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Abstract. To analyze the influence of Ca’* microdomains on the global
cytosolic Ca®* concentration, we consider the polarization and activation of
T-cells after the formation of an immunological synapse as a model system.
For T-cell proliferation and activation, a high and robust Ca*" signal lasting
from minutes up to hours is needed. This raises the intriguing question of how
T-cells overcome all those mechanisms which normally remove an increased
Ca”* level as fast as possible from the cytosol. With the help of theoretical models
we predict that, after the formation of a local Ca** influx pathway via STIM1 and
Orail, mitochondria relocation toward and accumulation of plasma membrane
Ca** ATPase and sarcoplasmic/ endoplasmic reticulum calcium ATPase pumps
at the immunological synapse are sufficient to achieve a long-lasting increased
global Ca’* concentration. In addition, we also uncover new mechanisms to
generate Ca®* oscillations, which are important for efficient T-cell activation.
Experimental tests and the implications of our predictions are discussed.
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1. Introduction

Calcium (Ca") is a versatile and ubiquitous diffusive messenger in nearly all cells [1]. Calcium
signaling controls processes as diverse as gene expression, muscle contraction, fertilization,
proliferation, development, learning and memory. However, how these very specific outcomes
are encoded and modulated by the magnitude and/or the spatial and temporal patterns of
Ca®* signals is largely unknown. Besides the information content that can be obtained by the
amplitude or the kinetics and frequency of Ca** waves or oscillations, the presence of Ca**
microdomains, local high Ca®* concentrations, can create high specificity. It is known that these
Ca”* microdomains control, for example, neuronal function [2, 3], muscle contraction and gene
expression [4, 7].

The physical origin of the variety of calcium (Ca®*) signals is the interplay of channels and
pumps that transfer Ca®* between different cellular compartments (including the extracellular
space), either by simple diffusion along concentration gradients (channels) or by active
processes involving ATP* as an energy source (active transporters and pumps). The capacities of
these channels and pumps depend nonlinearly on Ca®* concentration, giving rise to positive and
negative feedback loops that generate interesting spatio-temporal dynamics comprising spikes,
oscillations, waves, etc that have been studied for several decades now (for an overview of
the physics of calcium signals see [5]). Much less is known about the conditions under which
specific spatial arrangements of channels, pumps and organelles lead to the formation of Ca**
microdomains, i.e. pronounced spatial inhomogeneities in the Ca** concentrations. This is what
we are going to study in this paper within the context of T-cell polarization.

4 Frequently used abbreviations. ATP: adenosine tri-phosphate; CRAC: Ca** release-activated Ca** channel; ER:
endoplasmatic reticulum; IPs3: inositol-1,4,5-trisphosphate; IS: immunological synapse; PM: plasma membrane;
PMCA: plasma membrane Ca?* ATPase; SERCA: sarcoplasmic/endoplasmic reticulum calcium ATPase; STIM:
stromal interaction molecule.
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Figure 1. Schematic presentation of Ca** signaling and polarization in T-cells.
From left to right, three different situations are shown: (i) The cell at rest.
(i1) Activation without polarization. This situation can be obtained in particular
experiments where due to experimental constraints CRAC channels are activated
but no pump or organelle relocation occurred. (ii1) Activation with polarization.
Under physiological conditions T-cell activation is accompanied by relocation of
channels, pumps, mitochondria and the ER.

For the activation of T-cells, which is very important for human immune defense, the
occurrence and formation of Ca** microdomains is essential. After the formation of an
immunological synapse (IS), the stable junction or contact area between the T-cell and an
antigen-presenting cell, T-cell activation is initiated. The crucial step for successful activation,
following the IS formation, is a high and robust Ca?* signal, emerging from a directed Ca**
influx across the plasma membrane (PM) through the gating of the store operated Ca** release-
activated Ca®* (CRAC) channel [6]. These special signals of high intracellular calcium last from
several minutes even up to hours. An intriguing question is how are T-cells, in this situation, able
to overcome all those mechanisms that nature had provided to remove an increased cytosolic
Ca®" as fast as possible, since under normal circumstances high cytosolic Ca®" concentrations
are lethal to the cell.

A closer look at the various processes involved reveals the importance of Ca?* microdomain
regulation during the activation process: the formation of the IS is paralleled by a cell
polarization, which involves the re-localization of cell organelles, Ca** channels and pumps
and as a consequence leads to a specific spatial organization of Ca** signals (see figure 1).
The key players that induce the polarization and generation of Ca** signals in T-cells are: (i)
CRAC channels, which are the main Ca>* source in T-cells; (ii) plasma membrane Ca’" ATPase
(PMCA) pumps, which are located in the cell’s PM and pump the Ca** from the cytosol back
into the extracellular space; (iii) endoplasmatic reticulum (ER), which is the main intracellular
Ca** store with its IP5* receptors to release Ca** and the SERCA* pumps to pump Ca®* back
into the ER; (iv) mitochondria, which can act not only as strong Ca** sinks, but also as Ca**
distributors.

CRAC channels, the main Ca** entry pathway in T-cells, are store operated channels and
are activated by Ca®* depletion of the ER. Under physiological conditions the ER depletion
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is triggered by an external stimulus resulting in the production of IP; and Ca** release by IPs
receptors. CRAC channels are inactivated or at least inhibited by Ca** in different ways [8—10].
Refilling of the Ca®* store ER, which occurs when the global Ca®*-concentration rises and
SERCA pumps are activated, is one mechanism to end CRAC channel activation. Apart from
that, the channel is also deactivated by a Ca** microdomain in the close vicinity of the
channel pore. At least two independent and Ca**-controlled negative feedback mechanisms of
CRAC channel inhibition exist [11-13]. Nevertheless, a sustained Ca** influx of up to several
hours can be measured and is crucial for T-cell activation as well as other T-cell functions
including transcription and proliferation. It has been hypothesized that mitochondria have to
be close to CRAC channels, thereby decreasing the Ca®" microdomain right at the channel
and preventing part of the Ca**-dependent CRAC channel inactivation [6, 14]. This leads to
enhanced CRAC activity and finally to increased cytosolic Ca** concentration. Besides the
mitochondria relocation, recent work has shown that PMCA pumps also redistribute during
T-cell polarization and accumulate near mitochondria at the IS [15]. Whether this pump
accumulation at the IS is necessary for T-cell activation remains an open question. In addition
to the accumulation of mitochondria near the CRAC channel, it is also known that a physical
and functional coupling between mitochondria and the ER exists (for a review see [16]) and is
also expected to play an important role during the T-cell activation.

A number of theoretical works have focused on the modulation of calcium release through
IP; receptors by Ca** buffers [17—19]. Since this well-studied Ca** channel has activating and, in
particular, inhibitory Ca®*-binding sites, Ca®* buffers can promote prolonged opening times of
the channel, leading to an increased Ca?* flux from the ER into the cytosol. The CRAC channel,
which in our system is the main Ca** source, displays similar Ca**-induced inactivation effects,
partly store-dependent and partly independent, and these effects are also modulated by Ca**
buffers [9, 10]. One might speculate that the relocation of mitochondria toward the IS during
T-cell activation just inhibits the Ca**-induced inactivation of CRAC channels by buffering the
intruding Ca®*. For this to happen the mitochondria must be very close to a putative inhibitory
Ca** site of the CRAC channel, for which experimental evidence is lacking. Simultaneously
with mitochondria relocation one observes a PMCA pump accumulation at the IS during T-cell
activation [15]. Therefore we propose here a role for mitochondria that has not been studied so
far, namely to absorb intruding Ca** before it reaches nearby PMCA (and also SERCA) pumps
and release it far away from the plasma membrane deep inside the cell body.

A quantitative understanding of the interplay of the spatial arrangement of Ca”* storing
or redistributing organelles as well as Ca** channels and pumps leading to specific long-
lasting Ca®* signaling patterns is still lacking. Early modeling attempts took the Ca** buffering
capability of mitochondria into account ([20, 21], for a review see [22]) and found them to
be an important factor in the amplitude regulation of intracellular Ca** oscillations. These
compartment models assume a spatially homogeneous cytosolic Ca** concentration, neglect
Ca”* diffusion and the build-up of Ca** micro-domains via specific spatial arrangements of
Ca** sources and sinks—and thus are not suited to address the questions we are interested
in: to understand the complex correlation between the spatial redistribution of organelles and
channels/pumps and the resulting formation of local (microdomains) and global (cytosolic)
Ca” signals, which in the end lead to a sustained increase in Ca®* concentration during the
T-cell activation. To the best of our knowledge, we present for the first time a model to
investigate how the spatial arrangement of and the distances between the different cell organelles
influence the Ca** signals in cells.
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Figure 2. Four steps of the STIM1-to-ER pathway. If the ER is loaded the
Ca** binding to STIMI1 prevents the oligomerization of the protein. In a first
activation step, receptor-induced Ca®* release leads to Ca®* dissociation from
STIM1 and thus to fast oligomerization. Oligomer diffusion is followed by an
accumulation of STIM1 at ER—PM junctions where the interaction with the PM
Ca”* channel Orail leads to CRAC channel formation and Ca** influx. Inspired
by Liou et al [26].

The paper is organized as follows. In section 2 we formulate a mathematical model
to understand the assembly of functional CRAC channels. Section 3 contains the analysis
of a simplified one-dimensional (1D) model through which the influence of mitochondria-
relocation toward the IS on global Ca** concentration is demonstrated. In section 4 we present
a physiologically more realistic three-dimensional (3D) model to analyze the influence of the
distance between mitochondria and the IS on global and local Ca** concentrations and the effect
of different PMCA distributions and the ER/SERCA location. Section 5 contains a discussion
and some open questions.

2. Ca®" release-activated Ca®* channel formation

The functional store operated CRAC channel arises from the interaction of the two proteins
STIMI1 (stromal interaction molecule) and Orail, and it has been shown that a direct interaction
between these two proteins is sufficient to open the Orail channel pore [23-25]. The signaling
pathway of STIM1 ER-to-PM, which is responsible for local Ca** signals and high cytosolic
concentration gradients, can be explained by a sequence of four steps [26]. STIM1 is located
in the ER plasma membrane (PM) and senses Ca** by a Ca?*-binding site in the lumen of
the ER [27]. The depletion of the ER Ca** stores leads to Ca®* dissociation from the luminal
Ca*-binding site and then to a fast oligomerization or dimerization of STIM1 monomers (see
figure 2). This oligomerization process lasts about 5s [26] and is followed by a diffusion of
these STIMI1 dimers to the cell PM. At the so-called plasma membrane junctions (PMJ), which
are locations where the distance between the ER and the cell PM is smaller than 20 nm, STIM 1
dimers catch Orail tetramers diffusing in the cell PM. This interaction of STIM1 with the Ca**
channel Orail then leads to a strong and directed Ca** flux into the cell.

2.1. The stochastic reaction—diffusion model

We formulate a theoretical model with which we want to study the formation of local
STIM1/Orail hotspots responsible for store operated Ca®* influx. A related model was
introduced in [28] to understand the experimentally observed influence of STIM1 mutants upon
Ca?" influx; here we focus on its physical aspects. Assuming an already depleted Ca** store,
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steps 2—4 of the STIM 1 ER-to-PM pathway (see figure 2) are described by the following reaction
scheme:

STIM1+STIMI  £%  sTIM1 2, (1)
STIMI 2+0rai+PMJ <8 0s,, )
0S,+STIM1 2 &% ©s,, 3)
0S,+STIM1 2 &5 (s, 4)
0S;+STIM1 2 £2% s, (5)

Reaction (1) represents the STIM1 dimerization, where STIM1_2 denotes the STIM1 dimer; (2)
represents the binding of a STIM1 dimer to Orail at a PM junction (PMJ), resulting in a first
open CRAC channel state OS;. Reactions (3) and (4) represent subsequent recruitment of more
STIM1 dimers to an existing channel, each binding of an additional STIM1 dimer to an open
channel OS,, yielding a channel state OS,,; with higher capacity. Each of these four states
contributes in a specific, pre-defined way to the total CRAC channel current

Icrac = 0.001 OS; +0.0250S, +0.275 0S5 + 1.0 0S4, (6)

modeling the experimentally observed graded channel currents [32, 33].

The on-rates k3, ks, k7 and kg as well as the off-rates k4, k¢, ks and ko are not assumed to
be independent, since the STIM1 to Orail binding process is less probable when more STIM1
dimers are already bound to an Orail tetramer (negative cooperativity). Similarly, the CRAC
channel states are more stable when more STIM1 dimers participate in forming the channel.
This cooperativity is controlled by the cooperativity factors o and 8 by assuming that

koniz ="k, kopwa = B"ks forn €{0,1,2,3}, (7)

where negative cooperativity means 0 < «, 8 < 1.

STIM1 diffuses on the ER surface, and Orail in the PM, and the CRAC channels OS;—-0S4
and PM junctions are assumed to be stationary. In our Monte Carlo algorithm the STIM and Orai
particles undergo a random walk and the diffusion events are treated as reactions with reaction
rates d; = D;/Ax where i € {STIM1, STIM1 2, Orai}.

We discretize the diffusion process in the following way: the CRAC channel formation
is a local process, meaning that the recruitment length for STIMI reaching a certain PMJ
is very small [26]. With knowledge of the diffusion constant Dgpy = 0.05-0.1 um?s~! of
STIM1/STIM1_2 and the time period required for STIM1 to accumulate at the PMJ (¢ =
40's), one can calculate the average recruitment length for STIM1 as (X,ecrit) = (4Dt /m)'/? =
1.6-2.3 um [31]. Therefore we model an area of 15 x 15 grid cells, each of Ax? = (0.2 um)?
size. This 9 um? area represents the cell PM and the ER membrane at the same time with a
unique grid cell right in the middle of the geometry, labeled as the PMJ (see figure 3(a)). We
assume periodic boundary conditions for the diffusion of STIM1, STIM1_2 and Orail and we
restrict a STIM1-Orail interaction (reactions/equations (2)—(4)) to the PMJ grid cell. At the
PMJ, STIM1 dimers can trap Orail and build up the four different CRAC channel states OSy,
0S,, OS; and OS4 (Dos, = Oum?s™!,i=1,2,3,4), consisting of one Orail tetramer and one
to four STIM1 dimers. The whole model setup is sketched in figure 3(b).
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Figure 3. Sketch of the two-dimensional (2D) reaction—diffusion model for
CRAC channel formation via STIM1-Orail interaction. (a) Model geometry: the
square lattice represents simultaneously the plasma membrane (in which STIM 1
and STIM1 dimers diffuse) and the ER membrane (in which Orail tetramers
diffuse). The PMJ is immobile. (b) Reaction scheme for STIM1 dimerization
and CRAC channel (OS;, ...,0S,) formation.

Table 1. Reaction and diffusion rates used as the Base Case scenario of the
stochastic two-dimensional model.

Species D (um?s™h) Reaction rate

STIM1 0.1 [26] k3 kon
STIM12 0.05 [26] ks konct
Orail 0.07 [25] ky konot?
OS], OSz, OS3, OS4 0 k9 konOl3
Reaction —Rate ks kot
kon 1.5x 108 (1Ms™h) ke kot
kot 0.8(1s™") ks kote B2
ki 108 (1 Ms™h) k1o kottB*
k> 0.05(1s7 Number of STIM1 monomers 6000

We analyze this two-dimensional (2D) reaction—diffusion system by performing computer
simulations using a Gillespie Monte Carlo algorithm [29] implemented with efficient techniques
to optimize the computation time [30]. At the start of our simulation at time # =0, we
homogeneously distribute all Orail and STIM1 particles in the cell PM and the ER, respectively.
The parameters (reaction rates and diffusion constants) of our Base Case scenario are shown in
table 1 and we indicate whether they differ.

2.2. Results 1

In figure 4(a) we show the temporal evolution of a CRAC current Icgrac that results in the
formation of an Orail channel hotspot at the PMJ, assuming our Base Case parameters.
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Figure 4. (a) Temporal evolution of CRAC current. Black curve indicates the
Base Case scenario and the oscillating red curve is obtained for a slower Orail
diffusion additionally to unbinding of STIM1 monomers instead of dimers. (b)
Normalized CRAC currents as a function of Orail expression for different values
of the cooperativity factors o and f. (c) Number of active channels as a function
of Orail expression. (d) Composition of channel population as a function of
Orail expression.

Very interestingly, our model predicts oscillations of the CRAC current Icgac Which can
possibly enhance the efficiency of Ca®* signals in T-cells. These oscillations can only be
obtained if the following three conditions hold simultaneously: decreased Orail diffusion,
with the diffusion constant Do,,; determining the oscillation period; negative cooperativity of
binding and dissociation (¢ = B8 < 1); and a slightly altered reaction scheme, which assumes
dissociation of two STIM1 monomers instead of dissociation of one STIMI dimer. Under
these conditions, the OS, state dominates and if a dissociation process takes place two STIM1
monomers are created. These STIM1 monomers first have to dimerize again and diffuse back
to the PMJ area in order to trap Orail tetramers or to build up new channel states. After
the first oscillation period, the Orail density at the PMJ is increased because of the slower
Orail diffusion and the CRAC channel formation starts again. Assuming a faster STIMI
oligomerization (higher reaction rate k;, data not shown) no oscillations occur. In this case
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the dimerization at the PMJ is more probable than a STIM1 monomer diffusion event out of
the PMJ grid cell and the result does not differ from the Base Case scenario with STIM1 dimer
dissociation.

As a further result, our model predicts STIMI to Orail binding with a negative (o < 1)
cooperativity as well as a STIM1 dissociation with a negative (8 < 1) cooperativity to be
essential for CRAC channel formation and currents. Otherwise, assuming that STIMI to
Orail binding is independent and noncooperative (o = 1), the model cannot account for the
experimentally found Icgrac versus Orail relation [32]. For a fixed number of STIM1 proteins
the current first increases with increasing number of Orail tetramers until an optimal STIM1-
Orail ratio is reached. Past this optimal ratio, which for our model is STIM1/Orail =7.5,
the CRAC current decreases with stronger Orail expression until Icrac 1S nearly zero, as was
observed experimentally in [32].

Our model only reproduces this current versus Orail expression, mainly the zero current
for Orail overexpression, with a negative cooperativity (o < 1) of binding as well as a negative
cooperativity (8 < 1) of dissociation (see figure 4(b)). The effect of this negative cooperativity
on the CRAC current is shown in figures 4(c) and (d), where we plotted the number of active
channels and the fraction of different channel states OS;—OS, as a function of Orail expression.
For a small number of Orail tetramers the large number of STIMI1 proteins (6000 STIMI1
monomers) overcomes the negative cooperativity of binding and nearly all the available Orail
channels are in the OS, state, which delivers the major part of the total CRAC current (see
equation (6)). But for larger STIM1:Orail ratios and a value of o < 1 the STIM1 dimers start
to bind to Orail more homogeneously. First, the channel state OS, will dominate the current,
but at a value of about 3000 Orail tetramers there exists a crossover above which the state OS;
will dominate, followed by the states OS, and OS3. For noncooperative binding and dissociation
the channel state OS, will, independent of Orail expression levels, always dominate the CRAC
current. As Orail channels in the OS, state contribute most strongly to the CRAC current, the
negative cooperativity of binding/dissociation is needed to account for the inactivating currents
at high Orail levels.

3. One-dimensional model for the effect of mitochondria relocation on Ca?* signals

In this section we want to understand qualitatively the effect of mitochondria relocation within
the cytosol on the spatial distribution of Ca** distribution in the presence of opened CRAC
channels. The situation we envisage is one in which the CRAC channel has already formed (see
section 2) and the ER is depleted and stays depleted (experimentally realizable by the blockage
of SERCA pumps via Tapsigargin). This means we have a constant influx of Ca®* into the cell
through CRAC channels and out of the cell through PMCA. The question is whether the location
of mitochondria within the cell has an influence on the emerging total Ca®* content in the cell.
To provide a first insight we reduced the system to one spatial dimension, i.e. a single
variable x varying between x = 0O (position of the IS with activated CRAC channels) and x = L
(position opposite the IS, the location of PMCA pumps). Mitochondria occupy the region
between x;, and Xy, and for simplicity we assume that the whole Ca** absorption capacity
of the mitochondria is focused at position x;, and all the Ca** absorbed at x;, is re-injected at
position xy. It is straightforward to generalize the model to continuous distributions of sources
and sinks—here we stick to the simplest version since it is sufficient for understanding the basic
mechanisms. In [15], a related model was studied numerically with additional PMCA pumps at
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Figure 5. (Top) Sketch of the 1D model for mitochondria relocation: cytosol
is light green, mitochondria are yellow, Ca** sources (CRAC and mitochondria)
are blue and Ca®* sinks (mitochondria and PMCA) are green. (Bottom) Expected
spatial dependence of Ca®* concentration. ¢ is the concentration at the location
of the CRAC channel (x = 0), ¢, at the front end of the mitochondria (x = x;,),
c; at the back end (x = x,y) and c¢; at the PMCA pumps (x = L). The slopes of
the linear pieces are denoted as A(, A and A, (see the text).

the IS position x = 0. Here we discuss a simpler version that is analytically solvable. The model
and the expected spatial dependence of the Ca** concentration are sketched in figure 5.

Moreover, we assume that cytosolic Ca®* is freely diffusing (i.e. no mobile buffers present)
with sources and sinks of given strength as described above. Mathematically, this problem is
described by the 1D diffusion equation

dc(x, t) 9%c(x,t)

=D _kin C(-xina l)(S()C _xin)+kin C(-xina t)(S(x _xout) (8)
ot dx?
with the boundary conditions
, deg
Dc(x =0)=—| = —kcrac,
dx lx=0
dc ©)
Dc(x=L)= — = +kpmcaCs(x = L).
dx lx=L

kcrac and kpyca are the strengths of the CRAC channel and PMCA pumps, respectively, and
ki is the strength of the mitochondrial uptake (determining also the release at the other end of
the mitochondrion kyy = kijpcs (X = Xip).

3.1. Stationary Ca** concentration profile

We are interested in the stationary solution ¢ (x) = lim,_, ,c(x, t) that is reached quickly due
to fast Ca®* diffusion. For this ¢l (x) = 0 holds for x # Xin, Xou, implying that the function c¢,(x)
is piecewise linear (as depicted in figure 5) and of course continuous. At the points x = x;, and
Xout the second derivative of ¢;(x) has a delta-function part

DC;/(X) = +kincs(xin)8(x — Xin) — kincs(xin)S(x - xout)a (10)

i.e. the first derivative jumps by
Xin,out €
AC;(Xin,out) = ELH(I) dx c;’(x) = {

Xin,out —€

¢s(xin) kin/ D for x = xip,
—Cs(Xin) kin/ D for x = xqy.

(11)
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As in figure 5 we denote ¢ = ¢5(x = 0), ¢ = ¢5(Xx = Xjn), €2 = ¢(x = Xou) and ¢3 = ¢s(x = L).
Moreover, we define [ = x,, — Xin, the length of the mitochondrion, and the slopes A=
(co—c1)/Xin, Ay = (c2 —cy)/l and Ay = (¢ — ¢3) /(L — Xour), implying

c1 = o — AoXip,
c=c1+Al, (12)
¢z = ¢ — Aa(L — Xou)-
Additionally, from the boundary conditions (9)
Ao = kcrac/ D,

(13)
Ay = kpmcacs/D
and from the jump conditions (11)
DA+ DA, = cikin,
(14)

DA+ DAy = cikiy,

we immediately obtain A, = A, which is already indicated in figure 5. A bit of algebra leads to
the solution

¢3 = kcrac/ kpmca.

¢y = kcrac/ kemea +kerac(L — 1 — xin) /D,

c1 = ¢ (1 — (kin — kcrac)l /D), (15)
kcrac/ D
=——  (L+D/k + Xinkinl / D
Co 1+kinl/D( / kpmca +x /D)

that we will discuss below.

3.2. Parameter choice

To estimate a physiologically relevant parameter range, one first has to consider that the model
is 1D, which means that physiologically relevant concentrations and reaction rates have to be
adopted: concentrations in 1D are measured in the number of Ca** ions per micron, which is
the inverse mean distance between Ca®* ions. In three space dimensions, Ca®* concentrations
are measured in nM, i.e. in the number of Ca®" ions per volume. The third root of this
3D concentration yields the inverse mean distance of Ca”" ions in 3D, too. For instance, a
Ca”* concentration of 100nM means 60 Ca®* ions per cubic micron, corresponding to an
average distance of 1/4 micron between Ca®* ions. Thus 100nM corresponds in our model
to a concentration to 4 um~! (note that increasing the concentration in 1D increases the
concentration in 3D by a factor of 8). Thus, we can translate Ca** concentrations in 1D (c;p) to
Ca’* concentrations in 3D (c3p) via the formula

c3p (MM) = 1.66(c1p um)°. (16)

Moreover, inverse Ca** concentrations, as used for a measure of Ca** pumps, are related via
c;pl(M™1) = 0.6(c;p um™")3. We assume that at x = L (the point with the largest distance
from the IS) the Ca’* concentration is ‘normal’, i.e. ¢3 = Creq = 4 um~!. A completely open
single CRAC channel releases about 10* Ca®* ions per second [34], which means that in 3D

New Journal of Physics 15 (2013) 055022 (http://www.njp.org/)


http://www.njp.org/

12 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Table 2. Parameters of the 1D model.

1D model 3D equivalent
Crest 4 ym™! 0.1 uM
kcrac 100s~! 5% 10%s7!
kpmca 25 pm sl 3.84 x 10° MM_I s~!
kin 25 ums™! 3.84 x 10° uM 157!
L 10 um
I = Xou — Xin 1 pm
Xin 0.1-5 um

the CRAC rate is kcrac.ap = 10%s7! for a single channel. An assumed cluster of 50 channels
corresponds in 1D to kcrac.ip &~ 10071, Since ¢3 = kcrac/ kpmca and c3 and k are now fixed,
we have for the PMCA rate kpyca = 25 um s~ In the following, we consider the mitochondria
rate k;, in relation to kpyca. The Ca®* diffusion constant is set to D = 100 um? s, the cell
size is L = 10 um and the mitochondria length is / = 1 um (results for / =2 and 3 um, see
supplementary figures S1 and S2, available from stacks.iop.org/NJP/15/055022/mmedia). The
parameters are summarized in table 2.

3.3. Results

From equation (15), one observes immediately that independent of the choice of parameter
values the Ca?* concentration at the IS (close to x = 0) increases with increasing distance
between the mitochondria and the CRAC channels (i.e. increasing x;,) and that the Ca**
concentration in the center of the cell (i.e. ¢, or the average (c,+c3)/2) decreases with
increasing x;,. Thus the model predicts that mitochondria relocation toward the IS is sufficient to
increase the global Ca** concentration when CRAC channels are active. Concomitantly, the Ca**
concentration at the IS is reduced when mitochondria are close to the IS. Using the parameter
defined above, we have calculated c¢,(x) using equation (15). In figures 6(a) and (b) the Ca*
concentration as a function of x is shown for different positions x;, of the mitochondria and
different mitochondria rates k;,. As expected, the Ca** concentration at the IS decreases with
decreasing distance of the mitochondria, whereas the Ca”* concentration in the bulk increases
with decreasing distance. The effect is most pronounced for high mitochondria rates, where
also the Ca** concentration at the IS is, as expected, lowest. In figures 6(c) and (d) we compare
the Ca®* concentration at the IS, ¢5 = ¢, with the average global Ca** concentration, Cglobal
defined as

L
Cglobal = L_l / dx Cs(x)
0

= L7 [xin(co+¢1)/2 + l(c1 +¢2)/2 + (L —1 — xin) (c2 +¢3) /2] . (17)

The data are translated to 3D Ca®" concentrations with the formula (16). In addition to the
general trend that the global and IS Ca®* concentrations follow opposite trends when varying
the distance x;,, one can see that for large mitochondria rates the global Ca** concentration
can even be higher than the Ca®* concentration at the IS when the mitochondria are close to
the IS. Here the increase of the global Ca** concentration when moving the mitochondria from
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Figure 6. (a), (b) Stationary Ca*" concentration ¢s(x) as a function of x for
different positions x;, of the mitochondria and different mitochondria rates
kin. (), (d) Comparison of the stationary Ca** concentration at the IS, ¢is = ¢
and the average global Ca** concentration Cglobal Calculated with formula (17)
as a function of the distance x;, between IS and mitochondria for different
mitochondria rates k;,. The 1D Ca®" concentration obtained by the model are
translated into the corresponding 3D Ca®" concentration measured in M using
equation (16).

the center of the cell to the IS is about 50%. One obtains qualitatively the same results if one
considers some more complex variants of our model, for example by including Ca** diffusion
inside the mitochondria or by assuming an additional PMCA pump at the cell’s front end (see
supplementary figures S3 and S4, available from stacks.iop.org/NJP/15/055022/mmedia).

One might expect that moving a strong sink closer to the main Ca** source will decrease
the Ca®* concentration here and that the release of this absorbed Ca®* at a distant site will
increase the Ca** concentration there. But that the foral amount of Ca®* present in the cell will
be substantially increased already by this simple redistribution without any further mechanisms
involved appears to be a rather non-trivial prediction of this simple model.
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4. Ca* signaling during T-cell activation and polarization

4.1. Microdomains and global Ca** during T-cell polarization

After the formation of an immunological synapse, the polarization of T-cells, the rearrangement
of cell organelles and Ca®* channels and pumps, starts. This polarization is essential for
the calcium-dependent activation of T-cells that should finally end in destroying or killing
the abnormal/antigen-representing cell. For full activation, a sustained, robust and high Ca**
signal of several minutes up to hours is needed. There is strong evidence that mitochondria,
which act as Ca*" buffer and distributors, are very important for full T-cell activation. It was
shown that inhibition of mitochondrial calcium uptake diminished the cytosolic Ca** [35] and
that mitochondria actively translocate to the IS [14, 15], where they are localized close to
CRAC channels. There, mitochondria lower the Ca** microdomain right at the IS and thus
prevent the calcium-dependent inactivation of the CRAC channels. Besides, a redistribution and
accumulation of PMCA pumps beneath mitochondria right after IS formation is observed [15],
which decreases the calcium export locally and in the end leads to higher global Ca** signals.
Hence, one could expect the distance between the opened CRAC channel and the mitochondria
to be the dominant physical determinant of spatial Ca®" signals. We therefore want to answer
the questions whether the distance between IS and mitochondria influence the global Ca**
concentration and the local Ca®* microdomain at the IS simultaneously and whether the
redistribution of PMCA pumps is a necessary effect in T-cell activation. Furthermore, we want
to study the role of active SERCA pumps, which under physiological conditions refill the ER,
and the influence of ER position on the resulting Ca?* signals.

4.2. The three-dimensional full cell reaction—diffusion model

As mentioned above, the up-regulation of the cytosolic Ca®* concentration during T-cell
activation is a result of a complex interplay between several cell compartments (cytosol,
mitochondria, ER, etc) and different Ca®* channels and pumps that transfer Ca®* from one
compartment to the other. To understand the effect of mitochondria relocation within the
cytosol and the PMCA pump accumulation on the spatial distribution on Ca**, for example,
we developed a 3D full cell model for the Ca** dynamics during T-cell activation. We assume
an ideal spherical T-cell with radius r.; =4 um. 2D microscopy images of T-cells deliver
the estimate that the cell nucleus covers about half and mitochondria about 10% of the cell
area. Modeling a spherical nucleus and tori- or rod-like mitochondria, this estimate leads to a
radius 7y = ree/2 and four to ten mitochondria with a length of 3.5 um and a diameter of
dy = 300 nm.

In our simulations, eight mitochondria at a distance of xy, to the IS can take up Ca*
at their upper tip pointing toward the IS (yellow surface, see figure 7) and release it at the
opposite end. Within the mitochondria, Ca** diffuses with diffusion constant Dy;. At the IS,
we assume an accumulation of CRAC channels into a cluster of radius rcrac = 0.1 um. At
a distance of 0.3 um to this CRAC cluster, a spherical segment of 100 nm width represents
an agglomerate of PMCA pumps. In our Base Case scenario this spherical segment contains
50% of all pumps, whereas the other 50% are homogeneously distributed over the whole cell
PM. Inside the cytosol, calcium is buffered by a mobile Ca** buffer b that freely diffuses with
constant D,. The total amount of buffer [b]t = [b] + [bc] is initially uniform in the cytosol for
which we assumed that the binding of calcium does not change the diffusion properties of the
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Figure 7. (a) 3D model geometry for studying the effect of mitochondria
relocation on Ca®" influx at the IS in T-cells. The outer shell indicates the
cell membrane, the inner sphere the nucleus and the circular region at the top,
the IS. Around the IS the CRAC channels (red) and the PMCA pumps (blue)
agglomerate. The green compartment indicates the ER, the rod-like objects with
yellow tips indicate the mitochondria and the black arrow indicates the distance
Xmito between mitochondria and IS. (b) 2D (x—z plane) profile of the model
geometry.

buffer. In addition to the cytosol and mitochondria, the ER (green volume, see figure 7) is the
third compartment that completes our simulation geometry. The naturally very thin ER network
is modeled as a massive domain and therefore we assume open flux conditions for the cytosolic
calcium cy at cytosol-ER boundaries, which means that cytosolic calcium freely diffuses
through the ER domain. Our model geometry that consists of the complete cell subtracted by the
nucleus is the sum of three disjunct compartments: the cytosol, the ER and eight mitochondria.
Within these three different compartments the Ca** dynamics are described by the following
reaction—diffusion equations:

dCeyt 2

Cytosol : ” = D¢V Ceyt — kiceyib + kobc, (18)
ob 5
o = D,V°b — kiceyb + kb, (19)
dbc 5
o = Dy V7bc+kiceyb — krbc. (20)

0
Mitochondria : % — DyVien. 1)
0CER 2
ER: 3 = DERV CER- (22)

The calcium transfer between these 3D compartments and the Ca** in/outflow across the cell
plasma membrane Jy;, Jegg and Jpy are described as flux/boundary conditions on particular
2D surfaces. The Ca?* exchange through the cell membrane Jpy can be decomposed into two
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contributions, Jpy = Jerac — Jpmca, the influx from the CRAC channels and the Ca** pumped
out of the cytosol by the PMCA pumps. Jcrac is only defined on the CRAC cluster surface (red
area in figure 7). The cluster influx is coupled to the Ca®* concentration within the ER (cgRr)
and at the average Ca** concentration (cg;lcm)) in the microdomain around the cluster in the
following way:

(micro)

Jerac = kcrac f (CER) &eypp,ac(Coy Do (23)

where f(x) and g(x) are both smooth sigmoidal-shaped functions modeling the CRAC
activation by emptied ER and CRAC inhibition by an enhanced Ca®* concentration in the
microdomain, respectively. We assume f(x) = 0 for a full store x > 10 umol and f(x) = 0 for
an empty store (x = 0). g, ,.ac(x) varies smoothly from g(x) =1 forx < ¢jp — Actog(x) =0
forx > ¢+ Ac.

The Ca** removal from the cytosol through the plasma membrane by PMCA pumps is
given by

ccyt

kp + Ceyt ’

JPMCA,PM = kPMCA,PM (24)

where the parameter k, represents the Ca”* concentration at which the pumps work at half
maximal efficiency kpyca.pm, and

Ceyt

(25)

Jpmca.is = kpmca.s .
kp + Ceyt
This form reflects the fact that the activity of the PMCCA pump increases with Ca®* concentration
in the cytosol [36-38]. Jpmcais describes the flux through the PMCA pumps, which are
accumulated in the spherical segment around the IS, and Jpmca pm describes the flux through
the residual plasma membrane.

The Ca®* exchange of the ER is restricted to the ER surface (green area, see figure 7)
and the flux Jgg can also be decomposed into two contributions, Jegr = Jip, — Jsgrca, the Ca*
release by the IP; receptors and the Ca®* pumped back into the ER by the SERCAs. In our
simulations we assume fully activated IP; receptor channels during the specified time period
tip,. For time ¢ > f1p, the flux Jip, is equal to zero; otherwise it is given by a constant release rate
multiplied with the ER Ca*" concentration:

JIP3 = kIP3 CER- (26)

For a modified flux including the calcium-induced inhibition of the IP; receptor the results do
not change significantly.
The Ca** back-flux into the ER caused by the SERCA pumps is

Jserca = KSErCACeytJ (Ceyt) s (27)

where j (ccy) 1s a smoothed sigmoidal function that is zero for a cytosolic concentration of 0 nM
and reaches its maximum value of one for concentrations around 400 nM. The Ca®* uptake,
release and redistribution by mitochondria is given by the flux

Im = —km;, Ceyt + kMo CM (28)

where kyy, coye describes the Ca”* uptake at the tube ends pointing toward the IS (see figure 7,
yellow surfaces). The release of mitochondrial Ca** is described by the boundary condition
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ki, cv at the opposite tube ends. The mitochondrial Ca** uptake in our model depends on the
cytosolic concentration cy, whereas the Ca®* release is a function of the buffered Ca®* inside
the mitochondria, cy;. This simplified description of mitochondrial Ca** uptake and release, only
possible at the circular mitochondria ends, saves computational time and leads qualitatively to
the same results as a more realistic mitochondria modeling with Ca** uptake and release that is
defined on the complete mitochondria/cytosol interface.

With our model we want to study two different scenarios, an ‘experiments-like’ case and
a more physiological one. The first addresses most experiments concerning Ca®* signaling in
T-cells, which make use of tapsigargin. Tapsigargin is a drug that blocks the SERCA pumps,
thus leading to a completely depleted ER and fully activated CRAC channels. In this case we
just neglect the ER compartment with its IP; channels and SERCA pumps and assume a fully
activated CRAC channel that is only inhibited by the formation of a microdomain around the
channel. As a consequence, equation (22) and the boundary condition defining the flux Jgg are
omitted, and equation (23) changes to Jecrac = kcrac g(céry‘?m’)).

Considering the full set of equations and boundary conditions defined above allows us
to study a more physiological scenario that is very hard or nearly impossible to investigate in
experiments. In this case we analyze Ca** signaling with active SERCA pumps, a fully loaded
ER at time r =0 and a predetermined IP; stimulus of duration #p,. As long as this stimulus is
present, the IP5 channels release Ca®* out of the ER, thereby activating the CRAC channels and
leading to a Ca®* influx into the cell. The channel activation causes a rise of the cytosolic Ca**
concentration and a refilling of the ER by the SERCA pumps, thus leading to a partial inhibition
of the CRAC channels.

To solve our reaction—diffusion equations, we use the package ‘transport of diluted species’
of the finite elements method software ‘Comsol’ (http://www.comsol.com/).

4.3. Parameter values

As the diffusion coefficient of free cytosolic and mitochondrial Ca**, we use the value measured
by Allbritton et al [39], D¢y, = Dy = 220 (Mm2 s‘l). Because of the internal organelle structure,
the diffusion coefficient in mitochondria should be smaller than for free cytosolic diffusion. But
a variation of the coefficient Dy; does not change the results for the stationary Ca”* profiles
(data not shown). The diffusion coefficient in the ER is about a factor of 2—5 smaller than in
the cytosol because of the tubular ER structure [40, 41]. Mobile Ca** buffers normally diffuse
with a diffusion coefficient of one-tenth to one-half that of free Ca®* [42]. The reaction rates
for Ca%* binding and unbinding, k; and k,, and the buffer resting concentration of ¢, (¢t = 0)
are in good agreement with commonly used modeling parameters [5]. The channel cluster with
an area of Acgac = 3.0 x 107'*m? consists of about 40—60 active channels; each one, if fully
activated, pumps 10* Ca** ions per second into the cell [43]. This leads to a CRAC channel
influx parameter of about kcrac ~ 3 x 107> mol/(m?s). Note that in our Base Case scenario
50% of all PMCA pumps are located in the spherical segment at the IS (see figure 7). The
surface ratio of the plasma membrane and the spherical segment Apyi/Agegment = 720 leads to
the relation kpyica.pm = kpmca.1s/720 for the two maximum current sizes.

The maximum PMCA clearance rate in T-cells is in the range of 50-200 nM s~! [38], which
if multiplied with our simulated cell volume (2.7 x 1013 dm?) would lead to a maximum PMCA
clearance of 0.5 x 10~ mols~!. In our Base Case scenario the maximum value of the PMCA
current is Ipax., = 2 Apykpa.,, = 1.12 x 107" mol s™!, which is in good agreement with other
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Table 3. Parameters and initial values used for the Base Case scenario in our 3D

cell model.

Parameter Value (unit) Parameter Value (unit)

Deyt 220 (um?s™ 1) ki 100 (m? (mols)~1)
Dwm 220 (um?s~) ks 03 (1s™H

D, 20 (um?s~h) kwm, 4% 1072 (ms™hH
Die 20 (um?s~h) km,, 2x 1073 (ms™)
Dgr 100 (um? s™") kserca 107 (ms™)
Ceyi(t =0) 100 (nmol) kip, 1078 (ms™1)

em(t =0) 100 (nmol) kcrac 4 % 107 (mol (m?s)™!)
cer(t =0) 10 (wmol) kpmca 2.8 x 1072 (mol (m?s~1))
cp(t =0) 10 (umol) kp 0.25 (umol)

cpe(t =0) 0.5 (umol) ci12 7.5 (umol)
Acrac 3.04 x 10~ * m? Ac 6.5 (umol)

Apm 2.0 x 10719 m? Am 5.08 x 107 1* m?

theoretical work [44, 45]. The maximum calcium clearance by mitochondria can be estimated
as I = Aykm*c ~ 1 x 107" mols~!, where ¢ =20-50nM is the Ca®* concentration that
is averaged over the Ca’* uptaking mitochondria surfaces (yellow area, see figure 7). With
the resulting ratio Ip\ie,/Iy™ &~ 1 our parameter choice is in very good agreement with the
known experimental result that in T-cells calcium clearance by mitochondria and calcium
clearance by PMCA pumps are within the same range of magnitude [15, 38, 46, 47]. The
robustness of our results with respect to a variation of the ratio Ip\ie,/Iy™ is discussed in
supplementary figure S5 (available from stacks.iop.org/NJP/15/055022/mmedia). There we also

show qualitatively the same results for a different ansatz for the Ca®* uptake and release by

. . &2 . .
mitochondria, Jy = kv, 75 — km M_ and again obtain the robustness of these results
Ky +Cayt out kppp+em

with respect to a variation of the ratio Ipye,/Iy™-
The initial values, reaction/diffusion parameters and other parameter values we used as a
Base Case scenario are summarized in table 3.

4.4. Results

4.4.1. Disabled sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pumps and
the influence of mitochondria and plasma membrane Ca** ATPase pump location. First, we
present results that are obtained with our model assuming active CRAC channels and disabled
SERCA pumps (experimentally realized by the SERCA inhibitor tapsigargin), neglecting the
ER domain. In figure 8 snapshots of the resulting spatio-temporal evolution of the Ca®*
concentration are shown for mitochondria close to the CRAC channels (x;, = 0.1 um). Further
snapshots are shown in supplementary figures S6 and S7 (available from stacks.iop.org/
NJP/15/055022/mmedia). After a few seconds the Ca®* distribution reaches a stationary state
that is now evaluated further.

The stationary local and global Ca®* concentrations as functions of mitochondria position
Xmio for our Base Case scenario are shown in figure 9(a). The local or microdomain
concentration is computed by averaging the cytosolic Ca** in a 100nm sphere with origin
in the middle of the CRAC cluster. Analogous to the 1D results, our 3D model predicts that
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Figure 8. 3D snapshots of the spatio-temporal evolution of the cytosolic Ca**
concentration c.,. Shown is a quarter of the cell geometry and the surface
concentration of the visible geometry for a mitochondria position x;, = 0.1 um.
Parameters that are used for these calculations are discussed in section 4.3
and shown in table 3 in the main text. (a) t =0s, (b) t =55, (¢) t =10s and
(d)t =20s.

mitochondria relocation or their relative position to the IS, xy;,, controls Ca** microdomains
as well as global Ca®* signals when CRAC channels are active. By moving the mitochondria
tip, which represents a sink, closer to the source of Ca”* influx, the local Ca®* microdomain is
lowered as expected. Concomitantly the global Ca**, which is the average concentration over
the whole cell, is increased if mitochondria are close to the IS.

The inset of figure 9(a) shows results for a case that is reminiscent of the geometrical
arrangement in our 1D model (see section 3). In this scenario, 50% of PMCA pumps accumulate
at the pole opposite the IS. This unphysiological model geometry also reveals that mitochondria
position Xy, controls Ca* signals; however, the dependence of Ca** on the mitochondria
position is not as steep. In this case the pumps are located in a region of low Ca** concentration
and are thus not that efficient. 3D snapshots of the spatio-temporal evolution of the global Ca**
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Figure 9. (a) Local (100 nm microdomain) and global (cytosol) stationary Ca?*
signals as a function of the distance mitochondria—immunological synapse Xito-
The horizontal constant gray lines indicate the Ca®* signals without mitochon-
dria, ky, =0. Inset: the PMCA pump accumulation not around the IS but
around the opposite cell pole. (b) Global and local Ca*" signals as a func-
tion of Xy, for the Base Case scenario, more mobile Ca?* buffer (100 mM),
stronger CRAC current (kcgac =2 x 107* (mol (m?s)~!)) and weaker mito-
chondrial Ca** uptake/redistribution (ky, =4 x 10~3(mol (m?s)~"), ky,, =
2 x 10~*(mol (m?s)~")). (c) Ca* signals for different PMCA pump accumu-
lations around the IS. (d) Ratio of Ca®" that is pumped out of the cell by the
PMCA cluster around the IS and the homogeneously distributed pumps in the
cell membrane.

signals that correspond to figure 9(a) are shown in supplementary figures S6 and S7 (available
from stacks.iop.org/NJP/15/055022/mmedia).

The strong dependence of Ca* signals on the value of xy, is very robust under parameter
changes, similar to what we found for the simplified 1D model described in the last section and
in [15]. In figure 9(b) this robustness is demonstrated for stronger CRAC channel current, higher
concentration of mobile buffers and enhanced mitochondrial Ca** uptake and release. The same
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holds for changing further parameters, for example for weaker or stronger PMCA pumps or for
a different ansatz for the mitochondrial Ca®* uptake and release (see supplementary figure S5
(available from stacks.iop.org/NJP/15/055022/mmedia)).

Although a lower microdomain Ca®* concentration inflicted by close mitochondria reduces
CRAC channel inhibition (see equation (23)) and thus might lead to higher Ca** influx, our
model predicts an even more important role for the location of the PMCA pumps. We find that
in addition to mitochondria relocation, the redistribution and accumulation of PMCA pumps
near the IS are essential for high global Ca®* signals and thereby for T-cell activation. The ratio
of PMCA pumps located at the IS and the pumps in the remaining PM is the only parameter
we found that reduces or even cancels the influence of mitochondria position on the observed
stationary global Ca*" signals. If one neglects the experimentally observed PMCA enrichment
around the IS [15] and assumes a uniform pump distribution over the whole cell membrane,
the global Ca** signals do not depend on the parameter xg, anymore (see figure 9(c)). A fatal
consequence for T-cell activation is the fact that under these conditions no high global Ca**
signals exist.

To understand this strong impact of PMCA pump distribution, we plotted the ratio of
Ca®* pumped out by PMCA pumps located around the IS, PMCAs, and by the pumps that
are uniformly distributed in the PM, PMCAcy (see figure 9(d)). Competition between the
mitochondria and the PMCA pumps for the incoming Ca®* takes place. For mitochondria close
to the IS, they win this competition and the more PMCA pumps accumulated around the IS,
the less Ca®* pumped out of the cell, thereby increasing the global Ca®** concentration. For
mitochondria near the IS (xy;, < 300 nm), the amount of Ca?* pumped out by the PMCA pumps
located around the IS is small (about 20% for Base Case) compared to the amount of Ca**
pumped out by the pumps which are distributed in the cell membrane. On the other hand, one
can see that mitochondria position becomes increasingly important as more PMCA pumps are
accumulated at the IS. For a uniform PMCA pump distribution, the ratio PMCA;s/PMCAcm
is nearly zero, independent of the mitochondria position xy,, just because of the huge surface
ratio ACM/AIS =720.

4.4.2. Active SERCA pumps and the influence of endoplasmatic reticulum/SERCA location. In
the second part (see figure 10) we present the results of our model including the ER domain
with active SERCA pumps, IP; receptors and a CRAC channel current that senses the ER
filling level. 3D snapshots of the spatio-temporal evolution of the Ca** signal are shown in
supplementary figures S8 and S9 (available from stacks.iop.org/NJP/15/055022/mmedia). The
temporal evolution of the cytosolic/global Ca** signal for different mitochondria positions
is shown in figure 10(a). Assuming a constant IP; signal for the complete simulation time
tip, = 250 s, the model predicts, analogous to the former case without ER depletion and refilling,
a strong dependence of the global Ca®* signal on the mitochondria position. We also find that in
‘stationary’ state the CRAC channel currents are stronger for mitochondria closer to the IS but
a complete refilling of the ER accompanied by a CRAC channel inactivation is not observed.
For a smaller time period of active IP; receptors f1p, = 30's (see figure 10(b)), we find a partial
CRAC channel inactivation caused by ER refilling. This channel inactivation and refilling of the
ER is fastest for small values of xy, because of the higher global Ca** signal that was reached
for times t < fyp,.

These results change dramatically (see figures 10(c) and (d)) if we change our geometry.
Instead of a homogeneous SERCA pump distribution in the ER membrane we now assume

New Journal of Physics 15 (2013) 055022 (http://www.njp.org/)


http://stacks.iop.org/NJP/15/055022/mmedia
http://stacks.iop.org/NJP/15/055022/mmedia
http://www.njp.org/

22 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Distance Mitochondria-IS [um]: Distance Mitochondria-IS [um]:

1,0+ 0.1 0.3 0.5 1,0+
—10 —15 —20 0.1 0.3 0.5
—10 —15 —20
0,84 0,8
=) =)
= =
& & 0,64
S5 064 8 O
c v g @©
(&) (&)
L L
§ 0,4 § 0.4
= =
(&) O
0,2
0,24
T T T T T 0,0 T T T T J
0 50 100 150 200 250 0 50 100 150 200 250
time [s] time [s]
(a) (b)
Distance Mitochondria-IS [um]: Distance Mitochondria-IS [pm]:
1,0+ 0.1 0.3 0.5 0.1 0.3 0.5
—10 ——15 —20 144 —1.0 ——15 —20
0,8 12
=
= E‘ 104
&(U 0,6 3
O . 8
% 0,4 NS 6
>
&) 44
0,2
24
0,0 T T T T 1 0 T T T T g
0 50 100 150 200 250 0 50 100 150 200 250
time [s] time [s]

(c) (d)

Figure 10. Ca®* in the cytosol and the ER for different durations of the IP;
signals and under different SERCA pump distributions. We assume immobile
mitochondria at a distance xyj, to the IS. (a) Temporal evolution of global
Ca®*. SERCA pumps are uniformly distributed and IP; is present during the
whole simulation time, #p, = 250s. (b) Temporal evolution of global Ca’* with
uniformly distributed SERCAs and #p, = 30s. (¢) Temporal evolution of global
Ca”?*. SERCA pumps are accumulated near the IS and IP; is only present for
the first 30's. (d) ER Ca* as function of time (accumulated SERCA pumps and
lip; = 30s).

that all SERCA pumps cluster in a circle of 350 nm diameter (see figure 6(a), circle in the
middle of the ER domain) underneath the IS. Assuming a transient IP; signal we find, as for
the case of non-clustering SERCAs, a refilling of the ER that leads to a partial inactivation
of the CRAC channel current and consequently to a drop of the global Ca** concentration.
But in contrast to a uniform SERCA pump distribution, one finds that cells with mitochondria
at short distance from the IS (xpi < 300nm) are able to maintain a high global Ca* signal
(see figure 10(c)), even in the absence of IP;, for times t > #p,. This is possible because
mitochondria win the competition for Ca** ions against the PMCA and SERCA pumps, thereby
reducing the store refilling (see figure 10(d)) and thus reducing the CRAC current inactivation.
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Qualitatively, these results change neither by assuming a more sophisticated ER geometry nor
by assuming a different ansatz for the Ca>* back-flux into the ER caused by the SERCA pumps
(see supplementary figure S10, available from stacks.iop.org/NJP/15/055022/mmedia). Overall,
our model predicts even for transient IP; presence a sustained, robust and high Ca** signal that
is needed for full T-cell activation if cell polarization managed to bring mitochondria close to
the IS with a simultaneous SERCA pump accumulation in this region.

5. Discussion

The magnitude and duration of Ca”* signals are very important and offer the possibility of
inducing different immune responses such as tolerance, strong activation or apoptosis. For T-
cell proliferation and activation, a high and robust Ca** signal for minutes up to hours is needed.
To obtain such a high and robust signal, one has to postulate that Ca**-dependent CRAC channel
inactivation has to be reduced. As a consequence, local Ca?* microdomain concentration around
the channel as well as the ER store refilling would have to be lowered. In this paper, we
analyzed how the interplay of channels, pumps and organelle relocation leads to different Ca**
microdomains and thereby to different global Ca** signals. The understanding of these complex
mechanisms will help to elucidate physiological and pathophysiological T-cell activation.

Already in a highly simplified 1D model we could demonstrate the importance of
mitochondria relocation toward the opened CRAC channels for the total cytosolic Ca** content
of the T-cell. Our physiologically more realistic 3D model presented in this paper confirms
this result that the relative position between mitochondria and the IS xyj, indeed controls the
stationary global Ca** signal and this result is very robust under parameter changes.

It should be emphasized that the model also demonstrates that a direct inhibition of a Ca**-
dependent inactivation mechanism of CRAC channels is not necessary for sustained Ca influx:
the decrease of Ca®* concentration at the IS is a consequence of mitochondria relocation and
Ca®* uptake, not a premise for it. From a physical point of view it is also hard to imagine how
Ca®* uptake at 100-300nM distance from the CRAC channels could prevent intruding Ca**
from inactivating CRAC channels if Ca**-binding sites at the CRAC channel are involved.

Interestingly, the model predicts that for mitochondria relocation to have an effect on the
global Ca®* concentration, the PMCA pumps have to be distributed inhomogeneously over the
PM. This effect is maximal for an accumulation of PMCA pumps around the IS, as actually
observed experimentally [15]. In this case it is plausible that mitochondria relocation toward the
IS has such a drastic effect on the global Ca** concentration: they prevent the PMCA pumps that
are in the close vicinity of the opened CRAC channels extruding the intruded Ca®* right away
by absorbing it on the spot and redistributing it further inside the cytosol again. Surprisingly,
PMCA accumulation at a position opposed to the IS is also sufficient to render the global Ca**
concentration mitochondria position-dependent, which is reminiscent of what happens in the
1D model. Since in this case there is no competition between mitochondria and PMCA Ca**
uptake, this spatial arrangement is less efficient.

It would be highly rewarding to test experimentally whether PMCA pump accumulation
around the IS is indeed a necessary process for T-cell activation as predicted by our model.
Unfortunately, an appropriate experimental setup appears to be hard to realize: one way would
be to immobilize PMCA pumps in the PM, but they need to stay functional. Orail, on the other
hand, needs to be able to diffuse in the PM since otherwise CRAC channels would not form,
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as we have demonstrated in our reaction—diffusion model for STIM1-Orail interaction during
CRAC channel formation.

We have also studied the effect of the refilling of the ER, which usually interrupts CRAC
influx by inactivation of STIM1. Again we found mitochondria position to be important for
the local and global Ca®* concentrations. One unexplained puzzle within the T-cell activation
process is that Ca** signaling by CRAC channels is prolonged for > 1 h even though average IP;
levels (responsible for depletion of the ER) return to near basal levels within 10 min [34, 48, 49].
We were able to show within our model that cell polarization, the relocation of mitochondria
and the accumulation of PMCA and SERCA pumps at the IS, can lead to an ongoing, high and
robust global Ca”* signal even after only a short IP; pulse. To achieve this, (a) mitochondria
have to come very close to the IS and (b) the SERCA pumps in the ER membrane must also
accumulate in the vicinity of the IS. Then the mitochondria prevent Ca** not only from being
extruded by PMCA pumps but also from being pumped into the ER by the SERCAs. Again it
would be rewarding to test this spatial arrangement experimentally, but it provides a challenge
for optical techniques since already the distance of the mitochondria to the CRAC channels is
predicted to be close to the optical resolution limit (xp, < 300 nm).

We found very strong dependence of the average cytosolic Ca®* concentration on the
distance between mitochondria at the IS and the plasma membrane (figure 8(a)). An increase
of the distance between mitochondria and plasma membrane from 100 to 500 nm decreased
the cytosolic Ca®* concentration from about 900 to below 300 nM, a range where T-cell
activation is not optimal anymore. The model predicts quite drastic cytosolic Ca** concentration
changes. In fact, such Ca** changes have been observed in T-cells following the blockade of
mitochondrial Ca®* uptake [35, 50]; they were called Ca** transitions. These Ca®* transitions
may also underlie Ca®* oscillations observed in T-cells. Together with altered Orail diffusibility
as a mechanism to produce Ca’* oscillations (see below), mitochondria—Orail channel distance
regulation is a second parameter which critically influences cytosolic Ca®* concentration.
Additional parameters like Ca** store content [51], TRPM4 activity [52] or Ca**-activated K*
channel activity [50] may modulate Ca** oscillations but are not per se required for producing
oscillations.

In our reaction—diffusion model for the STIM1-Orail interaction during CRAC channel
formation, we found that negative cooperativity of STIM1 to Orail binding and the stabilizing
effect of STIMI1 already bound are essential. The model also predicts CRAC current oscillations,
which would also induce oscillations of cytosolic Ca** concentration, which have been
previously explained in two ways: through oscillations in Ca®* store content [51] or by
modulating the activity of the Ca**-activated cation channel TRPM4 [52]. Our model shows
that intrinsic properties of STIM and Orail are sufficient to generate oscillations of cytosolic
Ca”* concentration; no additional feedback mechanism is required.

It is possible to combine this reaction—diffusion model to the whole cell modeling
framework for spatial arrangements of organelles with respect to the CRAC channels. In
particular, since we found oscillations of the CRAC current for altered diffusibility of Orail
it would be interesting to study them in the whole cell framework as a possibility to
enhance T-cell activation function [53]. Finally, we used a very simplified model for the
function of mitochondria and it would be interesting to check whether physiological details of
mitochondrial Ca** uptake, release, buffering and redistribution [16] add new physical features
to the complex interplay of channels, pumps and organelles in T-cell polarization.
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