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A mathematical model is proposed to illustrate the activation of STIM1 (stromal interaction molecule 1)
protein, the assembly and activation of calcium-release activated calcium (CRAC) channels in T cells. In
combination with De Young-Keizer-Li-Rinzel model, we successfully reproduce a sustained Ca* oscillation
in cytoplasm. Our results reveal that Ca?* oscillation dynamics in cytoplasm can be significantly affected by
the way how the Orail CRAC channel are assembled and activated. A low sustained Ca®" influx is observed
through the CRAC channels across the plasma membrane. In particular, our model shows that a tetrameric
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Calcium oscillations channel complex can effectively regulate the total quantity of the channels and the ratio of the active
Orail channels to the total channels, and a period of Ca** oscillation about 29 s is in agreement with published
STIM1 experimental data. The bifurcation analyses illustrate the different dynamic properties between our mixed
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Ca®* feedback model and the single positive or negative feedback models.
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1. Introduction

Calcium (Ca?*) oscillations regulate a series of biological events
including gene transcription, protein synthesis, protein degradation,
apoptosis, necrosis and exocytosis, etc [1-3]. The oscillations are based
mainly on an influx of Ca?* into the cytoplasm through activated
inositol 1,4,5-trisphosphate receptors (IP3R) in the endoplasmic re-
ticulum (ER) membrane. A number of theoretical models have been
proposed previously to describe the Ca?* dynamics in cytoplasm [4-
16]. In an original model proposed by Meyer and Stryer, cooperativity
and positive feedback between cytoplasmic Ca®* and IP; give rise to
the repetitive Ca®* spiking [8]. A two-pool model by Goldbetter et al.
predicts the cytoplasmic Ca®* oscillation based on Ca?*-induced Ca®*
release (CICR) while the concentration of IP5 is taken as certain fixed
values [9]. Moreover, a simple one-pool model by Somogyi and Stucki
is in agreement well with the experimental data for hormone-induced
Ca** oscillation in hepatocytes [10]. In terms of experimental data
from Xenopus laevis oocytes, Atri et al. proposed a biphasic pattern of
IPsR where the Ca?* channel is facilitated by moderate concentration
of cytoplasmic Ca?* and inhibited by high cytoplasmic Ca®* [11]. The
De Young-Keizer model allows a random binding of Ca®" and IPs
molecules to each subunit [5]. A refined electrochemical model con-
structed by Marhl et al. provides us a different viewpoint to describe
the cytoplasmic Ca%* dynamics [14]. The theoretical modeling and
analyzing have been thoroughly reviewed in [15] and [16].

In many cases, continuing Ca?* entry across the plasma mem-
brane (PM) is required to prevent the net loss of ER Ca®* store and to
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maintain ongoing signaling [17]. Experiments show that Ca?* entry is
partially controlled by the level of Ca?* in agonist-sensitive intracel-
lular stores [18]. The phenomenon, now called “store-operated Ca®*
entry” (SOCE) is commonly supported from experimental data in many
types of excitable and non-excitable cells [19]. Physiologically, SOCE
results from the stimulation of cell surface receptors that activates the
specific phospholipase C (PLC) isoforms. PLC then catalyzes the pro-
duction of inositol 1,4,5-trisphosphate (IP3), which triggers the Ca®*
release through IP3R. Finally, the store-operated channels (SOCs) in
plasma membrane (PM) are activated to mediate the Ca®* influx. In
addition, SOCE allows sustained Ca®* oscillation over extended periods
and other Ca?*-dependent events in response to prolonged stimulation
[20,21]. A store-operated Ca®* current, named Ca®*-release-activated
Ca?* (CRAC) current (Icrac) is the clearest evidence of SOCE in mast cells
and T cells [22-24]. Icgac is triggered in T cells or mast cells by
physiological stimulation through T cell receptors or immunoglobulin-
E receptor or by depletion of Ca®* store. Icrac is also triggered passively
by depletion of ER Ca?* store in the presence of chelators [25]. Gen-
erally, Icrac enables a low sustained Ca®* influx over minutes to hours,
and thus control the transcription of cytokine genes in T cells [26]. Then
a low conductance of CRAC channels has a small influx of Ca®*,
However, the linking between SOCE, the fluctuation in cytoplasmic
Ca?*, and the depletion and refilling of ER Ca* store have long eluded a
detailed description for over two decades. Recently, the breakthroughs
have been achieved experimentally that the Ca®* entry in plasma
membrane is related to two proteins, STIM1 and Orail. STIM1 protein
is the Ca%* sensor mostly found in ER membrane [27-30], and Orail is
the essential component of the SOCE channel located in the plasma
membrane [31-37]. When the concentration of ER Ca®* ([Ca®*]gr)
is sufficient high, the EF-hand site in STIM1 is occupied by Ca*,
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therefore the STIM1 luminal domain is in its resting conformation.
Upon the depletion of ER luminal Ca?*, bound Ca?* dissociates from
the EF-hand. It may induce a conformation change of the STIM1
luminal domain and leads to the variation of the protein-protein
interactions. The activated STIM1 moves laterally in ER membrane to
the specific gap junction where Orail proteins gather oppositely in
plasma membrane. Due to the activation by STIM1, the CRAC channel
will be opened, mediating the Ca?* influx across the plasma mem-
brane. Researchers have recently modeled the communications be-
tween the ER Ca®* and the store-operated calcium channels (SOCs) by
a Ca** influx factor [38]. To the best of our knowledge, there has been
no theoretical model to investigate the coupling of the STIM1 acti-
vations with the assembly and activation of CRAC channel in cyto-
plasmic Ca®* oscillations in T cells.

Here, due to the complexity of non-excitable cells, our model focuses
only on several types of non-excitable cells, especially on T cells to study
the effect of CRAC channel on the cytoplasmic Ca** oscillations. We
assume that the STIM1 forms a dimer which has no affinity to Orai1l CRAC
channels. When ER Ca?" decreases, two Ca®" ions dissociate coopera-
tively from STIM1 dimer. The formed apoSTIM1 dimers can activate the
Orail CRAC channels. The Orail CRAC channels function as the main
pores for the Ca®* entry in T cells, while the Ca®* leak from extracellular
medium to cytoplasm across plasma membrane is, on the other hand,
subsidiary. We further assume that several Orail subunits constitute a
multimeric Ca®* channel (CRAC channels) in a cooperative way on
plasma membrane prior to its activation. Upon activation, the CRAC
channels are opened to mediate the Ca®* entry in plasma membrane.

In the present work, a dynamic model is briefly introduced to
describe the activation of STIM1 protein, the assembly and activation of
Orail CRAC channels. Combining with the simplified De Young-Keizer-
Li-Rinzel model, we can quantitatively analyze the cytoplasmic Ca®*
oscillation, and the closing and opening of CRAC channels in plasma
membrane. We found that a tetrameric Orail CRAC channel can effec-
tively control the period of the cytoplasmic Ca®* oscillation. We also
observed that our Ca?* dynamic system still keeps frequency-modulated
characteristics as proposed by previous study [4]. Using our mixed
feedback model, we further investigated the feedback effect of Ca®* on
the inositol 1,4,5-trisphosphate (IP3) production. The bifurcation analyses
were performed to compare the dynamic behaviors of the mixed feed-
back model with the single negative and positive feedback model.

2. Model description

Taking the effect of CRAC channels into account, we have studied
the Ca®* oscillation dynamics in T cells. For simplicity, we have only
considered that the cytoplasmic Ca?* has two main sources: one from
internal store located in the ER; the other from extracellular pool.
There is a sharp gradient across the plasma membrane. Generally, the
concentration of the cytoplasmic Ca?* ([Ca®'].y) is about 0.1 uM in
resting state, while the extracellular Ca®* concentration ([Ca®'[gc) is
permanently close to 10,000 times higher. Under these circumstances,
we assume that there exists a very small Ca?* leak in plasma mem-
brane from outside of the cell to cytoplasm. The Ca?* oscillation is
totally abolished with this low Ca®* leak alone.

The IP; receptor (IPsR), sarcoplasmic/endoplasmic reticulum
calcium ATPase (SERCA), and STIM1 proteins are mostly located in
ER membrane. The IP3R opens upon arrival of the signals. Then, the ER
Ca®" is released into the cytoplasm. When [Ca?']o. increases, the
SERCA pumps transfer Ca* from the cytoplasm into the ER. Mean-
while the plasma membrane calcium ATPases (PMCA) transport Ca%*
from cytoplasm to extracellular pool. Under the effects of SERCA and
PMCA, [Ca?*].y returns to its resting level.

A nine-variable model developed by De Young and Keizer is the
first theoretical model to describe the microscopic kinetics of IP3R in
the ER membrane [5]. Li and Rinzel proposed a simplified two-variable
version which resembles the Hodgkin-Huxley model of electrical

excitability in plasma membrane [6]. In an open system, the balance of
the cytoplasmic Ca** depends on the net fluxes in both ER membrane
and plasma membrane. The fundamental kinetic equations of Ca®*
oscillation are described as follows:

% = (Jerchannel — Jserca) + (JpMchannel —Jpmca), 1)
d[cziztﬂER = %(]SERCA — JERchannel): @
d[H:;]cyt e v, 3)
% = A[Ka = ([Ca*] o + Ka)h). (4)

Egs. (1)-(3) are the dynamic simulations for the cytoplasmic Ca?",
the ER Ca?* and the cytoplasmic IP; concentrations, respectively. Eq. (4)
represents the fraction of IPsR channels not inactivated by Ca®* and
available to open. Jgrchanner aNd Jpmchanner are the total flux through the
ER membrane and plasma membrane Ca®* channel, respectively. Jserca
and Jpnca are the total Ca?* flux through the SERCA and PMCA pumps,
respectively [4,39-41]. Their expressions are given in the following
paragraphs. The parameters of «, A, Kq are listed in Table 1 according to
published results with some modifications [4,6,39,41]. Bifurcation dy-
namics were analyzed using XPPAUT software package.

2.1. IP3 dynamics

The production of phospholipase C isoforms (i.e. PLC3) depends on
[Ca** ]y [4,45]
[Cazﬂ 2

Ve = Ve S, (5)
Kfic + [Ca?* ]y

Where, Vpic is the maximal production rate of PLC isoforms, Kpic
is the sensitivity of PLC to Ca®*. Here PLC's activities are cooperatively
regulated by [Ca**]yr. The production of IP3 catalyzed by PLC is thus
under the positive feedback effect of the cytoplasmic Ca®*.

IP5 is degraded through phosphorylation by IP3 kinases (i.e. IP3K).
The kinetic equation can be written as

[Caz*'ﬁyt

o [IP3]yps (6)
Kig+[Ca2t e, 7

Vdeg = kdeg

Where, kqeg represents the phosphorylation rate constants, Kgeg is
the half-saturation constant of IP; kinases. We write the kinetic equa-
tion for the IP; production in the following form according to Hofer
model with some modifications [4]

d[Ip4]
dr L VPLC — Vdeg )
2412 2412
o VPLC [Ca Jr}cyt 4 [Ca Jrjlcyt [IP3]
- 2 fdeg 2 oyt
Kz .+ [Ca”]Cyt ngg + [Ca”]Cyt

When Kpic equals to zero (Kpic=0, Kqeg#0), we obtain a negative
feedback of [Caz*]cyt on IP; metabolism. When Kgeg is equal to zero
(Kpic#0, Kgeg=0), it stands for a positive feedback and the second term
in Eq. (7) degenerates thus to be a linear function independent of the
cytoplasmic Ca®* fluctuation. In this paper, we prefer to discuss IP3
dynamics in such a way that Kpic and Kqeg are all not equal to zero
(Kpc#0, Kgeg#0). We describe it as a mixed feedback of the cyto-
plasmic Ca®* on IP; production.
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Table 1
Parameters of the model

Parameter Value Description

a 0.185 Ratio of effective volumes for ER/cytoplasm

A 055! Variable to control the relative time scale between
differential equations

Kq 04 uM Dissociation constants of Ca®*-inavtivation sites on IP;R

Vpic 05 uMs™! Maximal rate of IP3 production

Kpic 0.12 uM Half-activation constant of PLC

Kgeg 055" IP; degradation rate constant mainly through
phosphorylation

Kageg 0.1 uM Half-activation constant of IP3 kinases

L 9.3x107%s™!  Ca®* leak from ER to cytoplasm

PEAR 66.6 5! Maximal total permeability of IP; channels

K; 1.0 uM Dissociation constant of IP5 sites on IPsR

K, 0.4 uM Dissociation constant of Ca®*-activation sites on IPsR

Ko 5x1077s7! Leakage of Ca®* from extracellular pool to intracellular

Ksoc 23 s 'uM™! Rate constant of Ca** through CRAC channels

[Ca**lec 1500 uM Extracellular concentration of Ca®*
Kq 5 uM Apparent dissociation constant of ER Ca®*

to STIM1 dimers
ka 451 Maximal production rate of apoSTIM1 dimers
ki 65! Degradation rate constant of apoSTIM1 dimers
K> 0.14 uM Apparent dissociation constant for oligomers
Vs, 025 uMs ! Maximal production rate of apoSTIM1 oligomers
Ka 085! Degradation rate constant of apoSTIM1 oligomers
Vep 018 nM s ! Maximal production rate of closed CRAC channels
K 0.02 nM Half-activation constant
Kac 055! Degradation rate constant of closed CRAC channels
kop 0.5 uM s™! Maximal production rate of opened CRAC channels
Ko 0.2 uM Half-activation constant
Kod 157! Turning rate of opened CRAC channels to closed channels
Kdo 065! Degradation rate constant of opened CRAC channels
STIM1¢oe 0.6 UM Total STIM1 dimers

Total Orail subunits
Stoichiometric number of the interactions of STIM1 dimer
with CRAC channels

Orail 1 nM
) 1

n 12,3 Hill coefficient of the formation of closed CRAC channels
r 13,4 Orail number to form CRAC channels

Vserca 1uMs! Maximum flux across SERCA

Virven 1uMs™! Maximum flux across PMCA

Ksgrea 0.15 uM SERCA activation constant

Kpmca 0.45 uM PMCA activation constant

p 2 SERCA Hill coefficient

q 2 PMCA Hill coefficient

2.2. IP; receptor/channel and Ca®* pumps

It is suggested that the IP; receptor (IPsR) consists of four identical
subunits. Each subunit has one IP5 binding site and two Ca®* binding
sites, one for activation, the other for inhibition. The channel activity is
cooperatively regulated by the binding-unbinding of IP; and Ca®* at
these binding sites.

In our model, Jerehannel 1S given by Eq. (8) according to [41]

3
Pip3r [IP3]gyt [Ca®"] cyth3

(1P + K1) (1€ e+ Ka)

.]ERchannel =L+ 3 ([Cazﬂ ER — [Caz+]cyt)’

(8)

Where, L is the ER leak permeability and Pjpsr is the maximum
total permeability of IP3 channels. K; and K, are the dissociation
constants of IP5, Ca®*-activation sites on the IP5R.

Two Ca?* pumps, SERCA and PMCA locate in the ER membrane and
the plasma membrane, respectively. They transfer Ca?* against the
concentration gradient in the presence of ATP. The kinetic equations of
the pumps are given according to [39]. The parameters Vsgrca, Vemcas
Ksgrea, Kpmca, p and q are listed in Table 1.

[Ca?]7
S )

Jserca = VsercA 55— 55—
Kierea + [Ca?* 10y

2+14
[Ca ]cyt (10)

pMcA = VemcA —e———— 5 -
Kivica + [Ca? 16y

2.3. CRAC channel model

STIM1 was identified through RNAi screens and soon proved to
be the ER Ca?* sensor [26-29]. Experiments show that a STIM1-
horseradish peroxidase fusion protein accumulates within junctional
ER structures located 10-25 nm from the plasma membrane. Although
the relocation of STIM1 into junctional ER region is slow [29], it is
indeed prior to the activation of Icgac by 0-20 s, with an average of 6—-
10 s [42]. Mutations in EF-hand of STIM1 reduce its affinity to Ca®*, and
hence mimicking the store-depleted state, activate Icrac €ven when
the Ca®* store is full [28,29,35]. The recombinant EF-SAM fragment
readily tends to form the dimer in the absence of Ca** ions [43].

Orail is a plasma membrane protein with four-transmembrane
domains and intracellular N and C termini. Mutagenesis of acidic
residues reduces the divalent and monovalent selectivity of Icrac, and
these studies offer definitive evidence that Orail is a subunit of the
CRAC channel. It seems likely that the native CRAC channel is either an
Orail homomultimer alone or a heteromultimer with Orai2 and /or
Orai3 [34,36,44].

In the present work, we suppose that two Ca?* ions cooperatively
dissociate from the EF-hands of the STIM1 dimers (and/or oligomers)
in ER membrane. The apoSTIM1 dimers (and/or oligomers) need to be
activated before they bind to the CRAC channels. Then, the active
dimers are readily to trigger the activation of CRAC channels. The
dissociation kinetics of Ca®* can be expressed by Egs. (11) and (12). In
addition, we simplify the dissociation process by fixing the Hill coef-
ficient to 2 in Eq. (11). It should be noted that attempts to confirm the
true kinetic mechanisms of STIM1 activation and oligomerization are
still under way.

5= —5T (51— [524). ()
(a2 2 + K2
Bl _ pofsa] ~ kisaa, (12)
diSa] _ Sal®
iV s (13)

Where, S, is the Ca?" apoSTIM1 dimer, S,, is the activated
apoSTIM1 dimer, and S; is the apoSTIM1 tetramer and/or higher
oligomer. K; is the apparent dissociation constant of ER Ca®* to STIM1
dimers. K, is the apparent dissociation constant for oligomers. The Hill
coefficient 2 in Eq. (13) absolutely stands for at least two dimers
interacting with each other to form a tetramer or a higher oligomer.
But to our knowledge, it seems to be difficult to provide an accurate
stoichiometric relationship for the cooperative oligomerization of
STIM1 dimers at present.

Orai1 is thought to be an essential pore subunit for Ca?* channels in
plasma membrane in T cells. Although the phenomenon of store-
operated Ca®* entry was first described decades ago, the detailed
mechanisms linking the depletion of ER Ca?* to the activation of CRAC
channels still remain unidentified. In this work, we suppose that four
Orail subunits assemble a multimeric CRAC channel.

The dynamic equations expressing the assembly, disassembly and
activation of CRAC channels can be written as follows:

d[0]. [Orail]”

ERVANC L . (5] 0]
de PKD + [Orail]"

— kgc[0]. — k +koq[0],, 14
ac[O]c P+ (Sa] 0d[Olo (14)
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0, _, [S:a)[0]

de KL+ [Ssa]!

- (kod +kd0)[o]ov (]5)

Where, [O]. represents the concentration of closed CRAC channels
which disallows the Ca* flow across the plasma membrane. n is the
Hill coefficient representing the cooperative interactions in Orail
subunits. [O], is the concentration of opened CRAC channels which is
active and responsible for Ca%* entry. We suggest that the activation of
opened CRAC channels is subject to the interactions between activated
apoSTIM1 dimers (and/or higher oligomers) and the closed channels.

Assuming the concentration of total Orail subunits keeps constant,
we obtain

[Orail]oey = [Orail] + T([O]C + [010)7 (16)

Thus, the total influx through the plasma membrane is given by the
following equation,

JpMchannel = (ksoc [0}0 + VPMleak) ([C32+]ec - [Ca2+]cyt). (17)

Here, ks is the rate constant of Ca?* entry through CRAC channels,
and Vpppeak is the leak of Ca®* from extracellular pool to cytoplasm.

3. Results
3.1. Ca®* oscillations in ER and cytoplasm

The numerical simulation of Ca®* oscillations is shown in Fig. 1. All
the parameters and constants are taken the values in Table 1 except for
n=3 and r=4, respectively.

Under these conditions, the [Ca2+]Cyt shows a sustained oscillation,
with a period of 29.1 s and amplitude of ~1.48 uM [Fig. 1(a)]. [Ca®'|er
shows a different oscillation profile from [Ca**]y as the refilling of ER
Ca?* undergoes two distinguishable phases, a fast and a slow phases
respectively. The turning point is at ~6.8 uM of [Ca®*gg (Fig. 1(b)). In
Fig. 1(a) and (b), we find that the fast phase of ER Ca?" refilling is
exactly corresponding to the time course of the cytoplasmic Ca®*
pulse. Generally, the ER Ca* flux consists of three main parts: a leak
and a flux of IP;R Ca®* channel, those two outward ER; and an inward
flux via SERCA (Eq. (2)). At maximum [Ca®"].y, (~1.48 uM), SERCA Ca**
pump reaches its maximum rate at 0.99 Vsgrca in our model owing to
its cooperative characteristics (parameters taken from Table 1). In the
absence of cooperativity, the maximum rate is only ~0.91 Vsgrea. It is
of evidence that a cooperative SERCA pump allows a rapid uptake of
the cytoplasmic Ca®* back to the ER. For example, a totally delayed
clearance of the cytoplasmic Ca®* is generally observed without the
cooperativity of SERCA pump [21]. The PMCA Ca®* pump plays a two-
edged role in the cytoplasmic Ca®* oscillation. On the one hand, it
accelerates the clearance of the cytoplasmic Ca?* and results in the fast
refilling of ER Ca?* in combination with SERCA pump. On the other
hand, PMCA causes the significant loss of Ca%* in cytoplasm, which
finally prolongs the refilling time to the maximum [Ca?*]gx and leads
to a slow refilling of ER Ca®*.

In Fig. 1(c), we observe that the [Ca**] . only changes little as the
[Ca®"|gr increases from ~6.8 pM to its maximum concentration.
Therefore, the fast clearance of the cytoplasmic Ca?* is nearly done at
this [Ca®']gr (~6.8 pM) while the refilling of ER Ca?* still remain
approximately 50% to be finished. It is of interest that a slow Ca®*
augmentation in cytoplasm is correlated with the left 50% of ER Ca®*
refilling. In fact, when the [Ca?*]gg>6.8 uM, the Ca®* net influx toward
cytoplasm is only slightly greater than the net efflux. It leads to a very
slow increase of [Ca®*].,. Meanwhile, the opened CRAC channels
continue to mediate the Ca®" influx in plasma membrane, which
further forces the [Ca®*]gg to its maximum via SERCA Ca?* pump. If the
Ca?" influx through the CRAC channels is controllable, the time for the
slow phase of ER Ca?" refill will be easily regulated. Then the period of
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Fig. 1. Numerical simulation of [Ca®*], and [Ca®*]gg oscillations in a T cell. (a) [Ca®*]eye
oscillation. The period is 29.1 s. The amplitude is 1.48 uM. (b) [Ca®*]gx oscillation. The
minima and maxima are 2.97 and 12.7 uM, respectively. (c) Phase plot of [Caz*]cyt versus
[Ca**]eg.

Ca** oscillation is readily adjusted according to the Ca?* influx in
plasma membrane. We conclude that a cooperative CRAC channel
plays a crucial role in the second part of ER Ca®" refilling. The dif-
ferences of a non-cooperative CRAC channel in the Ca®* oscillation will
be discussed in detail (in Section 3.3).

3.2. Activation, dimerization and Jor oligomerization of apoSTIM1

The activity of STIM1 depends on the [Ca®*|gz. Upon depletion of
ER Ca2*, the apoSTIM1 readily tends to dimerize and/or oligomerize
[32]. Fig. 2(a) shows the saturation kinetics of the activated STIM1
dimers (S,,). S»a is the active form triggering the opening of the CRAC
channels in plasma membrane. To our knowledge, the mechanisms
about STIM1 activation and the formation of dimer have not been
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Fig. 2. Sigmoid saturation behavior of apoSTIM1 dimers. (a) Plot of apoSTIM1 dimer
versus [Ca®*|gr (Eq. (12)). (b) Oscillation profile of [S,,].

made clear till now. In this paper, we assume that the dissociation of
Ca?* from STIM1 has following reactions.

SCa** + SCa** = [SCa**],, (18)

[SCa**],= [S], + 2Ca**. (19)

Where, [SCa®*], and [S], are the STIM1 dimer and apoSTIM1 dimer,
respectively. We deal with Eq. (18) as a simple equilibrium reac-
tion while Eq. (19) has a strong cooperativity in Ca®* dissociation
kinetics.

For simplicity, we omit the calculation of the concentration of
STIM1 monomer and assume the total quantity of STIM1 dimers to be a
constant. Then we obtain Eq. (11) representing for the dissociation
kinetics of the Ca®* in STIM1 dimers. The concentration of the activated
apoSTIM1 dimer is given in Fig. 2(a). As to higher oligomers, we use S4
in Eq. (13) for active apoSTIM1 instead of S5, in Eq. (12). However, the
results show no significant change, thus we only discuss the effect of
apoSTIM1 dimers on the activation of CRAC channels regardless of
the higher oligomers. The oscillation dynamics of the activated
apoSTIM1 dimer is shown in Fig. 2(b). A steep pulse is observed before
the [Ca®"]gr decreases to ~1.2 uM. Such fast activation of STIM1and
deactivation of apoSTIM1 processes result from the calcium-induced
calcium release via IPsR [5,6] and the rapid refilling of ER Ca®*.

3.3. Effects of CRAC channels' cooperativity and ks, on Ca®* oscillation

The cooperativity is ubiquitous in living cells. In most cases, the
oscillation dynamics are directly or indirectly controlled by the co-
operative interactions. In this paper, we analyze the Ca®" entry via
the non-cooperative and the cooperative CRAC channels, respectively
(Fig. 3). In Fig. 3(a), there is no cooperativity in monomer channel
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Fig. 3. Effects of CRAC channels' cooperativity changes on [Caz*]cyt oscillation. (a) n=1,
r=1.Period, 11.6 s. (b) n=2, r=3. Period, 17.7 s. For n=3, r=4, see Fig. 1(a), (¢) Bifurcation
diagram of [Caz*]cyt as a function of ks,.. HB, PD, SN represent the Hopf bifurcation,
period-doubling bifurcation and Saddle-node bifurcation, respectively. (d) Plot of the
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~0.723to ~2.78 yM ' 571,
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Fig. 4. Dynamic simulation of stable [Caz*]cyt oscillation between the HB; and PD.
Where, kg.=0.725 uM ™" 5™, The period is 32.3 s.

assembly (n=1, r=1). The [Ca®"]. oscillation has the period of 11.6 s
and the amplitude of 1.19 uM. In contrast, a previous study shows that
a linear CRAC channel model (without cooperativity) usually causes
no oscillation or a prolonged period of Ca®* oscillation in order to get
the ideal amplitude [21]. When n=2, and r=3, the period and the
amplitude become 17.7 s and 1.28 pM, respectively (Fig. 3(b)). In
addition, we compare the Ca®* oscillation behavior shown in Fig. 1(a),
where n=3, and r=4. Due to the cooperativity changes in CRAC chan-
nels assembly, it is noticeable that the period increases significantly by
2.51 times to 29.1 s but the Ca®* oscillation amplitude only increases
by 1.24 times to 1.48 uM. Rooney et al. observed in experiments that
the periods of [Ca?*].. oscillates in a wide range from >250 s for low
hormone doses, to ~30 s for higher hormone concentrations [33].
Hoéfer et al. have demonstrated previously that a coupled IPs-Ca®*
oscillator had a very similar dynamic behavior, the frequency (or the
period) is more sensitive than the amplitude to the changes of dyn-
amic parameters [4]. This frequency-modulated Ca®* oscillation in
cytoplasm may have vital functions in living cell as the Ca?>* hemo-
stasis is critical for the physiological activities. A very high concentra-
tion of the cytoplasmic Ca?* is toxic and definitely results in cell death.
It restricts the fluctuation of [Ca**]., only in a narrow range. As a
result, although the amplitude of Ca?* may be responsible for some
information exchanges in living cells [34,35], the frequency of Ca®*
oscillation appears to be the more effective candidate available for
signal encoding.

The bifurcation diagram is indicated in Fig. 3(c). The solid and
dashed lines represent stable and unstable states, respectively. For
small values of ks, [Caz"]Cyt is in a single stable steady-state.

When ksoc>0.72 M~ ! 571, the system shifts from the stable steady-
state to a stable oscillation in the first Hopf bifurcation (HB;). This
stable oscillation is limited in a narrow region of ko values, from 0.72
to 0.733 uM™ ! 57! (Fig. 5). For ke,c>0.733 uM ™! 571, the system be-
comes unstable in a period-doubling bifurcation (PD).

Crossing the first saddle-node (ksoc=0.724 M 577, [Ca®*]eye=
2.14 uM), the cytoplasmic Ca®* remains in a stable oscillation before
reaching the second saddle-node (ksoc=15.3 pM™' s77, [Ca*'|qye=
0.853 uM). SN; and SN, represent the two saddle-nodes, respectively.
The Ca®" oscillation is not stable between the second saddle node
(SN,) and the second Hopf bifurcation (HB,) where ky,c=15uM™' s~ . For
ksoc>15 uM~! 571, the system returns to a stable steady-state. Fig. 3(d)
shows the period of the [Caz"]Cyt oscillation as a function k... One
notices that the period monotonically decreases as the ks value in-
creases. In our frequency-modulated system, the effective ks, values
may range from ~0.73 to ~15 uM™ ! 57! for the cytoplasmic Ca®* signal
encoding.

Researchers have previously showed that the devoid of SOC chan-
nels' function causes no Ca®* oscillation in cytoplasm [17]. Thus, we

assign a trivial Ca?* leak in plasma membrane in resting state. It
abolishes the Ca®* oscillation in the absence of CRAC channels. When
ksoc<0.720 uM™! 571, Ca?* influx in plasma membrane is too small to
trigger the IPsR Ca?* channel to open effectively. The system is in a
stable steady-state. From the HB; to the PD point, the IP3R Ca®* chan-
nel is still inactivated but the Ca®" influx rate (toward cytoplasm)
slightly exceeds the clearance rates of the SERCA and PMCA pumps at
the beginning (Fig. 4). At the maximum [Ca**], the SERCA and PMCA
clearance rate increases to ~0.0957 and ~0.0116 uM s~ !, respectively.
The pump clearance rates now surpass the Ca%* influx rate, and the
Ca" is removed from cytoplasm. Under these conditions, we only
observe very small amplitude of Ca®* oscillation. Between HB; and
PD, the IP5R Ca®* channel is activated and begins to open gradually
and slightly. The influx and the clearance of the cytoplasmic Ca**
establish a subtle equilibrium, which is liable to be perturbed by the
small variations of the Ca®" influx and/or efflux rates (Fig. 3(c)). We
have known nothing about the biological significance of this oscilla-
tion behavior of the cytoplasmic Ca®*.

From SN; to SN, the IP3R Ca?* channel is fully activated. Mean-
while, a solid equilibrium is established between the Ca** influx and
efflux in cytoplasm. Between SN, and HB,, the Ca®" oscillation begins
to be inhibited. Crossing HB,, the Ca?" oscillation is fully inhibited.
Two reasons may be responsible for this dynamic change: one is the
inactivation of IPsR Ca®* channel at higher cytoplasmic Ca?*; the other
is the decrease of IP; production mediated via feedback control, which
we will discuss later (see Eq. (7) in details).

We investigate the dynamic behavior of the opened CRAC channels
in the presence of cooperativity (Fig. 5). The peak value of opened
CRAC channels has a ratio of ~12% to the total concentration of Orail
monomers. It is interesting that the CRAC channels constantly has a
high fraction opened at the resting state, a ratio of ~5.6% to the total
Orail concentration. We deduce that a permanent Ca®* leak in plasma
membrane is mostly attributed to the opened CRAC channels at its
resting state. The Ca®* leak through other pathways is definitely trivial.

We also study the oscillation profile of the opened CRAC channels
for n=1, r=1 and n=2, r=3, respectively (Fig. 4). Compared the result
with the Fig. 5, it is concluded that the cooperatively assembled
and activated CRAC channels play a key role in regulating the period of
Ca?* oscillation (Table 2). In Table 2, all the channel concentrations are
the average values expressed in Eq. (20).

o T
=7 [ Ol (20)

Where, [O]i(t) represents the concentration of [O]. or [O], at time t.
In fact, a highly cooperative CRAC channel adequately controls two
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Fig. 5. Oscillation dynamics of opened CRAC channels. The parameters and constants are
taken in Table 1 except for n=3, and r=4.



X. Chen et al. / Biophysical Chemistry 136 (2008) 87-95 93

Table 2
The effect of the cooperativity on the cytoplasmic Ca®* oscillation and the quantities of
CRAC channels

n=1 n=2 n=3
r=1 r=3 r=4
(0.0l 0.47 0323 0.244
raileoal
_[Ol, 0.092 0.0875 0.0786
[0, + [0l
Period (s) 11.6 17.7 291
Amplitude (uM) 119 1.28 1.48

critical factors, the total quantity of the channels and the quantity of
the active channels. In the absence of cooperativity (n=1, r=1), the
period of Ca®* oscillation is probably too short compared with the
period in physiological situations [33]. A trimeric CRAC channel (n=2,
r=3) has a period of 17.7 s which is still beyond the normal range of
the Ca?* oscillation period. The tetrameric channel allows a suitable
period with a slight increase in amplitude. We infer that a high co-
operativity in the self-assembled CRAC channel may be one of the
most efficient factors to modulate the Ca** oscillation period in T cells.

3.4. Feedback effect of cytoplasmic Ca®* on IP; production

IP; plays an essential role in regulating the cytoplasmic Ca®*
oscillation. In this work, we study the IP; dynamics with the modified
feedback pathways to clarify the effect of IP3. The bifurcation diagrams
of our mixed feedback model are compared with the single negative
and positive feedback model as a function of Vp, (Fig. 6(a) and (c)),
and a function of kqeg (Fig. 6(b) and (d)), respectively.

When Kpi =0, the cytoplasmic Ca®" has a negative feedback reg-
ulation on IP; production (Fig. 6(a)). A stable Ca®* oscillation is ob-
served between the first Hopf bifurcation (Vpc=0.0635 uM s 1),
represents by HB;, and the first period-doubling bifurcation (V-
pLc=0.0770 pM s~ 1), represents by PD;. For Vpc>0.0770 uM s~ 7, the
system becomes unstable until the second period-doubling bifurca-
tion (PD,), where Vpc=0.198 uM s~ L. For Vpc>0.198 uM s !, the
system returns to the stable oscillation with the high frequency and
large amplitude. Then, passing through the second Hopf bifurcation
(HB,) point, the system becomes a single stable steady-state.

In Fig. 6(b), when Kqeg =0, it stands for a positive feedback effect of
Ca®* on IP; production. The bifurcation dynamics is relatively simple
since only one Hopf bifurcation point (kqeg=0.0413 s™!) is observed
throughout the full range of kqe, values we investigate. The dynamic
system shows a stable Ca?* oscillation provided kqeg<0.146 s~ It is
important to notice that, in negative feedback inhibition, an in-
crease in Vpic value causes a decrease in the amplitude of the cyto-
plasmic Ca?* oscillation in contrast to the positive feedback regulation
in Fig. 6(b), where the greater kyeg values lead to the larger Ca?*
oscillation amplitudes.

In the mixed feedback model (Kpc#0, and Kqeg#0), the bifurcation
dynamics are analyzed through a fixed value of Vpic or kgeg (Fig. 6(c)
and (d). Although this method cannot represent a global dynamic
behavior for the mixed feedback model, some differences are still
observed. Compared with a single positive feedback model, the mixed
model has a more proper range of the Ca** amplitude (Fig. 6(c)). In
addition, the mixed model allows a stable, and sustained cytoplasmic
Ca®* oscillation at a wider range of kqeg values. However, a single
positive feedback model shows a stable oscillation only at narrow
range of kgeg. When both n and r are equal to 1, the simulation results
of the feedback effect of cytoplasmic Ca?* on IP5; production are similar
to Fig. 6(c) and (d), except that the amplitude of Ca®* oscillation and
the ranges of Vpic and kqeg for stable oscillation have little distinctions
(data not shown).

a : : .

Fig. 6. Feedback effect of [Ca**],; on IP5 production. Bifurcation diagrams of [Ca®*]cyc are
calculated as a function of Vp.c (Fig. 6(a) and (c)), and a function of kgeg (Fig. 6(b) and
(d)). The solid and dashed lines stand for stable and unstable states, respectively.
(@) Kprc=0. Two HB points at Vp;=0.0635 and 2.88 uM s™'. Two PD points, Vp =0.077
and ~0.198 uM s™". (b) Kgeg=0. Two HB point at kgeg=0.0413 s™" and kqeg=0.148 s ".
(€) Kprc=0.12, and Kgeg=0.1. Kgeg=0.1 s~ 1. Two HB points at Vpc=0.0714 and 0.891 yM s~ ",
Two PD points at Vpc=0.075 and 0.0758 uM s™' (d) Vpc=1.0 uM s~ . Other parameters and
constants are the same as in Fig. 6(c). Two HB points at kgqeg=0.112 and 1.44 s~ 1. Two SN
points at kqeg=1.391 and 1.396 uM s~ .
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4. Discussion

STIM1 and Orail play critical roles in the sustained Ca®* entry, and
thus regulate the gene expressions in T cells. These two proteins also
account for a considerable portion of SOCE in some other cells [17].
Severe combined immunodeficiency (SCID) is a rare inherited disease,
and the T lymphocytes from patients completely lack Icgac and cannot be
activated by physiological signals. The genetic mapping reveals that SCID
is caused by a R91W point mutation in Orail [46]. Although growing
evidence supports that SOCs functions in the maintenance of cytoplas-
mic Ca?* oscillation, some details about SOCs are still unidentified. One is
whether Orail gene stands for all SOCs. It is noticeable that distinct SOCs
exist in different types of cells. For example, in EBV-transformed B cells,
the R91W mutant Orail only partially reduces its Ca%* influx, but the
SOCE is totally eliminated in human T cells [31]. Another unanswered
question is whether there is different Ca** entry mechanism existed in
non-excitable cells. Electrophysiological studies have demonstrated that
membrane currents have diverse properties in different cells upon
depletion of ER Ca%*, illustrating different types of cells might have their
own specific SOCs. The superfamily of transient receptor potential (TRP)
channels has been investigated as the candidates for over a decade.
However, the results indicate under certain conditions some TRP chan-
nels (TRPs) may form, or be part of SOCs, the functions of TRPs as SOCs
are still unknown [2]. One report confirms that a ternary complex
TRPC1/STIM1/Orail is formed in response to the internal Ca®* depletion
[47]. In fact, it is difficult to verify that whether TRPs are activated by
depletion of ER Ca®* or by other signals that coincide with store
depletion. Additionally, one possibility is still under debate that SOCE is
generally responsible for the restoration of ER Ca®* after intense stimuli
and the Ca®" for intracellular signaling under normal physiological
stimulations is mostly via non-store-operated channels [48].

In many cell types, the oscillation of cytoplasmic Ca** are elimi-
nated when Ca®' is removed from the extracellular environment,
suggesting that there is a definitive relationship between Ca* entry in
plasma membrane and the cytoplasmic Ca®* oscillation [49-52]. As
mentioned above, other works have shown that some types of TRPs
are responsible for the maintenance of Ca®* oscillation [53,54].

Owing to the structural complexities and functional diversities of
non-excitable cells, there is no general model suitable for different cell
types in SOCE-dependent Ca®* oscillation. At present, whether SOCs
plays a specific role in cytoplasmic Ca* oscillation at submaximal
agonist concentrations or under a modest depletion of stores is still
disputable. In this work, we propose a simple model to mimic the Ca**
dynamics in cytoplasm based on the recent findings in STIM1 and
Orail. The application of our model should be limited only to some
types of non-excitable cells dependent on SOCs such as Tcells. Further,
the activation of Orail CRAC channel in our model depends on the
ER Ca?" depletion. The situation is closely related to a series of con-
tinuing stimuli under physiological circumstances or the intense
stimuli in pharmacological conditions such as high doses of agonists.

We try to set up a linking among the ER Ca?*, the STIM1 protein,
the CRAC channel and the cytoplasmic Ca?* through a theoretical
model. Our model is built on three assumptions: (1) Ca%* cooperatively
dissociates from the STIM1 dimers upon reduction of the ER luminal
Ca2*; (2) the Orail monomers spontaneously tend to form an inactive
and multimeric (most probably a tetrameric) CRAC channel; (3) the
apoSTIM1 (Ca?* unbound STIM1) dimers trigger the activation of CRAC
channels, the activated channels then mediate the Ca®* entry in
plasma membrane. In addition, we assume that the cytoplasmic Ca®*
has a mixed feedback (including a negative and a positive feedback
loops) effect on IP3 production. Therefore, we obtain a set of non-
linear differential equations to describe the effect of CRAC channel on
the Ca?* entry in plasma membrane and the Ca** oscillation in cyto-
plasm. Using our proposed kinetic equations, and combined with the
modified Li-Rinzel model, we can quantitatively analyze the processes
of the activation of STIM1, and the assembly, disassembly and activa-

tion of Orail CRAC channels. The characteristics of frequency-
modulated [4] of Ca?* oscillation still hold true in our model.

A low sustained Ca®* influx is constantly observed in our model
through Orail CRAC channels. In Table 2, it shows that only a small
portion of CRAC channels (about 7.9%) is activated upon depletion of
ER Ca**. Experiments demonstrate that each low-conductance CRAC
channel transports ~10* Ca®" ions per second. In contrast, a high-
conductance L-type Ca®* channel, which triggers a fast burst release of
insulin from pancreatic B cells, delivers ~5x10°> Ca®" ions in one
second [17,55]. Hogan and Rao deduce that the low-conductance CRAC
channel may have two functions. If active CRAC channels form clusters
at plasma-membrane-ER-membrane junctions, it seems that the
small current via each opened channel effectively controls the
possibly large fluctuations in the concentrations of cytoplasmic Ca%*
within the restricted space between the apposed membranes. In
addition, if CRAC channels transport Ca%* directly into a relatively less-
restricted space, the small current may guarantee small changes in
local Ca®* concentration near the channel [17]. We suggest that
the low sustained Ca®* influx is attributed to a small population of
apoSTIM1 dimers which are cooperatively regulated by ER Ca®* and
then trigger the activation of closed CRAC channels.

To test the compatibility of our CRAC model, we have also com-
bined it with the electrochemical model proposed by Marhl et al.
[14] in an open cell system. All the parameters were taken from Table 1
or within the range of the values used in Reference [14], the joint
model shows the very closed dynamic profiles in cytoplasmic and ER
Ca** oscillations compared with the original model except for the
modifications of Vpyca and K; in our model (a decrease in Vpyca to
0.24 pM~! 57! and an increase in K; to 50 uM). In addition, the period
and the amplitude of open CRAC channels in De Young-Keizer-Li-
Rinzel model are 29.1 s and 1.6x 107> uM, while those in the model by
Marhl et al. are 30 s and 2.9x107° uM, respectively. Therefore, it is
proved that our CRAC model can be extended to other Ca%* dynamic
model as a plug-in unit. Definitely, the validity of the CRAC model for
other types of Ca?* dynamic models is still unknown. For clarity,
simulation data have not been presented here.

In the present work, we suggest that a tetrameric Orail CRAC
channel can effectively control the total quantity of CRAC and the
quantity of active CRAC channel, which finally affects the period and
amplitude of cytoplasmic Ca®* oscillation. Our results agree well with
published experimental data. We find that a constant leak of Ca?* in
plasma membrane is mostly due to the Ca®* influx through a fraction
of opened Orail CRAC channels. In the absence of cooperativity in the
STIM1 activation (The Hill coefficient equals to 1 in Eq. (11)), we obtain
a less amplitude and a shorter period of STIM1 compared with the
results in Fig. 3(b) (data not shown). In addition, our mixed feedback
assumption of the cytoplasmic Ca%* on IP; production may extend the
range of some parameters’ values, for example kgeg, and allow the
suitable Ca?* amplitudes in T cells.

IP; oscillation is not essential for a sustained Ca®* oscillation in the
cells [16,56-59] according to the models proposed in all literatures
provided that the Ca**-induced Ca®* release (CICR) or any other Ca**
autocatalytic release mechanism is introduced. But, IP; dynamic
behaviors really have a significant effect on the range of parameter
values and the oscillation patterns for Ca* oscillation in hepatocytes
[60]. An inhibition of protein kinase C in hamster ovary eggs eliminates
the Ca®" oscillation while IP; formation is still maintained [61]. In many
cases, a fixed IP; value makes the theoretical model more concisely
without loss of the dynamic system's generality and validity. A variable
IP5 used in our work may offer us some extra information about the
complex impact of IP; on Ca®" oscillations in non-excitable cells.
Certainly, the detailed dynamic analyses of our mixed model need to
survey the full range of Vpic and kqeg values related to the cytoplasmic
Ca** oscillations. In addition, the other types of SOCs and the non-store-
operated channels need to be included in our future work. A more
applicable model incorporated with new achievements is to be expected.
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