., Spits, H., Peyron, J. F., Rowley, R. B., Bolen, J. B., and Weiss,
A. (1996) The Syk protein tyrosine kinase can function independently of
CD45 or Lck in T cell antigen receptor signaling. EMBO J. 15, 6251–6261
27. van Oers, N. S., Killeen, N., and Weiss, A. (1994) ZAP-70 is constitutively
associated with tyrosine-phosphorylated TCR zeta in murine thymocytes
and lymph node T cells. Immunity 1, 675–685
28. Tsang, E., Giannetti, A. M., Shaw, D., Dinh, M., Tse, J. K., Gandhi, S.,
et al. (2008) Molecular mechanism of the Syk activation switch. J. Biol.
Chem. 283, 32650–32659
29. Goodfellow, H. S., Frushicheva, M. P., Ji, Q., Cheng, D. A., Kadlecek, T.
A., Cantor, A. J., et al. (2015) The catalytic activity of the kinase ZAP-70
mediates basal signaling and negative feedback of the T cell receptor
pathway. Sci. Signal. 8, ra49
30. Hobbs, H. T., Shah, N. H., Badroos, J. M., Gee, C. L., Marqusee, S., and
Kuriyan, J. (2021) Differences in the dynamics of the tandem-SH2
modules of the Syk and ZAP-70 tyrosine kinases. Protein Sci. 30,
2373–2384
31. Folmer, R. H., Geschwindner, S., and Xue, Y. (2002) Crystal structure and
NMR studies of the apo SH2 domains of ZAP-70: two bikes rather than a
tandem. Biochemistry 41, 14176–14184
32. Yi, J., Balagopalan, L., Nguyen, T., McIntire, K. M., and Samelson, L. E.
(2019) TCR microclusters form spatially segregated domains and
sequentially assemble in calcium-dependent kinetic steps. Nat. Commun.
10, 277
33. Gangopadhyay, K., Manna, B., Roy, S., Kumari, S., Debnath, O.,
Chowdhury, S., et al. (2020) An allosteric hot spot in the tandem-SH2
domain of ZAP-70 regulates T-cell signaling. Biochem. J. 477, 1287–1308
34. Kumaran, S., Grucza, R. A., and Waksman, G. (2003) The tandem src
homology 2 domain of the syk kinase: a molecular device that adapts to
interphosphotyrosine distances. Proc. Natl. Acad. Sci. U. S. A. 100,
14828–14833
35. Isakov, N., Wange, R. L., Burgess, W. H., Watts, J. D., Aebersold, R., and
Samelson, L. E. (1995) ZAP-70 binding speciﬁcity to T cell receptor
tyrosine-based activation motifs: the tandem SH2 domains of ZAP-70
bind distinct tyrosine-based activation motifs with varying afﬁnity. J.
Exp. Med. 181, 375–380
36. Grucza, R. A., Bradshaw, J. M., Mitaxov, V., and Waksman, G. (2000)
Role of electrostatic interactions in SH2 domain recognition: saltdependence of tyrosyl-phosphorylated peptide binding to the tandem
SH2 domain of the syk kinase and the single SH2 domain of the src kinase. Biochemistry 39, 10072–10081

16 J. Biol. Chem. (2022) 298(10) 102376

37. Flajnik, M. F., and Kasahara, M. (2010) Origin and evolution of the
adaptive immune system: genetic events and selective pressures. Nat. Rev.
Genet. 11, 47–59
38. Labadia, M. E., Ingraham, R. H., Schembri-King, J., Morelock, M. M., and
Jakes, S. (1996) Binding afﬁnities of the SH2 domains of ZAP-70, p56lck
and Shc to the zeta chain ITAMs of the T-cell receptor determined by
surface plasmon resonance. J. Leukoc. Biol. 59, 740–746
39. Zenner, G., Vorherr, T., Mustelin, T., and Burn, P. (1996) Differential and
multiple binding of signal transducing molecules to the ITAMs of the
TCR-zeta chain. J. Cell Biochem. 63, 94–103
40. Osman, N., Turner, H., Lucas, S., Reif, K., and Cantrell, D. A. (1996) The
protein interactions of the immunoglobulin receptor family tyrosinebased activation motifs present in the T cell receptor zeta subunits and
the CD3 gamma, delta and epsilon chains. Eur. J. Immunol. 26,
1063–1068
41. Love, P. E., and Hayes, S. M. (2010) ITAM-mediated signaling by the
T-cell antigen receptor. Cold Spring Harb. Perspect. Biol. 2, a002485
42. Sevlever, F., Di Bella, J. P., and Ventura, A. C. (2020) Discriminating
between negative cooperativity and ligand binding to independent sites
using pre-equilibrium properties of binding curves. PLoS Comput. Biol.
16, e1007929
43. Das, J., Ho, M., Zikherman, J., Govern, C., Yang, M., Weiss, A., et al.
(2009) Digital signaling and hysteresis characterize ras activation in
lymphoid cells. Cell 136, 337–351
44. Angeli, D., Ferrell, J. E., Jr., and Sontag, E. D. (2004) Detection of multistability, bifurcations, and hysteresis in a large class of biological
positive-feedback systems. Proc. Natl. Acad. Sci. U. S. A. 101, 1822–1827
45. Clemens, L., Dushek, O., and Allard, J. (2021) Intrinsic disorder in the T
cell receptor creates cooperativity and controls ZAP70 binding. Biophys. J.
120, 379–392
46. Crowley, M. T., Costello, P. S., Fitzer-Attas, C. J., Turner, M., Meng, F.,
Lowell, C., et al. (1997) A critical role for Syk in signal transduction and
phagocytosis mediated by Fcgamma receptors on macrophages. J. Exp.
Med. 186, 1027–1039
47. Yanagi, S., Kurosaki, T., and Yamamura, H. (1995) The structure and
function of nonreceptor tyrosine kinase p72syk expressed in hematopoietic cells. Cell Signal. 7, 185–193
48. Rogers, N. C., Slack, E. C., Edwards, A. D., Nolte, M. A., Schulz, O.,
Schweighoffer, E., et al. (2005) Syk-dependent cytokine induction by
Dectin-1 reveals a novel pattern recognition pathway for C type lectins.
Immunity 22, 507–517
49. Lo, W. L., Shah, N. H., Rubin, S. A., Zhang, W., Horkova, V., Fallahee, I.
R., et al. (2019) Slow phosphorylation of a tyrosine residue in LAT optimizes T cell ligand discrimination. Nat. Immunol. 20, 1481–1493
50. Cooper, M. D., and Alder, M. N. (2006) The evolution of adaptive immune systems. Cell 124, 815–822
51. Ottinger, E. A., Botﬁeld, M. C., and Shoelson, S. E. (1998) Tandem SH2
domains confer high speciﬁcity in tyrosine kinase signaling. J. Biol. Chem.
273, 729–735
52. Feng, C., and Post, C. B. (2016) Insights into the allosteric regulation of
Syk association with receptor ITAM, a multi-state equilibrium. Phys.
Chem. Chem. Phys. 18, 5807–5818
53. Erlendsson, S., and Teilum, K. (2020) Binding revisited-avidity in cellular
function and signaling. Front. Mol. Biosci. 7, 615565
54. Klammt, C., Novotna, L., Li, D. T., Wolf, M., Blount, A., Zhang, K., et al.
(2015) T cell receptor dwell times control the kinase activity of Zap70.
Nat. Immunol. 16, 961–969
55. Stepanek, O., Prabhakar, A. S., Osswald, C., King, C. G., Bulek, A.,
Naeher, D., et al. (2014) Coreceptor scanning by the T cell receptor
provides a mechanism for T cell tolerance. Cell 159, 333–345
56. Zimmermann, K., Eells, R., Heinrich, F., Rintoul, S., Josey, B., Shekhar, P.,
et al. (2017) The cytosolic domain of T-cell receptor associates with
membranes in a dynamic equilibrium and deeply penetrates the bilayer. J.
Biol. Chem. 292, 17746–17759
57. Xu, C., Gagnon, E., Call, M. E., Schnell, J. R., Schwieters, C. D., Carman,
C. V., et al. (2008) Regulation of T cell receptor activation by dynamic
membrane binding of the CD3epsilon cytoplasmic tyrosine-based motif.
Cell 135, 702–713

Thermodynamic brake in ZAP-70
58. Courtney, A. H., Lo, W. L., and Weiss, A. (2018) TCR signaling: mechanisms of initiation and propagation. Trends Biochem. Sci. 43, 108–123
59. Holst, J., Wang, H., Eder, K. D., Workman, C. J., Boyd, K. L., Baquet, Z.,
et al. (2008) Scalable signaling mediated by T cell antigen receptor-CD3
ITAMs ensures effective negative selection and prevents autoimmunity.
Nat. Immunol. 9, 658–666
60. Love, P. E., and Shores, E. W. (2000) ITAM multiplicity and thymocyte
selection: how low can you go? Immunity 12, 591–597
61. Mukhopadhyay, H., de Wet, B., Clemens, L., Maini, P. K., Allard, J., van
der Merwe, P. A., et al. (2016) Multisite phosphorylation modulates the T
cell receptor ζ-chain potency but not the switchlike response. Biophys. J.
110, 1896–1906
62. Bettini, M. L., Chou, P. C., Guy, C. S., Lee, T., Vignali, K. M., and Vignali,
D. A. A. (2017) Cutting edge: CD3 ITAM diversity is required for optimal
TCR signaling and thymocyte development. J. Immunol. 199, 1555–1560
63. Shores, E. W., Huang, K., Tran, T., Lee, E., Grinberg, A., and Love, P. E.
(1994) Role of TCR zeta chain in T cell development and selection. Science 266, 1047–1050
64. Haks, M.l. C., Pépin, E., van den Brakel, J. H. N., Smeele, S. A. A., Belkowski, S. M., Kessels, H. W. H. G., et al. (2002) Contributions of the T
cell receptor–associated CD3γ–ITAM to thymocyte selection. J. Exp.
Med. 196, 1–13
65. Palacios, E. H., and Weiss, A. (2007) Distinct roles for Syk and ZAP-70
during early thymocyte development. J. Exp. Med. 204, 1703–1715
66. Negishi, I., Motoyama, N., Nakayama, K., Nakayama, K., Senju, S.,
Hatakeyama, S., et al. (1995) Essential role for ZAP-70 in both positive
and negative selection of thymocytes. Nature 376, 435–438
67. Au-Yeung, B. B., Deindl, S., Hsu, L. Y., Palacios, E. H., Levin, S. E.,
Kuriyan, J., et al. (2009) The structure, regulation, and function of ZAP70. Immunol. Rev. 228, 41–57
68. Mayer, B. J., Jackson, P. K., and Baltimore, D. (1991) The noncatalytic src
homology region 2 segment of abl tyrosine kinase binds to tyrosinephosphorylated cellular proteins with high afﬁnity. Proc. Natl. Acad.
Sci. U. S. A. 88, 627–631
69. Machida, K., Thompson, C. M., Dierck, K., Jablonowski, K., Karkkainen,
S., Liu, B., et al. (2007) High-throughput phosphotyrosine proﬁling using
SH2 domains. Mol. Cell 26, 899–915

70. Suzuki, Y., Moriyoshi, E., Tsuchiya, D., and Jingami, H. (2004) Negative
cooperativity of glutamate binding in the dimeric metabotropic glutamate
receptor subtype 1. J. Biol. Chem. 279, 35526–35534
71. Chakraborty, M. P., Bhattacharyya, S., Roy, S., Bhattacharya, I., Das, R.,
and Mukherjee, A. (2021) Selective targeting of the inactive state of hematopoietic cell kinase (Hck) with a stable curcumin derivative. J. Biol.
Chem. 296, 100449
72. Consortium, T. U. (2020) UniProt: the universal protein knowledgebase
in 2021. Nucl. Acids Res. 49, D480–D489
73. Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z.,
Miller, W., et al. (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucl. Acids Res. 25,
3389–3402
74. NCBI Resource Coordinators (2018) Database resources of the national center for biotechnology information. Nucl. Acids Res. 46,
D8–D13
75. de Castro, E., Sigrist, C. J., Gattiker, A., Bulliard, V., Langendijk-Genevaux, P. S., Gasteiger, E., et al. (2006) ScanProsite: detection of PROSITE
signature matches and ProRule-associated functional and structural residues in proteins. Nucl. Acids Res. 34, W362–W365
76. Felsenstein, J. (1985) Conﬁdence limits on phylogenies: an approach using
the bootstrap. Evolution 39, 783–791
77. Jones, D. T., Taylor, W. R., and Thornton, J. M. (1992) The rapid generation of mutation data matrices from protein sequences. Comput. Appl.
Biosci. 8, 275–282
78. Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018) Mega X:
molecular evolutionary genetics analysis across computing platforms.
Mol. Biol. Evol. 35, 1547–1549
79. Le, S. Q., and Gascuel, O. (2008) An improved general amino acid
replacement matrix. Mol. Biol. Evol. 25, 1307–1320
80. Letunic, I., Khedkar, S., and Bork, P. (2020) Smart: recent updates, new
developments and status in 2020. Nucl. Acids Res. 49, D458–D460
81. Crooks, G. E., Hon, G., Chandonia, J. M., and Brenner, S. E.
(2004) WebLogo: a sequence logo generator. Genome Res. 14,
1188–1190
82. Schneider, T. D., and Stephens, R. M. (1990) Sequence logos: a new way
to display consensus sequences. Nucl. Acids Res. 18, 6097–6100

J. Biol. Chem. (2022) 298(10) 102376

17

