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Summary of equations and parameters of the IP3R model
In the main text, we have introduced the Siekmann IP3R model which is a 6-state Markov model
derived from stationary single channel data (see Fig. 1). All the rates of state-transition are
constants (given in Table S1) except q24 and q42 which are Ca2+-/IP3-dependent and connecting
the park mode and the drive mode (1). We formulate q24 and q42 as

q24 = a24 +V24(1−m24h24), (S1)

q42 = a42 +V42m42h42, (S2)

where m24, h24, m42 and h42 are the Ca2+-/IP3-modulated “gating variables”. a24, a42, V24 and
V42 are either functions of IP3 concentration (p, in unit of µM) or constants and are given later.
We assume those “gating variables” obey the following differential equations,

dG
dt

= λG(G∞ −G), (G = m24,h24,m42,h42), (S3)

where G∞ is the equilibrium and λG is the rate at which the equilibrium is approached. Those
equilibria are functions of [Ca2+] (c, in unit of µM) , and are modeled by

m24∞ =
cn24

cn24 + kn24
24

, (S4)

h24∞ =
kn−24
−24

cn−24 + kn−24
−24

, (S5)

m42∞ =
cn42

cn42 + kn42
42

, (S6)

h42∞ =
kn−42
−42

cn−42 + kn−42
−42

. (S7)
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Hence, we have
q24∞ = a24 +V24(1−m24∞h24∞), (S8)

q42∞ = a42 +V42m42∞h42∞. (S9)

The expressions of as, V s, ns and ks are chosen as follows so that Eq. S8 and Eq. S9 give good
fits to the experimental values of q24 and q42 shown in Fig. S1,

V24 = 60+437/(p3 +1.73), a24 = 1+7.5/(p2 +0.25),

V42 = 100, a42 = 1.8p2/(p2 +0.34),

n24 = 6.3+1.72p2/(p2 +1.44), k24 = 0.48+0.1/(p2 +1.44),

n−24 = 8.2p2/(p2 +2.25), k−24 = 79.75+25/(p2 +1.44),

n42 = 5.9+7.6/(p2 +1.44), k42 = 0.4+0.26p4/(p4 +168),

n−42 = 3.2+4.88p2/(p2 +1.69), k−42 = 0.17+70p3/(p3 +274.6).

Parameter Value/Units Parameter Value/Units

q12 1240 s−1 q21 88 s−1

q23 3 s−1 q32 69 s−1

q26 10500 s−1 q62 4010 s−1

q45 11 s−1 q54 3330 s−1

TABLE S1: All the transition rates in the Siekmann model except q24 and q42 (1).

Parameter values of the puff model
Parameter values of the puff model (Eqs. 11–13 in the main text) are given in Table S2.

Estimations of λm24, λh24, λm42 and λh42 based on non-stationary
single channel data
The rates λm24 , λh24 and λm42 in Eq. S3 are evaluated based on the non-stationary single channel
data from (4) wherein latency distributions of mode-switch of an IP3R in response to a sudden
step change of [Ca2+] are measured. Considering the data and the IP3R model together, we
can easily see that different changes of [Ca2+] actually reveal different values of the λ s. For
example, A step increase of [Ca2+] from 10 nM to 2 µM leads to a mode switch of an IP3R
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FIGURE S1: Stationary transition rates, q24 and q42, as functions of [Ca2+]. Circles and squares repre-
sent the means of q24 and q42 distributions computed by MCMC simulation (also see (1)). The corre-
sponding fitting curves are produced using Eqs. S4 – S9.

Parameter Value/Units Parameter Value/Units

c0 0.1 µM Vd 4000 µM · s−1

Jincrease 200 µM · s−1 Kd 12 µM

Jleak 33 µM · s−1 kon 150 µM−1 · s−1

Bfluo4 20 µM koff 300 s−1

ch 120 µM

TABLE S2: Parameter values for Eqs. 11–13 in the main text. Parameters relating to fluo-4 are obtained
from (2). Resting [Ca2+], c0, is set to be a typical value of 0.1 µM. ch is obtained from (3). The
remainder of the parameters are determined by requiring physiologically realistic simulations.

from the park mode (or some undetected inactivation mode, as no stationary single channel
data at 10 nM [Ca2+] is provided) to the drive mode. During the process, activation latency is
solely influenced by the activation of m42 (as h42 is nearly constant in this range of [Ca2+]),
which therefore tells us that the value of λm42 could be roughly estimated if we can generate a
simulated latency distribution in good agreement with the experimental data. Fig. S2a shows
the activation latency histogram using λm42 = 100 s−1. It exhibits a good agreement on the
range and the location of the peak with the experimental histogram in (4) except showing a
smaller dispersion.

Similarly, λm24 and λh24 are roughly estimated to be 100 s−1 and 40 s−1 using Fig. S2b and
Fig. S2c respectively. We note that experimental latency histogram for λh24 clearly contains
more than one peak which the current two-mode IP3R model cannot achieve. To make sure
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FIGURE S2: Simulated latency histograms for different step changes of [Ca2+] labelled in the titles of
the subfigures. We set p = 10 µM. As mentioned in the main text, the IP3R model is built at 100 µM
ATP. However in the experiments 500 µM ATP is used (4). Here we assume the difference in [ATP]
does not contribute significantly changes to q24∞ and q42∞, and therefore can be ignored.

the IP3R model captures the most dominant feature, we only consider the largest peak and use
it to estimate λh24 . Possible reasons for explaining the multimodal distribution could be mode
changes caused by randomness of IP3 binding or unbinding or the existence of some undetected
inactivation modes at such a high [Ca2+] of 300 µM (which is beyond the range used to get the
stationary single channel data (1)).

The estimation of λh42 is unsuccessful, as no value can give an acceptable histogram com-
parable to the experimental data (see Fig. S2d). The possible reasons have been discussed in
the main text. Therefore based on puff data from (5), we propose a model of λh42 to be

λh42 = ah42 +
Vh42c7

c7 +207 , (S10)

We choose Vh42 = 100 s−1 to represent a fast Ca2+-inhibition. ah42 is considered to be a pa-
rameter instead of a constant to investigate its effect on IPI distributions (see Fig. 4 in the main
text).
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Statistics of calcium blips
In our puff model, by letting NIPR = 1, we can simulate blips and their statistics. Similar to
IPI, interblip interval (IBI) is the waiting time between successive blips. Fig. S3a shows the
IBI distribution is almost an exponential, demonstrating that average recovery time of an IP3R
from self-inhibition is far shorter than average IBI.
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FIGURE S3: Interblip interval and blip duration distributions obtained by model simulation. We set
p = 0.2 µM and ah42 = 1 s−1 for both cases. (a) The IBI distribution is fit by Eq. 15 with a λ of about
0.23 s−1. (b) The blip duration distribution is fit by Eq. S11 with a γ of 0.015 ms−1.
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FIGURE S4: Blip amplitude distribution obtained by model simulation. Samples are gathered from two
simulations using two IP3 concentrations, 0.1 µM or 0.2 µM. Blip amplitude is defined to be (F−F0)/F0
where F and F0 are defined in the main text. Error bar shows the mean of about 1.6 and standard
deviation of about 0.9. We set ah42 = 1 s−1.
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Blip duration distribution is also found experimentally to be an exponential (5), which is
qualitatively reproduced by the model (see Fig. S3b). The curve is given by the following
exponential distribution,

PBD = γe−γt , (S11)

which is derived from the below probability density function of puff duration proposed by
Thurley et al. (6),

PPD = Nγe−γt(1− e−γt)N−1, (S12)

where N is the number of IP3Rs that are open at the peak of the puff and γ is the average closing
rate of a single IP3R. When N = 1, Eq. S12 becomes Eq. S11 containing only one parameter
γ .

Fig. S4 shows the blip amplitude distribution with mean of about 1.6 and standard deviation
of about 0.9. Based on the mean of blip amplitude, we choose 3 as the sampling threshold to
determine which are competent puffs in the puff traces (Fig. 2 in the main text) for statistical
analysis.

Interpuff interval distributions for various ah42

In the main text, we have shown in Fig. 4 that the fit curves of IPI distributions vary as ah42

varies. Each of the fit curves is obtained by choosing appropriate values of λ and/or ξ in Eq.
14 or Eq. 15 so that the corresponding IPI histogram can be fit nicely. Fig. S5 shows some of
the fitting results together with the corresponding values of λ and/or ξ .

Dependence of puff amplitude on ah42

To understand how ah42 influences puff amplitude, we plot average puff amplitude and max-
imum puff amplitude for different values of ah42 in Fig. S6. We find that, as ah42 increases,
both the average and maximum initially increase but then get saturated at about ah42 = 0.5 s−1.
Moreover, this trend seems to be independent on IP3 concentration. The results show that very
small recovery rate from Ca2+-inhibition could eventually decrease observed puff amplitude,
whereas not too small recovery rate would not significantly change puff amplitude. Therefore,
If ah42 can be known experimentally, we could then know whether the number of IP3Rs is
severely underestimated by observed puff amplitude and to what extent it is underestimated.
Accordingly, if the number of IP3Rs is known, we could also roughly estimate the range of
ah42 .

Dependence of puff amplitude on IPI
In the main text, model results have shown the preceding puff has definitely an inhibitory
effect on the occurrence of the next puff (see Figs. 5 and 7) and this effect comes from the
slow recovery of h42 (see Fig. 3). This means a long IPI is easier to lead to a larger puff,
as most IP3Rs have been restored to resting states. A more straightforward relation of puff
amplitude and IPI can be seen in Fig. S7 wherein puff amplitude is directly plotted in terms
of the preceding IPI. We can see in the scatter plot that as the preceding IPI increases, puff
amplitude also follows a gradually increasing trend but seems to get saturated when IPI is
longer than 2 s. The saturation can be seen clearly in Fig. S8a wherein we group those points
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in Fig. S7 in bins of IPI and then calculate average puff amplitude in each bin. This result is
qualitatively consistent with the experimental data in (7).

We also find that where the saturation occurs depends on ah42 . In Fig. S8, we test two
cases of ah42 , 1 s−1 (a) and 0.1 s−1 (b). Noting that the saturation occurs at about 1 ∼ 2 s for
ah42 = 1 s−1 but at about 8 ∼ 12 s for ah42 = 0.1 s−1, we predict that the saturation should
occur at about 1/ah42 . Importantly, this provides a way of estimating the slow recovery rate ah42

experimentally, as Fig. S8 can be easily obtained using experimental data.
In addition, we find the following IPI seems to be independent on the preceding puff am-

plitude by looking at the scatter plot similar to Fig. S7 (results not shown). This could be
explained by Fig. 3 in the main text, where we can see the inactivation variable h42 will quickly
drop down to be very close to 0 during a puff regardless of the puff amplitude. Therefore, the
inhibitory effect from preceding puffs with various amplitudes on the following IPIs is nearly
identical.

Dependence of puff [Ca2+] amplitude on the number of IP3Rs
at a puff site
As seen in Fig. 8 in the main text, puff amplitude is a piecewise nonlinear function of the
number of IP3Rs (NIPR). However, if using [Ca2+] instead of normalized Ca2+-bound buffer as
puff amplitude, we find that average puff [Ca2+] amplitude is linearly related to NIPR (see Fig.
S9). This result shows the nonlinear relation of puff amplitude and NIPR in Fig. 8 is caused by
the nonlinear relationship between [Ca2+] and Ca2+-bound fluo-4.
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FIGURE S5: Various IPI distributions are well fit by Eq. 14 or Eq. 15 in the main text with appropriate
values of λ and/or ξ shown in each of the sub figures. 5 values of ah42 , 0.1 s−1 (a), 0.5 s−1 (b), 1 s−1 (c),
2 s−1 (d) and 5 s−1 (e), are chosen. We set NIPR = 10 and p = 0.1 µM.
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FIGURE S6: Dependence of puff amplitude on ah42 . Average puff amplitude (filled circle with error
bar) and maximum puff amplitude (empty circle) are plotted for various values of ah42 . Puff amplitudes
have been normalized to the mean blip amplitude of 1.6. We perform two simulations with two different
IP3 concentrations, 0.05 µM (a) and 0.1 µM (b), respectively. We set NIPR = 10.
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FIGURE S7: Scatter plot shows the relation of puff amplitude and the preceding IPIs. Puff amplitude
has been normalized to the mean blip amplitude of 1.6. We set NIPR = 10, p = 0.1 µM and ah42 = 1 s−1.
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FIGURE S8: Average puff amplitude is plotted in terms of grouped preceding IPIs. Simulations are
performed for two different values of ah42 , 1 s−1 (a) and 0.1 s−1 (b). Puff amplitude has been normalized
to the mean blip amplitude of 1.6. In each bin, there are about 10 ∼ 30 samples. Results are expressed
to be mean ± SE. We set NIPR = 10 and p = 0.1 µM.
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