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Src Family Kinases and Receptors: Analysis of Three Activation
Mechanisms by Dynamic Systems Modeling
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ABSTRACT Src family kinases (SFKs) interact with a number of cellular receptors. They participate in diverse signaling
pathways and cellular functions. Most of the receptors involved in SFK signaling are characterized by similar modes of regulation.
This computational study discusses a general kinetic model of SFK-receptor interaction. The analysis of the model reveals three
major ways of SFK activation: release of inhibition by C-terminal Src kinase, weakening of the inhibitory intramolecular
phosphotyrosine-SH2 interaction, and amplification of a stimulating kinase activity. The SFK model was then extended to simulate
interaction with growth factor and T-cell receptors. The modular SFK signaling system was shown to adapt to the requirements of
specific signaling contexts and yield qualitatively different responses in the different simulated environments. The model also
provides a systematic overview of the major interactions between SFKs and various cellular signaling systems and identifies their

common properties.

INTRODUCTION

Many cell surface receptors share a common mode of acti-
vation. Binding of a signaling molecule to the extracellular,
ligand-binding domain activates the specific receptor and
triggers subsequent intracellular events. This typically in-
volves dimerization of activated receptor molecules and, due
to the intrinsic tyrosine kinase activity of many receptors,
phosphorylation of tyrosine residues in the intracellular re-
ceptor domains, as well as phosphorylation of other target
proteins. A large variety of signaling proteins can attach to
these phosphorylated tyrosine residues through interaction
between the phosphotyrosines in the receptor and Src ho-
mology 2 (SH2) domains in the binding protein. In some
cases, this causes the activation of the binding protein, which
then performs subsequent cellular functions. In other cases,
the transportation of an enzyme near the membrane directs its
activity to other membrane-located proteins, having a similar,
activating effect.

One important class of receptor binding protein is the
family of Src kinases. The nine members of this family play
roles in the cellular events mediated by receptors such as the
epidermal growth factor receptor (EGFR), the platelet-de-
rived growth factor receptor (PDGFR), or the T-cell receptor
(TCR) (1,2). Some of the Src family kinases (SFKs) are ex-
pressed ubiquitously, like Src, which also contributes to cell-
cycle-specific events. Other SFKs, such as Fyn and Lck, are
only found in specific cell types (T-lymphocytes, in this
case). All SFK's are membrane-anchored and share a common
domain architecture.

In recent years, the modes of SFK regulation have been
elucidated to such a degree that we now understand the ef-
fects of the many kinases and phosphatases the SFKs interact
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with (see also Fig. 1 B). SFK activity is regulated by a
multitude of factors. Most importantly, Tyr-418 (residue
numbers refer to human Src) is phosphorylated in a trans-
autocatalytic reaction and significantly enhances kinase ac-
tivity. The C-terminal Src kinase (Csk) is an important
negative regulator of SFK activity (3,4). It phosphorylates
tyrosine residue 530 of Src (3), a residue which allows the
C-terminal tail to interact with the SH2 region within the
same molecule. This *‘tail-bite’’ conformation is catalytically
inactive (5,6). Csk itself is regulated by translocation: the
so-called Csk binding protein (Cbp, also known as PAG) is a
membrane-anchored adaptor protein that recruits Csk to the
membrane, when phosphorylated on tyrosine 317 (7,8). Cbp/
PAG and Csk interact through an SH2 domain in Csk that
binds to this phosphotyrosine. Src family kinases can phos-
phorylate this residue, and thus create a negative feedback
loop. This mechanism of SFK suppression plays a key role in
the signaling contexts of the TCR (9-11), EGFR (12,13),
PDGEFR (14), and others (15).

The fact that Src family kinases interact with a variety of
receptors and are also involved in other signaling pathways
calls for a general model to explain more about the mecha-
nism of interaction with and the physiological benefit gained
from involvement of SFKs. Such a general model would
provide a useful basis for reasoning about any of the specific
signaling systems—for example, for drawing parallels be-
tween them and elucidating unknown molecular mecha-
nisms. It would also help to answer the question about the
precise physiological role played by SFKs.

However, there are a few uncertainties and even conflict-
ing reports that require closer investigation. For example, it is
currently not known which phosphatase is involved in the
dephosphorylation of Cbp/PAG, which would release Csk
and allow for the activation of SFKs. Matsuoka et al. (12)
have observed that upon stimulation of the EGF receptor, Src
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FIGURE 1 (A) Common reaction scheme of interactions between receptor

(R), kinase (Src), and SH2-domain containing proteins (SH2). (B) Phospho-
rylation sites of Src and enzymes responsible for phosphorylation and
dephosphorylation.

is activated and causes an increase in Cbp/PAG phospho-
rylation, which is consistent with the interactions described
above. On the other hand, various groups have shown that in
unstimulated T-cells, Cbp/PAG phosphorylation levels are
high and stimulation of the T-cell receptor causes Cbp/PAG
dephosphorylation, allowing SFK activation (8,16). In these
two cases, it seems that two different mechanisms underlie
the receptor-mediated activation of SFKs.

If the Src family of kinases and their main regulators
constitute a reusable module within diverse signaling con-
texts, several questions arise:

How are SFKs activated by each receptor?

What are the requirements for successful employment of
SFKs?

How can the SFK module adapt to the requirements of
the various signaling contexts?

To investigate the mechanisms that lead to the activation of
SFKs upon receptor stimulation, we constructed a kinetic
model of the common mechanisms of SFK interaction that
are shared by most receptor tyrosine kinases and investigated
the model’s dynamics. For this, we made use of a previously
published mathematical model for Src activation at mitosis
(17). This model was extended to include receptor interac-
tions and updated with some quantitative and semiquantita-
tive information. An important goal of this study was to elicit
the properties and mechanisms which are common among
signaling systems involving SFKs. Establishing these com-
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monalities will facilitate the formulation of general principles
governing such systems. Using numerical analysis methods,
we identified and characterized three mechanisms that lead to
SFK activation: dephosphorylation of Cbp/PAG, weakening
of the intramolecular SH2-pTyr (‘‘tail-bite’’) interaction, and
activation of a small pool of stimulating SFK molecules. The
simulations show how these mechanisms function in the
context of the EGFR and TCR.

METHODS
Protein interactions

The major protein interactions in SFK-receptor signaling were identified
from published literature. From these, a common set of reactions was derived
that describes the mode of regulation between the receptor systems under
investigation. Only well-characterized protein interactions were taken into
account. The simplified reaction scheme on which the model is based is given
in Fig. 1 (explained in the text below).

Model definition

The concentrations of each molecular species in the network were repre-
sented as a dimensionless variable in the model, i.c., the variables are not
calibrated and assume values from the unit interval ([0. . .1]). This was due to
two reasons:

1. The intention was to construct a general model, which would not describe
quantitative concentration changes in a particular system, but rather
maintain validity across a wide range of contexts; different members of
the Src family in different cellular environments are likely to differ in
their kinetic rate constants.

2. The published information available on the relevant reactions (partic-
ularly the SFK subsystem) does not permit an accurate, quantitative
description at this time. However, where available, quantitative infor-
mation was taken into account.

The reactions between molecular species were modeled using ordinary dif-
ferential equations. In this approach, the dynamic behavior of the system is
defined by a set of parameterized equations that determine how the con-
centration of each species changes over time. These equations are derived
from elementary chemical kinetic laws, such as the law of mass action. The
result is a model system that reproduces the temporal behavior of the bio-
logical system.

The full kinetic specification of the model is given in Table 1. Reaction
1 defines ligand degradation, Reactions 2-9 define reactions involving the
receptor, and Reactions 10-16 represent SFK regulation. A set of auxiliary
algebraic equations define the relationships between concentrations and
enzymatic activities of the molecular species, conservation relationships, and
others. Activity in this context refers to an effective concentration that de-
termines the velocity of the enzyme-catalyzed reaction.

Parameter values

The parameter values were derived through mainly two principal methods:
first, directly or indirectly from published data, and second, from prior
knowledge. Useful published data is sometimes available in the form of
quantitative equilibrium measurements. For example, the basal level of
PTPa phosphorylation in T-cells was determined as ~20% (18). From this
value, the ratio of the parameters p, and p; (which control phosphorylation of
PTPa Tyr-798) could be derived as p,/(p» + p3) ~ 0.20. Similarly, the
known basal levels of Csk activity for the two systems considered have been
taken into account for the derivation of k_cy,, and k. cpp. Also, sometimes
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TABLE 1 List of reactions and kinetic equations

1997

Number Reaction

Kinetics

Ligand degradation

1 lig — @

Ligand binding and receptor phosphorylation

2 R+ lig=R:lig

3 R:lig=Rp

4 Rp = Rppp

Src binding to phosphorylated receptor

Sa Rp + S)‘pr530 ﬁRpZ Sl’c‘pysg()

5b Rp + Src =RP:Src

5c Rp + S)‘pr419 :Rp: SI‘L‘py419

5d Rp + Srcpyssopyato = Rp: Srcpyssopyato
Se Rp + SHP = Rp: SHP

Src binding to hyperphosphorylated receptor

6a Rppp + Srcpysso = Rppp: Srepysso
6b Rppp + Src = Rppp: Src

6¢c Rppp + Srcyyaro = Rppp: Srcpyang
6d Rppp + Srepyssopya1s = Rppp: Srepyssopyaro
6e Rppp + SHP = Rppp: SHP
Autophosphorylation of receptor-bound Src

Ta Rp:Srepysso = Rp:Srepyssopyaty

7b Rp:Src = Rp:Srcpyaro

8a Rppp: Srcpysso = Rppp: Srepys3opy41o
8b Rppp: Src = Rppp: Srcpyaro

N-terminal Src phosphorylation (independent of pY530 and pY419)
9 Sre = Srcp(sus)

Src family kinase regulation

10 Si‘pr53() = Src

11 SrcﬁSrcpy‘ug

12 Srcpyarg = Srepys3opyato
13 SGCYsso;pY419 - S"Cstso

Csk regulation

14 Cbp = Chpyys17

15 Cbppy317 + Csk= Cbppy317:Csk
PTPa regulation

16 PTP« :‘PTPCprmg

Receptor complex dissociation

17a— Ry — R + lig

17d-m Ry > R+ lig+y

Auxiliary equations
Kinase activities of Src, Csk, and receptor kinase

vi =c¢ X lig

Vo =y X R X lig — ¢ X R:lig
vz =c3 X Rilig—c3 X Rp
Vg = ¢4 X asee X Rp — ¢4 X Rppp

Vsa = C5 X Rp X SI'()pysj;(] —c5 X Rp:S)‘prs:m

Vs, = ¢s X Rp X Src — c_s X Rp:Src

Vse = €5 X Rp X Sr(‘py41() —c5 X Rp:S)‘pr419

Vsa = €5 X Rp X Srcpyssopyaro — C—s X Rp:Srepyssopyaro
vse = ¢5 X Rp X SHP — ¢_s X Rp:SHP

Vea = C¢ X Rppp X Srcyysso — c.s X Rppp:Srepysso

Vb = C6 X Rppp X Src — c_¢ X Rppp:Src

Vee = C6 X Rppp X Srcpyaro — c_¢ X Rppp:Srcyyare

Vea = C6 X Rppp X Srcpyssopyato — C6 X Rppp:Srepyssopyato
Vee = C¢ X Rppp X SHP — c_¢ X Rppp:SHP

V7a = €7 X dge X Rp:Srepysso — ¢7 X RpiSrepyssopyato

V7b = €7 X ase X Rp:Src — c_7 X Rp:Srcpyare

Vga = €g X asre X Rppp:Srcpysso — c_g X Rppp:Srcpyssopyato
Vgp = Cg X dsre X Rppp:Src — c_g X Rppp:Srcpyaro

Vo = cg X ag X (1 — Srcpsus)) — co X Srepsus)

Vio = kb X aprpa X Srcpysso — ki X acg X Sre

Vi1 = k3 X ase X Sre = py X Srepyaro

Viz = ki X acg X Srcpyarg — ko X aprpa X Srcpyssopyaro
Vi3 = p1 X Srepyssopyao

Vig = (kicop T kcvp X asre) X Cbp — (kecpp + ksup X asup) X Chbpyysiz
Vis = Kcbpion X Cbppyziz X Csk — keppofr X Chppys17:Csk

Vie = (p3 + ase) X PTPa — py X PTPaypyqog

Vizx = kp X Ry
Vi7x = kp X Ryy

Asre = A3 F Pareo X STC + Pyrcy X STCY419 T Pree X STChY530,pY419 + Prere X D3RP © Srci.

acg = Cbppys17:Csk.
ar = Rp + Rppp + ziRp : Srej.

Phosphatase activities of PTPa and SHP
ApTPa = agTPa + PTPapy7gg.
asup = Rp:SHP + Rppp:SHP.

Conservation of mass
YSrci + Y Rp : Sre; + ZjRppp 2 Srej=1.
ZiRi = Total -
Cbp + Cbppysi7 + Chpyy317:Csk = Chbpiorar-
Csk + Chpyy317:Csk = Cskigal-
PTPa + PTPapy798 = PTPaotal-

Phosphorylation-mediated weakening of the Src tail-bite
ky = k2.min + (kZ;max - kZ:min) X Srcp(SH3)-
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relative total concentrations are available, as in the case of Csk and Cbp/
PAG: Csk is present in excess and only 5% of Csk is recruited to the
membrane via phosphorylated Cbp/PAG (11). This is reflected by the values
of Chpiora = 1 and Cskiora = 20.

So-called prior knowledge is typically available in the form of qualitative
features of the system in question and plausible assumptions on its behavior.
The nature of these assumptions is behavioral, as opposed to mechanistic.
For example, it is known that Fyn and Lck activity show a single transient
peak after TCR activation. Any parameter set that produces no response,
sustained response, or multiple peaks can therefore be disregarded. Param-
eter values were adjusted so that the obtained behavior is compatible with
known behavioral properties of the system.

To cope with residual uncertainty we previously carried out a robustness
study on the SFK subsystem (19). The results showed that the major systems-
level characteristics of the SFK model, namely the bistable switch and the
excitable behavior that produced transient responses to stimuli, were predomi-
nantly determined by the topology rather than by particular parameter values.

Since the receptor subsystem model developed here is a rather abstract
representation of the molecular events involved in receptor activation, many
of the parameter values do not correspond to actual rate constants of ele-
mentary reactions. They are therefore not an exact mechanistic representa-
tion, but were devised to ensure qualitative consistency with previously
published models, such as in the literature (20,21). Details are given in Re-
sults below.

SFK subsystem

The dynamics of the protein interaction network involving Src, Cbp/PAG,
Csk, and PTPa (or, as an alternative interpretation, CD45) have been mod-
eled in FuB et al. (17). Some minor changes to the model parameters (see
Methods) were introduced to better reflect the situation in the contexts under
investigation.

The simulations of the SFK subsystem (Figs. 2 and 3) were performed
with a total receptor concentration of Ry, = 0. Therefore, only Reactions
10-16 effectively contributed to the dynamic behavior of the model.

Receptor interaction

A simplified model of receptor activation was used to provide a framework
for the simulation of SFK-receptor interactions. The reactions considered
were similar to the EGFR activation model published by Kholodenko et al.
(20), which describes the immediate events after activation of the EGFR. In
addition to the reactions modeled there, this study also takes dissociation of
the ligand from the activated receptor complex into account. With respect to
this, the model resembles the scheme proposed by McKeithan (22).

The numerous tyrosine phosphorylation sites of the various receptors
were classified into two groups: receptor autophosphorylation sites and hy-
perphosphorylation sites, which are targeted by SFKs (23). The reactions for
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receptor activation modeled in this study are shown in Fig. 1. Reactions 5 and
6 represent the binding of an SH2 domain containing protein to the receptor.
Src family kinases bound to the receptor were assumed to obey the same
kinetics as the free SFK except that the inhibitory phosphorylation of the
receptor-bound SFK was assumed to be ineffective.

As before, the rate constants chosen do not reflect concrete, quantitative
kinetic information, but provide plausible approximations that allow gen-
eralization of the receptor model to a wide range of signaling contexts. Most
reactions in the model do not correspond to actual elementary biochemical
reactions, since there is a considerable amount of uncertainty and also var-
iation between different receptors. For this reason, the kinetic equations have
the form of pseudo first-and second-order mass action kinetics rather than, for
example, Michaelis-Menten kinetics. This approximation is valid for small
substrate concentrations.

The application of ligand was simulated by increasing the variable lig,
which corresponds to the concentration of free ligand. Removal of ligand was
controlled by adjusting parameter ¢; (Reaction 1).

Numerical analysis

Simulations were carried out with XPPAut 5.96 (24). Integration was per-
formed with the fourth-order Runge-Kutta method and a step size of AT =
0.05 or less. Bifurcation diagrams were created with the integral XPPAut
interface to AUTO (25).

RESULTS
Characterization of the SFK subsystem

To understand the SFK-specific events after receptor stimu-
lation, we first illustrated the dynamic properties of the SFK
subsystem (17). The subsystem model represents the dy-
namics of the protein interactions among an Src family ki-
nase, Cbp/PAG, and Csk, and a phosphatase such as PTP« or
CD45 that interacts with the SFK in a positive feedback loop.
Using numerical analysis methods, this system was shown to
allow for bistability, a common dynamic motif that is often
encountered in switchlike biochemical systems (e.g., genetic
switches (26) or cell-cycle phase transitions (27)). In a bi-
stable system, a given set of parameters permits two distinct
stable equilibrium solutions. The state of a bistable system
can usually be toggled by crossing a bifurcation point, be-
yond which one of the stable states disappears, rendering the
system monostable. Bistable systems also normally display
hysteresis: the system state depends on its immediate history.

FIGURE 2 Activation of the SFK

g - 5 subsystem. Three bifurcation diagrams
S} indicating the relative enzyme activities

at steady-state (continuous line, stable;
g _ dashed line, unstable). (A) Excitation of
o SFK activity. Dotted line represents a

possible excitation trajectory. (B) Bifur-
8 | cation curves for different values of k,,
8 representing allosteric effects of Ser/

Thr-phosphorylation in the N-terminal
8 | a SFK region. (C) Kinase activity re-
g T T T T quired for overcoming Csk inhibition

00 02 04 06 08
Csk activity

1.0 and triggering the SFK autophosphor-
ylation reaction. Graphs are based on

parameters in Table 2.
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FIGURE 3 Bifurcation diagrams illustrating the effect of
a Cbp-pY317 targeting phosphatase. The system has a
Hopf bifurcation (H) and an infinite period bifurcation (IP).
(Heavy lines) stable steady state; (dashed lines) unstable
m steady-state; and (dots) maxima and minima of stable
periodic solutions (limit cycles). Unstable limit cycles
not shown.
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Phosphatase activity

Switching mainly occurs at two distinct points that enclose
the region of bistability.

In the SFK system, switching can be achieved by altering
the activity of Csk. The bifurcation diagram in Fig. 2 A il-
lustrates this. Two stable equilibrium states (thick lines) exist.
The state of low SFK activity is only stable for Csk activities
above a certain threshold (bifurcation point 1). If Csk activity
falls below this threshold (for example, due to Cbp dephos-
phorylation and Csk release), the system is attracted by the
high SFK activity state. For default parameters, the threshold
value was 0.434, which corresponds to 43.4% of the total
Cbp/PAG in the cell being phosphorylated and bound to Csk.
The increasing SFK activity in turn causes rephosphorylation
of Cbp/PAG and subsequent suppression of SFK activity by
Csk. The course of these events is illustrated by the trajectory
in Fig. 2 A (dotted line).

Requirements for SFK activation
Cbp/PAG dephosphorylation

As explained above, the level of Cbp/PAG phosphorylation
determines the stability of the two steady states and is
therefore an important property for SFK regulation. For the
system to remain in the low SFK state, the unstimulated cell
must maintain a certain level of Cbp/PAG phosphorylation,
which is at least above bifurcation point 1 (see Fig. 2 A).

Based on this conceptual model, early events after receptor
stimulation must lead to an increased tyrosine phosphatase
activity targeting Cbp/PAG (or alternatively, in case of
constitutive tyrosine phosphatases, a decrease in Cbp/PAG-
directed tyrosine kinase activity). We explored the effects of
varying the rate of Cbp/PAG dephosphorylation by incor-
porating a dephosphorylation reaction into our model. De-
phosphorylation was assumed to follow first-order kinetics
with the rate constant k_cpyp.

We performed bifurcation analysis on the extended model
using k_cpp as a bifurcation parameter. The parameter was
varied between 0 and 0.1, which corresponds to a dephos-
phorylation rate equivalent to the maximally achievable rate
at which Src can phosphorylate Cbp (assuming default pa-

Phosphatase activity

rameters). The two bifurcation diagrams in Fig. 3 illustrate
the system’s behavior in response to different phosphatase
activities. The two bifurcation points (IP) divide the graph
into three regions, which are discussed in the following.

Low phosphatase activity creates a stable equilibrium state
of low SFK activity and medium to high Csk activity (region
I). The latter depends on the value of k_cp,. However,
phosphatase activities within this region are too weak to
cause activation of significant amounts of SFK. Rather, ki-
nase and phosphatase activities center the system on a posi-
tion close to the bifurcation point.

If phosphatase activity further exceeds a threshold (kcyp, =
0.0092), SFK activity can be excited, after a similar trajectory
as shown in Fig. 2 A. As described above, this activation of
SFKs is followed by recruitment of Csk to the membrane and
downregulation of the SFK. Because, in our simple model,
the phosphatase activity is constitutive and persists even after
SFK activity is suppressed, the cycle continues and another
round of Cbp/PAG dephosphorylation begins. Region II in
the bifurcation diagram therefore shows oscillating behavior.
The transition from stable low SFK activity to oscillating
behavior is marked by a Hopf bifurcation point (H). Finally,
under the influence of strong phosphatase activity (>k_cpp, =
0.05), SFK activation becomes constitutive, and the oscilla-
tions disappear (region 3). This bifurcation was identified as
an infinite period bifurcation (IP). In summary, there is a low
phosphatase activity region (I), which corresponds to SFK
repression, and two high phosphatase activity regions, which
create oscillatory (II) or stably sustained SFK activity (III).

There is currently no experimental evidence for the sus-
tained oscillations that the model predicts. Normally, a single
stimulus yields a transient period of SFK activation, which is
then followed by stable suppression of SFKs (16). This could
mean that the system does not stay in the oscillatory region
for a sustained time (possibly even shorter than the oscillation
period), or that only the two steady-state regions play bio-
logical roles. In either case, to maintain the validity of this
phosphatase model and to accommodate for transient acti-
vation, we would need to postulate a mechanism by which
the Cbp/PAG targeting phosphatase is deactivated during the
excitation of the SFK.

Biophysical Journal 94(6) 1995-2006
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Weakening of the “tail-bite”

It is certainly easy to imagine several possible implemen-
tations of such a mechanism. One scenario is described below
in the context of the T-cell receptor. However, our results
suggest an alternative that does not require the postulation of
hypothetical enzymatic interactions. There have been reports
about phosphorylation sites in the N-terminal region and the
SH3 domain of SFKs that weaken the intramolecular asso-
ciation between the C-terminal phosphotyrosine and the SH2
domain: the PDGF receptor phosphorylates tyrosine residues
138 (28) and 213 (29) of Src (reviewed in (1)). The cell-
cycle-specific kinase cdkl phosphorylates different serines
and threonines during mitosis, which has the same effect on
the tail-bite interaction (30). It has been found that in this state
access of phosphatases that dephosphorylate the inhibitory
tyrosine is enhanced (30). A recent study has shown that an
artificially strengthened Lck tail-bite interaction prevents
normal TCR signaling (31).

In the model investigated here, the state of these phos-
phorylation sites is collectively represented in the parameter
k; (see also (17)), a pseudo second-order rate constant for the
dephosphorylation of the C-terminal phosphotyrosine by
PTPa or CD45. Fig. 2 B contains variations of the bifurcation
diagram of Fig. 2 A. The curves shown correspond to 20%,
60%, and 100% of the normal dephosphorylation rate (de-
fault parameters), on which Fig. 2 A is based. The shape of
the steady-state branches and the position of the bifurcation
points were dependent on k,. An increase of k, could move
the system from the bistable region into the monostable re-
gion (left in the graphs), which is characterized by high SFK
activity. It is therefore conceivable that activation of SFKs is
triggered not (or not only) by an increase of C-terminal phos-
phatase activity, but by an increased kinase activity that targets
N-terminal serine, threonine, and tyrosine residues in SFKs.

Small stimulating kinase activity

Fig. 2 A also indicates another mechanism which could lead
to SFK activation. When the system state is within the bi-
stable region, an addition of a certain amount of active SFK
could trigger the autophosphorylation reaction and make the
system jump to the state of high SFK activity (upper stable
branch). The triggering kinase activity must be large enough
to allow the system to cross the unstable steady state (dashed
line in Fig. 2 A). This threshold increases with the level of
Cbp/PAG phosphorylation.

This possibility is interesting because a number of recep-
tors are known to bind SFKs via their SH2 domain to
phosphotyrosines in the juxtamembrane region of the re-
ceptor. Since affinities of the SFK SH2 domains for receptor
phosphotyrosines are higher than for the C-terminal phos-
photyrosine, this binding event releases the intramolecular
block (32). It is commonly assumed that small numbers of
SFK molecules activated in such a way could trigger auto-
phosphorylation of the remaining SFK population.
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Using the SFK model we determined the minimal kinase
activity needed for triggering autophosphorylation under
absence of any other activating influences. To simulate a
triggering kinase activity the model parameter a(s)m,, which
represents background SFK activity, was increased in small
steps. This had an impact on the positions of the bifurcation
points described above. Higher values of @ demanded a
higher Csk activity for maintaining SFKs in an inactive state.
The correlation is shown in Fig. 2 C. At Csk activities below
point a in Fig. 2 C, SFK was constitutively active and no
additional kinase activity was required to trigger SFK acti-
vation. Between points a and b, the threshold increased up to
a maximum (point b). For default parameters (Table 2), this
maximum required activity corresponded to 1.3% of the SFK
population bound to the receptor and activated. Of course,
this value is highly sensitive to a number of model parame-
ters, such as the ratio of Src/Cbp. (A 1:1 ratio was assumed
here.) However, these findings confirm that a very small
amount of activated SFK, as can be caused by receptor
binding, may be sufficient to trigger a response. On the other
hand, to the right of point » high Csk activity suppressed all
net autophosphorylation activity, regardless of the amount of
stimulating kinase activity. This point corresponded to 0.95
units of active Csk per unit of SFK.

Note that point b is not equivalent to bifurcation point 2.
Even within parts of the monostable region of Fig. 2 A it was
possible to trigger transient autophosphorylation, provided
the stimulating SFK activity was high enough.

Receptor dynamics

To characterize the three activating mechanisms (Cbp/PAG
dephosphorylation, weakening of the tail-bite, and small
stimulating kinase activity) in the context of receptor dynamics,
a simplified, general kinetic model of receptor activation was

TABLE 2 Parameters of the SFK subsystem

Parameter Value
ky 1

k> 0.6
k3 1

k4 1

D1 0.2
)22 0.15
P3 0.035
kap 0.1
kCSK;uff 0.1
kCSK:on 0.1
Cbpmlul 1
Cskoral 20
PTPa o 1
Psteo 0
Psrea 1
p3|'CC 1

aSl’C O
aglp 0

Parameters are in arbitrary, dimensionless units (see Methods).
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constructed. The dynamics of receptor-ligand interaction and
subsequent activation have been studied extensively in ki-
netic models (for an overview, see (21)). Our model was
constructed with the specific aim of characterizing receptor-
SFK interaction in a general approach, which could explain
observations in various receptor signaling contexts.

Fig. 1 A shows the reaction scheme underlying the receptor
activation part of our model. The scheme is similar to the one
modeled by Kholodenko et al. (20), but dissociation of the
dimerized and activated receptor-ligand complexes (Reac-
tion 17) was also taken into account (in a similar way to the
model of McKeithan (22)). Since little quantitative data are
available on the relative abundance of the relevant proteins of
the SFK subsystem, the entire model was kept dimensionless.

Receptor activation was modeled in three steps: ligand
binding (Reaction 2), receptor phosphorylation (3), and hy-
perphosphorylation (4). Reactions 5 and 6 represent binding
of SH2 domain containing proteins, such as SFKs, to the
receptor. (These reactions appear in several instances in Ta-
ble 1, one for each species of SH2 containing protein.)

The receptor also participates in SFK regulation (Fig. 1 B).
Reaction 9 models the weakening of the tail-bite through
phosphorylation within the N-terminal and SH3 regions of
SFKs. The amount of phosphorylation influences the pa-
rameter k5 (see auxiliary equations in Table 1), which con-
trols dephosphorylation of the SFK negative regulatory
phosphorylation site. Receptor-bound SFK proteins were
assumed to allow autophosphorylation (Reactions 7 and 8).

Growth factor receptors

The reaction scheme in Fig. 1 directly corresponds to the
immediate events after EGFR stimulation. The binding of
growth factors to the receptor (Reaction 2) causes homo-
dimerization of two receptor molecules (not explicitly rep-
resented in the model). The EGF receptor proteins are
phosphorylated on several tyrosine residues by trans-auto-
phosphorylation (Reaction 3) (33). Src also phosphorylates
tyrosines 845 and 1101 (23) in the receptor (Reaction 4). The
phosphotyrosines then serve as binding sites for Src (Reac-
tions 5 and 6).

Due to the abstract representation of these reactions, pa-
rameter values for the receptor subsystem were kept at unity
or decimal powers. The dissociation rates and equilibrium
constants are in approximate accordance with the model of
Kholodenko et al. (20). For initial simulations, a constitutive
phosphatase activity of k_cp, = 0.02 was assumed. This
phosphatase activity created an equilibrium level of Cbp/
PAG phosphorylation close to bifurcation point 1 in Fig. 2 A
at ~0.181 (corresponding to 18.1% of the total Cbp/PAG
being phosphorylated on Tyr-317). Simulation was started
from this equilibrium point. Stimulation of the receptor was
simulated by adding an amount of ligand at time ¢ = 0. The
slow degradation of free ligand (c¢; = 0.05) provides for
transient rather than continuous stimulation.
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The simulation (Fig. 4 A) produced a short, transient re-
sponse of SFK activity, which rapidly brought Cbp/PAG
phosphorylation to a maximum. The constitutive phosphatase
activity then caused Cbp/PAG phosphorylation to slowly re-
turn to its original equilibrium state. For certain parameters, the
system returned to its equilibrium in damped oscillations. Fig.
4 A shows the nonoscillating case.

In conjunction with constitutive phosphatases, the feed-
back between SFK activity and Cbp/PAG phosphorylation
positioned the system on an excitable spot, which allowed a
sensitive response to an appropriate stimulus. These results
indicate that neither direct nor indirect upregulation of a Cbp/
PAG-specific phosphatase activity by the activated receptor
is required. The weakening of the inhibitory, intramolecular
interaction through receptor-mediated phosphorylation was
enough to trigger SFK activation.

To test how the model system responds to subsequent
stimulations of the receptor, another quantity of ligand was
added at different times after the initial stimulation. We found
that the system showed refractory behavior within a certain
period after response to primary stimulation. SFK and receptor
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FIGURE 4 Simulations of the general receptor model with the growth
factor parameter set. At the times indicated by triangle symbols, one unit of
ligand was added. (A) single stimulation; and (B) subsequent stimulation
demonstrating the refractory period. (Dashed lines) Cbp/PAG phosphoryl-
ation; (dash-dotted lines) receptor phosphorylation; and (continuous lines)
SFK activation (phosphorylation of the autocatalytic site).
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activity was low during that period, but excess Cbp/PAG
phosphorylation prevented a response of SFKs to subsequent
stimulation. Fig. 4 B shows a typical example of unsuccessful
secondary stimulation within the refractory period. While
there were significant amounts of receptor phosphorylation in
response to the stimulus, SFK activity remained low. Since
SFK activity also contributes to receptor phosphorylation
(and therefore activation), the receptor kinase itself exhibits
an increased activation threshold during the refractory pe-
riod. The length of the refractory period was mainly depen-
dent on the activity of the constitutive phosphatase and the
rates of association and dissociation between Cbp/PAG and

Csk (kcsk:on and kesk:ofr)-

T-cell receptor

The results presented in the previous section could explain
SFK activation in the context of the EGF and PDGF recep-
tors, and how unstimulated cells could maintain a low level
of Cbp/PAG phosphorylation. However, as mentioned in
the introduction, a different situation seems to exist in other
signaling contexts, such as in T-lymphocytes. These cells
maintain a high level of Cbp/PAG phosphorylation, which is
rapidly reduced upon ligand binding, followed by activation
of the Src family member Fyn.

Fig. 1 can be reinterpreted to accurately describe the in-
teraction between SFKs and the T-cell receptor (TCR)
complex. The TCR consists of a number of proteins, the a-,
B-, v-, and {-chains, which form the receptor complex. The
coreceptors CD4 and CD8, which bind Lck, are of impor-
tance for SFK regulation in T-lymphocytes. Reaction 2 cor-
responds to the binding of an antigen, contained in a major
histocompatibility complex molecule on the surface on an
antigen-presenting cell. This binding event recruits CD4/8
molecules to the receptor complex and brings Lck close to the
receptor. Lck then phosphorylates tyrosine phosphorylation
motifs (called immunoreceptor tyrosine-based activation
motifs or ITAMs) in the TCR {-chains (Reaction 3) and
thereby facilitates binding of proteins to these ITAMs. The
activity of Lck causes recruitment of Fyn to the TCR complex
(34,35), presumably by binding to phosphorylated tyrosines
(Reaction 5). Whether a similar hyperphosphorylation mech-
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anism as in Reactions 4 and 6 exists for the TCR is not clear.
For example, Fyn might target tyrosines in the receptor
complex other than those phosphorylated by Lck. The rate
constants for these equations (c4 and cg) were set to zero in
the default parameter set (simulations shown in Fig. 5).
However, we found that the qualitative behavior of the sys-
tem as documented below was not altered if these rate con-
stants were kept at the same levels as in the growth factor
parameter set.

It is currently unknown how Cbp/PAG is dephosphory-
lated upon TCR stimulation. Whatever mechanisms cause
Cbp/PAG dephosphorylation, net phosphatase activity must
increase significantly within a minute of receptor stimulation.
Since a number of signaling molecules have been reported to
bind to the phosphorylated ITAMs of the T-cell receptor,
we assumed as a working hypothesis, that one of the early
binding proteins is an SH2 domain containing phosphatase
that targets Cbp/PAG (see also Discussion). We also as-
sumed that binding of that phosphatase to the ITAMs sig-
nificantly increased its activity, as is the case with many
SH2-domain-containing proteins besides the SFKs, such as
the phosphatase SHP-2 (36). While an indirect activation of
phosphatases is conceivable, these assumptions represented
the minimal hypotheses necessary to implement the implied
phosphatase activity. An interaction between Lck and SHP-1
that is involved in TCR ligand discrimination has been pre-
viously described (37) and could be responsible for triggering
Cbp/PAG dephosphorylation.

The TCR model was simulated with the parameters in
Table 3 (column headed TCR). Only minimal changes were
made to the parameter set used in the growth factor simula-
tions. A constitutive kinase activity Kk cy,, created the high
default level of Cbp/PAG phosphorylation. The simulations
in Fig. 5 show the model’s responses to different stimuli
(indicated by bars above the graphs). In Fig. 5 A, a ligand of
weak affinity, represented by a dissociation constant of k, =
0.6, was applied at time ¢ = 0 and not removed by degrada-
tion (c; = 0). Due to the high dissociation rate the ligand was
able to activate only small amounts of phosphatase, resulting
in a small reduction of Cbp/PAG phosphorylation without
subsequent SFK activation. In Fig. 5 B, a ligand of high af-
finity (k, = 0.1) was used, but was removed after a short time

[
- !/ T T FIGURE 5 Simulations of the general recep-
N—y tor model with the T-cell receptor parameter
%) set. The model receptor was subjected to three

different stimuli, indicated by the bars at the
top: (A) exposure to a low-affinity ligand; (B)
short exposure to a high-affinity ligand; and (C)
long exposure to the same high-affinity ligand.
(Dashed lines) Cbp/PAG phosphorylation;
(dash-dotted lines) receptor phosphorylation;

and (continuous lines) SFK activation (phos-
0 100 300 phorylation of the autocatalytic site).

simulation time

500
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TABLE 3 Parameters and initial conditions of the receptor
subsystem for simulation of growth-factor receptor (GFR) and
T-cell receptor (TCR) behavior

GFR TCR
Parameter
T'total 0.2 0.2
cq 0.05 0/0.05
Cy 1 1
[y 0.1 0.1
C3 1 1
Cc3 0.01 0.01
Cy 1 0
Cy 0.01 0
Cs 1 1
C_s 1 1
Ce 1 0
¢ 1 0
c7 = k3 = k3
C7 =D =D
Cg = k3 = k';
Cg =D =D
Co 1 1
Co 0.01 0.01
kp 0.1 0.1/0.6
k_cop 0.02 0.01
kycop 0 0.005
ksup NA 2
k2:min 0.3 0.3
k2:max 0.6 0.6
PRsrc 1 1
Initial conditions
Variable*
SHP 0 1
Cbp/PAG,y317 0.009 0.045
Cbp/PAG:Csk 0.172 0.869
PTPay708 0.198 0.198

Parameters are in arbitrary, dimensionless units (see Methods).
*Zero for all variables other than those noted in Table 3.

of t = 25. Although this stimulus was significantly stronger
than the ones used in the above simulations of the growth
factor receptor, it was not sufficient to produce SFK activa-
tion in the T-cell receptor model. A significant amount of
receptor molecules (80.0% at maximum) became phosphor-
ylated, followed by a decrease in Cbp/PAG phosphorylation
from 91.5% to 71.9%. However, after ligand depletion these
effects were reversed and no SFK activation occurred. Fi-
nally, in Fig. 5 C the receptor was stimulated with the same
high affinity ligand for 100 units of time. The result was
sufficient Cbp/PAG dephosphorylation to trigger SFK acti-
vation. The period of active SFK lasted ~2.4 times as long as
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the initial stimulus. A refractory period was not observed
with this parameter set. Instead, subsequent stimulations
prolonged the period of SFK activity (data not shown).

If hyperphosphorylation of receptor proteins by Src-family
kinases was enabled (parameters c4 and ¢4 set to GFR values),
a prolonged period of SFK activation, with otherwise unal-
tered behavior, was observed (data not shown).

DISCUSSION
SFK activation in context

SFK activation is a complex issue. Various ways of releasing
the different autoinhibitory mechanisms have been suggested
(38). In this study, mathematical modeling was used to char-
acterize three such mechanisms:

Mechanism 1. Release of inhibition by Csk through Cbp/
PAG dephosphorylation.

Mechanism 2. Weakening of the inhibitory Src tail-bite.

Mechanism 3. Autocatalytic amplification of a triggering
kinase activity.

The contribution of this model is a mechanistic representation
that integrates these three mechanisms. The three mecha-
nisms quantitatively depend on each other, and none of them
is, in general, on its own sufficient to activate the SFK.
However, depending on the physiological values of k, for the
different states of the phosphorylation sites that influence
Mechanism 2, either Mechanism 1 or 2 on their own may
provide a large enough stimulus to trigger SFK autophos-
phorylation and activation. Mechanism 3 was found to be
sufficient below a threshold activity of Csk (point » in Fig. 2 C).

In different signaling contexts these mechanisms are im-
plemented by different means. Table 4 lists the known im-
plementations in the systems investigated here. In many cases
these mechanisms are not known. This especially applies to
the release of Csk activity. So far no receptor-activated
phosphatase has been identified that specifically dephos-
phorylates Cbp/PAG. SHP-2 is a likely candidate for such a
phosphatase. This phosphatase is known to interact with the
T-cell receptor and is activated by association of its SH2
domains with phosphotyrosines (36,39). While the experi-
ments performed by Davidson et al. (40) indicate that its
relative, SHP-1, is not involved in Cbp/PAG dephosphoryla-
tion, it is still unclear whether SHP-2 is.

Recent evidence points to a possible role for the Src family
member FynT. Davidson et al. (40) have identified an in-

TABLE 4 Tabular overview of the main mechanisms involved in SFK interaction in various signaling contexts

Signaling context Csk deactivation Initial kinase activity Tail-bite weakening
Cell cycle ? ? cdc2 phosphorylating Ser-72, Thr-46, and Thr-72
T-cell activation ? Complex CD4/8:Lck ?
PDGFR stimulation ? Complex PDGFR:Src PDGEFR phosphorylating Tyr-138
EGFR stimulation Low default Cbp/PAG phosphorylation Complex EGFR:Src ?

Biophysical Journal 94(6) 1995-2006
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teraction between Cbp/PAG and FynT in resting T-cells.
Upon stimulation of the TCR, they observed dissociation of
FynT, which preceded Cbp/PAG dephosphorylation (40).
FynT could therefore function as the kinase that creates the
high level of Cbp/PAG phosphorylation in unstimulated
cells. It is conceivable that the observed dissociation of FynT
is caused by FynT binding to another phosphorylation site
with higher affinity. The dissociation of FynT from the
complex with Cbp/PAG might make the latter accessible to
(possibly constitutive) phosphatases.

However, the simulations of the growth factor receptor
system presented here (Fig. 4) have shown that a specific,
receptor-activated phosphatase is not required for SFK acti-
vation. A constitutively active, and possibly nonspecific
phosphatase was sufficient due to the combination of several
activating mechanisms employed.

Requirements of individual system contexts

The Cbp/PAG dephosphorylation paradox and the results
presented here raise an important question: why do different
receptors require qualitatively different interactions with the
SFK system? To answer this question one has to consider the
kinds of ligands encountered by the receptor and the nature of
the biological responses. The ligands of the T-cell receptor
are antigens bound to major histocompatibility complex
molecules on the surface of an antigen-presenting cell. The
triggering of an appropriate response is complicated by the
presence of self-antigens (from the organism’s own proteins)
with very similar affinities and the short lengths of antigen
peptides. Specific foreign antigen recognition is, however,
required for the correct function of the immune system.

McKeithan proposed a solution to this problem, called
kinetic proofreading (22). Kinetic proofreading is a mecha-
nism employed by receptors (and other biochemical systems,
such as DNA replication) for distinguishing between rather
similar levels of affinities. In T-lymphocytes, this concept is
important for the correct training of the immune system.
Since the T-cell receptor undergoes many different modi-
fications before it triggers the final biological response, a
long-lasting and strong interaction between the antigen and
the receptor is required. A self-antigen will dissociate before
the receptor is fully activated and therefore only trigger the
first few steps of receptor activation. These initial steps
would be rapidly reversed after ligand dissociation (22).
The simulations of T-cell receptor dynamics presented here
indicate that the activation of SFKs required both a certain
strength of interaction (represented by a low dissociation
constant Ky), as well as a minimum duration of ligand bind-
ing. The results indicate that SFK regulation could possibly
play a role in kinetic proofreading in the context of the T-cell
receptor.

Growth factor receptors, on the other hand, are activated
by free protein ligands rather than binding of cell surface
antigens. While T-cells respond to only one or few antigen-
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presentation events per cell, growth factors such as EGF and
PDGEF transmit signals to a whole population of receptors on
the membrane surface. These receptors guarantee high ligand
specificity by integrating the signals of a number of receptors
and can therefore provide both a highly sensitive and selec-
tive response. In the case of the TCR, selectivity requires
additional mechanisms, such as the above-mentioned kinetic
proofreading, or the dephosphorylation mechanism tested in
this study.

To our knowledge, a specific phosphatase that dephos-
phorylates Cbp/PAG in response to a receptor signal has not
been found. The model does, however, assume that such a
phosphatase is recruited by the T-cell receptor. It should be
emphasized that this assumption was based on the observa-
tion that Cbp/PAG is rapidly dephosphorylated upon TCR
stimulation (9) and represents just one plausible mechanistic
hypothesis. It is quite likely that several constitutive and TCR
activated kinases and phosphatases, Fyn and Lck included,
control the phosphorylation status of Cbp/PAG. Both spatial
regulation mechanisms, such as transportation of enzymes
inside lipid rafts or recruitment to the receptor complex, as
well as allosteric regulation of activity may play a role. Many
phosphotyrosine binding sites may compete with each other,
making the network of protein interactions rather complex.
More generally, the exact role that Fyn and Lck play in ki-
netic proofreading is currently not clear.

A recent kinetic model by Wylie et al. (41) investigated an
altogether different mechanism for ligand discrimination that
does not rely on Fyn interaction or Cbp/PAG dephospho-
rylation, but on a mechanism that enhances Lck activity for
endogenous ligands. It is difficult to compare their findings
with our study, as different subsets of molecular components
were taken into consideration. It is, however, conceivable
that both of the proposed mechanisms for ligand discrimi-
nation independently play a role in TCR signaling. The in-
tegration of a more complete account of SFK signaling, such
as presented in this study, with detailed kinetics of the TCR
subsystem, as presented by Wylie et al. and others, would
likely provide useful insights into the mechanisms of kinetic
proofreading in T-cells.

Another interesting observation in this context is that the
signaling through antigen receptors other than the TCR have
also been correlated with kinetic proofreading, but do not rely
on high basal Cbp/PAG phosphorylation. For example, ac-
tivation of the IgE high affinity receptor FceRI causes an
increase in Cbp/PAG phosphorylation (42). As such, the
behavior of these cells rather resembles our simulations of the
growth factor receptor. This indicates that the mechanism of
kinetic proofreading associated with the FceRI is different
than the one proposed in our study. Informal models ex-
plaining the kinetic proofreading mechanisms in this context
have been proposed (43). Importantly, however, these ob-
servations suggest that signaling molecules such as Cbp/PAG
may be employed in substantially different ways in different
contexts, even within the same cell type. To clarify this issue,
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the responses of Cbp/PAG and other kinases in the system
need to be experimentally correlated to the various receptors.
Investigating the differences between them will likely pro-
vide useful insights into T-cell physiology.

Testable model predictions

The model makes a number of theoretical predictions that are
verifiable experimentally. We already mentioned that the
model predicts what the required and sufficient conditions for
SFK activation are with regard to the three mechanisms in-
vestigated in this study. The respective activation thresholds,
i.e., the bifurcation points, will need to be determined ex-
perimentally under experimental conditions that are linked
to particular sets of parameters. For example, determining
the effect of a weakened SFK tail-bite on these activation
thresholds could demonstrate whether the relationship be-
tween those three mechanisms are consistent with the model’s
predictions.

Our results suggest that these mechanisms exist in many or
all of the different signaling networks, in which SFKs are in-
volved. Table 4 identifies some of the known implementations
and lists those that have not been described so far. This table
should therefore provide an agenda for further research.

A novel prediction of the receptor model is that Src re-
sponse to EGF stimulation may exhibit refractory behavior.
Furthermore, the model predicts that at least two classes of
receptor-SFK coupling mechanisms exist: one that relies on a
relatively low basal Csk activity, and one that requires high
basal Csk activity. According to the model, refractory be-
havior is only possible in the former class. Also, the two
classes should react differently to perturbations. For example,
basal-low Csk systems require the action of phosphorylation
sites that allow the weakening of the autoinhibitory tail-bite,
and should react sensitively to the phosphorylation of these
sites. Basal-high Csk systems, in contrast, require substantial
Cbp/PAG dephosphorylation in addition to (or instead of) the
former.

The essential difference between the two classes is the
balance of kinases and phosphatases that act on Tyr-317 of
Cbp/PAG. This balance is captured in the two parameters
k_cop and kicpp. The measurement of these for different
systems could provide an experimental discrimination be-
tween the two classes.

CONCLUSIONS

We have proposed a general kinetic model to simulate the
interaction between Src family kinases and various cellular
receptors. The model is simple at present, and due to an
emphasis on generality does not provide quantitative pre-
dictions of protein concentrations. The receptor systems in-
vestigated are very diverse; therefore the parameter sets used
are very rough estimates and may not quantitatively corre-
spond to the actual receptor dynamics.
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However, the focus of this study has been on the interac-
tion of receptor systems with SFKs and the computational
analysis provided useful insights into their regulation. The
three modes of activation (Csk release, weakening of the tail-
bite, and amplification of a stimulation kinase activity) were
characterized using bifurcation theory techniques (Fig. 2).
The results give theoretical evidence that binding and phos-
phorylation of SFKs by receptor tyrosine kinases can con-
tribute to SFK activation in the system context. The analysis
explained the Cbp/PAG dephosphorylation paradox de-
scribed in the Introduction, predicted refractory behavior in
the EGFR system and a signal-response characteristic of the
TCR system that is compatible with the theory of kinetic
proofreading.

On the one hand, the promiscuity of the Src family of ki-
nases has made it difficult to attribute a specific role to them
since their discovery. On the other hand, their involvement in
various signaling contexts allows the drawing of parallels
between them. The kinetic modeling approach permits a
systematic way of hypothesis testing. The model thus pro-
vides a useful framework, on which hypotheses about SFK-
receptor signaling can be tested.

We thank Bard Ermentrout for helpful advice on the use of XPPAut.
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