
ll
OPEN ACCESS
iScience

Article
The Oscillation Amplitude, Not the Frequency of
Cytosolic Calcium, Regulates Apoptosis Induction
Plasma membrane

Ca2+

oscillations

Ca2+-
activated proteins

Bcl-2 family proteins

Caspase
cascade

SERCAL
e
a
k

IP3Rs Ca2+

Endoplasmic Reticulum

Death
stimuli

Calpain Calcineurin
Mitochondria

Cyt c

Bid Bad

Bak

Bcl-XL MOMP

Apaf1
Apoptosome

Smac

Procaspase 9

Procaspase 3

Caspase 3

Holoenzyme

XIAP

PARP

Apoptosis

AM

Gradual

Signal transformation
Oscilla-
tory Switch-like

FM

Oligomerization State transition
Trigger or effect

Translocation Positive influence Negative influence Catalyzation

Hong Qi, Xiang Li,

Zhen Jin, Thomas

Simmen, Jianwei

Shuai

hongqi@sxu.edu.cn (H.Q.)

jianweishuai@xmu.edu.cn

(J.S.)

HIGHLIGHTS
A signaling network of

cytosolic Ca2+-induced

apoptosis is constructed

The network is converted

into a mathematical

model composed of four

modules

Oscillatory signals first

transform into gradual

ones and then into switch-

like ones

Ca2+ regulates apoptosis

mainly via amplitude,

rather than frequency,

modulation

Qi et al., iScience 23, 101671
November 20, 2020 ª 2020
The Author(s).

https://doi.org/10.1016/

j.isci.2020.101671

mailto:hongqi@sxu.edu.cn
mailto:jianweishuai@xmu.edu.cn
https://doi.org/10.1016/j.isci.2020.101671
https://doi.org/10.1016/j.isci.2020.101671
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101671&domain=pdf


iScience

Article

The Oscillation Amplitude,
Not the Frequency of Cytosolic Calcium,
Regulates Apoptosis Induction

Hong Qi,1,2,* Xiang Li,3,4,5 Zhen Jin,1,2 Thomas Simmen,6 and Jianwei Shuai3,4,5,7,*

SUMMARY

Although a rising concentration of cytosolic Ca2+ has long been recognized as an
essential signal for apoptosis, the dynamical mechanisms bywhich Ca2+ regulates
apoptosis are not clear yet. To address this, we constructed a computational
model that integrates known biochemical reactions and can reproduce the
dynamical behaviors of Ca2+-induced apoptosis as observed in experiments.
Model analysis shows that oscillating Ca2+ signals first convert into gradual sig-
nals and eventually transform into a switch-like apoptotic response. Via the
two processes, the apoptotic signaling pathway filters the frequency of Ca2+ os-
cillations effectively but instead responds acutely to their amplitude. Collec-
tively, our results suggest that Ca2+ regulates apoptosis mainly via oscillation
amplitude, rather than frequency, modulation. This study not only provides a
comprehensive understanding of how oscillatory Ca2+ dynamically regulates
the complex apoptotic signaling network but also presents a typical example of
how Ca2+ controls cellular responses through amplitude modulation.

INTRODUCTION

Calcium ion (Ca2+) is one of the most versatile and universal signaling agents to translate extra- and intra-

cellular information into specific cellular outcomes (Berridge et al., 1998; Giorgi et al., 2018a). Upon stim-

ulation, Ca2+ is released from the endoplasmic reticulum (ER) into the cytosol through inositol 1,4,5-tri-

sphosphate receptor (IP3R) channels. Changes in cytosolic Ca2+ concentration ([Ca2+]) of a moderate

level can govern a myriad of vital cell functions, including fertilization, proliferation, and differentiation,

and are essential for cell survival (Berridge et al., 2003). However, excessive elevations of [Ca2+] typically

result in cell death, including apoptosis (Orrenius et al., 2003).

A cytosolic Ca2+ overload initiates the mitochondrial apoptotic pathway as follows. Ca2+ can activate cal-

pain and calcineurin, causing the activation of BH3-only proteins (Chen et al., 2001; Wang et al., 1999). This

results in the sequestering of anti-apoptotic Bcl-2 proteins and the activation of the pro-apoptotic effectors

Bax and Bak (Czabotar et al., 2014; Youle and Strasser, 2008). These interaction patterns among Bcl-2 pro-

tein family culminate in Bax and Bak oligomerization and mitochondrial outer membrane permeabilization

(MOMP) (Tait and Green, 2010). Subsequently, several apoptogenic factors are released from the mito-

chondrial intermembrane space, particularly cytochrome c (Cyt c) (Ow et al., 2008). In the cytosol, Cyt c en-

gages Apaf1 and forms the apoptosome, which recruits caspase 9 and promotes caspase 3 activation.

Active caspase 3 cleaves several hundred proteins, resulting in apoptosis (Shi, 2004). In addition, mitochon-

dria retain cytosolic Ca2+ and this massive mitochondrial Ca2+ accumulation causes the opening of mito-

chondrial permeability transition pore, which leads to the Cyt c release and cell death (Qi and Shuai, 2016).

Despite this detailed characterization of the molecular sequence of events, we still lack a comprehensive

understanding of how Ca2+ dynamics control this complex apoptosis signaling network.

Differential equation modeling can simulate the dynamic output of individual proteins and can identify crit-

ical players in a signaling network, thus often providing novel insights to our understanding of cellular dy-

namics (Spencer and Sorger, 2011; Yao et al., 2016). Such modeling efforts have been devoted to under-

stand intracellular Ca2+ dynamics (Dupont and Sneyd, 2017; Goldbeter et al., 1990; Li and Rinzel, 1994;

Qi et al., 2015; Shuai and Jung, 2003; Sneyd et al., 2017) and the mechanistic details of the apoptotic

pathway (Albeck et al., 2008; Anderson et al., 2019; Legewie et al., 2006; Qi et al., 2018; Rehm et al.,
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2006; Santos et al., 2019; Spencer and Sorger, 2011; Yin et al., 2017; Zhao et al., 2015). However, so far, Ca2+

signaling has not been mathematically integrated into models of apoptosis yet.

Two major types of Ca2+ temporal profiles have been reported in apoptotic cells, including a high plateau

and oscillations (Boehning et al., 2003; Lee et al., 2010; Garcia et al., 2017). Oscillations of [Ca2+] in individ-

ual cells often occur as repetitive spikes or sinusoid-like oscillations (Berridge, 1990; Oancea and Meyer,

1998). In our study, we focused on investigating how cytosolic Ca2+ oscillations, especially sinusoidal oscil-

lations, regulate apoptosis from a network dynamics perspective.

Typically, Ca2+ oscillations occur with periods from seconds to minutes (Uhlén and Fritz, 2010), whereas the

apoptotic program normally takes between a few and several tens of hours (Garcia et al., 2017; Márquez-

Jurado et al., 2018). Owing to technical limitations in producing distinct long-term Ca2+ oscillations in

experimental setups of apoptotic processes, the switch from a fast oscillatory Ca2+ signal to a switch-

like apoptotic response with a long latency remains unclear.

Ca2+ oscillations contain information in their amplitude and frequency, thus providing two ways to selec-

tively activate downstream signaling pathways (Berridge, 1997; Parekh, 2011). It has been shown that some

gene expression events (Li et al., 1998) and the activations of CaMKII (De Koninck and Schulman, 1998), PKC

(Oancea and Meyer, 1998), and Ras (Kupzig et al., 2005), as well as ATP production (Hajnóczky et al., 1995),

are regulated by the frequency of Ca2+ oscillations. These experimental observations, together with a well-

known engineering principle that frequency modulation (FM) signaling is more precise than amplitude

modulation (AM) signaling, have led to the prevailing view that Ca2+ controls cellular functions typically

by an FM mode (Dupont and Combettes, 2016; Dupont and Sneyd, 2017; Goldbeter et al., 1990; Smedler

and Uhlén, 2014). We have decided to investigate whether this is also the case during Ca2+-induced

apoptosis.

To solve these two basic issues, we constructed a four-module network model, including Ca2+ oscillations,

Ca2+-activated proteins, Bcl-2 family proteins, and Cyt c-induced caspase cascade. We transformed the

biochemical reactions of the network into a set of ordinary differential equations (ODEs). The simulation

results reveal that oscillatory Ca2+ signals will be first converted into gradual signals, i.e., the slowly and

monotonically changed signals, and then be transformed into a switch-like apoptotic response. Further-

more, our results show that, with such converting processes, Ca2+ regulates apoptosis mainly through

an AM mode, rather than through an FM mode. Our work provides crucial insight in the understanding

of the modulatory role of Ca2+ signals on the apoptotic process.

RESULTS

Model Construction

A complete picture of the role of Ca2+ as a mechanistic trigger of apoptosis is still missing. Based on pre-

vious works (Albeck et al., 2008; Rehm et al., 2006) and our recent studies (Qi et al., 2018; Qi and Shuai, 2016;

Yin et al., 2017), we developed an integrative signaling network comprising four modules (Figure 1): (1) ER-

involved Ca2+ oscillations, (2) Ca2+-activated proteins, (3) MOMP controlled by Bcl-2 family proteins on

mitochondria, and (4) Cyt c-induced caspase cascade. The brief descriptions of eachmodule are presented

below (see details in Supplemental Information).

Extracellular stimuli result in the formation of IP3 (inositol 1,4,5-trisphosphate), which binds to the IP3 recep-

tors (IP3Rs) to release Ca2+ from the ER. Cytosolic Ca2+ oscillations derive from three mechanisms of ions

exchange between the ER and the cytoplasm: IP3Rs-mediated Ca2+ release from the ER into the cytosol,

SERCA (sarco/ER Ca2+-ATPase)-dependent Ca2+ uptake from the cytosol into the ER, and Ca2+ leakage

from the ER into the cytosol (Shuai and Jung, 2003). An important machinery linking cytosolic Ca2+ signal

and apoptosis is the activation of two Ca2+-regulated enzymes, i.e., calpain and calcineurin. In the presence

of high [Ca2+], calcineurin dephosphorylates Bad, thus allowing Bad to inhibit the anti-apoptotic Bcl-XL

(Wang et al., 1999). Calpain, which is normally inhibited by calpastatin (Hanna et al., 2008), cleaves Bid

to form truncated Bid (tBid), which in turn can directly activate Bak or inhibit Bcl-XL that then indirectly ac-

tivates Bak (Chen et al., 2001). Active Bak monomers form oligomers to trigger MOMP. Following MOMP,

Smac and Cyt c are released from the mitochondria into the cytosol. In the cytosol, Cyt c binds Apaf1 to

form the heptameric apoptosome, which interacts with procaspase 9 to induce the formation of holoen-

zyme, thereby triggering caspase 3 activation (Li et al., 2017). Caspase 3 can cleave a series of substrates
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(a process represented in the model by cleavage of PARP to form cPARP [Albeck et al., 2008]) and orches-

trate the demolition of the cell. Smac assists this function by neutralizing the caspase inhibitor XIAP.

Using well-established kinetics approaches (Anderson et al., 2019; Qiao et al., 2019; Zhang et al., 2011), we trans-

lated these biochemical processes into a set ofODEs. Every variable represents the amount or concentrationof a

molecular species, which is dynamically controlled by the combination of all processes that increase and

decrease the level of that particular molecular species. Each process is described by chemical kinetics, i.e.,

the mass action law or Hill function. The ODEs are numerically solved and the total simulation time was set to

18 h, the typical length of cell cycle (Spiller et al., 2010), reflecting the fact that a cell ultimately adopts one of

two fates, either to survive by cell division or to die by apoptosis at the end of 18 h. In our model we assumed

that the cell fate depends on the concentration of cleaved PARP ([cPARP]) within 18 h. A detailed description of

all biochemical reactions, ODEs, and parameters is provided in Transparent Methods.

Dynamics of Ca2+ and cPARP

The simulation results we obtained are qualitatively consistent with the reported dynamics of Ca2+ (Dupont

and Goldbeter, 1993; Gerasimenko et al., 2002; Jacob et al., 1988; Scorrano et al., 2003) and cPARP (Albeck

et al., 2008; Rehm et al., 2006; Spencer and Sorger, 2011) upon incubation with apoptotic triggers. In many

cell types, Ca2+ oscillations occur within an appropriate range of stimulus levels (Dupont and Goldbeter,

1993; Jacob et al., 1988). The time course plot (Figure 2A) and bifurcation diagram, i.e., the maximal and

minimal value of Ca2+ oscillations (Figure 2B) show that, as the stimulus strength increases, the cytosolic

Ca2+ changes from a stationary to an oscillatory behavior, before returning to a stationary state. The oscil-

lation period is about 200 s (Figure 2C), as seen both in healthy and apoptotic cells (Gerasimenko et al.,

2002; Scorrano et al., 2003). To define the apoptotic cell from the healthy cell, we proposed that apoptosis

occurs when [cPARP] is above the apoptosis threshold of 1.02 mM, a value that corresponds to 60% sub-

strate cleavage (dotted line in Figure 2D). This result agrees with the experimental result that apoptosis

Figure 1. Model Topology Scheme

The four modules are highlighted by different background colors. The blue region is for the module of Ca2+ oscillations, the green for the module of Ca2+-

activated proteins, the purple for the module of MOMP controlled by Bcl-2 family proteins, and the yellow for the module of the Cyt c-induced caspase

cascade. More details can be found in the main text.
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is triggered only when the level of substrate cleavage exceeds a high value (Rehm et al., 2006). Accordingly,

when the multiple maximal concentration of sustained Ca2+ oscillations exceeds a critical threshold of

about 3 mM (Figure 2B), apoptosis is initiated, which is compatible with the experimental observation for

[Ca2+] under resting conditions and after stimulation (Giorgi et al., 2018b). Figure 2D also shows that the

latency from the exposure to the apoptotic stimulus to the actual initiation of apoptosis is about 10 h,

but the cleavage of PARP is sudden and switch-like, again in agreement with experimental observation (Al-

beck et al., 2008; Spencer and Sorger, 2011). The reasons for the selection of critical threshold of [Ca2+] and

[cPARP] are detailed in Supplemental Information.

It shouldbepointedout that, in order to provide a global view of the dynamical behavior of the system, the bifur-

cation diagram of Ca2+ is obtained mathematically with the steady states of the system (Figure 2B). However,

considering the biological fact that a cell ultimately commits to apoptosis or todivision at a limited timeduration,

we simply limited the discussion of the cell fate within 18 h for all the simulation results.

Two Indexes for Apoptosis

The relationship between the stimulus strength and the corresponding final [cPARP] yields an ultrasensitive

signal-response curve (Figure 2E). Here [cPARP] at 18 h is defined as the final [cPARP], which is used as an

index for cell fate. In detail, the fate of a cell is survival if the final [cPARP]<1.02 mM; otherwise, the apoptosis

process is initiated. This result is insensitive to the variations in the cell cycle, i.e., total simulation time (Fig-

ure S2C). If apoptosis is triggered, another index, i.e., the apoptosis latency is introduced to evaluate how

quickly apoptosis can be induced. In other words, it measures the interval between the time when the stim-

ulus is applied and the time when the increasing [cPARP] crosses the apoptosis threshold of 1.02 mM. As

shown in Figure 2F, the stronger the stimulus intensity is, the shorter the apoptosis latency becomes.

Signal Transduction

Given the different dynamics of Ca2+ and cPARP (Figures 2A and 2D), it is curious how the fast oscillatory

Ca2+ signal is converted into a slow but switch-like apoptotic signal. To address this question, we analyzed

the time series of the main reaction species along the reaction pathway (Figure 3A). These species include

Ca2+, aCalp (activated calpain), Bid, tBid, MOMP, Cyt c, holoenzyme, caspase 3, and cPARP. According to

the kinetic patterns of these species, we observed that the oscillatory patterns starting with Ca2+ signal first

become gradual for proteins such as Bid, and then become switch-like for proteins such as caspase 3.
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Figure 2. The Dynamical Behavior of Ca2+ and cPARP at Different Stimulus Strengths

(A) Different kinetic behaviors of Ca2+ in response to different stimuli lasting for 18 h.

(B) Bifurcation diagram of Ca2+ in response to different stimuli. Solid/dashed lines represent stable/unstable fixed point; filled/empty circles represent

minimal (orange) and maximal (green) [Ca2+] during a stable/unstable oscillation.

(C) Periods of Ca2+ oscillations within the stable oscillation range.

(D) The kinetic behavior of cPARP responding to different stimuli.

(E and F) The final [cPARP] (E) and the apoptosis latency (F) at different stimulus strengths.

The dotted lines in (B), (D), and (E) depict the apoptosis threshold.
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As shown in Figure 3A, the transition from oscillatory to gradual pattern involves two changes. First, the oscilla-

tion amplitudes of the upstream species become successively smaller. In detail, it is about 3,000 nM for Ca2+,

nearly 3 nM for aCalp, only 0.03 nM for Bid and tBid, and barely perceptible for MOMP. To compare the oscil-

lation strength among different species with a uniform standard, an oscillation coefficient, which is the ratio of

oscillation amplitude to mean (looks like the deterministic version of the coefficient of variation), is calculated

(Figure 3B). As a consequence, the oscillation coefficients of Ca2+ and aCalp are far larger than those of Bid,

tBid, and MOMP. Here we define a signal as oscillatory if the oscillation coefficient of a species is larger than

0.1. Accordingly, the signals of Bid, tBid, and MOMP are not considered oscillatory. Second, upon stimulation,

the system transitions from a resting steady state to a new equilibrium state, generating a transient time, which is

defined as the time required for oscillatory species to reach steady oscillationor for other species to reach 90%of

their peaks. As a result, the transient times for Ca2+, aCalp, Bid, tBid, andMOMPare about 0.1, 0.5, 6, 6, and 12 h,

respectively (Figure 3C), becoming successively longer. Compared with the length of cell cycle (18 h), a transient
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(A) Time courses of the main species in the signaling network. The vertical dashed line indicates the time at which the

stimulus (strength = 0.73) is introduced. The green and orange shaded regions denote the transient time and the switch

time, respectively. The time at which mitochondrial Cyt c begins to release into the cytosol is marked by an asterisk.

(B and C) (B) Oscillation coefficient (COsc) and (C) transient time (TTra) of five upstream species. SMax and SMin are the

maximal and minimal concentrations of a certain species at the steady state, respectively.

(D) Time series and COsc of Bid and tBid with the association rate of aCalp and Bid increased by 1,000-fold.

(E) Switch time (TSwi) of gradual and switch-like signals. The horizontal dashed line at 2 h is applied to distinguish the

switch-like signals from the gradual ones.

(F) Time series of Casp3 and cPARP when the association rate of holoenzyme and procaspase 3 is decreased by 10%

(broken lines). The results obtained under standard parameter are the same as in (A) and are shown to facilitate

comparison. The insets in (A) and (D) show representative time courses of 1.5 h. The units of y axes in (A), (D), and (F) are

nM. Abbreviation: aCalp, activated calpain; Holo, holoenzyme; Casp3, caspase 3.
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time longer than 6 h is a duration that is not negligible. Therefore, we suggest that such a non-oscillatory signal

with long transient time should be labeled as gradual. According to the oscillation coefficient and transient time,

we therefore classify Ca2+ and aCalp as oscillatory signals and Bid, tBid, and MOMP as gradual signals.

Obviously the most dramatic change in the kinetics from Ca2+ to MOMP occurs upon the truncation of Bid by

aCalp. The result of parameter sensitivity analysis also shows that this step indeed exerts a substantial influence

on the output of the system (Figure S2B). Interestingly, the kinetics of Bid owns two distinct timescales. On the

one hand, Bid oscillates at a fast timescale of around 200 s. On the other hand, a gradually decreasing trend

occurs for Bid in a slower timescale of about 6 h as a transient process (Figure 3A). Meanwhile, the oscillation

amplitude is far smaller than the mean value of its steady oscillations. This is mainly due to the slow truncation

reaction of Bid by aCalp, which directly results in a long transient time and also generates a small oscillation

amplitude for Bid by averaging aCalp over a long duration with slow association rate of aCalp with Bid (5 3

10�6 nM�1s�1). If this rate is increased 1,000-fold, Bid will achieve its new equilibrium very quickly and its oscil-

lation coefficient will be 0.44 (Figure 3D), thus becoming an oscillatory signal. The slow truncation of Bid by

aCalp, therefore, plays a significant role to convert the oscillatory signals to gradual signals in this pathway.

The kinetics from Bid to cPARP (Figure 3A) shows a transition from a gradual pattern to a switch-like pattern.

Here, we distinguish a switch-like signal from gradual signal according to their switch time, which is defined

as the time it takes to progress from a 30% to a 70% final concentration of any reaction species. If its switch

time is longer than 2 h, it is labeled a gradual signal; otherwise, it is labeled a switch-like signal. According

to this classification, Bid, tBid, MOMP, Cyt c, and holoenzyme are gradual signals, whereas caspase 3 and

cPARP are switch-like signals (Figure 3E). If the switch time is defined as the time for a signal to increase

from 20% to 80% of its final value, similar results are obtained, albeit with a longer switch time.

As a gradual signal, theMOMP-released Cyt c leads to a gradual accumulation of the apoptosome and thus

the holoenzyme. In detail, before MOMP accumulates to reach a threshold, Cyt c cannot be released, thus

maintaining Cyt c and downstream signals in an ‘‘off’’ state. After MOMP reaches the threshold at about 9 h

(marked by asterisk in Figure 3A), the Cyt c-induced holoenzyme assembly ensures the downstream signals

switch to an ‘‘on’’ state.

The conversion from gradual to switch-like signals is regulated by multiple reactions, including the me-

chanics of MOMP assembly, mitochondria-to-cytosol translocation of Smac and Cyt c (Albeck et al.,

2008), the direct repression of holoenzyme and caspase 3 by XIAP (Figure S3), and holoenzyme-mediated

activation of caspase 3. As seen in Figure 3A, holoenzyme activation results in a sudden and rapid cleavage

of caspase 3 and thus the processing of PARP into cPARP, suggesting that the conversion from gradual to

switch-like signals is strongly influenced by the interaction between holoenzyme and procaspase 3. If the

association rate of holoenzyme and procaspase 3 (1.0 mM�1s�1) is decreased to 10%, the original switch-like

signals, i.e., caspase 3 and cPARP, will become gradual signals (Figure 3F). Thus, the holoenzyme-mediated

activation of caspase 3 has a crucial influence on the conversion from gradual into switch-like signals.

Three Ideal Ca2+ Inputs

Since both the amplitude and frequency of the ER-involved Ca2+ oscillations largely increase with stimulus

strength (Figures 2B and 2C), it is hard to dissect the individual contributions of amplitude and frequency to

apoptosis. To explore whether amplitude or frequency of Ca2+ oscillations is the critical determinant for

Ca2+-induced apoptosis, three ideal Ca2+ waveforms and their effects on the two indexes for evaluating

apoptosis are presented in Figure 4.

First a constant Ca2+ input is imposed to assess its efficacy in triggering apoptosis. Figure 4A shows that, as

the amplitude of the constant Ca2+ increases, the final [cPARP] exhibits an almost all-or-none pattern.

When the amplitude increases beyond an apoptotic threshold, the apoptosis latency decreases first rapidly

and then slowly approaches 5 h (Figure 4B). Different from the high amplitude threshold of 3 mM [Ca2+] for

apoptosis with an oscillatory Ca2+ signal, a small [Ca2+] threshold of 1.5 mM is obtained with constant Ca2+

input for apoptosis. These results suggest that Ca2+ amplitude alone is sufficient to cause a low or high final

[cPARP], corresponding to survival or apoptosis of cells.

Second, we used a square-wave Ca2+ input to investigate the roles of its amplitude and frequency in regu-

lating apoptosis. For such a pulsating Ca2+ signal, besides the amplitude, we can define the wave width (Tw)
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and inter-wave interval (Ti), which can be varied separately, as well as the period (Tw + Ti). Such type of

signal has been used experimentally (De Koninck and Schulman, 1998) and in mathematical models (Marhl

et al., 2006; Salazar et al., 2008). In the case of varied wave width but fixed inter-wave interval, the contour

map in Figure 4C shows that the final [cPARP] mainly depends on the Ca2+ amplitude but not on the wave

width and of course not on its period. Figure 4D shows the dependence of final [cPARP] on the Ca2+ ampli-

tude and wave width, while keeping the period constant. From the apoptosis threshold (dashed line) shown

in Figure 4D, one can see that the final [cPARP] is high when the Ca2+ amplitude is large (>1.5 mM) and the

wave width is long (>75 s). Thus, the Ca2+ amplitude is the dominant pro-apoptotic factor.

The comparison of the results in Figures 4C and 4D reveals that the final [cPARP] depends less on oscillation

period than on its wave width. Next, we examined the influence of the Ca2+ amplitude and wave width on

apoptosis latency. The result plotted in Figure 4E indicates that apoptosis latency is less sensitive to wave width

than to wave amplitude. A similar but more obvious trend for apoptosis latency can be found when comparing

Ca2+ amplitude and period (Figure S4). Together, the results obtained in Figures 4C–4E and S4 indicate that

apoptosis is mainly modulated by amplitude, rather than frequency of a square-wave Ca2+ input.

Third we used sinusoidal Ca2+ input to further strengthen the conclusion that apoptosis depends more on

amplitude than on frequency. The sinusoidal input mimics more closely biological Ca2+ oscillations, and its
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(A and B) The final [cPARP] (A) and apoptosis latency (B) as a function of the amplitude of constant Ca2+ input. (C) The final [cPARP] in response to the

amplitude and period (varying Tw with the unchanged Ti) of square-wave Ca2+ input. (D and E) The final [cPARP] (D) and apoptosis latency (E) in response to
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right.
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oscillation amplitude and period can be varied separately. Figure 4F shows that the final [cPARP] exhibits

only a modest response to the change of Ca2+ oscillation period but a pronounced sensitivity to the change

of oscillation amplitude. Notably, a cell remains alive when its Ca2+ amplitude is small but undergoes

apoptosis when the amplitude is large, regardless of the oscillation period. This result holds true when

the top two most sensitive parameters are varied in a limited range (Figures S5). In addition, the change

in Ca2+ amplitude significantly influences apoptosis latency, whereas its period does not (Figure 4G). These

results reveal that AM is the dominant mechanism for Ca2+-regulated apoptosis.

In summary, by virtue of three ideal Ca2+ waveforms, we demonstrated that cytosolic Ca2+ regulates

apoptosis mainly via AM but not via FM. Although the Ca2+ amount or average Ca2+ and action time of

Ca2+ input also have impacts on apoptosis (Figures S6 and S7), these factors appear insignificant.

Signal Transduction of Sinusoidal Ca2+ Input

Given that sinusoidal Ca2+ oscillations can mimic one of the two biologically oscillatory patterns (the sinu-

soid-like oscillations and the repetitive spikes) in vivo (Berridge, 1990; Putney and Bird, 1993), we explored

the roles of amplitude and frequency of sinusoidal Ca2+ oscillations in the apoptotic signal transduction

pathway. Figure 5A presents the temporal evolution of four key species in the signal transduction process

where the Ca2+ amplitude is 2.5 mM and its period is 200 s. Here, aCalp is an oscillatory signal, tBid and

holoenzyme are gradual signals, and cPARP is a switch-like signal, which are almost the same as those

induced by the ER-involved Ca2+ oscillations (Figure 3A).

If the period of sinusoidal Ca2+ input becomes significantly shorter or longer, i.e., 50 s or 500 s, the kinetics

of the four species change slightly (Figure 5B). The frequency information carried in Ca2+ oscillations be-

comes largely suppressed within the gradual signal of tBid. In contrast, if the amplitude of sinusoidal

Ca2+ input becomes smaller or bigger, i.e., 2 or 3 mM, the kinetics of the four species change significantly,

especially for the holoenzyme and cPARP (Figure 5C). A decreased amplitude causes the original switch-

like cPARP signal to become a gradual signal, and the eventual cell fate changes from apoptosis to survival.

An increased amplitude transforms the original gradual holoenzyme signal into a switch-like signal, and the

apoptosis latency becomes dramatically shorter. The time course study suggests that the signal transduc-

tion from Ca2+ to tBid acts as a frequency filter of the Ca2+ oscillation information. Moreover, the informa-

tion of the Ca2+ amplitude is important to determine the final intensity of the gradual signals, which is in

turn crucial to determine the curve pattern of cPARP.

To gain further insights into these mechanisms, we analyzed how the changes in the period and amplitude

of a sinusoidal Ca2+ input affect the oscillation coefficient, transient time, and switch time of the key

species.

First, we considered the situation where the sinusoidal Ca2+ period changes from 10 to 1,000 s, while

keeping the amplitude constant at 2.5 mM. Figure 5D depicts the change of the oscillation coefficients

of aCalp and tBid, the transient times of MOMP and cPARP, and the switch times of caspase 3 and cPARP

against the sinusoidal Ca2+ period. In order to clearly describe the process of information transformation,

Figure S8A shows the distribution of the values of the three characteristic times of all key species. To

accommodate the wide range of values, these values are normalized with respect to the corresponding

value at period = 200 s, and each box plot in Figure 5E exhibits the distribution of the normalized values.

Then, we considered the situation where the sinusoidal Ca2+ amplitude varies from 2 to 4 mM, while

keeping the period constant at 200 s. Figures 5F, 5G, and S8B are the counterparts of Figures 5D, 5E,

and S8A, respectively.

Figures 5D and 5F show that the oscillation coefficient of aCalp is far larger than that of tBid, which indicates

that the frequency attribute of Ca2+ oscillations is only well retained in the aCalp signal, whereas it is largely

lost in the gradual signals. When comparing Figures 5E and 5G, it is evident that the change in the period of

a sinusoidal Ca2+ input only significantly affects the oscillation coefficients of the two upstream gradual sig-

nals, i.e., Bid and tBid, whereas the change in the Ca2+ amplitude dramatically modulates both the tran-

sient times and switch times of the downstream species, especially for the switch-like signals, i.e., caspase

3 and cPARP. Together, these results imply that the Ca2+-regulated apoptotic transduction pathway is

capable of efficiently filtering the frequency attribute during the transformation from oscillatory signals

to gradual signals but capable of sensitively responding to the amplitude attribute of the Ca2+ oscillations.
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Hence, the results here reveal the underlying mechanism that Ca2+ signal regulates apoptosis mainly via

the Ca2+ oscillation amplitude, rather than via its frequency.

DISCUSSION

Given the difficulties of experimentally tracking long-term Ca2+ signaling dynamics simultaneously with

apoptotic protein processing, it is currently unknown how a fast and oscillatory Ca2+ signal transforms
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Figure 5. Effects of Amplitude and Period of Sinusoidal Ca2+ Input on Signal Transduction

(A-C) Time series of representative species such as aCalp, tBid, Holo, and cPARP (A) at amplitude = 2.5 mM and period = 200 s, (B) at amplitude = 2.5 mM and

period = 50 s or 200 s, and (C) at period = 200 s and amplitude = 2 mM or 3 mM. The units of y axes are nM.

(D) Oscillation coefficient (COsc) of aCalp and tBid, transient time (TTra) of MOMP and cPARP, and switch time (TSwi) of Casp3 and cPARP, keeping the

amplitude constant at 2.5 mM and changing the period.

(E) COsc, TTra, and TSwi of the main species are normalized to the corresponding value at amplitude = 2.5 mM and period = 200 s, as indicated by the arrows in

(D).

(F and G) (F) and (G) are the counterparts of (D) and (E), respectively, but at fixed period of 200 s and varying amplitude. In the box plot, the middle line

denotes the median; the top and bottom of the box denote 75th and 25th percentiles, respectively; whiskers denote 1.53interquartile range; and diamonds

denote outliers. Abbreviation: aCalp, activated calpain; Holo, holoenzyme; Casp3, caspase 3.
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into a slow but switch-like apoptotic response. How Ca2+ signaling regulates apoptosis has also remained

elusive because the amplitude and period of Ca2+ oscillations cannot be manipulated independently

within a biological system. We address these two fundamental questions with a mathematical model for

deciphering the mechanism underlying Ca2+-induced apoptosis.

Our results indicate that the conversion of an oscillatory Ca2+ signal into a switch-like apoptotic signal requires

two steps. In the first step, oscillatory signals transform into gradual signals during which the oscillation ampli-

tudes of the upstream species in signal cascade decrease successively, meanwhile their transient times to the

new equilibrium increase successively. During this transformation, the slow truncation of Bid by aCalp plays a

significant role. In the second step, gradual signals are converted into switch-like signals, duringwhich the switch

timesof thedownstreamspecies in the apoptotic signalingpathwaydecreasedramatically. This process critically

depends on the fast activation of caspase 3 by the holoenzyme.

Cellular information can be encoded in the amplitude and frequency of Ca2+ oscillations, and that informa-

tion can then be decoded by distinct downstream effectors to achieve different cellular outcomes (Ber-

ridge, 1997; Monteith et al., 2017). The predominant view is that the cellular function is determined by

the frequency of Ca2+ oscillations (Dupont and Combettes, 2016; Dupont and Sneyd, 2017; Goldbeter

et al., 1990; Smedler and Uhlén, 2014). In contrast, our results show that the amplitude of Ca2+ oscillations

is primarily used tomodulate apoptosis in three different systems, that is, in the constant, square-wave, and

sinusoidal Ca2+ input systems. Of note, the elucidation in the last system is compelling not only because

sinusoidal Ca2+ input has separable amplitude and period but also because it can largely mimic the bio-

logically oscillatory pattern observed in cells. Strikingly, by employing sinusoidal Ca2+ input, we revealed

that the frequency property of Ca2+ oscillations is filtered but the amplitude property is retained during the

apoptotic signal transduction process. During the process to translate these oscillatory signals into gradual

signals, the oscillatory Ca2+ signal is converted into a non-oscillatory signal by filtering out the frequency

information. Thus, the amplitude, other than the frequency, of Ca2+ oscillations, functions as the more

important attribute for apoptosis induction.

The mechanisms by which cells encode the dynamic properties of oscillatory signaling (e.g., amplitude and/or

frequency) into their decision-making processes are the subject of very intense investigation (Benzinger and

Khammash, 2018; Cai et al., 2008; Hannanta-anan andChow, 2016; Hansen andO’Shea, 2015). For a Ca2+ signal,

it is generally believed that AM is less reliable than FM, owing to the difficulty of distinguishing small Ca2+

changes from the background noise level (Berridge et al., 1998). However, the fidelity of apoptotic Ca2+ signal

can by guaranteed through AMmode because the apoptotic Ca2+ levels are much higher than those produced

by spontaneous fluctuation. Indeed, a recent experiment revealed that individual cells exhibit high amplitude

Ca2+ release events but significant heterogeneity in the frequency of these events after treatment with

apoptosis-inducing drugs (Garcia et al., 2017). In addition, Monteith et al. recently proposed that it is the ampli-

tude of Ca2+ oscillations that controls cell fate (e.g., proliferation or cell death), whereas it is their frequency that

controls gene transcription (Monteith et al., 2017). Our finding demonstrates that Ca2+-regulated apoptosis is a

typical example of AM fashion, which is a key perspective in the field of Ca2+ signaling.

Limitations of the Study

Although Ca2+ oscillations are intrinsically stochastic because of stochastic IP3R channel dynamics (Powell

et al., 2020; Thul, 2014; Thurley et al., 2012), the Ca2+ oscillations at the cellular level can be effectively

treated as deterministic (Cao et al., 2014; Sneyd et al., 2017; Voorsluijs et al., 2019). As a result, we only

used the two-variable Li-Rinzel model as the simplest but useful model to produce Ca2+ oscillations.

The focus of this work is on cytosolic Ca2+-induced apoptosis, and for simplicity, we did not take mitochon-

drial Ca2+ into account. In addition, the prediction of AMgiven in the paper largely depends on a sinusoidal

type of Ca2+ oscillations. Thus, whether our prediction can be generalized to other types of Ca2+ oscilla-

tions such as repetitive spikes remains an open question for future study. Furthermore, the test of this pre-

diction will rely on the experimental design that can compare directly the effects of the amplitude and

period of cytosolic Ca2+ oscillations on the apoptosis.

Resource Availability

Lead Contact

Jianwei Shuai

ll
OPEN ACCESS

10 iScience 23, 101671, November 20, 2020

iScience
Article



Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplemental

Information. The code related to this paper may be requested from the authors.

Methods

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101671.

ACKNOWLEDGMENTS

This work was supported by National Natural Science Foundation of China (Grants 11675134, 11874310,

11504214, 11704318, and 61873154), Shanxi Province Science Foundation for Youths (Grant

201901D211159), Scientific and Technological Innovation Programs of Higher Education Institutions in

Shanxi (Grant 2019L0015), Natural Sciences and Engineering Research Council of Canada (Grant RGPIN-

2015-04105)

AUTHOR CONTRIBUTIONS

H.Q. and J.S. designed research; H.Q. and X.L. performed research; X.L., Z.J., and T.S. analyzed data; H.Q.,

T.S., and J.S. wrote the paper.

DECLARATION OF INTERESTS

The authors declare no conflict of interest.

Received: March 11, 2020

Revised: August 15, 2020

Accepted: October 8, 2020

Published: November 20, 2020

REFERENCES
Albeck, J.G., Burke, J.M., Spencer, S.L.,
Lauffenburger, D.A., and Sorger, P.K. (2008).
Modeling a snap-action, variable-delay switch
controlling extrinsic cell death. PLoS Biol. 6, e299.

Anderson, M.W., Moss, J.J., Szalai, R., and Lane,
J.D. (2019). Mathematical modeling highlights
the complex role of AKT in TRAIL-induced
apoptosis of colorectal carcinoma cells. iScience
12, 182–193.

Benzinger, D., and Khammash, M. (2018).
Pulsatile inputs achieve tunable attenuation of
gene expression variability and graded multi-
gene regulation. Nat. Commun. 9, 3521.

Berridge, M.J. (1990). Calcium oscillations. J. Biol.
Chem. 265, 9583–9586.

Berridge, M.J. (1997). The AM and FM of calcium
signalling. Nature 386, 759–760.

Berridge, M.J., Bootman, M.D., and Lipp, P.
(1998). Calcium - a life and death signal. Nature
395, 645–648.

Berridge, M.J., Bootman, M.D., and Roderick,
H.L. (2003). Calcium signalling: dynamics,

homeostasis and remodelling. Nat. Rev. Mol. Cell
Biol. 4, 517–529.

Boehning, D., Patterson, R.L., Sedaghat, L.,
Glebova, N.O., Kurosaki, T., and Snyder, S.H.
(2003). Cytochrome c binds to inositol (1, 4, 5)
trisphosphate receptors, amplifying calcium-
dependent apoptosis. Nat. Cell Biol. 5, 1051–
1061.

Cai, L., Dalal, C.K., and Elowitz, M.B. (2008).
Frequency-modulated nuclear localization bursts
coordinate gene regulation. Nature 455,
485–490.

Cao, P., Tan, X., Donovan, G., Sanderson, M.J.,
and Sneyd, J. (2014). A deterministic model
predicts the properties of stochastic calcium
oscillations in airway smooth muscle cells. PLoS
Comput. Biol. 10, e1003783.

Chen, M., He, H., Zhan, S., Krajewski, S., Reed,
J.C., and Gottlieb, R.A. (2001). Bid is cleaved by
calpain to an active fragment in vitro and during
myocardial ischemia/reperfusion. J. Biol. Chem.
276, 30724–30728.

Czabotar, P.E., Lessene, G., Strasser, A., and
Adams, J.M. (2014). Control of apoptosis by the

Bcl-2 protein family: implications for physiology
and therapy. Nat. Rev. Mol. Cell Biol. 15, 49–63.

Dupont, G., and Combettes, L. (2016). Fine tuning
of cytosolic Ca2+ oscillations. F1000Res. 5, 1–9.

Dupont, G., and Goldbeter, A. (1993). One-pool
model for Ca2+ oscillations involving Ca2+ and
inositol 1,4,5-trisphosphate as co-agonists for
Ca2+ release. Cell Calcium 14, 311–322.

Dupont, G., and Sneyd, J. (2017). Recent
developments in models of calcium signalling.
Curr. Opin. Syst. Biol. 3, 15–22.

Garcia, M.I., Chen, J.J., and Boehning, D. (2017).
Genetically encoded calcium indicators for
studying long-term calcium dynamics during
apoptosis. Cell Calcium 61, 44–49.

Gerasimenko, J.V., Gerasimenko, O.V., Palejwala,
A., Tepikin, A.V., Petersen, O.H., andWatson, A.J.
(2002). Menadione-induced apoptosis: roles of
cytosolic Ca2+ elevations and the mitochondrial
permeability transition pore. J. Cell Sci. 115,
485–497.

Giorgi, C., Marchi, S., and Pinton, P. (2018a). The
machineries, regulation and cellular functions of

ll
OPEN ACCESS

iScience 23, 101671, November 20, 2020 11

iScience
Article

https://doi.org/10.1016/j.isci.2020.101671
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref1
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref1
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref1
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref1
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref2
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref2
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref2
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref2
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref2
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref3
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref3
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref3
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref3
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref4
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref4
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref5
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref5
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref6
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref6
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref6
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref7
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref7
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref7
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref7
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref65
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref8
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref8
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref8
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref8
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref9
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref9
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref9
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref9
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref9
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref10
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref10
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref10
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref10
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref10
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref11
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref11
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref11
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref11
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref12
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref12
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref12
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref13
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref14
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref14
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref14
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref15
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref15
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref15
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref15
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref16
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref17
http://refhub.elsevier.com/S2589-0042(20)30863-4/sref17


mitochondrial calcium. Nat. Rev. Mol. Cell Biol.
19, 713–730.

Giorgi, C., Danese, A., Missiroli, S., Patergnani, S.,
and Pinton, P. (2018b). Calcium dynamics as a
machine for decoding signals. Trends Cell Biol.
28, 258–273.

Goldbeter, A., Dupont, G., and Berridge, M.J.
(1990). Minimal model for signal-induced Ca2+

oscillations and for their frequency encoding
through protein phosphorylation. Proc. Natl.
Acad. Sci. U S A 87, 1461–1465.
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Figure S1. The detailed scheme of the last three modules, related to Figure 1. (A) Module of Ca2+-activated proteins (top) 

and MOMP controlled by Bcl-2 protein family (bottom). (B) Module of Cyt c-induced caspase cascade. The graphical 

notations are the same as in Figure 1. The numbers beside the arrows refer to the stoichiometric number of the corresponding 

reaction.  



 

Figure S2. Parameter sensitivity analysis, related to Figures 2 and 3. (A) Illustration of the definition of switch time (Tswi, 

the time for cPARP to increase from 30 to 70% of its final concentration). (B) Percentage change of the switch time in response 

to 10% increase or decrease of each parameter. T0 is the switch time obtained under standard parameter conditions, and Tc is 

the one under changed parameter settings. See Table S3 for details of the meanings of parameters. (C) The final [cPARP] at 

different stimulus strengths when the total simulation time is 16 h (left) and 24 h (right), respectively. The dotted lines depict 

the apoptosis threshold. (D) Time series of cPARP when the association rate of aCalp and Bid (k2cf) is increased by 10% and 

10-fold. Stimulus strength=0.73. 

 

 

Figure S3. Influence of repression of holoenzyme and caspase 3 by XIAP on signal conversion, related to Figure 3. Time 

series of Casp3 and cPARP when the association rate of holoenzyme (or caspase 3) and XIAP is increased to 3-fold (broken 

lines).The curves obtained by the standard parameter value are shown in solid lines. Casp3, caspase 3. 



 

Figure S4. Apoptosis latency mainly depends on Ca2+ amplitude, but not on the period of square-wave Ca2+ input, 

related to Figure 4. The apoptosis latency in response to the amplitude and period with the fixed inter-wave interval (Ti) of 

square-wave Ca2+ input. 

 

 

Figure S5. The robustness of the conclusion that Ca2+ regulates apoptosis mainly via AM, but not via FM, related to 

Figures 4 and S2. The final [cPARP] in response to the amplitude and period of sinusoidal Ca2+ input when the two most 

sensitive parameters, k2cf and k3cf, are varied ±10%. 

 



 
Figure S6. Effect of Ca2+ amount or average Ca2+ on the apoptosis, related to Figure 4. (A) Ca2+ amount as a function of 

the amplitude of constant Ca2+ input. Survival and death are corresponding to the left and right region of the apoptosis 

threshold, respectively. (B) The time series of [cPARP] with different square-wave Ca2+ input. Despite the waveforms of the 

Ca2+ input are different, their total Ca2+ amounts per hour (and thus the average Ca2+) are identical. 

 

 
Figure S7. Effect of stimulus time on the apoptosis, related to Figure 4. (A) Dependence of the final [cPARP] on 

independent amplitude and stimulus time with constant Ca2+ input. (B) Under sinusoidal Ca2+ input, the final [cPARP] in 

response to the amplitude and stimulus time with fixed period of 50 s, 200 s, and 500 s, respectively. 

 



 

Figure S8. Distribution of three characteristic times, related to Figure 5. (A) Oscillation coefficient (COsc), transient time 

(TTra), and switch time (TSwi) of the main species in the signaling pathway, keeping the amplitude constant at 2.5 μM and 

changing the period from 10 to 1000 s. (B) COsc, TTra, and TSwi of the main species in the signaling pathway, keeping the period 

constant at 200 s and changing the amplitude from 2 to 4 μM. 

 

 

Figure S9. Workflow of the present work, related to Figures 1-5. 

 
  



Transparent Methods 

Detailed description of the model 

In vertebrates, apoptosis typically proceeds through two main pathways: the extrinsic pathway and the intrinsic 

pathway. We primarily focus our attention on the latter due to the importance of cytosolic Ca2+ in the regulation 

of the intrinsic pathway (Harr and Distelhorst, 2010). To qualitatively study this process, we constructed a 

model comprised of four functional modules (Figure 1 and Figure S1), which are described in detail in 

following. 

 

i. ER-involved Ca2+ oscillations 

Under resting conditions, cytosolic Ca2+ concentration ([Ca2+]) is maintained at low levels, while [Ca2+] in the 

endoplasmic reticulum (ER) is very high. Their homeostasis is dynamically regulated by active Ca2+ uptake 

through sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and passive Ca2+ leak from the ER (Chang et al., 

2014). Upon stress stimuli, IP3 (inositol 1,4,5-trisphosphate) forms and binds to IP3 receptors (IP3Rs) to release 

Ca2+ from the ER, producing the upstroke of a Ca2+ oscillation. The SERCA then pumps the cytosolic Ca2+ 

back into the ER, completing the Ca2+ oscillation. 

 

The Ca2+ oscillation module (blue region of Figure 1) is described by the two-variable Li-Rinzel model, 

which is simple but has a significant ability to reproduce experimental observations. In contrast to the original 

model (De Pitta et al., 2008), we made two modifications: a. for correlating the different stimulus strengths 

with different levels of IP3, the production and degradation of IP3 are considered additionally; b. the amplitude 

and period of Ca2+ oscillations are rescaled with the modified model parameters to better fit the Ca2+ oscillation 

patterns observed in experiment (Giorgi et al., 2018; Scorrano et al., 2003). 

 

ii. Ca2+-activated proteins 

An important machinery linking cytosolic Ca2+ and apoptosis is the activation of two Ca2+-regulated enzymes, 

calpain and calcineurin. The key mechanism for guarding against inappropriate activation of the two proteases 

is their weak affinity for Ca2+. Calpain and calcineurin are activated by tens-of-micromolar and micromolar 

concentrations of Ca2+, respectively. 

 

Calcineurin has four Ca2+ binding sites: sites 1 and 2 with dissociation constants in the micromolar range, 

whereas sites 3 and 4 with dissociation constants in the nanomolar range (Li et al., 2011). Fully activated 

calpain needs to bind ten Ca2+ ions (Moldoveanu et al., 2008), but the activation mechanisms remain poorly 



understood (Campbell and Davies, 2012). Here we made three simplifications and assumptions: a. Ca2+ ions 

bind calpain one by one; b. all binding sites have the same dissociation constant for Ca2+; c. calpain is activated 

because of its vicinity to microdomains of high [Ca2+] ([Ca2+]Mic) (Hanna et al., 2007), which is 5- to 10-fold 

higher than in the bulk cytosol (Giacomello et al., 2010). For simplicity, we assumed that [Ca2+]Mic is 7.5-fold 

higher than cytosolic [Ca2+] ([Ca2+]Cyt), the latter being determined by the modified Li-Rinzel model 

mentioned above. Calpastatin, an endogenous inhibitor of calpain, is capable of neutralizing four molecules 

of activated calpain (Hanna et al., 2008; Moldoveanu et al., 2008). 

 

iii. MOMP controlled by Bcl-2 protein family 

The activated calcineurin dephosphorylates the phosphorylated Bad into Bad (Wang et al., 1999). Activated 

calpain cleaves Bid into truncated Bid, tBid (Chen et al., 2001). Both Bad and tBid then migrate into the 

mitochondria and mediate mitochondrial outer membrane permeabilization (MOMP). In detail, tBid on the 

mitochondria directly activates Bak. Active Bak (aBak) monomers first form dimers and then tetramers, 

causing MOMP. Bcl-XL is able to bind and antagonize all the active forms of Bak. Bad and tBid on the 

mitochondria can both bind to Bcl-XL and release active forms of Bak to promote MOMP. 

 

iv. Cyt c-induced caspase cascade 

Following MOMP, mitochondrial intermembrane space proteins such as cytochrome c (Cyt c) and second 

mitochondria-derived activator of caspases (Smac) are released into the cytosol. In the cytosol, Cyt c engages 

apoptotic protease-activating factor-1 (Apaf1), and together form the heptameric apoptosome, which interacts 

with procaspase 9 to induce the formation of holoenzyme, thereby triggering caspase 3 activation. Caspase 3 

in turn cleaves a series of substrates, including PARP, and ultimately leads to apoptosis. Smac facilitates 

apoptosis by neutralizing the holoenzyme and caspase inhibitor X-linked inhibitor of apoptosis protein (XIAP). 

 

We used the mathematical model of apoptosis from (Albeck et al., 2008b) and (Rehm et al., 2006) as a 

template to construct the biochemical reactions of the last two modules, but two modifications have been made 

in our model. Since MOMP is a pore, and thus the drive force for the release of Cyt c and Smac via the MOMP 

is the concentration difference between two compartments (i.e., intermembrane space of mitochondria and 

cytosol). In the model we used a Hill function to model the release kinetics of Cyt c and Smac through the 

MOMP. In addition, our recent study proposed that there are 2047 pathways for the assembly of apoptosome 

(Qi et al., 2018). To avoid combinatorial complexity, we chose an optimal pathway in the current model. 

 

Limitation of the model 



The main purpose of the paper is to explore which characteristic of cytosolic Ca2+ oscillations regulates 

apoptosis, so three simplifications were made to reduce complexity of the problem without significantly 

affecting our result. First, although Ca2+ oscillations are mainly from the periodic release of Ca2+ within the 

ER in many cell types, the ER-to-mitochondria Ca2+ transfer, the mitochondria-to-cytosol Ca2+ transport and 

the Ca2+ exchange through the plasma membrane also impact Ca2+ oscillations. However, they are not 

considered in the current model. Second, it should be noted that mitochondria can sequester cytosolic Ca2+ 

and excessive Ca2+ accumulation within mitochondria causes the opening of mitochondrial permeability 

transition pore in the inner mitochondrial membrane, which results in increased mitochondrial permeability 

to ions and solutes, followed by organelle swelling and the rupture of the outer mitochondrial membrane, and 

thus the release of Cyt c, leading to apoptosis. Obviously, the consideration of mitochondrial Ca2+ in our model 

will make the situation very complex and therefore it has not been considered. Third, there may be complicated 

pathways for the long-duration Ca2+ oscillations to induce apoptosis. The long-duration Ca2+ oscillations may 

cause other sources of stress or lead to the transformation of Ca2+ oscillations into a sustained Ca2+ response 

to finally induce apoptosis. With a mathematic model, we are not trying to discuss various possible 

mechanisms of long-duration Ca2+ oscillations induced apoptosis, which can make the results simpler to 

interpret. 

 

Rationality of parameter selection 

In our model, the output of the Ca2+-induced apoptosis system is regarded as cPARP, a switch-like signal. 

Accordingly, we performed parameter sensitivity analysis for 26 key parameters to identify their influence on 

the switch time of cPARP (Figure S2B). On each trial only one parameter is increased or decreased by 10% 

with respect to its standard value, while the others remain at their standard values. According to the result of 

k-means clustering, if the percentage change of the corresponding switch time is smaller than 10%, it is 

classified as an insensitive parameter, otherwise it is classified as a sensitive parameter; and if the percentage 

change is larger than 20%, it is regarded as a most sensitive parameter. 

 

Approximately 70% of the parameters are insensitive, which are mostly related to the two downstream 

modules, i.e., MOMP controlled by Bcl-2 protein family and Cyt c-induced caspase cascade. The three most 

sensitive parameters are associated with the upstream reactions of signaling network, i.e., activation of calpain 

by Ca2+, cleavage of Bid into tBid by aCalp, and tBid-mediated activation of Bak. The considerable influence 

of k2cf (the association rate of aCalp and Bid) on the switch-like response suggests that it is the rate-limiting 

step in the signal transduction. 

 



Giorgi et al. summarized that under resting conditions [Ca2+] is maintained at about 0.1 μM, while after 

stimulation it can reach 0.2~5 μM (Giorgi et al., 2018). Although the critical [Ca2+] threshold for apoptosis 

depends on the cell type and apoptotic stimuli, we must select a fixed one for the deterministic model to 

evaluate its correlation with the cell fate. Viewed in this perspective, we chose 3 μM [Ca2+] as a critical 

threshold to initiate apoptosis. Similarly, Rehm et al. found that 25% substrate cleavage does not elicit 

apoptosis, while cells that exhibits 65% substrate cleavage undergo apoptosis (Rehm et al., 2006). Since the 

total [PARP] is 1.7 μM, we chose 60% substrate cleavage, i.e. 1.02 μM [cPARP] as a critical threshold to 

initiate apoptosis. As seen in Figure 2 in the main text, a stimulus strength of 0.6 promotes the peak of [Ca2+] 

above 3 μM, which in turn results in [cPARP] more than 1.02 μM, inducing apoptotic cell death. We should 

stress that although choosing these two critical values is to some extent arbitrary, the current model is only 

qualitative, and thus these precise values in the model have little qualitative influence on the conclusion. 

Likewise, the conclusion is also robust to the detailed selection of the cell cycle, i.e. total simulation time 

(Figure S2C, compared to Figure 2E). 

 

In addition, cells exposed to the same apoptotic stimulus always have different apoptosis latency. This is 

due to the intrinsic and extrinsic noise existed in the cells (Flusberg and Sorger, 2015), which can be reflected 

by variations of the parameter values of the model. Here we used k2cf as an example to illustrate how its 

variation can influence the apoptosis latency (Figure S2D). If k2cf is increased by 10%, the apoptosis latency 

is less than 8 h; and if k2cf is increased by 10-fold, it becomes less than 2 h. 

 

Influence of repression of holoenzyme and caspase 3 by XIAP on signal conversion 

If the association rate of holoenzyme and XIAP is increased to 3-fold, the original switch-like signals, i.e. 

caspase 3 and cPARP, will become gradual signals (Figure S3A). If the association rate of caspase 3 and XIAP 

is increased to 3-fold, caspase 3 and cPARP will become lower (Figure S3B). 

 

Apoptosis latency in response to amplitude and period of square-wave Ca2+ input 

For the square-wave Ca2+ input, if the wave width is varied with the inter-wave interval fixed, the period of 

Ca2+ input varies with the wave width. The contour map in Figure S4 displays that apoptosis latency is 

significantly sensitive to wave amplitude, but slightly to period. This result indicates that the apoptosis latency 

is mainly dependent on the Ca2+ amplitude, but not on its period. 

 

Apoptosis is not dependent on the Ca2+ amount or average Ca2+ 

A recent study found a strategy called signal integration in the decision-making system for cell cycle (Liu et 



al., 2015). To determine whether apoptosis is primarily a result of an integrator of cumulative Ca2+ load, we 

assess the amount of Ca2+ over 18 h to see whether apoptosis only occurs when Ca2+ amount reaches a certain 

threshold by imposing constant Ca2+ input. In detail, if the cell is still survival at the end of 18 h, the Ca2+ 

amount is equal to the total amount during the past 18 h. However, if the cell becomes death within 18 h, the 

Ca2+ amount is defined as the total amount accumulated in the period of apoptosis latency. From Figure 4A in 

the main text we can see that a plot of the final [cPARP] versus Ca2+ amplitude shows a monotonic relationship. 

In detail, the final [cPARP] is low if the Ca2+ amplitude is smaller than a threshold amplitude of 1.5 μM, while 

it is high if the Ca2+ amplitude is greater than the threshold amplitude. However, the amounts of Ca2+ around 

this threshold amplitude display a peak (Figure S6A). This clearly excludes the possibility of signal integration 

in our Ca2+-apoptosis system. 

 

Average Ca2+ maybe another factor to influence the apoptosis. We designed four different square-wave 

Ca2+ inputs: they have different amplitudes, periods, or wave widths, albeit with the same average Ca2+ level, 

i.e. 1 μM/s. The results in Figure S6B show that despite that period and wave width have a certain effect on 

the outcome (the final [cPARP]), amplitude is still the dominant factor. This demonstrates that Ca2+ amplitude 

is important even for a fixed average Ca2+. 

 

Effect of Ca2+ action time on the apoptosis 

We need to point out that the stimulating duration of high Ca2+ signal may not be always 18 h in the apoptosis 

process. An experiment revealed that the Ca2+ release events last more than 10 h (Garcia et al., 2017). In 

addition, Ca2+ ions not only stimulate proapoptotic pathways, but also activate prosurvival pathways, and so 

cell fate is decided by the balance between survival and apoptotic pathways. We thus chose 18 h, i.e., the 

length of cell cycle, as the stimulus time in our standard procedure. Next we explored the model dynamics 

with constant and sinusoidal Ca2+ input to verify the robustness of our conclusions under the condition of 

varying stimulus time. 

 

Constant Ca2+ input is the simplest input and is easy to illustrate the effect of stimulus time on cell fate. 

Here the total running time is still 18 h. As illustrated in Figure S7A, a high constant [Ca2+] is added as a 

stimulus for a certain stimulus time, after which [Ca2+] is set to 0.1 μM. The corresponding result indicates 

that a stimulus time of 6 h is enough to cause apoptosis, presumably as the minimal response time for the 

Ca2+-induced apoptotic cascade in our model. 

 

Sinusoidal Ca2+ input is employed to demonstrate that it is not the frequency of the Ca2+ oscillations, but 



rather the amplitude, that dominates the extent of apoptotic response. In Figure S7B the abilities to induce 

apoptosis for Ca2+ inputs that have fixed period but with distinct amplitudes are compared. It is shown that 

apoptosis can be induced only when the stimulus time is longer than 9 h, depending mainly on the Ca2+ 

amplitude. Even though the periods of Ca2+ input are different, the response patterns of apoptosis to Ca2+ 

amplitude are similar. As a result, the conclusion that apoptosis acts primarily as a Ca2+ amplitude-selective, 

rather than a Ca2+ frequency-selective decoder, is not critically dependent on the duration of stimulus time. 

 

Parameters, biochemical reactions, and ordinary differential equations 

The principles of parameter selection are detailed in following paragraphs. The parameters of Ca2+ dynamics 

module, protein synthesis and degradation rates, and the kinetic rate parameters of other three modules, are 

summarized in Table S1, S2, and S3, respectively. Biochemical reactions and corresponding reaction rates are 

given in Table S4, and the resulting ordinary differential equations are listed in Table S5. 

 

i. Choice of model parameters 

Parameter selection is based on the following criteria: 

a. Parameters are preferentially taken from the combined experimental and theoretical studies, then from 

experimental studies, and lastly from the preceding modeling studies. 

b. Although measuring the cellular kinetic parameters is extremely difficult, most of the dissociation constants 

can be obtained from the literatures. So we can estimate the association rate constant by fixing the dissociation 

rate constant. 

c. The unknown parameters are determined mainly by fitting the dynamics of Ca2+ and cPARP to the 

experimental measurements. 

 

ii. Geometric parameters 

The diameter of human cell is in the range of 5~100 μm (Ginzberg et al., 2015). Here we assumed that the cell 

is a sphere of radius 10 μm, giving the cell volume about 4190 μm3. Given the mean mitochondrial volume is 

0.5 μm3 (Morigi et al., 2015) and each cell contains hundreds of mitochondria, we estimated the total 

mitochondrial volume of a cell is about 300 μm3. So the cytosolic volume is 3890 μm3, and the mitochondria-

to-cytosol volume ratio is 0.077. If we assume that the mitochondrial intermembrane space occupies 10% of 

the mitochondrial volume, then the intermembrane space-to-cytosol volume ratio is 0.0077. The ER-to-cytosol 

volume ratio is assumed to be 0.185, which indicates that the ER accounts for approximately 15% of the total 

cell volume. 

 



iii. Protein synthesis and degradation rate 

Because we consider the dynamical behavior of the system within 18 h, the synthesis and degradation of 

proteins must be included. To reduce the number of free parameters, we assumed the same protein degradation 

rate for all molecular species, a procedure that was used in (Zhao et al., 2015). The only exception is the 

complex between XIAP and caspase 3. This is because XIAP-mediated degradation of caspase 3 is involved 

in restraining caspase 3 catalytic activity (Albeck et al., 2008a), and we consider an additional degradation 

rate for this complex. Protein synthesis rate can be obtained by the product of degradation rate and steady-

state concentration of a certain protein. 

 

Since Ca2+ is not created or destroyed or converted into an inactive metabolite (Monteith et al., 2017), in 

addition to the Ca2+ flux between the ER and cytosol, [Ca2+] in the cytosol changes only due to the association 

and dissociation reactions between Ca2+ and Ca2+-binding proteins. When Ca2+-binding proteins are degraded, 

the Ca2+ ions that bind with them release into the cytosol. 

 
  



Table S1. Parameters in the Ca2+ dynamics module, related to Figure 1. 

Parameter Description Value (Unit) Reference1 

C0 Total [Ca2+] in terms of cytosolic volume 9.4 (μM) Rescaled 

c1 ER-to-cytosol volume ratio 0.185 (De Pitta et al., 2008) 

v1 Maximum IP3R channel flux 0.4286 (s-1) Rescaled 

v2 Ca2+ leak flux constant 0.0078 (s-1) Rescaled 

v3 Maximum SERCA pump rate 0.151 (μM s-1) Rescaled 

K3 Activation constant for SERCA 0.235 (μM) Rescaled 

d1 IP3R dissociation constant for IP3 sites A 0.13 (μM) (De Pitta et al., 2008) 

d2 IP3R dissociation constant for Ca2+-inhibition sites 2.4651 (μM) Rescaled 

d3 IP3R dissociation constant for IP3 sites B 0.9434 (μM) (De Pitta et al., 2008) 

d5 IP3R dissociation constant for Ca2+-activation sites 0.47 (μM) Rescaled 

a2 IP3R binding rate constant for Ca2+-inhibition sites 0.006 (μM-1 s-1) Rescaled 

pIP3 Maximum IP3 synthesis rate 0.18 (μM s-1) Adjusted 

kIP3 Activation constant for IP3 synthesis 0.6 Adjusted 

dIP3 IP3 degradation rate 0.14 (s-1) (Brown et al., 2008) 

1. Rescaled means that the parameters from (De Pitta et al., 2008) are rescaled to yield appropriate amplitude and period of Ca2+ oscillations. 

Adjusted means that these parameters are adjusted by correlating the level of IP3 with the stimulus strength between 0 to 1. 
 

 

Table S2. Protein synthesis and degradation rates, related to Figure 1. 

Parameter Description Value (Unit) Reference 

kCalp Synthesis rate of Calpain (Calp) 5.0×10-6 (μM/s) (Hanna et al., 2008) 

kCalc Synthesis rate of Calcineurin (Calc) 5.0×10-6 (μM/s) (Bornhop et al., 2007) 

kCals Synthesis rate of Calpastatin (Cals) 1.25×10-6 (μM/s) 1/4 of Calp 

kBid Synthesis rate of Bid 5.3×10-6 (μM/s) (Ballesta et al., 2013) 

kpBad Synthesis rate of phosphorylated Bad (pBad) 1.0×10-5 (μM/s) (Hekman et al., 2006) 

kBak Synthesis rate of Bak 1.0×10-4 (μM/s) (Lindner et al., 2013) 

kBclxL Synthesis rate of Bcl-XL 2.5×10-5 (μM/s) 1/4 of Bak 

kCytcm Synthesis rate of Cyt c 1.3×10-1 (μM/s) Deduced from (Rehm et al., 2006) 

kSmacm Synthesis rate of Smac 1.6×10-3 (μM/s) Deduced from (Rehm et al., 2006) 

kApaf Synthesis rate of Apaf-1 3.72×10-5 (μM/s) (Rehm et al., 2006) 

kpcasp9 Synthesis rate of Procaspase 9 3.0×10-6 (μM/s) (Rehm et al., 2006) 

kpcasp3 Synthesis rate of Procaspase 3 1.2×10-5 (μM/s) (Rehm et al., 2006) 

kXIAP Synthesis rate of XIAP 6.3×10-6 (μM/s) (Rehm et al., 2006) 

kPARP Synthesis rate of PARP 1.7×10-4 (μM/s) (Rehm et al., 2006) 

kd Degradation rate of all proteins and 

complexes 
1.0×10-4 (1/s) 

(Eden et al., 2011) 

 
  



Table S3. Kinetic rate parameters, related to Figure 1. 

Parameter Description1 Value2 
Corresponding 

reaction 
Reference3 

k1af / k1ar Association / Dissociation rate of Ca2+ and Calp 0.1 / 3.0 1~10 4 

k1b1f / k1b1r Association / Dissociation rate of Ca2+ and Calc (the first two sites)  0.2 / 1.0 11, 12 5 

k1b2f / k1b2r Association / Dissociation rate of Ca2+ and Calc (the last two sites) 200.0 / 1.0 13, 14 5 

k2a1f / k2a1r Association / Dissociation rate of aCalp and Cals (the first site) 20.0 / 9.0×10-5 15 6 

k2a2f / k2a2r Association / Dissociation rate of aCalp and Cals (the second site) 3.0 / 0.01 16 6 

k2a3f / k2a3r Association / Dissociation rate of aCalp and Cals (the third site) 5.0 / 0.003 17 6 

k2a4f / k2a4r Association / Dissociation rate of aCalp and Cals (the fourth site) 6.0 / 3.0×10-4 18 6 

k2bf / k2br Association / Dissociation rate of aCalc and pBad 0.005 / 0.001 19 Adjusted 

k2bcat Transition rate for Bad 1.0 19 7 

k2cf / k2cr Association / Dissociation rate of aCalp and Bid 0.005 / 0.001 20 Adjusted 

k2ccat Transition rate for tBid 1.0 20 7 

K3cf / k3cr Association / Dissociation rate of tBid and Bak on the Mt 0.015 / 0.001 23 Adjusted 

k3ccat Transition rate for aBak 1.0 23 7 

k3d1f / k3d1r Association / Dissociation rate of aBak dimer on the Mt 0.6 / 0.001 24 7 

k3d2f / k3d2r Association / Dissociation rate of two aBak dimers on the Mt 0.6 / 0.001 25 7 

k3e1f / k3e1r Association / Dissociation rate of tBid and Bcl-XL on the Mt  0.125 / 0.001 26 8 

k3e2f / k3e2r Association / Dissociation rate of Bad and Bcl-XL on the Mt 0.05 / 0.001 27 8 

k3e3f / k3e3r Association / Dissociation rate of aBak and Bcl-XL on the Mt 0.125 / 0.001 28 8 

k3e4f / k3e4r Association / Dissociation rate of aBak dimer and Bcl-XL on the Mt 0.125 / 0.001 29 8 

k3e5f / k3e5r Association / Dissociation rate of aBak tetramer and Bcl-XL on the Mt 0.125 / 0.001 30 8 

vrel Maximum release rate of Cyt c and Smac from Mt 50000.0 31, 32 Adjusted 

kM Release threshold of Cyt c and Smac 0.025 31, 32 Adjusted 

p Hill coefficient 5 31, 32 Adjusted 

k4c1f / k4c1r Association / Dissociation rate of Apaf-1 and Cyt c 0.04 / 0.001 33 9 

k4c2f / k4c2r Association / Dissociation rate of Apaf-1:Cyt c oligomers 10.0 / 0.001 34~37 9 

k4df / k4dr Association / Dissociation rate of Apoptosome and Procaspase 9 0.01 / 0.001 38 9 

k4dcat Transition rate for Holoenzyme 1.0 38 7 

k4ef / k4er Association / Dissociation rate of Holoenzyme and Procaspase 3 1.0 / 0.001 39 10 

k4ecat Transition rate for Caspase 3 0.17 39 10 

k4f1f / k4f1r Association / Dissociation rate of Holoenzyme and XIAP 1.0 / 0.001 40 9 

k4f2f / k4f2r Association / Dissociation rate of Caspase 3 and XIAP 1.0 / 0.001 41 9 

k4f2cat XIAP-mediated destruction rate of Caspase 3 0.001 42 11 

k4f3f / k4f3r Association / Dissociation rate of Smac and XIAP 3.0 / 0.001 43 12 

k4gf / k4gr Association / Dissociation rate of Caspase 3 and PARP 0.6 / 0.01 44 7 

k4gcat Transition rate for cPARP 1.0 44 7 

kctm Translocate rate for proteins from cytosol to Mt 0.01 21, 22 13 

kmtc Translocate rate for proteins from Mt to cytosol 0.13 21, 22 13 

1. Mt, mitochondria. Other abbreviations see Table S2. 

2. All units are defined with respect to the cytosolic volume. Due to limited space, they are not listed here. 

3. Adjusted means that these parameters are adjusted by matching the timescale of apoptosis to the experimental observations. 

4. (Campbell and Davies, 2012); 5. (Li et al., 2011); 6. (Hanna et al., 2007); 7. (Albeck et al., 2008b); 8. (Ku et al., 2010); 9. (Würstle and Rehm, 

2014); 10. (Pop et al., 2006); 11. (Albeck et al., 2008a); 12. (Huang et al., 2003); 13. (Aldridge et al., 2011). 
  



Table S4. Biochemical reactions and corresponding reaction rates, related to Figure 1. 

Number Reaction Reaction rate 

1 1af

1ar

k2+
Mic k

Calp+Ca Calp1Ca



 2+
1a1 1af Mic 1arJ =10k [Calp][Ca ]-k [Calp1Ca]  

2~9 1af

1ar

k2
Mic k

CalpmCa Ca CalpnCa (m 1 ~ 8, n m 1)++ = = +



 2+
1an 1af Mic 1arJ =(11-n)k [CalpmCa][Ca ]-k [CalpnCa]  

10 1af

1ar

k2
Mic k

Calp9Ca Ca aCalp++ 



 2+
1a10 1af Mic 1arJ =k [Calp9Ca][Ca ]-k [aCalp]  

11 1b1f

1b1r

k2
Cyt k

Calc Ca Calc1Ca++ 



 2+
1b1 1b1f Cyt 1b1rJ =2k [Calc][Ca ]-k [Calc1Ca]  

12 1b1f

1b1r

k2
Cyt k

Calc1Ca Ca Calc2Ca++ 



 2+
1b2 1b1f Cyt 1b1rJ =k [Calc1Ca][Ca ]-k [Calc2Ca]  

13 1b2f

1b2r

k2
Cyt k

Calc2Ca Ca Calc3Ca++ 



 2+
1b3 1b2f Cyt 1b2rJ =2k [Calc2Ca][Ca ]-k [Calc3Ca]  

14 1b2f

1b2r

k2
Cyt k

Calc3Ca Ca aCalc++ 



 2+
1b4 1b2f Cyt 1b2rJ =k [Calc3Ca][Ca ]-k [aCalc]  

15 2a1f

2a1r

k

k
Cals+aCalp Cals:aCalp


 2a1 2a1f 2a1rJ =k [Cals][aCalp]-k [Cals:aCalp]  

16 2a2f

2a2r

k
2k

Cals:aCalp+aCalp Cals:aCalp


 2a2 2a2f 2a2r 2J =k [Cals:aCalp][aCalp]-k [Cals:aCalp ]  

17 2a3f

2a3r

k
2 3k

Cals:aCalp +aCalp Cals:aCalp


 2a3 2a3f 2 2a3r 3J =k [Cals:aCalp ][aCalp]-k [Cals:aCalp ]  

18 2a4f

2a4r

k
3 4k

Cals:aCalp +aCalp Cals:aCalp


 2a4 2a4f 3 2a4r 4J =k [Cals:aCalp ][aCalp]-k [Cals:aCalp ]  

19 
2bf

2br

2bcat

k

k

k

aCalc+pBad aCalc:pBad

aCalc+Bad→





 2b 2bf 2br

2bcat 2bcat

J =k [aCalc][pBad]-k [aCalc:pBad]
J =k [aCalc:pBad]

 

20 
2cf

2cr

2ccat

k

k

k

aCalp+Bid aCalp:Bid

aCalp+tBid→





 2c 2cf 2cr

2ccat 2ccat

J =k [aCalp][Bid]-k [aCalp:Bid]
J =k [aCalp:Bid]

 

21 ctm

mtc

k
mk

tBid tBid


 3atran ctm mtc mJ =k [tBid]-k [tBid ]  

22 ctm

mtc

k
mk

Bad Bad


 3btran ctm mtc mJ =k [Bad]-k [Bad ]  

23 
3cf

3cr

3ccat

k
m mk

k
m

tBid +Bak tBid :Bak

tBid +aBak→





 3c 3cf m 3cr m

3ccat 3ccat m

J =k /V[tBid ][Bak]-k [tBid :Bak]
J =k [tBid :Bak]

 

24 3d1f

3d1r

k
2k

2aBak aBak


 2

3d1 3d1f 3d1r 2J =k /V[aBak] -k [aBak ]  

25 3d2f

3d2r

k
2 4k

2aBak aBak


 2

3d2 3d2f 2 3d2r 4J =k /V[aBak ] -k [aBak ]  

26 3e1f

3e1r

k
m L m Lk

tBid +Bcl-X tBid :Bcl-X


 3e1 3e1f m L 3e1r m LJ =k /V[tBid ][Bcl-X ]-k [tBid :Bcl-X ]  

27 3e2f

3e2r

k
m L m Lk

Bad +Bcl-X Bad :Bcl-X


 3e2 3e2f m L 3e2r m LJ =k /V[Bad ][Bcl-X ]-k [Bad :Bcl-X ]  

28 3e3f

3e3r

k
L Lk

Bcl-X +aBak Bcl-X :aBak


 3e3 3e3f L 3e3r LJ =k /V[Bcl-X ][aBak]-k [Bcl-X :aBak]  



29 3e4f

3e4r

k
L 2 L 2k

Bcl-X +aBak Bcl-X :aBak


 3e4 3e4f L 2 3e4r L 2J =k /V[Bcl-X ][aBak ]-k [Bcl-X :aBak ]  

30 3e5f

3e5r

k
L 4 L 4k

Bcl-X +aBak Bcl-X :aBak



 
3e5 3e5f L 4 3e5r L 4J =k /V[Bcl-X ][aBak ]-k [Bcl-X :aBak ]  

31 mCyt c Cyt c→
 

p

4atran rel mp p
M

[MOMP]J =v ([Cyt c ]-[Cyt c])
k +[MOMP]  

32 mSmac Smac→
 

p

4btran rel mp p
M

[MOMP]J =v ([Smac ]-[Smac])
k +[MOMP]  

33 4c1f

4c1r

k

k
Apaf+Cyt c Apaf:Cyt c (AC)



 
4c1 4c1f 4c1rJ =k [Apaf][Cyt c]-k [AC]  

34 4c2f

4c2r

k
2k

AC+AC AC



 
2

4c2 4c2f 4c2r 2J =k [AC] -k [AC ]  

35 4c2f

4c2r

k
2 3k

AC+AC AC



 
4c3 4c2f 2 4c2r 3J =k [AC][AC ]-k [AC ]  

36 4c2f

4c2r

k
3 4k

AC+AC AC



 
4c4 4c2f 3 4c2r 4J =k [AC][AC ]-k [AC ]  

37 4c2f

4c2r

k
3 4 k

AC +AC Apop



 
4c5 4c2f 3 4 4c2rJ =k [AC ][AC ]-k [Apop]  

38 
4df

4dr

4dcat

k

k

k

Apop+pCasp9 Apop:pCasp9

Holo→





 

4d 4df 4dr

4dcat 4dcat

J =k [Apop][pCasp9]-k [Apop:pCasp9]
J =k [Apop:pCasp9]  

39 
4ef

4er

4ecat

k

k

k

Holo+pCasp3 Holo:pCasp3

Holo+Casp3→





 

4e 4ef 4er

4ecat 4ecat

J =k [Holo][pCasp3]-k [Holo:pCasp3]
J =k [Holo:pCasp3]  

40 4f1f

4f1r

k

k
XIAP+Holo XIAP:Holo



 

4f1 4f1f 4f1rJ =k [XIAP][Holo]-k [XIAP:Holo]
 

41 4f2f

4f2r

k

k
XIAP+Casp3 XIAP:Casp3



 
4f2 4f2f 4f2rJ =k [XIAP][Casp3]-k [XIAP:Casp3]

 

42 4f2catkXIAP:Casp3→φ  4f2cat 4f2catJ =k [XIAP:Casp3]  

43 4f3f

4f3r

k
2k

2Smac+XIAP Smac :XIAP



 

2
4f3 4f3f 4f3r 2J =k [Smac] [XIAP]-k [Smac :XIAP]

 

44 

4gf

4gr

4gcat

k

k

k

Casp3+PARP Casp3:PARP

Casp3+cPARP→





 

4g 4gf 4gr

4gcat 4gcat

J =k [Casp3][PARP]-k [Casp3:PARP]

J =k [Casp3:PARP]  

 
  



Table S5. Ordinary differential equations, related to Figure 1. 

Number ODE 

1 [ ] [ ]Calp 1

•

a1 dk -J -kCalp = Calp  

2 [ ] [ ]
•

1a1 1a2 dCalp1Ca =J -J -k Calp1Ca  

3 [ ] [ ]
•

1a2 1a3 dCalp2Ca =J -J -k Calp2Ca  

4 [ ] [ ]
•

1a3 1a4 dCalp3Ca =J -J -k Calp3Ca  

5 [ ] [ ]
•

1a4 1a5 dCalp4Ca =J -J -k Calp4Ca  

6 [ ] [ ]
•

1a5 1a6 dCalp5Ca =J -J -k Calp5Ca  

7 [ ] [ ]
•

1a6 1a7 dCalp6Ca =J -J -k Calp6Ca  

8 [ ] [ ]
•

1a7 1a8 dCalp7Ca =J -J -k Calp7Ca  

9 [ ] [ ]
•

1a8 1a9 dCalp8Ca =J -J -k Calp8Ca  

10 [ ] [ ]
•

1a9 1a10 dCalp9Ca =J -J -k Calp9Ca  

11 [ ] [ ]
•

1a10 2a1 2a2 2a3 2a4 2c 2ccat daCalp =J -J -J -J -J -J +J -k aCalp
 

12 [ ] [ ]
•

Calc 1b1 dCalc =k -J -k Calc
 

13 [ ] [ ]
•

1b1 1b2 dCalc1Ca =J -J -k Calc1Ca
 

14 [ ] [ ]
•

1b2 1b3 dCalc2Ca =J -J -k Calc2Ca
 

15 [ ] [ ]
•

1b3 1b4 dCalc3Ca =J -J -k Calc3Ca
 

16 [ ] [ ]
•

1b4 2b 2bcat daCalc =J -J +J -k aCalc
 

17 [ ] [ ]
•

Cals 2a1 dCals =k -J -k Cals
 

18 [ ] [ ]
•

2a1 2a2 dCals:aCalp =J -J -k Cals:aCalp
 

19 [ ] [ ]
•

2 2a2 2a3 d 2Cals:aCalp =J -J -K Cals:aCalp
 

20 [ ] [ ]
•

3 2a3 2a4 d 3Cals:aCalp =J -J -k Cals:aCalp
 

21 [ ] [ ]
•

4 2a4 d 4Cals:aCalp =J -k Cals:aCalp
 

22 [ ] [ ]
•

pBad 2b dpBad =k -J -k pBad
 

23 [ ] [ ]
•

2b 2bca t daCalc:pBad =J -J -k aCalc:pBad
 



24 [ ] [ ]
•

2bcat 3btran dBad =J -J -k Bad
 

25 [ ] [ ]
•

m 3btran 3e2 d mBad =J -J -k Bad
 

26 [ ] [ ]
•

Bid 2c dBid =k -J -k Bid
 

27 [ ] [ ]
•

2c 2ccat daCalp:Bid =J -J -k aCalp:Bid
 

28 [ ] [ ]
•

2ccat 3atran dtBid =J -J -k tBid
 

29 [ ] [ ]
•

m 3atran 3c 3ccat d mtBid =J -J +J -k tBid
 

30 [ ] [ ]
•

Bak 3c dBak =k -J -k Bak
 

31 [ ] [ ]
•

m 3c 3ccat d mtBid :Bak =J -J -k tBid :Bak
 

32 [ ] [ ]
•

3ccat 3d1 3e3 daBak =J -2J -J -k aBak
 

33 [ ] [ ]
•

2 3d1 3d2 3e4 d 2aBak =J -2J -J -k aBak
 

34 [ ] [ ]
•

4 3d2 3e5 d 4aBak =J -J -k aBak
 

35 [ ] [ ]
L

•

L Bcl-X 3e1 3e2 3e3 3e4 3e5 d LBcl-X =k -J -J -J -J -J -k Bcl-X
 

36 [ ] [ ]
•

m L 3e1 d m LtBid :Bcl-X =J -k tBid :Bcl-X
 

37 [ ] [ ]
•

m L 3e2 d m LBad :Bcl-X =J -k Bad :Bcl-X
 

38 [ ] [ ]
•

L 3e3 d LBcl-X :aBak =J -k Bcl-X :aBak
 

39 [ ] [ ]
•

L 2 3e4 d L 2Bcl-X :aBak =J -k Bcl-X :aBak
 

40 [ ] [ ]
•

L 4 3e5 d L 4Bcl-X :aBak =J -k Bcl-X :aBak
 

41 [ ] [ ]
m

•

m Cyt c 4atran d mCyt c =k -J -k Cyt c
 

42 [ ] [ ]
m

•

m Smac 4btran d mSmac =k -J -k Smac
 

43 [ ] [ ]
•

4atran 4c1 dCyt c =VDV*J -J -k Cyt c
 

44 [ ] [ ]
•

4btran 4f3 dSmac =VDV*J -2J -k Smac
 

45 [ ] [ ]Apaf 4c

•

1 dApaf k -J -= k Apaf
 

46 [ ] [ ]4c1 4c2 4c3 4c4

•

dAC J -2J -J -J -= k AC
 

47 [ ] [ ]2 4c2

•

4c3 d 2AC J -J -k AC=
 



48 [ ] [ ]3 4c3 4c4 3

•

4c5 dAC J -J -J -k AC=
 

49 [ ] [ ]4 4c4

•

4c5 d 4AC J -J -k AC=
 

50 [ ] [ ]4c5 4d d

•
Apop J -J -k= Apop

 

51 [ ] [ ]pCasp9 4

•

d dpCasp9 k -J -k p= Casp9
 

52 [ ] [ ]4d 4dca

•

t dApop:pCasp9 J -J -k Apop:p= Casp9
 

53 [ ] [ ]4dcat 4e 4ecat 4f d

•

1Holo J -J +J= -J -k Holo
 

54 [ ] [ ]pCasp3 4

•

e dpCasp3 k -J -k p= Casp3
 

55 [ ] [ ]4e 4eca

•

t dHolo:pCasp3 J -J -k Holo:p= Casp3
 

56 [ ] [ ]4ecat 4

•

f2 4g 4gcat dCasp3 J -J -= J +J -k Casp3
 

57 [ ] [ ]XIAP 4f2cat 4f1 4f2 4

•

4f2ca3 dtfXIAP k +J -J -J -J + -k= J XIAP
 

58 [ ] [ ]4f1

•

dXIAP:Holo J -k XIAP= :Holo
 

59 [ ] [ ]
•

4f2c dat4f2XIAP:Casp3 J - k XIAP:= J - Casp3
 

60 [ ] [ ]4f3

•

dSmac:XIAP J -k Smac= :XIAP
 

61 [ ] [ ]PARP 4g d

•
PARP k -J -k= PARP

 

62 [ ] [ ]4g 4gca

•

t dCasp3:PARP J -J -k Casp3:= PARP
 

63 [ ] [ ]4gcat

•

dcPARP J -k= cPARP  

64 [ ]
2•

IP3 IP3 32 2
IP3

StimulusIP3 =p -d [IP ]
k +Stimulus

 

65 
•

h hh =α (1-h)-β h  

66 

[ ]
10 4•

IP3R Leak SERCA 1ai 1bj
1 1

9

d d
1
3

d d
1

4

d q
1

d

Ca_cyt = (J +J -J )- J - J

+k m[CalpmCa]+10k [aCalp]

+k n[CalcnCa]+4k [aCalc]

+10k ( q[Cals:aCalp ]+[aCalp:Bid])

+4k [aCalc:pBad]

∑ ∑

∑

∑

∑
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