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Abstract The inositol 1,4,5-trisphosphate (InsP3) receptor (InsP3R) channel is crucial for
the generation and modulation of highly specific intracellular Ca®>* signals performing
numerous functions in animal cells. However, the single channel behavior during Ca®* sig-
nals of different spatiotemporal scales is not well understood. To elucidate the correlation
between the gating dynamics of single InsP3Rs and spatiotemporal Ca>* patterns, we sim-
ulate a cluster of InsP3Rs under varying ligand concentrations and extract comprehensive
gating statistics of all channels during events of different sizes and durations. Our results
show that channels gating predominantly in the low activity mode with negligible occupancy
of intermediate and high modes leads to single channel Ca>" release event blips. Increasing
occupancies of intermediate and high modes results in events with increasing size. When
the channel has more than 50% probability of gating in the intermediate and high modes,
the cluster generates very large puffs that would most likely result in global Ca>* signals.
The size, duration and frequency of Ca>* signals all increase linearly with the total proba-
bility of channel gating in the intermediate and high modes. To our knowledge, this is the
first study that quantitatively relates the modal characteristics of InsP3R to the shaping of
different spatiotemporal scales of Ca>* signals.

Keywords Ca’* signaling - Inositol 1,4,5-trisphosphate receptor - Modal gating -
Multi-scales

b4 Ghanim Ullah
gullah@usf.edu

' Department of Physics, University of South Florida, Tampa, FL 33620, USA

Department of Molecular Neuroscience, Krasnow Institute for Advanced Study, George Mason
University, Fairfax, VA 22030, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10867-016-9419-2-x&domain=pdf
mailto:gullah@usf.edu

508 G. Ullah, A. Ullah

1 Introduction

Cytosolic signals caused by Ca”* released through inositol 1,4,5-trisphosphate (InsP3)
receptor (InsP3R) Ca’*t channels from the endoplasmic reticulum (ER) regulate numerous
cellular functions [1]. The secret of the universality and specificity of Ca>* signals lies in
the hierarchy of their dynamics. That is, information is encoded in the spatiotemporal pat-
terning of Ca”* transients. Despite its vital role, the mechanism behind the spatiotemporal
patterning of Ca>* signals remains misunderstood.

The InsP3R is a Ca®* - sensitive Ca’* release channel having a bell-shaped equilibrium
open probability (P,) with respect to Ca”t [2, 3]. It is more probable for the channel to be
open in the presence of 2 uM Ca>* on the cytosolic side of the membrane than it is for
it to be open at 0.1 uM or 100 M Ca®*. Opening of InsP3R also requires the binding
of second-messenger InsP3, which is generated in the cytoplasm by the binding of extra-
cellular ligands to the membrane receptors. Patch clamp data on Sf9 cells, an insect cell
line derived from the moth Spodoptera frugiperda, show that InsP3R gates in three dis-
tinct modes even if the concentrations of Ca2T and InsP3; are kept fixed [4]. The three
modes are a low mode with P, close to zero, an intermediate mode where the channel
switches rapidly between closed and open states having P, ~ (.25, and a high mode with
Py ~ 0.85.

InsP3Rs are distributed in clusters of a few channels per cluster in the membranes of
intracellular compartments such as the ER. Experimental observations suggest a simulta-
neous opening of 610 channels during a Ca**+ puff (a Ca”* release event caused by a
simultaneous opening of more than one channel in a cluster) [5, 6] and a typical cluster
diameter of about 0.5 um [5, 7, 8]. We assume that the maximum number of simultaneously
open channels ever observed at a given puff site represents the number of channels within
the cluster giving a mean inter-channel spacing of about 100-150 nm depending on the size
and number of channels within a cluster.

The Ca?* feedback described above underlies a process of Ca®* - induced Ca®* release
(CICR). Ca®™ liberation due to CICR may either remain restricted to a single channel open-
ing, giving rise to a blip, cause the simultaneous opening of multiple channels in the cluster
to generate a puff, or propagate as a salutatory intracellular Ca’* wave sweeping across
multiple clusters. It is this range of signaling patterns that makes Ca’>* a universal mes-
senger [1]. Despite the fact that these spatiotemporal scales of Ca’t signals have been the
subject of intense research for a number of years, the gating behavior of InsP3Rs during
these scales of Ca>* signals remains misunderstood.

To elucidate the complex spatiotemporal patterning of Ca?* signals generated by
InsP3Rs, it is important to link the scales of observations summarized above. We need to
understand the behavior of InsP3R channels during different scales of Ca’" signaling. In
this paper, we use a computational framework to investigate the correlation between the
gating behavior of InsP3R with the wide range of statistical properties of elementary Ca>*
release events that are the building blocks for Ca’t signaling in many animal cells and
explore the behavior of the channel in the spatiotemporal dynamics of Ca’t signaling. We
recently employed a data-driven approach to develop a single channel model that can repro-
duce all observations about InsP3R including P,, response of the channel to rapid changes in
the ligand concentrations [9] and characteristics of the channel during various modes [10].
We built our cluster model based on this single channel model and extracted comprehensive
statistics of the gating properties of all channels during Ca®* signals of different sizes and
durations to see how the two correlate with each other.
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2 Methods

We modeled the gating of the single InsP3R channel using the Markov chain shown in Fig. 1
that was originally developed in [10]. This model has 3 open and 9 closed states represented
by the letters O and C respectively. The subscript of letter O or C indicates the number
of ligands bound to the channel in the state. The first and second indexes respectively in
the subscript correspond to the number of Ca”* jons and InsP3 molecules bound to the
channel when in the given state. The model also takes into account the modal behavior of
the channel. The superscript in each state represents the mode to which the state belongs.
The letters L, I and H stand for low, intermediate and high activity mode respectively. Rates
between various states are given in Table 1 and the various parameters used in the rates are
given in Tables 2 and 3. Notice that some probability flux parameters given in Table 3 are
different from those in [10] because here the transition rates CIQ“O — CIZ'I4 and C]io <~ C§I4
are assumed to be the same as for C{)‘O — C%)4 and CB‘O <« C{) 4, respectively. Although not
required for reproducing puffs, this simplification reduces the total number of parameters by
two without qualitatively changing the fits to the data shown in [10]. We direct the interested
reader to Ref. [10] for the fits to the single channel data. We also remark that this model
successfully reproduces puffs provided that the Ca>* concentration at the channel mouth is
high enough (at least 100 ©M), which comes naturally from the conversion of the channel
current to Ca>" flux (see below) [11, 12].

caZ* | 0 ‘ﬁ Il

Fig. 1 Kinetic scheme for the single-channel model. The model has nine closed states: Clo“o’ Clio’ Clgo, C]3“2,

C'§4, C54, C:)4, CI2 4 and C';4 and three open states: O'1 4 O'24 and Q';4A The inset shqws the channel arrangement
inside the cluster (not to scale). The channels are 120 nm apart in the X and Y directions
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Table 1 Transition rates
between various states

rsr is the reciprocal of a sum of

reciprocals i.e.,
rsr(xy, x,

Xp) =

=

1
no 1
i=1 X;

Transition Rates (ms™ 1)
cl, —»ch rsr(joa14C, j1224C?)/K
04 24 Jo414C 5 J1424 c,
cl, < cl rsr(jos14C, ]'142452)/KCZH4(72
H H ‘HH
Cy— 0y Jasal chﬂ,
H H ‘HH
Gy < Oy Jaaral Ko;g
H L 5
024 - C34 ]24340/1(012'14
off, —cj, Joaza/Ker,
I L L L o2 Il 3
Cos = C34 781 (Jog14Cs J1424C75 Joa34C )/Kc{)4
1 L Il AL A2 Il 3 3
Cou < C34 5T (og14Cs J1424C°5 Jog3aC )/ch;‘c
I [ 1
Cos = Oy 104146/’(%4
I I 1
CO4 - 014 J()414/K0114
I I 1
C24 - 024 J24z4/Kc124
I I 1
Cyy <0y Jaaoa/ KO]24
ol, - ol 424/ K
24 24 J2424 ol,
o, < ol Jaa2a/ Ko,
C:)4 g C(];4 J-0404/ch)4
cl, <k, Joaos/ Key,
cl, —»ck, J'3334ZZ/KC§2
Ch < C§, 3334/ K,
C — Ch 2T/ K,
ch, < Ch, xn/Ke
ch — C5, J2030C/ KL
T J2030/ Ke
Chy = Ciy rsr(jooorZ, jososT*)
Chy < Cl, rsr(joool J'03()4I3)/1(Cg’413
C%O — C};4 same as that for CIGO — C}M
L H L 1
Gy < Gy same as that for Cy, < Cy,

We placed a single cluster of 10 InsP3R channels in a planar membrane separated by
120 nm in the X and Y directions (Fig. 1 inset) with each channel at the center of a 5 um
radius sphere. Thus each channel is first individually simulated by placing it at the center of
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Table 2 Parameters for

occupancies of all states Parameters Values
ck, 1

K 1.4785 x 107 uM~>
Ke, 7.76239 x 107 uM~7
Ko, 1.20225 x 108 uM—>
Kcy = Kci, + K, 2.18267 x 108 uM~*
Keyy = Ken + K, 6.1646 x 108 uM~°
Ko, = Kou + Ko, 2.04174 x 10° uM~©
p 0.8
r 0.95
Ket, PrKcy,
K, (1 - p)Kc,,
Kop, rKo,,
Ko, (1 =) Koy,
Koy 0.5Kc,,
Ker, (1-0.5)Kc,,
Ke, Koy /Ka,
KC%O KC]i4 /KC<I14

a5 pum radius sphere and finally the contributions of all channels to the spatial Cat profile
of a given channel are computed using the superposition of the individual Ca>* profiles of
all channels (see below). The gating of each channel is given by the 12 state model described
above. We determined the state of the channel at a given time using a stochastic method
described previously [12-14].

Ca”* concentration on the cytoplasmic side of the cluster is controlled by diffusion; the
flux coming out from the ER through InsP3Rs, J;; and the concentrations of free stationary
buffers, free mobile buffers and free dye: by, by, and by, respectively. Thus the rate equa-
tions for Ca2* concentration at distance r j and time ¢ due to channel j, el (r i, 1), and free
Ca”" buffers by (r;, 1), by (r;, 1), and b’ (r;, t) at distance r; and time ¢ from channel j are
described as:

el (ri,t . . - A o
% = DeV3c! + Jj + K[ (By — bl) — k{ ¢/ by + K}y (B — biy) — ki bjy
+ ki (Ba = by) — kjIb) W
bl 4 o
5 = k(B —bd) — Kl eIb] @
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Table 3 Flux parameters used in the model

Parameters Pathway Values

Jod14 cl, =ch, 5.11487 x 10° uM~> ms™!
1424 cl, =cl 9.88434 x 106 uM~ ms™!
o434 off =ct, 5.08204 x 10* uM~7 ms~!
Jofa ch, = ¢k, 6.55954 x 10* uM~5 ms~!
-IL 1 _. L 3 —6 —1
J1424 C04 = C34 1.00237 x 10° uM~® ms
L 1 _. L S5 -7 —1
J2434 Coy = C3y 8.06811 x 105 uM~7 ms
J2030 ct, =ck, 8.95522 x 1073 uM 3 ms~!
Johia cl, =ol, 2.18273 x 10° M5 ms™!
Bl I _. 0l 7 —7 o1
J2a24 Cyy = Oy 1.02087 x 107 uM~7 ms
Joa24 o}, = o, 7.17650 x 10° uM~6 ms™!
Jodo4 Chy = Cfy 5.76225 x 10* uM~* ms~!
sHH H _. HH 7 —6 —1
J2a24 Cy = Oyy 6.46532 x 107 uM~% ms
Jj3132 ct,=¢k, 5.01187 uM~3 ms™!

J3334 cl, =k, 2.00475 x 10* uM~7 ms~!
j ch,=c 0.0033 uM~! ms~!

Jooot 00 — Coa . n ms

Jo3os ¢k, =cl, 8.019 x 10° M~* ms~!

Superscripts are used to distinguish between different flux parameters that connect different pairs of states
that have the same numbers of ligands bound. For example, in both transitions CI24 = OI24 and C§4 = 0?4,
CI24 and CZ are bound to the same number of Ca>* and InsP3R and so are OI24 and 012{4. However, the two
transitions have different flux parameters

ab? 4 . o

= = DuVibi A ki, By — by — ki b, 3)
ab; 20 | g TNV

= DaViby +ky(Ba —by) — kg b, @)

In the above equations B; is the total concentration, kif the forward (binding) rate and
ki reverse (unbinding) rate for the various buffers with i = s, m,d. D., Dy, and Dy are
the diffusion coefficients for Ca®*, mobile buffers and dye respectively. These evolution
equations comprise an approximation analogous to the tight-binding model from solid state

@ Springer



Mode switching of IP3R and spatiotemporal Ca>* signaling 513

physics in which the consumption of buffers in the vicinity of the j* channel due to Ca**
released by the i’ channel (with i # j) is neglected as the buffer consumed by a channel
near its own pore is much higher than the buffer consumed by the same channel at the
location of its neighbor [12]. As pointed out in [15], this may lead to underestimation of
cytosolic Ca>* concentration during the opening of channels and overestimation when all
channels have closed, which makes this a crude approximation but not as crude as others
have made in the field [16-18].

We consider a slow mobile buffer mimicking ethylene glycol tetraacetic acid (EGTA)
and the fast mobile buffer 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(BAPTA). The term ‘slow’ refers to the binding kinetics of the buffer, not its mobility. We
simulate the propagation of Ca”* and buffers throu ghout a homogeneous 3D cytosolic space
using fixed boundary conditions where C; = 50 nM at the boundary. As presented in [15]
these boundary conditions can be written in mathematical form as

r(,-—)O J

m,(205) |
lim | —2nr;D.— | = o, ¢/ (R) = 50 nM. 5)
ér j

where 0 = I/(Z x F) is the source strength and R = 5 um is the radius of the sim-
ulating sphere. I, Z = 2 and F represent the Ca’>* current passing through the channel,
valence of Ca’" and Faraday’s constant respectively. Previous studies have concluded that
a single InsP3R channel releases a current of about 0.05-0.5 pA [8, 19, 20]. Throughout
this manuscript we will assume a standard single-channel current of / = 0.05 pA when the
channel is open, and zero otherwise.

The concentration of a given free buffer at the boundary of a sphere is fixed at its total
concentration. For example, EGTA is fixed at 100 uM etc.

Jj =0/8V in (1) is the Ca”* flux through the j* channel when open, where 8V is the
volume of the hemisphere over the channel having a radius of 2.5 nm [21]. J; = 0 when
the channel is closed. The various parameters used in (1-4) are given in Table 4.

Table 4 Concentrations and rates

Quantity Symbol — Numerical value Reference
Resting Cytosolic Calcium Cdyest = 50 nM [22]
Stationary buffer By = 100 uM [23, 24]
Dye Buffer By = 25,40 uM
EGTA BeGra = 0, 100 uM
BAPTA BpapTaA = 0,50 uM
Cat D. = 0.223 pwm?/ms [25]
Dye Dy = 0.200 um?/ms [26]
Mobile Buffers Dy, = 0.200 wm?/ms [26]
Stationary Buffer ksf = 0.2 uM?/ms [22]
k% = 0.4/ms [22]
Dye Buffer k) = 0.1 uM/ms (22, 26]
Kkl = 0.025/ms [22,26]
EGTA kéGT 4 = 0.006 «M/ms [22, 26]
kgora = 0.001/ms [22,26]
BAPTA kb s pra = 0.8 £M/ms [22, 26]
kg apTa = 0.2/ms [22, 26]
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The propagation of Ca®>* and buffers is simulated throughout a 3D cytosolic space. Con-
sidering the spherical symmetry around the channel, the Laplacian of Ca®* and buffers in
spherical coordinates is given as:

ViX(rj. 1) = ii <r?8—¥> (6)

where X = ¢, by, by.

The set of differential equations (1-6) was solved implicitly on a spherical volume of
radius 5 um with a spatial grid size of 5 nm using the Tridiagonal Matrix (TM) solver
for each channel and the contribution of all channels was summed for the instantaneous
Ca”* concentration at a given point in space [12]. The idea is that we are simulating the
dynamics of a puff-site that is far from the plasma membrane, in essence a single puff-site
in a semi-infinite medium. Under the simulated conditions the Ca®>* concentration at 5 um
does not change significantly. Thus we use 5 um as the radius of the simulated volume.
Increasing the radius of the simulated volume does not make an appreciable difference.
The assumption that each channel has its own reservoir of buffers converts the 3D problem
into N 1D problems, where N is the total number of channels. In this case, we solve 10
1D problems each with 1000 grid points. Solving this problem numerically with a similar
resolution in Cartesian coordinates, for example, would require about a billion grid points, a
very demanding computational job where thousands of puffs have to be simulated to extract
statistics.

Finally, the Ca®* concentration at the location of each channel i, C;, is updated by adding
the contributions from other channels in the cluster

10
Ci=>) cp )
Jj=1
where r; is the distance between channels i and ;.

As we discussed in [12], this method is similar in spirit to the quasi-static approximation
made by Nguyen et al. [16] where local Ca>* experienced by channel i due to other channels

was calculated as:
N Ije "/
Ci = / .
’ Z,-=1 27 Dr

Here I;, r, A and D are the source amplitude of channel j, distance of channel j from
channel i, buffer space constant and effective diffusion coefficient of Cat respectively.

I; = 0 when channel j is closed (see also [17]). The approximation made by [16, 17] is

. . . JTe "/
binary; an open channel contributes 7

(O .
Dr while a closed channel makes no contribution to

the overall Ca>* profile. We relax the binary static approximation made in these two studies.
When a channel first opens the contribution to the overall Ca>* profile is approximately

Iefr/)n
2nDr’

The contribution to the profile continues to evolve on a low time-scale. When an open
channel first closes, its contribution to the overall profile rapidly drops to a low but nonzero
level and then decays slowly to zero. Furthermore, when the first channel opens, the quasi-
static approximation made by Nguyen et al. [16] fixes the first channel’s contribution to
the Ca?* concentration at the second channel. In reality, the first channel’s contribution
to the Ca2t concentration at the second channel will continue to increase as long as the
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first channel is open. Our approximation tracks these time-dependent contributions of the
channels to the Ca®* profile.

Fluorescence signals representing Ca”* time-traces recorded by Total Internal Reflec-
tion Fluorescence (TIRF) microscopy shown in Fig. 2 (top panels) are estimated by the
procedure outlined in [12, 19].

In [10] we derived analytical expressions for the modal characteristics of a single channel
as a function of ligand concentrations using the Markov chain model in Fig. 1. However,
in the present situation where C; changes dynamically during the evolution of blips and
puffs we use the algorithm developed in [4] to characterize the modal behavior of individual
channels in the cluster. A detailed description of the algorithm is given in [4] and [14] and
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Fig. 2 Time series of an elementary Ca* event from the model. Example of blip (a), intermediate puff (b)
and large puff (c). Top panels in (a), (b) and (c) show the fluorescence signal caused by Ca>* released during
the event followed by 10 panels showing the gating of all channels in the cluster. Examples of the three
different modes are shown by the lines over time traces, where the red, orange and green lines represent the
low, intermediate and high mode respectively. InsP3 = 100 nM, By, = 100 uM, B; = 25 uM, Begra =
100 ILM, and BBAPTA =0 l,LM
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briefly described here. The channel makes a modal transition when two or more consecutive
burst-terminating gaps (t,) have t;, < 200 ms following at least one gap with #, > 200 ms
but not when just one gap has #, < 200 ms. However, a modal transition is recognized when
a single burst-terminating gap with z; > 200 ms follows one or several consecutive gaps
with #, < 200 ms. Similarly, a modal transition is registered when a single channel burst has
burst duration #, > 100 ms following a series of bursts with 7, < 100 ms: a modal transition
is only registered when two consecutive channel bursts have #, < 100 ms following a series
of bursts with #, > 100 ms. After the modal transitions are identified, the channel is then
classified as being in the  mode if #; < 200 ms and #, < 100 ms; in the H mode if #, < 200
ms and #, > 100 ms; and in the L mode if #; > 200 ms and #, < 100 ms.

We remark that although the single channel model shown in Fig. 1 does not include an
open state when InsP3R gates are in the L mode, the modal characterization algorithm dis-
cussed in the previous paragraph will detect an open state in the L mode when the criterion
for the L mode is met while running the algorithm on the time traces obtained for each chan-
nel during blips and puffs. We would like to mention that the modal statistics can also be
derived directly without using the algorithm described above by recording all twelve states
for each channel as a function of time in the simulation, in which case one would not see an
open state when a channel is gating in the L mode.

3 Results

The stochastic scheme outlined in the previous section allows us to simulate elementary
Ca’* release events. Examples of Ca’* blips and puffs given by the model are shown in
Fig. 2. The top panels in Fig. 2a, b, ¢ show the event amplitudes in terms of fluorescence
signal caused by Ca”* release through the cluster, followed by 10 panels showing the gating
of all 10 channels during the event. The blip shown in Fig. 2a is caused by the brief single
opening of channel 3 in the cluster while all other channels remain closed. Thus all channels
gate in low mode during the blip. During the small puff, five channels open, exhibiting short
bursts that are reminiscent of intermediate mode (Fig. 2b). Only channel 9 briefly exhibits
high mode followed by intermediate mode. The remaining five channels are in low mode.
Eight out of ten channels open simultaneously during the longer puff (Fig. 2c). All open
channels, except channel 6, spend some fraction of time in the high mode. Thus it is evident
from Fig. 2 that, as the time spent by the channels in the intermediate and high modes
increases, the size of the elementary Ca>* release event increases.

To analyze the single channel behavior during Ca>* signals of different spatiotemporal
scales, we increase the concentration of InsP3. In experiments, modest InsP3 concentration
leads to spatially confined Cat blips, confined Ca’**t blips and puffs [5, 27], while larger
InsP3R stimulus causes whole cell waves or oscillations [28—30]. Bearing in mind this tran-
sition from blips to puffs and waves as a function of InsP3 concentration, we vary InsP3 in
the model from 25 nM to 1 uM and plot the average statistics of elementary Ca’t events
along with the modal characteristics of InsP3R as shown in Fig. 3. For a given InsP3R con-
centration, we run the simulation for 1000 seconds (real time) and compute the average
statistical properties of blips and puffs based on several hundred events. Both the aver-
age amplitude defined as the maximum number of simultaneously open channels during
the event (Fig. 3a, open triangles) and the duration (Fig. 3a, filled triangles) of the blips
and puffs combined increase as we increase InsP3 concentration. The cluster particularly
leads to larger amplitude (Fig. 3a, open circles) and longer duration (Fig. 3a, filled circles)
puffs for high InsP3 concentration that would most likely recruit other puff sites leading to
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Fig. 3 Statistics of elementary Ca>* release events and single channel modal properties as a function of
InsP3 concentration. a Average amplitude of blips and puffs combined (empty triangles), puffs only (empty
circles) and duration of blips and puffs combined (filled triangles), puffs only (filled circles). b mean channel
openings (empty triangles) and closings (filled triangles) per millisecond during the puffs and frequency of
puffs (empty diamonds). ¢ Prevalence, 7™, of the three modes. The superscript M is L for low mode (red),
I for intermediate mode (orange) and H for high mode (green). d P, and e t, (open triangles) and 7. (filled
triangles) of InsP3R. By = 100 uM, By = 25 uM, Begra = 100 uM, and Bpapra = 0 uM

whole cell waves and oscillations [29, 31]. Similarly, the average rate of channel openings
(Fig. 3b, open triangles) and closings during the events (Fig. 3b, filled triangles) increases
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as a function of InsP3 concentration. The average rate of channel openings and closings was
calculated by counting the total number of channels that opened or closed during the event
and dividing the number by the duration of that event. Finally, the openings and closings per
millisecond were averaged for all events. The frequency of puffs saturates after an initial rise
as a function of InsP3 concentration indicating a larger fraction of events with larger ampli-
tude and longer life-time (Fig. 3b, diamonds). The change in the average rate of channel
openings and closings indicates a change in the gating behavior or activity mode of InsP3R
and shows a relationship with the average statistics of elementary Ca’* release events.
Figure 3c shows the prevalences (the probability of the channel gating in a given mode) of
three modes, 7™, defined as the normalized probability that the channel is gating in a given
mode. The prevalence of intermediate and high modes increases as we increase InsP3R con-
centration, indicating a direct link between the modal behavior of the channel and Ca?*
patterning. The P,, mean open (7,), and closed (z.) time of the channel are the other mea-
sures of the modal behavior of the channel. The average P, of the channels in the cluster
increases from a value representative of low mode to that higher than the intermediate mode
(Fig. 3d). 7, (Fig. 3e, open triangles) remains almost constant while z. (Fig. 3e, filled trian-
gles) decreases by an order of magnitude as we increase InsP3 concentration. The behavior
of 7, and 7. shown here is again an indication of the change in the modal behavior of the
channel. This is reminiscent of experimental data where . of the channel was observed to
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Fig. 4 Average statistics of elementary Ca>" release events vary as a function of single channel modal
characteristics. a Average amplitude (triangles), frequency (diamonds) and b mean duration of puffs as a
function of total prevalence of I and H modes. ¢ Average amplitude (triangles) and frequency (diamonds)
and d mean duration of puffs (triangles) versus the mean closed time of a single channel. By = 100 uM,
Bd =25 [,LM, BEGTA =100 [LM and BBAPTA =0 MM
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drop from over a second for the low mode to less than 100 ms in intermediate and high
modes [4, 14]. The 1, on the other hand remained constant within a few milliseconds.

To further illustrate the relationship between Ca**+ patterning and the gating behavior of
a single channel, we plot the average characteristics of elementary Ca’* release events as a
function of modal statistics (Fig. 4). The average amplitude, frequency and duration of blips
and puffs increase as the total prevalence of intermediate and high modes increases (Fig. 4a,
b). The average amplitude, frequency (Fig. 4c), and average life-time of puffs (Fig. 4d)
decrease exponentially as a function of . of a single channel.

So far we have been exploring the dependence of average statistics of elementary Ca>*
events on the modal characteristics of individual channels. To explore a more one-to-one
relation of puffs with the modal behavior, we binned thousands of events according to their

a 1.2

100 f *
g x5
=

Amplitude

Fig. 5 Modal properties of channels during events with different amplitudes. a Prevalence of low (red),
intermediate (orange) and high (green) mode during puffs with different average amplitudes. b P, and ¢
7o (open triangles), t. (filled triangles) of InsP3R during puffs with different average amplitudes. B; =
100 lLM, Bd =25 [,LM, BEGTA =100 ,uM, and BBAPTA =0 [,LM
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Fig. 6 Statistics of elementary Ca>* release events and single channel modal properties as a function of
InsP3 concentration in the presence of different buffer concentrations. a Average amplitude (empty symbols)
and duration of puffs (filled symbols), b frequency of puffs and ¢ prevalence 7™ of the three modes. The
superscript M is L for low mode (red), I for intermediate mode (orange) and H for high mode (green). d P,
and e 7. of InsP3R. Squares, circles and triangles are for control simulations from Fig. 3 (B; = 100 uM,
Bd =25 ,l,LM, BEGTA = 100 ;,LM, and BBAPTA =0 ;,LM), (Bs = 100 ,uM, Bd =40 ;,LM, BEGTA =
100 uM, and Bgapra = 0 uM) and (By = 100 uM, By = 25 uM, Bggra = 100 uM and Bpapra =
50 uM) respectively

amplitude and computed the modal characteristics of all channels for each bin. Note that
each bin contains many events having the same amplitude. Figure 5 shows the result of these
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simulations. A higher probability of low mode leads to blips; however, as the probability
of intermediate and high modes increases, the amplitude of events increases. When the
individual channels have more than 50% probability of being in the intermediate and/or high
modes, on average nine out of ten channels in the cluster open during a puff, resulting in
very large Ca®* events that would most likely recruit neighboring puff sites, thus triggering
global Ca®* signals (Fig. 5a). The P, of channels rise from the value close to the low mode
to the range between intermediate and high modes (Fig. 5b). The 7, remains constant except
for an early rise as the amplitude increases (open triangles, Fig. 5c). The 7. of the channel
drops significantly, indicating a shift in the gating of channels from low to intermediate and
high modes resulting in bigger puffs (filled triangles, Fig. 5¢).

Next, we evaluate the effect of various buffers on the gating properties of a single InsP3R
inside the puff site and the statistics of puffs. We change the concentration of a single buffer
at a time and compare our results with those from the control simulations discussed above
(BS =100 /LM, Bd =25 /LM, BEGTA =100 ,LLM and BBAPTA =0 /LM) (Fig. 6, Squares).
Increasing By from 25 uM to 40 uM (Fig. 6, circles) and Bpapra from 0 uM to 50 uM
(Fig. 6, triangles) increases the duration of puffs (Fig. 6a, filled symbols), especially at
lower InsP3 concentration. The average amplitude of puffs at smaller InsP3 concentration
decreases slightly but has a significant drop at high InsP3 concentration (Fig. 6a, open sym-
bols). Thus increasing both dye and BAPTA lead to smaller puffs with longer lifetimes.
The frequency of puffs also decreases significantly (Fig. 6b). This behavior of puffs can be
explained by the change in the modal behavior of the channels where the prevalence of low
mode increases and that of the high mode decreases as we increase dye and BAPTA con-
centrations (Fig. 6¢). The prevalence of the intermediate mode on the other hand decreases
slightly as we increase dye and BAPTA concentrations. Notice that the prevalence of high
mode in (Fig. 6¢) is given by the difference in the green and orange lines, while that of
intermediate mode is given by the difference between the red and orange lines for a given
parameter set (as in Fig. 3c). Consistent with our conclusion from Fig. 3, the change in
modal behavior results in the decreased P, (Fig. 6d) and increased . (Fig. 6e) of the chan-
nel. The mean open time of the channel does not change significantly and is not shown here.
Changing Bggra from 100 uM to O uM did not change the modal behavior of the single
channel and the statistics of the puffs and is therefore not shown here.

4 Conclusions

The opening of a single InsP3R, the nearly simultaneous opening of more than one InsP3R
inside a single channel cluster, and the coordinated activation of multiple clusters on the
intracellular stores underlie the spatiotemporal patterning of Ca”* transients essential for
regulating numerous highly specific cellular functions [1]. The gating behavior of individual
channels in conjunction with the cluster architecture, inter-cluster spacing and buffered and
free Ca®* diffusion play a role in shaping these spatiotemporal scales. However, the cluster
architecture and inter-cluster spacing do not change significantly over the time scale of these
events [32]. Thus the gating behavior of the channel seems to be the main driving force for
spatiotemporal patterning of Ca>* signals. Despite many years of research, the limitations
in experimental tools impair our ability to elucidate the single channel behavior during Ca’t
signals of different scales, which is the subject of this study.

We show that as the average channel behavior changes from gating in the low mode
to gating in the intermediate and high modes the amplitude and duration of Ca®* signals
increase (Figs. 2 and 3). In fact, the mean amplitude, duration and frequency of Ca>t signals
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all increase linearly as functions of total prevalence of intermediate and high modes (Fig. 4a,
b). Channels gating predominantly in low mode lead to blips (Figs. 2a and 5). The size of
the events increases from blips to small puffs as the probability of the channel gating in
the intermediate and high mode begins to rise (Figs. 2b, ¢, and 5). When the prevalence of
intermediate and/or high modes is very high, the cluster gives rise to very large puffs. For
example, if the combined prevalence of intermediate and high modes is more than 50%, the
puff site generates puffs where on average nine out of ten channels are open during the puff
(Fig. 5). Although we do not simulate whole-cell Ca>* waves and oscillations, these events
with large amplitude and longer duration occurring at high frequency would most likely
trigger global Ca®* signals [31].

Consistent with the observations during single channel patch-clamp experiments [4] and
recent modeling study [14], our results show that the transition of the channel behavior from
gating predominantly in low mode during small events to gating in the intermediate and
high modes during large events is due to the significant decrease in 7. with a slight increase
in 7, of the channel (Figs. 3e and 5). Thus, the gating properties of InsP3R leading to Ca’t
signals of different scales boil down to the change in 7. of the channel.

It is worth noticing that our single channel model developed in Ref. [10] is not the only
model that is driven by both stationary and nonstationary data on InsP3R that also repre-
sents the modal behavior of the channel. Neither is ours the first instance where a model
representing the modal behavior of InsP3R is used for simulating puffs. Siekmann et al.
developed a six-state model incorporating the modal behavior of the channel [33] that was
shown to reproduce the statistics of puffs [34] and whole-cell oscillations [35]. Simplify-
ing the six states to a two-state model by getting rid of the intra-modal structure and using
the two versions of the model, Siekmann et al. [36] demonstrated that the fundamental
process governing the generation of Ca>* puffs and oscillations is primarily controlled by
the inter-modal structure, not the intra-modal structure. This conclusion is in line with our
observations where we found a direct relationship between the prevalence of the three modes
and puff characteristics. Moreover, our study for the first time quantitatively relates the modal
characteristics of InsP3R to the generation of Ca>* signals at different spatiotemporal scales.
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