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The birhythmicity increases the diversity of p53 oscillation induced
by DNA damage*
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The tumor suppressor p53 mediates the cellular response to various stresses. It was experimentally shown that the
concentration of p53 can show oscillations with short or long periods upon DNA damage. The underlying mechanism for
this phenomenon is still not fully understood. Here, we construct a network model comprising the ATM-p53-Wip1 and p53-
Mdm?2 negative feedback loops and ATM autoactivation. We recapitulate the typical features of p53 oscillations including
p53 birhythmicity. We show the dependence of p53 birhythmicity on various factors such as the phosphorylation status of
ATM. We also perform stochastic simulation and find the noise-induced transitions between two modes of p53 oscillation,
which increases the p53 variability in both the amplitude and period. These results suggest that p53 birhythmicity enhances
the responsiveness of p53 network, which may facilitate its tumor suppressive function.
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1. Introduction

Periodic oscillations are involved in various cellular pro-
cesses such as glucose metabolism, ! cell cycle,?! and circa-
dian/circannual rhythm,?! with the period ranging from less
than a second to years. Typically, oscillations have a rela-
tively fixed period under the same external condition. Nev-
ertheless, there may coexist two different stable oscillations,
which alternate temporally or one of which predominates de-
pending on the initial condition. This phenomenon is called

birhythmicity, [+

resulting from the association of bistability
and oscillatory dynamics. Birhythmicity has been observed in
a number of biochemical systems!® as well as the heart and
nervous systems. 8!

The p53 protein is one of the most important tumor sup-
pressors. It can mediate the cellular response to a wide va-
riety of stress signals including DNA damage and oncogene
activation.[®~!! Tt is increasingly evident that the dynamics of
p353 levels play a key role in cell-fate decision. In unstressed
cells, p53 is kept at low levels because of its negative regulator
Mdm?2; p53 induces the production of Mdm?2, whereas Mdm?2
targets p53 for degradation. Upon DNA damage, the con-
centrations of p53 and Mdm?2 can exhibit a series of discrete
pulses in diverse cell lines such as MCF-7, A549 and H1299

S.[4’12

one 1 p53 oscillations also exhibit variability in both the

amplitude and period.!">!3! Strikingly, two oscillatory modes
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have been observed simultaneously: a low-frequency pulsing
with the period of ~ 10 h and a high-frequency pulsing with
the period of ~ 6 h.!3] The underlying mechanism and func-
tional implications of such p53 birhythmicity have attracted
much attention.[14-17]

Theoretical models were built to interpret the experimen-
tal obervations.['*13] In Ref. [14], the coupling between the
positive and negative feedback loops engaging p53 and Mdm?2
were taken into account. But it is well known that the ataxia
mutant (ATM) kinase plays a critical role in the DNA dam-
age response. Upon DNA damage, inactive ATM dimer con-
verts to active, phosphorylated monomer via intermolecular
auto-phosphorylation (i.e., engaging a positive feedback loop
(PFL));!'8] ATM then phosphorylates p53 and Mdm2, enhanc-
ing the stability and transcriptional activity of p53. Activated
p53 induces the production of the Wip1 phosphatase, which in
turn dephosphorylates p53 and ATM. It was confirmed that
the ATM-p53-Wipl negative feedback loop (NFL) is indis-

[19.20] Thys, it is essential to ex-

pensable for p53 oscillations.
plore p53 oscillation within a wider context including ATM
and Wipl.

Here, we build a model of p53 network in response
to DNA damage, comprising the ATM-p53-Wipl and p53-
Mdm?2 NFLs and ATM autoactivation modules. We probe

the underlying mechanism for birhythmicity in p53 dynam-
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ics and identify the influence of ATM and Wipl. Stochas-
tic simulations show that the birhythmicity in p53 oscillations
are helpful for the reproduction of remarkable p53 variability.
The birhythmicity makes it possible for p53 levels to switch
quickly from one mode to the other following different DNA
damage, enhancing the flexibility of the p53 response. This
is of functional significance for p53 to modulate the cellular
response.

2. Model and method
2.1. Model

Based on previous studies, 32022 we construct a model
comprising core components associated with p53 oscillation

[Fig. 1].
due to the negative regulation by the E3 ubiquitin ligase

In unstressed cells, p53 remains at low levels

Mdm2.13 Upon ionizing radiation (IR) or DNA-damaging
agents like neocarzinostatin (NCS),">) DNA double-strand
breaks (DSBs) are generated. DNA repair proteins are re-
cruited to fix the damage. Meanwhile, rapid autophosphoryla-
tion of ATM is induced,[18’24] resulting in the conversion from
ATM dimer (ATM) to active phosphorylated ATM monomer
(ATMP).[24’25J ATM; phosphorylates p53 and Mdm2, ] ac-
celerating the degradation of nuclear Mdm?2 and enhancing the
stability and transcriptional activity of p53.126! Phosphorylated
p53 (p53p) induces the production of Mdm2 and Wip1,1?”)
and Wipl dephosphorylates p53 and ATM,,. Taken together,
there are two NFLs and one PFL in the model. Since it was

shown experimentally that p53 oscillation can persist for a
long time, '3 we suspect that the repair machinery therein may
be defective, and thus we do not consider the repair process
and take the number of initial DSBs as the input.

DNA
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Fig. 1. (color online) Schematic diagram of the network model. DNA dam-
age activates ATM, which phosphorylates and accelerates degradation of
nuclear Mdm?2, thus stabilizing and activating p53. Phosphorylated p53 in-
duces the production of Mdm?2 and Wip1, and Wip1 dephosphorylates ATM
and p53.

2.2. Deterministic equations

The dynamics of the model are governed by the following
ordinary differential equations (ODEs). The kinetic equations
for ATM activation are as follows:

d|ATM N, . .
u — Kacatm & [ATMP]HJr ( [ATM] 9 ]acatm) + kbasallijL ( [ATM] ) ]acatm)
dr Nysb + Jdsb
- kdeatmwipl_lJr ( [ATMp] ) jdeatmwip) - kdcath+ ( [ATMp] ) jdeatm) ) (1)
d[ATM,]

dr

= kdim[ATM]? — kygim [ATMp],

(@)

where [ - ] denotes the concentration of components and the function H* (A, B) is defined as A/(A + B). Since the total amount
of ATM does not change much after IR,**?°1 we assume [ATM]ior = [ATM]+[ATM,]+2[ATM,] as a constant. The bind-
ing and disassociation reactions are described according to mass action law, while the enzymatic reactions are characterized
by Michaelie-Menten (MM) kinetics. Upon DNA damage, ATM dimers are recruited to damaged DNA and dissociate into
monomers, 2% which is characterized by the first term on the right hand side of Eq. (1), with Ny denoting the number of
DSBs.

The dynamics of p53 are governed by

d[p53 : ) )
——— = Ksp53 — Kacp531|P y Jatm wip53s| P 1pL], Jwips3s
[gt )~ ks — acpsn [PS3IH ((ATM,]. ) + Koipsse[ D53 H ((Wip1]. juips)
— kapsan|P53] — kaps3[Mdm2,]H ™ ([p53], jps3) + kdeps3[ P33 3)
d[ps3 , _
[pdt p] = kacp53l [p53]H+([ATMp]7]atm) - kdep53[p53p] — kdp53s[Mdm2n]H+([p53p],]p53s)

— kwips3s[P53p]H T ([Wip1], jwips3s)- 4)
These equations describe the basal transcription, translation, degradation and reversible phosphorylation of p53.
For Mdm?2, the equations read

d[Mdm2,]

dr = ksmdmZO - kdmdch [Mdmzc] + klmdmZSHJr ( [Mdmch] ) jlmdst)
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— knamasH * (IMAM2e], jinamas) + ksmam2H 4 ([p53p), fimamz), )
% = kmdmzsH " (IMdm2.], jmdmas) + ko [Mdm2,] — k;[Mdm2,,)

— kimamzsH T ((IMAm2¢p], jimamas) — kamdmae[Mdm2cp], 6)
% = IG[Mdm2cp] — ko [Mdm2y,] — kdmdman1 [Mdm2,]H " ([ATM,], jmdman)

— kgmdmano[Mdm2,]. @)

The function H*" (A B) is defined as A”/(A”+B"). We consider three forms of Mdm2: cytoplasmic Mdm2 (Mdm2,.),
phosphorylated Mdm2, (Mdm2,) and nuclear Mdm2 (Mdm?2,). The transcription of mdm2 by p53 is characterized by Hill
function with n denoting the degree of cooperativity, while the nuclear import and export of Mdm?2 are described by linear terms
with rate constants k, and k;, respectively.
Similarly, the dynamics of Wip1 are governed by

d[Wipl . .

% = kswiplO + kswile(JﬂS)([pS?’p]aJSWipl) - kdwipl [Wlpl}- (8)
The transcription of wipI by p53 is modeled by Hill equation with n = 3. All the parameter values are listed in Table 1. The time
is in units of minutes, while the concentrations are normalized to be dimensionless.

Table 1. Default values of parameters.

Parameter Values Parameter Values Parameter Values Parameter Values
Nasb 20 Jdsb 1 Kdim 2.5% kacatm 1#
kbasal 0.001 kudim 0.5% kdeatm 0.65% jdeatm 2.3¢
Jacatm 1# AT Mot 5t kacp531 0.1* jatm 1?
kdeps3 0.05* kdps3s 0.005* J1psan 0.12 ksps3 0.12
kdps3n 0.0252 kdps3 0.35% kywips3s 0.025 Jwips3s 0.1
kdealmwip 0.8 jdealmwip 23 kdmdmZnO 0.0015% kdmdman 0.025%
ksmdmZO 0.0012 ksmdmZ 0.0122 jsmdmZ 1 kdmdch 0.0012
k1mdm2s 0.15% J1mdm2s 0.12 kmdm?2s 42 Jmdm2s 0.3*
ki 0.03? ko 0.045* kswip10 0.005* kswip1 0.0452
Jswipl 0.5% kawip1 0.0222

Remark: The superscript * denotes the parameter setting based on Ref. [20].

3. Results
3.1. Overview of p5S3 dynamics

Without DSB, i.e., Ngs» = 0, the system stays in a stable steady state with [p53;] kept at a very low level. When Ngg, = 11,
[p53p] undergoes Hopf bifurcation (HB) [Fig. 2(a)]. If Ngs, > 11, the steady state becomes unstable, and sustained limit-cycle
oscillation appears. Both the amplitude and period of p53 oscillation rise with increasing Ngg, for Nggp < 15. Remarkably, for
15 < Nggp < 40 there exist two branches of periodic solutions: one with larger period and amplitude, and the other with smaller
period and amplitude. That is, [p53,] exhibits birhythmicity in this range. For Ny, > 40, [p53,] only undergoes large-amplitude
oscillations, and the period drops slowly with increasing Nygp.
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Fig. 2. (color online) Deterministic analysis of the model. (a) Bifurcation diagram of [p53p] versus Ngg,. The black solid and dashed curves denote the
stable and unstable steady states, respectively. The filled circle denotes the Hopf bifurcation point. The blue curves denote the maximum and minimum of
[p53p] in limit cycles. The inset shows the oscillation period. (b) Time courses of protein concentrations at Nqg, = 50.
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Figure 2(b) shows the time courses of protein concentra-
tions at Nggp, = 50, where the oscillation period is 324 min
(~ 5.4 h), agreeing with the typical experimental result.[!3]
ATM is first activated by DNA damage. ATM,, promotes the
degradation of nuclear Mdm2 and accumulation of p53,. p53
induces Mdm2 and Wipl, and Wipl dephosphorylates ATM
and p53, leading to a drop in [ p53;] and [ATM,]. ATM and
pS3 can be reactivated by residual DNA damage, and a new
round of oscillations is triggered. Collectively, the ATM-p53-

Wipl NFL plays a critical role in p53 pulsing.

0.6
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Fig. 3. (color online) With different initial values, the p53 network shows
distinct oscillatory modes. (a) Temporal evolution of [p53,], [ATM,;], and
[Mdm?2,] under different initial conditions. (b) Trajectories in the [p53,]-
[ATM,] planes. Two separate limit cycles are shown by the lines in different
colors.

We further take a closer look at p53 birhythmicity. For
15 < Nggp < 40, two different oscillatory modes can be in-
duced at the same Nggp. The oscillation with smaller ampli-
tude and period is called limit cycle A (LCyu), and the oscil-
lation with larger amplitude and period is called limit cycle B
(LCp) [Fig. 3(a)]. The ratio of two periods is 0.765, which is
around the experimental value (see Fig. S3 in Ref. [13]). In
the phase plane of [p53,] versus [ATM,], two isolated closed
trajectories®*! can be seen [Fig. 3(b)]. These two stable limit
cycles are separated by an unstable limit cycle with different

amplitudes and periods. Clearly, the selection of either mode

depends on the initial condition of the system state (see Ta-
ble 2).

Table 2. Initial values for different limit cycles.

State  Variable Value  Variable  Value
LCx  [ATM,] 0.35 [ATM;] 1.98
LCa [p33p] 0.39 [p53] 1.2
LCa [Mdm2] 0.01 [Mdm2,] 033
LCxn [Mdm2,] 02 [Wipl] 0.6
LCg  [ATM,] 0.1  [ATMy] 217
LCgp [p33p] 0.01 [p53] 0.01
LCg [Mdm2. 0.01 [Mdm2y,] 04
LCg [Mdm2,] 026  [Wipl] 0.2

3.2. Phosphorylation of ATM greatly affects the birhyth-

micity

Although it was previously reported that a single NFL
(such as the p53-Mdm2 or p53-Wipl NFL) can allow for
birhythmicity, [!3:15-1] more robust birhythmicity can be real-
ized in the system of interlinked NFL and PFL. In our model,
the birhythmicity appears via the saddle-node bifurcation on
the limit cycle, where a single oscillatory domain can be split
into two parts. The similar mechanism was reported in the au-
tocatalytic enzymatic reaction model,* the OAK model,!'¥!
and the p53-Mdm2 model.!'”! In the following, we explore
the dependence of birhythmicity on the features of feedback
loops, especially on ATM activity.
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Fig. 4. (color online) Dependence of [p53,] on Kycatm and kgeamwip With
Nasb=20. (a) Bifurcation diagram of [p53,] versus kacatm characterizing the
strength of ATM phosphorylation. (b) Bifurcation diagram of [p53;] versus
kgeamwip Tepresenting the strength of ATM dephosphorylation. The inset
shows the oscillation period. The symbols ‘HB’ and ‘SN’ denote Hopf bi-
furcation and saddle-node bifurcation, respectively.

We first probe the influence of phosphorylation strength
of ATM, which is affected by kacarm and kgeatmwip- AS seen
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in the bifurcation diagram, [p53,] remains at a low level for
kacarm < 0.985 or at a high level for kycam > 1.55 [Fig. 4(a)].
At intermediate kacam values, [p53p] undergoes periodic os-
cillation. The amplitude sharply rises to a high level and
then changes slightly over a wide range of kycam. Compared
with the amplitude, the period depends more heavily on kycatm-
Specifically, the birhythmicity appears for 0.985 < kycam <
1.025.

The dephosphorylation rate of ATM, kdearmwip, also af-
fects the existence of birhythmicity. Similarly, [p53,] is kept
in a steady state when kqeamwip takes lower or higher values,
and shows oscillations via the saddle-node (SN) bifurcation.
The amplitude and period first drop and then change slightly
with increasing Kgeatmwip until 0.729. The birhythmicity exists
for 0.729 < kgeatmwip < 0.839. Together, regulating the phos-
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phorylation strength of ATM can influence the existence of
birhythmicity.

We also show the dependence of oscillation period on
kdeatmwip for different kycatm. For low phosphorylation rate
(e.g., kacarm = 0.835), the shorter-period oscillation regime
L, the birhythmicity regime L;, and the longer-period region
L3 appear successively with increasing kgearmwip [Fig. 5(a)].
For kycarm = 0.9, there first appears the L3 regime, and the
birhythmicity regime moves rightward and widens [Fig. 5(b)].
For kacarm = 1.02, the birhythmicity regime narrows, and the
L) regime occurs at relatively high kycam values [Fig. 5(c)].
For high phosphorylation rate (kycarm = 1.7), the birhythmic-
ity regime disappears and there exists only the L; regime
[Fig. 5(d)]. Collectively, the birhythmicity regime L, is sensi-
tive to the phosphorylation status of ATM.
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Fig. 5. (color online) Dependence of the oscillation period on kgeatmwip for different kacarm at Nggp = 20. (a) kacarm = 0.835, (b) kacatrm = 0.9, (¢) kacarm = 1.02,

(d) kacatm =17

It is worth noting that Ny, also affects the presence of birhythmicity. As seen in the two-dimensional phase diagrams in
Fig. 6, [ p53p] may remain in a steady state (I), an excitable state (II), or oscillatory state (III), depending on the combination
of Ngsb and kacarm. P33 oscillations can exist in a relatively wide regime. In the diagram of kgeaumwip versus Ngsp, [ p53p] can
also remain in a bistable state besides the above three states. On the other hand, in the diagram of Kacaum versus kgeaymwip (With
Ngsp = 20), the oscillation state can exist in a wide regime, including the birhythmicity regime [Fig. 6(c)]. For Ngg, = 40, a
similar diagram is obtained [Fig. 6(d)]. The birhythmicity regime is close to the boundary between the oscillation and steady
states, which suggests that the birhythmicity originates from the SN bifurcation on the limit cycle. This is different from the
conclusion in previous studies,** where one NFL and one PFL are coupled together and the birhythmicity regime is close to
the excitability; such a difference is related to distinct network architecture. In our model, the ATM-p53-Wipl and p53-Mdm?2
NFLs are coupled with the PFL involving ATM activation, such that both robust oscillations and birhythmicity can be induced.
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Fig. 6. (color online) Analysis of the system state in two-dimensional bifurcation diagrams. (a) Kacatm- Nasbs (b) kgeatmwip—Nasbs (€)—(d) Kacatm—
kdeatmwip With Ngsp = 20 and 40. The symbols ‘L, IL, III, IV’ denote the parameter region corresponding to monostability, excitability, oscillation,
and bistability respectively. ‘III-a’ denotes the parameter region corresponding to oscillation with birhythmicity.

3.3. Noise-induced transition between two limit cycles

We have probed the network dynamics in the deterministic case. Given noise always exists in biological systems, it is
essential to explore the effect of noise on system dynamics. The noise results from low numbers of reactant molecules or/and
perturbations such as changes in parameter values. To this end, we rewrite the dynamic equations as follows:

dX; .
= X1 Xy X F ), =128, ©)

where f; is the same as the term on the right-hand side of Eq. (i), and 1;(¢) denotes the noise.3?-3# It was shown that noises are
often colored, i.e., they have a non-zero correlation time, which can remarkably affect the stochasticity in the system dynamics. !
For simplicity, the noise in [p53,] is assumed to be colored, whereas the noise in the others is Gaussian white. The colored noise
obeys the Ornstein-Uhlenbeck (OU) process: 323

dn() ~ n@) VD
a = T L0 1o

where I(¢) is Gaussian white noise, 7 is the correlation time,!*”] and D is the noise intensity. The Gaussian white noise has zero
mean, i.e., (I'(t)) =0 and (I'(t)["(')) = 2D&(t —t'). Each noise is independent of each other (but with the same D). Numerical
simulation of these stochastic equations is performed using the method in Ref. [38].

Without loss of generality, we set D = 0.01 and 7 = 10 min in simulation. For different Nyy,, we plot the time evolution of
[ p53p] and show the histograms for the amplitude and period of oscillations in Fig. 7. Notably, [ p53,] can switch between low-
and high-amplitude oscillations. At Ny = 11 or 50, most oscillations have low and high amplitudes, respectively, whereas at
Nasp = 20, the oscillations exhibit larger variability, and the large-amplitude oscillations are nearly comparable to low-amplitude
ones. For comparison, the distributions of the period change less remarkably. Our results are consistent with the data in Ref. [13].
Together, p53 may exhibit large variability in oscillations in the presence of noise, and the birhymicity may contribute markedly

to this variability. This represents a new source of p53 variability.
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Fig. 7. Noise-induced variability in p53 oscillations. The first column shows the temporal evolution of [p53,] at Nyg, = 11,20,50 (from top to bottom).
The second and third columns show the histograms of the amplitude and period, respectively. In each case, 500 runs of simulations lasting 3000 min are

performed.

4. Conclusion

In this article, we have investigated the p53 dynamics in
response to sustained DNA damage. Because of the ATM-
p53-Wipl NFL and ATM autoactivation, p53 can exhibit com-
plex dynamics, including simple oscillation and birhythmic-
ity. We probed the dependence of p53 birhythmicity on net-
work parameters and found that the birhythmicity depends on
the phosphorylation status of ATM. Here the birhythmicity re-
sults from the saddle-node bifurcation on the limit cycle,*"!
which is different from the mechanism reported in Refs. [14]
and [17], where the system is composed of one PFL and one
NFL, both involving p53 and Mdm?2. Clearly, our model is
built on the experimental finding that the ATM-p53-Wip1 NFL
plays an essential role in p53 oscillation and p53 oscillation is
driven by ATM oscillation.!"”! Our results shed new light on
p53 birhythmicity.

We also performed stochastic simulation and exhibited
p53 variability in both the amplitude and period. Simulation
results agree with the experimental observations. pS3 birhyth-
micity increases the variability and enriches the diversity of
p53 oscillation, which may have functional significance since
p53 dynamics are closely associated with cell-fate decision. It
would be interesting to extend the current model by incorpo-

rating downstream effectors of p53 and to explore wether and
how p53 birhythmicity contributes to its tumor-suppressing
function.
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