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Content

Table S1 contains ranges of kinetic parameters and references.

Fig. S1 shows graphical and analytical solutions to the quasi steady-state (QSS) equations of the
Kinetic model.

Fig. S2 illustrates that the proximity of the Src initial state to the excitability threshold decreases the
lag period.

Fig. S3 presents a complete numerical investigation of the dependence of the Z-shaped QSS curve on
each kinetic parameter involved.

Fig. S4 shows the effects of reaction rate saturability on the QSS dependencies.

Fig. S5 demonstrates how the Z-shaped QSS curve changes with the increase in the concentrations of
Src dimers.



Table S1. Range of kinetic parameters.

The first-order rate constants, ki, k, ks, ks and k7, approximate the k*[E]/K,, =V ™ /K,, ratios for the
corresponding enzyme reactions. Protein abundances are assumed to be in a typical range for
intracellular signaling proteins, 10-1000 nM.

Parameter, K ("M) K2 (s Paramet_?r Values exploited in numerical
Enzyme range (s™) analysis
kg, k 1.8-3.7)-10°[1*| 13-34[1]* | 4.810*-0.19 _
P%; ( ) . ] = k;=0.001-1.5 (Figs. 2-6)
1.5-10 [2] 1.7 [2] 0.0011-0.11 k6:1 (Figs. 2-4, 6, 81_840)
k1, Ke 4 B 0 <kes <3 (Fig.5)
PTPe 3.7-10" [2] 20 [2] 0.0054-0.54
b 0.014-1.4/
12707210 [3] 18[5] 0.086-8.6 | ke=0.01-1 (Figs. 2-4, 6, 52, S4°)
ka2, ks B 0 <kz < 0.6 (Fig. 5)
Csk* 3500 [4] 1.3 [4] 0.004-0.4 ks=2 (Figs. 2-4, 6, S2, S4 C-F)
5400 [5] 1.8 [5] 0.003-0.3 0 < ks < 12 (Fig. 5)
b b | 0.0002-0.02/ ks=20 (Fig. S4° A,B)
6200/2800 [6] 0.14/0.12 [6] 0.0004-0.04
k, =V, /8" N/A 26 [7, 8] 0.26-260° ks=1 (Figs. 2-6, S1-S4)
PTP1B 67 [9] 0.67-670° ks=0.2, 1, 2 (Fig. S3B)
f=K, IS 0.1-1" 0.01 (Figs. 2-6, S1-S4)
N/A . : .
PTP1B 110-280 [7, 8]° (dimensionless) 0.001, 0.01, 0.1 (Fig. S3C)
ky ' 26 [7, 8] 0.9-24 kz=1 (Figs. 2-6, S1-S4)
PTP1B 67 [9] 2.4-61 k7=0, 1, 10 (Fig. S3F)

Data obtained with different peptide substrates.

®Data obtained in the absence or presence of Cbp.

°In Fig. S4, the Michaelis-Menten rate laws are considered. Accordingly, new parameters and their
ranges are introduced, see the legend to Fig. S4.

9As the experimental data show that autophosphorylation facilitates the phosphorylation of SFK by
Csk [10, 11], we explore both equal and different rate constants (kz, ks) for two Src conformations (S
and Sz).

*PTP1B abundance was reported to be 10 — 100 nM [8, 12].

'Saturability of PTP1B in vivo was determined in live cells loaded with a synthetic phosphopeptide
using Forster resonant energy transfer for imaging enzyme-substrate (ES) intermediates; Ku/[S]
appeared to be in arange 0.1 — 1 in different cellular compartments [9].
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Fig. S1. Graphical and analytical solutions of the QSS equations for the kinetic model. The QSS
curve that satisfies Eq. 10 of the main text is found by equating the time derivatives in Egs. 7 and 8 to
zero, resulting in the equation, vz = v4 + v7. A. Graphical analysis: plots present a family of the v
dependencies on s; at different s; (indicated at each curve) and the function v, + v; (red) that depends
only on s; (at QSS conditions where Eq. 9 applies). Points of intersections determine the QSS
relationship between variables s; and s;. At low and high s; there is a single intersection point, whereas
at the intermediate s; three intersection points appear and, therefore, three different s; values
correspond to a single s; value. B. The QSS curve is plotted using the analytical solution to Eq. 10,

S; = (fl —{f7-451, )/ 25, where f, =25+ (1-28)(1+&)s,,

f,=(1-1+&)s) (0 +A-8)A+&)s,)— (k,s, /(B +5,) + K, E8,) ] Sk, . Parameter values are ks=20,
ks=1, k;=1 (s%), 4=0.01, 5=0.05, & =1.
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Fig. S2. Proximity of Src initial state to the excitability threshold decreases the lag period. Time-
dependent responses to sub-threshold stimulus (bold line 1) or over threshold stimulus (bold line 2) are
shown for (A) active Src fractions, s; (black) and s, (blue), and (B) partially active fraction s (black)
and inactive fraction s; (blue). At time to = 5 s (marked by arrow), the rate constant k; was increased
from the initial level of 0.03 to 0.1 s™%. After time ty =ty + 1 s (bold line 1) or t, = to + 1.5 s (bold line
2), ki was decreased to the initial level. Responses to sub-threshold and over-threshold stimuli are
shown by dashed and solid lines, respectively. C. The trajectory (red) that corresponds to the over-
threshold time-dependent response, the Z-shaped QSS curve (black) and two QSS curves (blue) for k;
=0.03 s (curve 1) and 0.1 s (2) are shown in the plane of the inactive and active Src fractions (s; and
s1). The other parameters are the same as in Fig. 4 of the main text (k,=0.01, k3=20, ks=1, ks=2, ks=1,
k=1 (s1), 4=0.01, 6=0.05, &=1).
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Fig. S3. Complete numerical investigation of the dependence of the Z-shaped QSS curve on each
kinetic parameter involved. The OSS curve considered is determined by Eq. 10 of the main text and
depends on six kinetic parameters out of nine kinetic parameters of the Src cycle (see Egs. 6-8 of the
main text). Panels A — F show the QSS dependencies on the following parameters A — 6, B — ks, C - S,
D - ks, E — & F — ky. For each panel, fixed parameter values are the same as in Fig. S1.
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Fig. S4. Effects of saturabilities of reaction rates on the QSS dependencies. Panels A and B show

that the saturability of rate v; instead of rate v, keeps bistable and oscillatory Src behavior. When

v, /1S =k,s, and v, /S =k.s, /(B, +5,) , the first QSS curve (described by Eq 10 in the main text) is

expressed as, s, = (fl -4, )/25, and can still maintain a Z shape. The second QSS curve is no

longer linear (cf. Eq 11), being expressed as, s; = (k2 (L-s,—s,)+Vv, /S )/(k1 +k,), where



f, =26 +1-26)(s, +5,), f,=(1—5s,-5,)(5+A=5)(s, +5,))— (v, +V,)/S"k;, and quasi-steady-

state s, equals to, s, = ((kssl —Ke By —K;) +y(KsS, — Ko By —K;)? + 4Kk, Bos, )/2k6 . A. Three steady states
(stable Oy and O3 and unstable O,) demonstrate the existence of bistability. k;=2.2, k,=1 (s%). B. A
single unstable steady state (O) surrounded by a limit cycle (red), which corresponds to stable
oscillatory pattern of Src activity at k;=1.6, k,=0.01 (™). For both panels A and B, ks=1, ks=20, k;=1
(s1), £=0.01; the remaining parameters are given in the legend to Fig. 2C of the main text. C and D.
Saturable v, and v, , v, /S® =k,s,[(B+s,), V, /S =k;8, (B, +5,) , k= ks=1 ™, f=/3, = 0.01.
Designations are the same as in A and B. C, k;=1.7, k,=1 (s%). D, k;=0.4, k.= 0.01 (s™). The remaining
parameters are the same as for panels A and B. E and F. Saturable RPTP-catalyzed rates

v, /S =k, /(B +s,) and v, /S =k,s, /(B +5,) - The Z-shaped QSS curve is given by the same
equations as for A, B. The second QSS curve is given as,

5, = ((fs —k — K, B) +[(F, —k — K, B,)7 + 4k, B, T, )/2k2,where f, =k,(1—s, —s,) +k,s, and

s, = ((k531 K, Bs — Ke) +1J(KeSy — Ky g —Kg)? + AKeK; S, )/2k7 .= fo= 0.1 E, ky= ke=0.22, ko= 0.33
(s1). F, ki= k=0.1, ko= 0.1 (s™%). The remaining parameters are the same as for A and B.
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Fig. S5. Effects of large concentrations of Src dimers on the QSS dependence. A family of Z-
shaped QSS curves that correspond to increasing Src intermolecular interaction affinities and
concentrations of Src dimers in autophosphorylation step 3. When concentrations of Src dimers are
taken into account, the expression of partially active fraction s in terms of the remaining fractions, s;, s
and s, is no longer linear, but satisfies the following quadratic equation,

1=s5,+S(1+&,5)+S,(1+&5)+S,1+¢,8), where &, =S /K, & =S"/K,, & =S"/K_,. The
solution to this equation is the following,

s= (— (Lt 6,5, +6,5,) + L+ &5, +£,5,)° +4g, (L5, -5, —52))/230 . Accordingly, Eq. 10 for the QSS
curves is replaced by the equation, k,s(ds+ 1+ ¢&)s,)—k,s, /(B+s,)—k,&s, =0, the solutions to which

are shown for increasing values of € = gy = €; = &, indicated near each curve. The other parameters are
the same as in Fig. S1.
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Abstract

Src-family kinases (SFKs) play a pivotal role in growth factor signaling, mitosis, cell motility
and invasiveness. In their basal state, SFKs maintain a closed autoinhibited conformation where
the Src homology 2 domain interacts with an inhibitory phosphotyrosine in the C-terminus.
Activation involves dephosphorylation of this inhibitory phosphotyrosine, followed by
intermolecular autophosphorylation of a specific tyrosine residue in the activation loop. The
spatiotemporal dynamics of SFK activation controls cell behavior, yet this dynamics remains
largely uninvestigated. Here we show that the basic properties of the Src activation/deactivation
cycle can bring about complex signaling dynamics including oscillations, toggle switches and
excitable behavior. These intricate dynamics do not require imposed external feedback loops and
occur at constant activities of Src inhibitors and activators, such as C-terminal Src kinase (Csk)
and receptor-type protein tyrosine phosphatases (RPTP). We demonstrate that
underexpression/mutations of Csk or simultaneous overexpression of Csk and RPTP can transform
Src response patterns into oscillatory or bistable responses, respectively. Likewise, Src
overexpression leads to dysregulation of Src activity promoting sustained self-perpetuating
oscillations. Distinct types of responses can allow SFKs to trigger different cell-fate decisions
where cellular outcomes are determined by the stimulation threshold and history. Our
mathematical model helps to understand puzzling experimental observations and suggests

conditions where these different kinetic behaviors of SFKs can be tested experimentally.



Introduction

Members of the Src-family tyrosine kinases (SFKs) are expressed in essentially all vertebrate
cells and regulate pivotal cellular processes, such as cytoskeleton rearrangements and motility,
initiation of DNA synthesis pathways, cell differentiation, mitosis and survival. SFKs are
stimulated by a multitude of cell-surface receptors, including receptor tyrosine kinases (RTKs) and
phosphatases, integrins, cytokine receptors and G-protein coupled receptors. Activated SFKs
phosphorylate different effectors, such as the focal adhesion kinase, small GTPases (Rho, Rac and
Cdc42), and phospholipase Cy, thereby acting as critical switches of downstream pathways [1, 2].
Related to the central roles of SFKs in cellular regulation, their aberrant signaling leads to cell
transformation [3]. However, despite the src gene was the first oncogene to be discovered and the
Src kinase has been studied for many years, the SFK signaling dynamics and its role in cell
physiology and diseases, such as cancer, is not yet understood [4, 5].

All SFKs have common structural and regulatory features. Here, we will not distinguish
between different family members, but rather explore generic properties of their complex
signaling dynamics. Two tyrosine (Y) residues are critical regulators of SFKs: (i) the inhibitory
site Y; located at the C-terminal (Y527/530 for chicken/human c-Src and Y507 for Lyn) and (ii)
activatory site Y, (Y416/419 for chicken/human c-Src and Y396 for Lyn) located within the
activation loop in the catalytic domain. Phosphorylation of Y; promotes an autoinhibited
conformation, whereas autophosphorylation of Y, correlates with high kinase activity [6-8]. In the
case of c-Src, Y; is phosphorylated by the C-terminal Src kinase (Csk) and its homolog Chk.
Reduced Csk expression was suggested to play a role in Src activation in human cancer [5].
Receptor-type protein tyrosine phosphatases (RPTPs), including PTPa, PTPA and PTPe, can
dephosphorylate Yj, leading to Src activation [9-12]. Cytoplasmic phosphatases, such as protein
tyrosine phosphatase 1B (PTP1B) and the Src homology 2 (SH2) domain-containing phosphatases
(SHP1/2) can also activate Src, although less effectively than RPTPs [5, 7]. Other Src activators,
such as phosphorylated RTKs can bind the Src SH2 domain, facilitating dephosphorylation of the
inhibitory tyrosine pY;. The phosphatases that dephosphorylate the activating site pY, include the
C-terminal site phosphatases, as well as others, such as PTP-BL [2]. In addition, all SFKs have
other phosphorylation sites, which can alleviate intramolecular interactions that lead to an

autoinhibited conformation [2].



SFKs can associate with the plasma membrane and intracellular membranes, such as the
endoplasmic reticulum, endosomes and other structures. Myristoylation of the N-terminal is
necessary, but not sufficient for the membrane localization, which also requires SFK basic
residues. For myristoylated SFKs that lack such basic residues, membrane localization is shown to
be additionally facilitated by post-translational palmitoylation [13]. Although recruitment of
doubly acylated SFKs into lipid rafts and caveolae was reported [13, 14], whether this Src
localization is predominant remains controversial.

SFKs can display a variety of temporal activity patterns, differentially controlling the cell
behavior. For instance, growth factor stimulation may lead to a transient or sustained SFK activity,
whereas the assembly and disassembly of focal adhesions during cell migration, mediated by
integrin receptors involves periodic Src activation and deactivation [5, 15], and periodic SFK
activation was also reported in the cell cycle [16]. These complex dynamics might be explained by
multiple feedback loops, since SFKs can phosphorylate their regulators, affecting their catalytic
activities. Recent theoretical models by Fuss et al [17-19] incorporated positive feedback that can
occur owing to Src-induced phosphorylation and activation of PTPa., and negative feedback that is
exerted via the Csk-binding protein Cbp, which when phosphorylated by SFKs can target Csk to
Src, promoting inhibitory phosphorylation of Src. These feedback loops may induce the complex
dynamic behaviors of both Src kinases and their effectors and regulators. For instance, the positive
feedback loop mediated by PTPa can result in abrupt switches of Src kinase between low and high
activity states which may explain the activation of Src during mitosis [17]. Such a system that
switches between two distinct stable states, but cannot rest in intermediate states, is termed
bistable, and there has been emerging interest in bistability as a ubiquitous and unifying principle
of cellular regulation [20-23]. We show here that Src cycle bistability arises merely from
intermolecular autophosphorylation, a salient feature of many protein kinases [24-26]. Other
dynamic regimes brought about by external feedback loops included excitable behavior where a
transient stimulation causes Src activity to overshoot before it returns to the basal level, as well as
oscillations [17-19]. Autocatalytic phosphorylation of the focal adhesion kinase (FAK) together
with FAK-Src reciprocal activation was predicted to result in switch-like amplification of integrin
signaling, and also, under assumption of rapid FAK synthesis and degradation, in slow oscillations

of FAK activity [27].



The present paper shows that extremely complex dynamic behaviors can be brought about by
the intrinsic properties of the minimal Src activation/deactivation cycle in the absence of any
external regulatory loops (in contrast to earlier conclusions [17]). Using computational modeling
to elucidate these dynamic properties, we demonstrate that SFK can display oscillatory, bistable
and excitable behaviors. We show that overexpression or mutation of SFKs (or their
activators/inhibitors) do not merely change the amplitude of responses to external stimuli, but
dramatically transform the response dynamics. For instance, when Csk activity is suppressed, a
transient stimulus, which normally causes a transient Src activation (in the stable low-activity
regime), can bring about oscillatory Src activity patterns or, when Csk and RPTP activities are in
the proper regions, abrupt switches to a sustained, high Src activity state (within the bistable
domain). Our findings unveil the intrinsic complexity of the Src dynamics and allow for direct
experimental testing.

Results

Kinetic analysis background: basic properties of the Src activation/deactivation cycle.

Kinetic scheme of the Src cycle. Src activity is regulated by intramolecular and intermolecular
interactions that are controlled by tyrosine phosphorylation [15, 28]. If the negative-regulatory
tyrosine residue Y; is phosphorylated, whereas the activatory residue Y, is dephosphorylated, Src
is catalytically inactive. In this autoinhibited conformation, the SH2 domain binds to pY; on the C-
terminal tail, and the SH3 domain binds to the linker between the SH2 and kinase domains at the
back of the small lobe preventing the formation of a productive catalytic cleft [29]. Thus, these
interactions clamp the kinase domain in an inactive conformation [30]. We will refer to this
inactive Src form as Si(pYi, Ya) or simply S; (Fig. 1). Under the basal condition in vivo, 90 - 95%
of Src can be in this dormant state [ 12]. Dephosphorylation of pY; by transmembrane
phosphatases (PTPa, PTPA or PTP¢) or by cytoplasmic phosphatases yields the partially active
form S where both sites Y; and Y, are dephosphorylated, S(Y;, Y,) [31]. This reaction is shown as
step 1 in the kinetic scheme presented in Fig. 1. Phosphorylation of S on Y; by Csk inactivates S
yielding S; (step 2, Fig. 1).

A hallmark of the Src kinetic cycle is autophosphorylation of the activation site Y,, which was
reported to be intermolecular catalysis [28, 32]. This is shown as step 3, which yields the fully
active form S,;(Yi, pYa). Phosphatases, including PTP1B dephosphorylate pY, and convert S,;
back to S (step 4). For at least two SFKs (Src and Yes), it was reported that autophosphorylation



prevents deactivation, but not phosphorylation of S,; by Csk [5, 7]. Step 5 in Fig. 1 is
phosphorylation of S,; on site Y; resulting in the dually phosphorylated form S,»(pYi, pYa) with
the catalytic activity comparable to that of S,; [7, 8, 33]. Dephosphorylation on pY; or pYa
converts Sy, into S, (step 6) or S; (step 7), respectively. The transition from the catalytically
inactive form Si(pYi, Ya) to dually phosphorylated form S,,(pYi, pYa.) was not observed [7], and
there is no such reaction in Fig. 1. The resulting kinetic scheme consists of two cycles of opposing
activation/deactivation reactions (steps 1 - 4) and a “bypass” from an active S,/S,, conformation
to an inactive S; conformation (steps 5 - 7); a structure that hints at the complex input-output
dynamics [34].

Kinetic equations. The rates of reactions catalyzed by “external” phosphatases and kinases
(Fig. 1) are described by Michaelis-Menten type expressions. When the Michaelis constant for a
particular reaction of the SFK (de)activation cycle is substantially larger than the concentration of
the corresponding SFK form (or the total SFK abundance), the rate is approximated by a linear
expression. Although a detailed description at the level of elementary steps that uses the mass-
action kinetics would be more precise, it would require a much greater number of variables and
unknown parameters. Importantly, the complex Src cycle dynamics demonstrated in the current
paper holds true for a mass-action description of all elementary steps.

Using a model, we will delineate essential features that generate bistability, sustained
oscillations or excitable behavior of Src temporal responses. Interestingly, these essential
properties arise largely from the interaction circuitry of the Src (de)activation cycle and not only
from the reaction kinetics. A critical nonlinearity is brought about by intermolecular
autophosphorylation of Y, on S. Any of partially or fully active Src forms, S, S,; or S,,, can

catalyze this reaction (step 3, Fig. 1), which involves the following processes,

kf kcat
S+8 == S-S —— S+8,
S
kﬁfl kgt?t 1
Sa1+s fsal'SéSa]—'—Sa] ()
al
kf2 cat
Sa2+s TSaZ'S ﬁaz SaZ+Sal
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The autophosphorylation rate (V;) is the sum of the rates catalyzed by each form. Applying

quasi-steady-state approximation for the intermediate complexes, we obtain a simple expression

for v,,
kCat kaCat cat
S1+ 2L[S. 1+ =2-[S ST, 2
( [ ] Kal[ al] Ka2 [ aZ]J[ ] ( )
where k&, kS, kS and K = (k§ +k&)/kd, K, = (kI +kSY) k), K, = (KL, +kSY /K., are

the catalytic and Michaelis constants, respectively, of component processes involved in step 3.

Since the forms S,; and S,, were reported to have approximately similar catalytic activities [7, 33],

we assume that K™=/ K, ~ k&'/ K_, for illustrative purposes. Notably, Src association with the

plasma membrane can lead to a significant increase in the k®'/ K = ratio of intermolecular

autophosphorylation, making this ratio larger than such ratios for soluble kinases and phosphatases
[35].
Given the rate v, nonlinearity that arises from intermolecular interactions (Eq. 2), we next

show that the only remaining prerequisite for bistable, excitable and oscillatory Src responses is
the saturability of step 4 or/and steps 5 or 7 (regardless whether step 3 is far from saturation or
not). Because recent evidence indicates that PTP1B activity can be saturable in live cells [36], we
will first assume the saturability of step 4 (as a minimal requirement for the complex dynamics)
and consider other nonlinear rate dependencies later. Together with Eq. 2, the rate expressions for

a basic model are described as follows,

VmaX[Sa ]
v =ki[S;1, v, =K,[S], v, :m’ Vs =Ks[S, ] Ve =K[S,,1 v, =K [S,,]. 3)

al
The first-order rate constants, ki, K2, Ks, ks and k7, approximate the k*[E]/K,, =V ™ /K,, ratios for
the corresponding enzyme reactions and have dimension of 1/time. Although linear approximation
of the enzyme rate allows lumping three parameters k*, [E] and Ky into the apparent first-order
constant, below we also use the enzyme concentrations, such as [RPTP], [Csk] and [PTP1B], as
parameters that mirror stimulation or changes in the external conditions.
We consider the time scale on which the total Src concentration (S') is conserved. Neglecting

the concentrations of dimers, S-S, S,,-S, S, ‘S, i.e. assuming unsaturated condition for step 3



(this simplifying assumption is relaxed below), [S] is expressed as a linear combination of the

following independent concentrations,

[S]=5"" ~[S,1-[S,,1-[S..]. 4)
It is convenient to introduce dimensionless concentrations equal to the relative fractions of Src in
each form,

s, =[S,1/S8*, s=[S]/S™, s =[S,1/S*, s,=[S,,]/S*" 5)

The conservation of the total Src concentration (Eq. 4) leaves only three independent variables
in the kinetic scheme of Fig. 1, and using Eqs. 2-5 allows describing Src dynamics as follows,

ds, v,—-v, +v,
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Note that a completely dimensionless differential equation system can be obtained by introducing

dimensionless rates (W) and time (t), for instance, as follows, w, =v, /V,"*, r =k,t. Although this

B

reduces the number of parameters by one (giving a minimal number of independent parameter
combinations), perturbation to the rate of a single step, V,™" , will change many other parameters,

and for clarity of the exposition we present the analysis of the Src cycle in terms of Egs. (6)-(8).
Intrinsic regulatory properties of the Src (de)activation cycle responsible for toggle
switches and oscillations. Available experimental data show wide ranges of kinetic parameters
for the kinases and phosphatases that catalyze the Src cycle reactions (Supplementary Table S1)
and warrant a detailed exploration of Src responses under various conditions that encompass the

vast parameter space. Variation of the apparent first-order rate constants k; and k, mimic Src
activation and deactivation. These (de)activation processes are brought about by stimulation of a
plethora of cellular receptors and signaling pathways. For instance, following growth factor
stimulation, the SH2 domain of SFK can bind to phosphotyrosines on activated RTKs [37]. This

releases the intramolecular association of the SFK SH2 domain with an inhibitory



phosphotyrosine (pY;) in the C-terminus, facilitating pY; dephosphorylation, which is modeled as
an increase in K;. Likewise, other SH2 and SH3 domain-containing proteins that are recruited to
the membrane by activated receptors can interact with pYj, alleviating intramolecular inhibition of
SFK [2, 38]. The changes in the active RPTP and Csk fractions correspond to varying rate
constants Kj, ke and k», ks, respectively (Fig. 1). The model takes into account that the apparent
first-order rate constant (k3) of intermolecular phosphorylation step is greater than the other first-
order rate constants owing to the Src membrane localization [35].

A central result of this paper is that the complex dynamics of Src responses can be understood
in terms of a simple basic model of the Src (de)activation cycle in the absence of any imposed
external feedback. To explain how toggle switches (bistability) and oscillations arise, we will first
examine the steady-state properties of the Src cycle. The analysis can be perceived readily, if we
plot two quasi steady-state (QSS) dependencies of variables (which are the relative Src fractions)
on one plane. This graphical representation is useful, since all steady states of the Src cycle
correspond to the points where these curves intersect. For instance, we can immediately detect
bistability, as the case when these curves intersect in three different points. We will consider two
of three independent variables under stationary conditions, whereas the remaining variable
changes with time. Because of the algebraic structure of Egs. 6-8, it is convenient to consider the
variable s; at steady state for each of the two QSS curves, where either S; or S; are allowed to

change. Equating the time derivative in Eq. 8 to zero (ds, /dt=0), s, is expressed in terms of Sj,
as follows:
s,=¢s,, &=k /(ks+k,). )
We will see now that nonlinearities of the rates v, (brought about by intermolecular

interactions) and v, lead to a Z-shaped QSS dependence of the active Src fraction (S; or S;) on the
inactive fraction (S;). After substitution of Eq. 9 into Eq. 7 and equating the time derivative to zero
(ds,/dt=0), we obtain a quadratic equation, which determines the first QSS curve,

K,S,

er—g—(1+§BJQx1—g)+(L—5x1+§)g)—ﬁ+

—K,Es, =0. (10)

1
The solution to this quadratic equation is given in the legend to Supplementary Fig. S1. A
simple graphical analysis shows that up to three different S; values can correspond to a single s;

value. This Z-shaped plot of this first QSS curve, S; versus S, is illustrated in Fig. 2 (see also Fig.



S1). The second QSS curve is obtained from the condition ds, /dt =0 (Eq. 6). Since in our basic

model both Eqs 6 and 9 are linear, this QSS curve is a straight line on the s;, S| plane, Fig. 2
(nonlinear case is considered in a separate section),

3 k, +k, 3 K,

CkE—k(+)T T Kk (148

The slope of this line can be positive or negative, depending on the interrelationship between the

s,=as,—b, a

(11)

rate constants of the following steps in Fig. 1, S — S; (K1), Sa1 <> Sa (Ks, Ke), and S, — S; (k7).
The slope is positive, when

1/k, >1/k, +1/ks + Kk, /KK, , (12)
and it is negative otherwise. It was reported that autophosphorylation facilitates the

phosphorylation of SFK by Csk [39, 40], implying that 1/k, > 1/k, (Fig. 1). Therefore, at least for

sufficiently large k; (PTP1B concentrations), Eq. 12 is satisfied, resulting in a positive slope of the
second QSS curve.

Fig. 2 shows that there can be from one (O) to three (O, O,, O3) points of intersection between
the two QSS curves (a Z-shaped and linear), which present all steady states of the Src cycle. When
there are three intersections, the steady state O; at the lower branch of the Z-shaped curve (low Src
activity) and the state O; at the upper branch (high Src activity) are both stable, whereas the
intermediate state O, is unstable (Fig. 2A and 2B). While at the stable lower or upper steady-state
branches of the Z-shaped curve, Src behaves as a toggle switch that responds abruptly to gradually
increasing or decreasing stimuli. In Fig. 3, the stimulus is presented as a series of relatively small,
stepwise changes in the active level of receptor-type phosphatase RPTP (indicated by numbers 1-
3). The initial increase in [RPTP] from level 1 to 2 leads to a small increase in the Src activity,
which remains low (at the lower branch of the steady-state dependence of Src activity on [RPTP],
Fig. 3A). The next incremental increase in [RPTP] to level 3 that is higher than a critical value,
corresponding to point P; in Fig. 3A (called the turning point), changes Src activity dramatically.
The time course (Fig. 3B) shows a rapid jump (with an overshoot) from the low-activity branch in
Fig. 3A (Off state) to the high-activity branch (On state). Importantly, the reversal of stimulus to
level 2 does not return the Src activity to its Off state. Bistable systems always display hysteresis,
meaning that the stimulus must exceed a threshold to switch the system to another steady state, at
which it may remain, when the stimulus decreases. To return to the initial Off state, [RPTP]

should decrease below the critical value that corresponds to turning point P, in Fig. 3A. Thus, Src
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activity can be high or low under the exactly same condition depending on whether the stimulus
was higher or lower than the threshold (the stimulation history). Likewise, bistable switches in Src
activity may be observed for gradual changes in active Csk concentration.

When there is only one point of intersection between the two QSS curves and thus, one steady
state, this state can be either stable or unstable. Depending on the stimulation level and other
conditions, in a stable steady state Src activity can be low or high (Figs. 2A and 2B). In the resting

state in vivo, Src activity is very low, S, = 0.9 —0.95 [12]. Increase in the stimulus level can

gradually increase Src activity, or transfer the system into a bistable domain, where a further
increase in the stimulus results in a switch-like change in Src activity. When the condition
expressed by Eq. 12 holds true (i.e., the slope of the second QSS curve is positive), a single steady
state can be unstable, surrounded by a limit cycle (Fig. 2C), which corresponds to sustained
oscillations in Src activity (Fig. 3C and 3D). Toggle switches in Src activity are likely to occur
when the activities of both activatory phosphatase (RPTP) and inhibitory kinase (Csk) are high,
whereas Src oscillations may occur when these activities are low (see Figs. 2 and 3 and, in more
detail, below). Close to this stable oscillatory pattern, a stepwise increase in stimulus can lead to
oscillations, whereas at higher RPTP and Csk activities such an increase triggers switch-like
behavior.

Src excitable behavior in response to transient stimuli.

Under proper conditions, a single stable steady state with low basal Src activity can become
excitable. In this case, the Src protein behaves as an excitable device with a built-in excitability
threshold. Depending on the magnitude and duration of a transient stimulus, Src activation
responses fit into one of two distinct classes of either low or high amplitude responses, whereas
there are no intermediate responses, merely proportional to the stimulus. Fig. 4A shows that if the
duration of a step-like increase in the stimulus (k;) is below a critical threshold value, the
magnitude of Src response is low. In this case, following a small raise, active Src fractions (S; and
S;) remain near the basal state. If the stimulus duration exceeds the threshold value, a large
overshoot in Src activity occurs before it returns to the low, basal state.

Fig. 4B helps us understand this excitable behavior by presenting the pulse of Src activity in
the plane of the inactive and active fractions, S; and S;. If the duration of the stimulus exceeds the
critical value, the trajectory in the (S;, S;) plane (shown in red) passes the turning point at the lower

branch of the Z-shaped QSS curve (shown in black). Since its intermediate branch harbors
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unstable states, the trajectory makes an overshoot, yielding a high-amplitude response.
Instructively, this also explains a relatively large lag period for the Src activity spike to occur (Fig.
4A), as the basal state of Src at the lower branch (point 1) is far from the turning point. If the
initial Src state is closer to the turning point, both the threshold stimulus duration and lag period
become shorter (Supplementary Fig. S2). In this case, there is also a recovery period. After the
pulse amplitude decreases, the same stimulus cannot excite the system again, until the trajectory
returns to the initial state. Sub-threshold durations of the stimulus give low-amplitude responses,
because trajectories remain near the lower branch of stable steady states. Interestingly, this
excitable behavior of the solutions of Src kinetic equations parallels, on a different time scale, the
dynamics of the solutions to the classical Hodgkin-Huxley and FitzHugh-Nagumo equations that
describe neural excitation and firing of neuron impulses.

Fig. 4C illustrates Src excitable behavior in response to perturbations to the initial
concentrations of the active form (which could correspond to an in vitro experiment where a small
amount of activated Src is added to the medium). Similarly to parameter perturbations, sub-
threshold changes in the active Src concentration yield small amplitude responses, whereas any
perturbation that exceeds the threshold results in a large response with almost standard, high
amplitude. This over-threshold excitation leads to a large excursion of the trajectory in the (S;, S1)
plane, before returning to the initial steady state (Fig. 4D).

A pulse of Src activity, which is pivotal for mitosis, can be explained by Src excitability that
follows gradual activation by cyclin-dependent kinases [16, 41]. Activation of Src kinases initiates
signaling pathways that are required for DNA synthesis. Therefore, the Src excitable behavior,
which yields either a low-activity response or high-activity pulse, responding to stimuli under or
over threshold, respectively, can be implicated into cell-fate decision processes [42].

Revealing different types of Src dynamics by partitioning the parameter space.

The dynamic behavior of the Src cycle in relationship to various kinetic parameters can be
conveniently described by dividing a plane of two selected parameters into areas, which represent
different types of dynamic responses. This partitioning of the parameter space helps us perceive
how changes in the stimulus, Src activators and inhibitors, and the Src abundance affect the basal
low activity state of Src and bring about oscillations, pulses and toggle switches in Src activity.

Fig. 5 shows regions in the plane representing different concentrations of active Csk and RPTP,

which correspond to distinct Src dynamics, including monostable, bistable, oscillatory and
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excitable behavior. These regions are separated by so-called bifurcation boundaries where abrupt,
dramatic changes in the steady-state and dynamic behavior of the Src cycle occur. In Fig. 5, these
boundaries are determined by two different bifurcations. One is a saddle-node bifurcation where
an unstable steady state (termed saddle) merges with another steady state (node). This event
corresponds to the abrupt change (presence or absence) of switch-like, bistable behavior [43]. The
other is the Hopf bifurcation where a steady state changes its stability, accompanied by the
appearance or disappearance of a limit cycle (see Methods). A stable limit cycle presents
oscillatory pattern of Src activity, such as shown in Fig. 3C.

A single, stable steady state of Src activity exists within two large areas that are marked by
number 1 in the plane of the Csk and RPTP concentrations. Within these two regions of
monostability, there are parameter sets where the QSS dependence of the active Src fraction on the
inactive fraction given by Eq. 10 becomes monotonically decreasing curve. For instance, this
happens for the large & values, corresponding to S/S; >> 1, see Eq. 9 and Supplementary Fig. S3E.
In this case, changes in the Src activity follow changes in the stimulus, so that an increase or
decrease in the stimulus amplitude merely causes Src activity to increase or decrease. However,
within other parts of monostable region 1, Src activity displays excitable behavior where similar,
high-amplitude responses occur for any stimulus amplitude over a certain threshold (Fig. 4). The
next large area, which is marked by 2, corresponds to bistable behavior. In this region there are
three steady states, two stable (Off and On) states and one intermediate unstable (saddle) state. A
typical biological scenario for an abrupt transition (saddle-node bifurcation) from a single steady
state in region 1 to three steady states in region 2 is shown in Fig. 3A, where two new steady states
emerge when gradually increasing [RPTP] passes the turning point P,, whereas Src activity
switches to a high state only after [RPTP] passes the turning point P, (Fig. 3B). Similarly to region
1, region 2 spreads out to arbitrary large activities of Csk and RPTP, demonstrating robustness of
the bistable behavior.

Oscillations occurring within regions 3 and 4 correspond to lower concentrations of active Csk
and RPTP than the values that characterize the bistable region. Similarly to bistable regime,
oscillatory behavior is robust, although it occupies smaller region in this parameter plane (Fig. 5).
In region 3, there is a single unstable steady state, whereas in a smaller region 4 there are three
unstable steady states; yet within each region there is a stable limit cycle that surrounds one

(region 3) or three (region 4) unstable states, presenting sustained oscillations in Src activity. The
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remaining regions 5 and 6 harbor a stable steady state with low or high Src activity, respectively,
and two unstable steady states each. In both areas, excitable Src responses to changes in the initial
active Src fraction are observed (region 6 is too small to be seen on the scale of Fig. 5).

By crossing the parameter plane parallel to the [RPTP] axis at different constant [Csk], we
obtain one-parameter bifurcation diagrams, which present different scenarios of how changes in
active RPTP can influence the steady-state magnitudes and dynamics of Src fractions. At
relatively low [Csk] = 25 nM, a gradual increase in the stimulus (expressed in terms of active
[RPTP]), first leads to a gradual increase in the active Src fraction S; and a decrease in the inactive
fraction S; (two left black curves in Fig. 5B). This [RPTP] range corresponds to region 1 (see the
dashed line parallel to the [RPTP] axis at [Csk] =25 nM in Fig. 5A). With further increase in the
stimulus, the steady state loses its stability, which coincides with entering region 3 where Src
displays oscillatory behavior (parts of black curves shown by dotted line), and then the stationary
regime becomes again stable at high [RPTP]. Monotonic and sharply non-monotonic changes in S,
and s;, respectively, reflect the progression along a Z-shaped QSS curve in the (S;, S;) plane shown
in Fig. 2C. A larger variety of Src responses to changes in [RPTP] is observed at higher [Csk],
where crossing the parameter plane in Fig. 5A involves entering more regions with different
dynamics. For instance, the blue curves (second from the left, Fig. 5B) capture dynamics that
corresponds to crossing regions 1, 5, 4, 3 and again region 1 with gradual increase in [RPTP].
Increase in the stimulus first brings about excitable Src behavior and then, when [RPTP] passes
the turning point (marked bold), lands the system into the oscillatory domain, whereas with further
increase in the stimulus a single steady state regains stability. The remaining curves in Fig. 5B
(red and green) display bistability domains, however red curves (155 nM [Csk]) also have parts
with one stable and two unstable states displaying excitable Src responses.

How are the period and amplitude of Src oscillations controlled by external cues? Signals,
such as growth factor and cytokines, lead to dephosphorylation of the inhibitory phosphotyrosine
pYi, which is modeled as an increase in the RPTP activity, whereas an increase in the Csk activity
raises the pY; level (see the kinetic scheme in Fig. 1). Figs. 6A — 6D demonstrate significant
frequency modulation by both activating and inhibitory stimuli and more moderate changes in the
amplitude of the oscillations. An increase in the activating signal or decrease in the inhibitory
signal decreases the period of Src oscillations. This frequency modulation resembles the

previously described modulation of Ca®" oscillations by increasing agonist concentration [44]. The
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dependences of the period of oscillations on the RPTP and Csk concentrations almost mirror each
other, although there are quantitative differences in the changes of the period within the oscillatory
domain, a 2.7-fold decrease (from the highest to the lowest values) with a 1.5-fold RPTP increase
and a 2.1-fold increase with a 1.7-fold Csk increase. Interestingly, the frequency modulation turns
into opposite mode near one of the borders where the unstable steady state (shown by the dotted
line) becomes stable, but the oscillations continue to persist within a small range after the Hopf
bifurcation. The coexistence of oscillations (limit cycle) and a stable steady state implies
subcritical Hopf bifurcation and the appearance of an unstable limit cycle. The unstable and stable
limit cycles collide and annihilate in a global bifurcation near the oscillatory borders.

Saturability and consequent nonlinear rate dependencies do not change the repertoire of
Src responses. A detailed analysis of the model shows that relaxing the simplifying assumption
that steps 1, 2 and 5-7 follow linear, unsaturated kinetics (see Eq. 3) does not change the repertoire
of Src dynamic responses discussed above. Moreover, saturability of step 4 (transition from the
active S, to inactive S; conformation) is critical for bistability and oscillations only when other
steps follow linear kinetics, as was assumed initially for illustrative purposes. This condition can
be replaced by saturability of step 5 or step 7 in the bypass from S;; to S; (Fig. 1). Fig. S4 (panels
A, B) illustrates that both Src oscillatory patterns and bistability are observed when step 7 is
saturable, whereas step 4 is not. However, since both steps 4 and 7 are catalyzed by the same
enzyme (PTP1B), we also showed that all different types of the Src dynamics continue to occur

when rates v, and Vv, are saturated by their substrates (Fig. S4 C, D).

Next, we examined how saturation of RPTP-catalyzed reactions 1 and 6 influences Src
responses and found that all dynamic regimes described above still persist (Fig. S4 E, F).
Interestingly, our calculations suggest that nonlinearities arising from saturability of steps
catalyzed by PTP1B and Csk enlarge the bistability domain and decrease the oscillatory region in
the parameter space, whereas saturability of RPTP-catalyzed steps exhibits the opposite effect.
Likewise, the use of a more precise total QSS approximation [45, 46] that considers explicitly the
concentrations of enzyme-enzyme complexes generated in autophosphorylation step 3 does not
change our conclusions about diverse dynamics of the Src cycle. As illustrated in Fig. S5, which
takes into account high concentrations of Src dimers, resulting in saturability of step 3, bistability,
Src excitable switches, and oscillations can be observed for some degree of saturation.

Proposed experimental verification and conclusions.
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Our findings of potentially bistable, oscillatory and excitable behavior of the Src cycle are
awaiting experimental verification. The results based on the mathematical model suggest a
feasible experimental design for in vitro tests of predictions about the Src dynamics. An advantage
of an in vitro system with purified Src, Csk and relevant phosphatases is that it can be used to
explore wide ranges of precisely set down enzyme concentrations. Although Src (de)activation
reactions can proceed in solution [28, 31], the membrane localization of proteins will facilitate the
formation of protein complexes and increase the reaction rates [35]. To mimic the in vivo situation,
Src and other proteins can be embedded into a phospholipid membrane bilayer or liposomes. The
Src cycle can be started by the addition of relevant phosphatases (or other Src activators, such as
the SH2/SH3-ligands [38]) to activate step 1, followed by the addition of Csk and ATP to the
reaction medium. At the selected time points aliquotes are taken, and the different
phosphotyrosine levels that correspond to different Src conformations are measured by
immunoblotting using specific antibodies (note that quantification of only the pY, level is
sufficient to obtain the kinetics of the active Src fractions). In addition, fluorescent resonance
energy transfer (FRET) biosensors [47] can be exploited for high temporal resolution
measurements of Src kinetics, e.g, oscillatory or excitable responses.

A pivotal condition for complex Src dynamics is intramolecular autophosphorylation that leads
to a specific shape of the QSS dependence of the active Src fraction (S;) on the inactive fraction
(Si), where a single S; value can correspond to three different s; values (see Eq. 10 and Fig. 2).
Therefore, we examined how this shape (generally referred to as a Z-shape) is affected by changes
in each of the six kinetic parameters involved (Fig. S3). We found that when the ratio o of the
catalytic efficiencies of the partially and fully active forms (S and S,)) is too large, the QSS curve
of Eq. 10 becomes monotonic and loses its Z-shape (Fig. S3A). This phenomenon can be
understood readily. Indeed, the important prerequisite for bistability is positive feedback [48],
which is brought about by intermolecular phosphorylation of S by S,; and S, in the Src cycle (Fig.
1). This autophosphorylation is equivalent to product activation that facilitates biological switches
[34], whereas autophosphorylation of S catalyzed by the same form S counteracts this positive
feedback and offsets bistable behavior. Likewise, small values of k, =V,"* /S™ will halt Src in a
single high activity state (Fig. S3B). In addition, the loss of a Z-shape by the QSS curve and,

therefore, the lack of complex dynamic regimes can result from increases in (i) g =K, /S™, (ii)

the ratio & of quasi steady- state concentrations S, and S;, and (iii) the rate constants k3 and k; (Fig.
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S3, C-F). This analysis of the parameter variation effects on the QSS curve is useful for
experimental manipulations of the concentrations of both Src effectors and their competitive
inhibitors (e.g., inactive mutants which lack catalytic activity, but bind Src), which will change the
K values.

In an in vitro system the values of parameters, k3, ks and £ can be regulated by changing the
Src abundance (). The analysis of regions with diverse Src dynamics in the plane of the Src
abundance and k; demonstrates that both bistability and oscillatory regions exist above a threshold
value of S (Fig. 7). As shown in Fig. 7, changing the Src abundance and stimulus amplitude (k)
ensues different Src dynamics, including monostable, bistable, oscillatory and excitable behavior.

We showed that Src biological switches and bistability might occur for both positive and
negative slopes of the QSS curve determined by Eq. 11, whereas sustained oscillations and
excitable Src behavior requires a positive slope. Thus, the sign of this slope is a critical parameter
that determines the entire range of potential dynamics displayed by the Src cycle. The slope is
positive, when Eq. 12 is satisfied, and inactive Src is regenerated preferentially from the double
phosphorylated form of Src. In fact, this condition is supported by data [39, 40]. Instructively, the
negative versus positive slope is implicated in a reverse relationship between inactive (S;) and
active (Sj, S2) Src fractions during a switch-like transition from Off state to On state (in the
bistability domain). Regardless of the slope, the active Src fractions increase during the Off to On
transition, whereas the value of the inactive fraction (S;) decreases if the slope is negative and
increases otherwise (cf. Figs. 2A and 2B); a characteristic feature to be tested against the
experiment.

Discussion

Src and other SFKs are known as proto-oncogenes, and altered Src activity is associated with
human malignancies [3, 5]. Here we unveil novel, intrinsic features of the Src kinetic cycle and
show that Src overexpression, increased stimulation by membrane receptors, or decreased
inhibition do not merely hyperactivate Src, but can completely transform its temporal behavior and
cellular responses. Our findings can help understand and explore deregulation of Src signaling in
cancer. A central result of this work shows that all necessary prerequisites for the diverse, baroque
dynamics of Src responses already exist in the absence of external feedback regulations. The Src

(de)activation cycle alone can display bistable, oscillatory, and excitable behaviors, whereas
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external effectors and complex regulatory loops are necessary to control potential Src responses in
the cellular context.

The reaction topology of the Src kinetic cycle (Fig. 1) displays an illuminating structure,
embracing two cycles of opposing (de)activation reactions and a “bypass” from an active
conformation to an inactive conformation. We showed that biological switches (bistability),
oscillations and excitable behavior are intrinsic to this kinetic structure. Even in the absence of
bypass reactions (steps 5 — 7 in Fig. 1), intermolecular autophosphorylation (step 3) can bring
about bistability and hysteresis (results not shown),which arise from implicit positive feedback
that is equivalent to product activation [34]. Remarkably, intermolecular autophosphorylation is a
recurrent topic in activation of a plethora of mammalian kinases [24-26], which warrants the
exploration of the potential bistable behavior for many kinases. Interestingly, a reduced Src
(de)activation cycle with only one active Src form (S,;) can exhibit the complex dynamics. If for a
moment we assume that steps 5 and 6 (Fig. 1) are much faster than the other steps in the Src cycle,
the concentrations (S; and S;) of two active Src forms become connected by the quasi-equilibrium

relationship, s, = K,s,, which formally coincides with Eq. 9 where & = K, . The reduced (planar)

system with two independent variables (S; and S;) exhibits qualitatively the same complex
dynamics that our original model (data not shown). We conclude that the presence of an additional,
third independent variable is not absolutely essential for the complex dynamic behavior of Src.

In small membrane compartments where the number of SFK and effector molecules can be
low, noise influences signaling dynamics. For instance, in the bistable regime where deterministic
equations predict that Src activity is sustained at the high level or low level, depending on stimulus
history, external or internal noise can lead to random switches between these two stable activity
states. Interestingly, imposed positive feedback increases robustness to stochastic fluctuations and
parameter variations. For example, although double phosphorylation in MAPK cascade can lead to
bistability in the absence of any imposed positive feedback loops [21], positive feedback greatly
enhances the robustness of the MAPK bistable switch to noise [49].

Our results can shed light on recent findings of propagating waves of Src activation along the
plasma membrane [50]. In these experiments, human umbilical vein endothelial cells were
mechanically stimulated by applying the laser-tweezer traction to fibronectin-coated beads
adhering to the cells. As fibroneciton binds to integrins, the local pulling force stimulated integrins

that subsequently activated Src. Intriguingly, the local Src activation triggered the long-range
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propagation of active Src wave into the distal cell areas away from the site of mechanical
stimulation [50]. The mechanism of this wave propagation is unknown and may include Src
interactions with small GTPases and the cytoskeleton. Instructively, purely diffusive propagation
of active Src is ruled out. In fact, in the absence of biochemical activation within the cell Src will
be deactivated by inhibitory Csk phosphorylation already in the areas that are only at a small
distance from the local stimuli [51]. Our findings suggest that Src traveling waves can be brought
about by intrinsic bistable and/or excitable properties of the Src activation/deactivation cycle, just
as trigger waves of kinase activity arise from bistability in kinase/phosphatase cascades [52].

Emerging evidence shows that SFKs are non-randomly distributed on the plasma and
intracellular membranes, often localizing to specific microdomains with specialized functions,
such as lipid rafts, caveolae, focal adhesions and other membrane microdomains [53]. Provided
SFK molecules do not exchange rapidly between these microdomains, the bistable or oscillatory
behavior will be manifested in each microdomain, converting an analog input signal into a defined
digital signal. At the whole cell level this signal can become analog again. Thus, a cell can build a
high-fidelity analogue—digital-analogue circuit to relay Src activity to downstream targets.
Similarly, recently described Ras-GTP nanoswitches generate a high-fidelity analogue—digital—
analogue circuit that transmits MAPK activation [54].

Importantly, phosphatases that regulate SFK activity are also distributed inhomogeneously. It
was recently shown that there is a steady-state gradient of PTP1B activity across the cell with
lower activity in the proximity of the plasma membrane and higher activity in the perinuclear area
[36]. Such regulation of PTPB1 activity may generate distinct cellular environments for SFK
signaling. For instance, in resting cells Src is localized in the perinuclear area, and when cells are
stimulated with growth factors Src moves to the periphery [5, 55]. The plasma membrane
recruitment and activation of Src kinase is required for focal adhesion. It is also thought to be
essential for cellular transformation and is reported to be involved in the alignment of early
endosomes along actin filaments [56]. These changes in Src localization that follow cell
stimulation expose Src to different phosphatase activities, which may result in different dynamic
behaviors in different cellular compartments.

We can usefully ask whether our findings can be applicable to other protein kinase families.
Interestingly, the tetrameric subunit structure of the Abl/Arg and Tec kinase families (in particular,

of the c-Abl kinase) resembles the SFK structures. The c-Abl kinase possesses three domains, SH2,
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SH3, and the two-lobe kinase domain, which can group in a precisely similar manner as the
corresponding SFK domains. For both c-Abl and SFK, the SH2-SH3 clamp prevents the two-lobe
kinase domain to switch from a closed autoinhibited conformation to an open active conformation.
Not surprisingly, it has long been thought that a Src-like switching mechanism might control the
c-Abl kinase [30]. Furthermore, the diagrams of transitions between the different conformational
states are similar for both kinases. Most importantly, the phosphorylation of tyrosine in the c-Abl
activation loop, which is necessary for a transition into the fully active form is intramolecular
autophosphorylation [25]. We suggest that the findings of the present paper are also applicable to
the c-Abl kinase, which thus can exhibit the intricate dynamic behavior, the hypothesis awaiting
the experimental verification.

Many SFKs initiate pathways required for DNA synthesis [57]. Complex signaling dynamics
of SFK increases the repertoire of cellular responses to external cues. In fact, cell-fate decisions
are often associated with the existence of two (or several) stable steady states. Bistability (or
multistability) implies that under the same condition, the state of the cell can be very different, for
instance, with high or low activity of kinases and expressions of particular genes. Instructively,
excitable systems can also display two distinct kinds of outputs, exhibiting either low or high
amplitude of responses to stimulus. Importantly, Src can show both bistable and excitable
behavior, thus emerging as a robust manager of cell’s fate.

Materials and methods

Software. Numerical integration, solving of implicit algebraic equations, and bifurcation
analysis were performed using the Dbsolve software (http://www.biokinetics.ru) [58]. This
software is based on numerical techniques, developed in [59]. The model SBML file is freely
available and will be posted on the Journal website and author’s website (http://cellnetworks.org).

Calculation of the QSS curves and steady states. The QSS curves were calculated using
explicit expressions (see Egs. 10, 11 and the legend to Fig. S1). The dependencies of steady states
on parameters were calculated by continuation techniques described in [59] and implemented in
Dbsolve [58].

Determination of bifurcation boundaries. Numerical algorithms that are implemented in
Dbsolve use a continuation approach and find local bifurcations as follows [59]. The saddle-node
bifurcation curve is found by equating the determinant of the Jacobian matrix of Eqs 6-8 to zero

(fold bifurcation). The Hopf bifurcation curve is determined by equating the sum of the two
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eigenvalues to zero and taking only those parts of the curve where both eigenvalues are purely

imaginary.
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Supplementary material

The following supplementary material is available online:

Table S1. Ranges of kinetic parameters.

Fig. S1. Graphical and analytical solutions of the QSS equations for the kinetic model.

Fig. S2. Proximity of Src initial state to the excitability threshold decreases the lag period.

Fig. S3. Complete numerical investigation of the dependence of the Z-shaped QSS curve on each
kinetic parameter involved.

Fig. S4. Effects of saturabilities of reaction rates on the QSS dependencies.

Fig. S5. Effects of large concentrations of Src dimers on the QSS dependence.
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Figure legends

Fig. 1. Kinetic scheme of the Src activation/deactivation cycle. Four possible forms of the
Src molecule are shown. S; is the autoinhibited conformation where the inhibitory tyrosine residue
is phosphorylated and the activatory residue is dephosphorylated, S is the partially active form
where both the inhibitory and activatory residues are dephosphorylated, S,; is the fully active
conformation where the inhibitory tyrosine residue is dephosphorylated and the activatory residue
is phosphorylated, and S,; is the fully active form where both the inhibitory and activatory
residues are phosphorylated. The solid lines with arrows present the Src cycle reactions catalyzed
by the indicated enzymes. The dotted green lines specify intermolecular autophosphorylation
reactions.

Fig. 2. Different types of QSS curve intersections determine the Src cycle steady states
and dynamics. One stable steady state (O) or three steady states (stable O; and O and unstable
0,) exist for both positive (panels A, C) and negative (B) slopes of the linear (blue) QSS curve
(Eq.11), which intersects the Z-shaped (black) QSS curve (Eq.10). The parameter values are (A)
ki=0.2 s (line 1), 0.34 s (2) and 0.6 s (3), k==0.3 s". (B) k;=0.5 (1), 0.8 (2) and 1.5 (3), ko=1
(all rate constants are in s™"). C. A single unstable steady state (O) surrounded by a limit cycle
(red), which corresponds to stable oscillatory pattern of Src activity, k;=0.1, k;=0.01, ks=2, ke=1
(s™). The resting state in vivo (s; = 0.916, s; =s, = 7.32-10) was taken as the initial condition
(“rest”), the movement direction is shown by arrows. For all curves in A — C the remaining
parameters are, k3=20, ks=1, k7=1 (s'l), £=0.01, 5=0.05, &=1.

Fig. 3. Bistability and oscillations in the Src cycle. A. Hysteresis in steady-state responses of
active Src fraction (S;) to changes in the active RPTP concentration ([RPTP]). Dotted line
corresponds to unstable steady states located at the intermediate branch of the curve between
turning points P; and P, (marked bold). B. The time dependence of S| responses to stepwise
changes in active [RPTP]; these changes are conditionally taken as 9 nM variations. Arrows in B
show the time point of step changes in [RPTP]. The corresponding [RPTP] values, 117.5, 126.5
and 135.5 (nM), are indicated by dashed lines 1 - 3 in A and shown by upper line in B. The
catalytic efficiency of RPTP (steps 1 and 6) is k*' /K, = 3.6-10° and 0.02 (nM's™); the first-order

rate constants, k; and ke are calculated as K*[RPTP]/Kwy (Eq. 3); k»=0.5, ks=10 (s™). C. Sustained
oscillations of Src fractions (S; — black, S, — red, s; — black, s - blue). The time behavior

corresponds to the limit cycle trajectory shown in Fig. 2C, arrows indicate the onset of stimulation,
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ki =0.1; k,=0.01, ks=2, ks=1 (s"). For all curves in A - C, the remaining parameters are given in
the legend to Fig. 2.

Fig. 4. Src excitable behavior in response to rectangular pulse inputs (A, B) and
perturbations to the initial concentrations (C, D). Initially Src resides in a stable, but excitable
steady state. For sub-threshold or over threshold stimuli, responses of the active Src fractions, S;
and S,, remain small or undergo large excursions generating high-amplitude responses, before
returning to the same basal steady state. A. At time ty =5 s (marked by arrow), the rate constant k;
was increased from the basal level of 0.001 to 0.1 s (from point 1 on panel B to the level that
corresponds to the unstable steady state, point 2). After time t; =ty + 9 s (bold line 1) or t, =t; +
10 s (bold line 2), k; was decreased to the basal level. The time-dependent responses of the active
Src fractions, S; (black) and s; (blue) are shown by dashed and solid lines for 9 and 10 s
stimulation periods, respectively. B. The trajectories (red) that correspond to the time-dependent
responses in A and the QSS curves (black and blue) are shown in the plane of S; and s;. C. At time
to =5 s, a perturbation (AS;) to the steady state increased s; from 0.0082 to 0.03 (point 1) or 0.04
(point 2). Accordingly, the following equation was used for the total of the normalized

concentrations, S; +S+S, +S, =1+ As, . The time-dependent responses to a sub-threshold

perturbation (starting from point 1) and to a perturbation over threshold (starting from point 2) are
shown by dashed and solid lines, respectively. D. The trajectories (red) that correspond to the
time-dependent responses in C and the QSS curves (black and blue) are shown in the plane of s;
and s;. k;=0.03 s™'. For all plots shown in A - D, the remaining parameters are given in the legend
to Fig. 2C.

Fig. 5. Bifurcation diagrams unveil different Src dynamics. A. In the plane of active RPTP
and Csk concentrations, bifurcation boundaries separate regions of different types of Src dynamics,
determined by the Hopf (red lines) and saddle-node (black lines) bifurcations. These regions are
numbered as follows, 1 — a single stable steady state, 2 — bistability domain, two stable states
separated by a saddle, 3 — oscillations, a single unstable steady state, 4 — oscillations, three
unstable steady states, 5 — one stable and two unstable steady states. Dashed line parallel to the
[RPTP] axis crosses the plane at 25 nM [Csk]. Insert shows the zoomed-in region 4. B. One
parameter bifurcation diagrams represent steady-state dependencies of Src active and inactive
fractions S; and S; on [RPTP] at four different constant [Csk] values, indicated near each curve

(curves have different colors). Closed circles are turning points; dotted lines correspond to
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unstable steady states. Csk catalytic efficiency is, k® /K,, = 0.002 and 0.04 (M 's™) for steps 2

and 5; the first-order rate constants, k, and ks are calculated as k*[Csk]/Ky (Eq. 3). The remaining
parameters are the same as in the legend to Fig. 3.

Fig 6. Control of the period and amplitude of Src oscillations by the activities of the
activatory phosphatase RPTP and inhibitory kinase Csk. Dependence of the oscillation
amplitude (A) and period (B) on the active RPTP concentration at constant Csk concentration (25
nM). The amplitude is the difference between maximal (S;max) and minimal (Simin) values of the
relative active Src fraction (red curves). Black solid line indicates stable steady states, whereas the
dotted black line shows unstable steady states (steady state values are designated as s;ss).
Dependence of the oscillation amplitude (C) and period (D) on the active Csk concentration at
constant RPTP concentration (30 nM). The parameter values are indicated in the legend to Fig. 5.

Fig. 7. Bifurcation diagram in the plane of the rate constant k; and total Src abundance.
k is the rate constant of dephosphorylation of inhibitory tyrosine in the Src C-terminus. Types of

bifurcation boundaries and the numbering of regions with different Src dynamics are the same as
in Fig. 5. Src autocatalytic efficiency is k™ / K_, =0.05 nM™'s™, V,"*=400 nM/s, K4=4 nM. The

remaining parameters are the same as in the legend to Fig. 3. Insert shows the zoomed-in region 4.
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