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ABSTRACT

Ca?* microdomains and spatially resolved Ca?* signals are highly relevant for cell function. In T cells,
local Ca?* signaling at the immunological synapse (IS) is required for downstream effector functions.
We present experimental evidence that the relocation of the MTOC towards the IS during polarization
drags mitochondria along with the microtubule network. From time-lapse fluorescence microscopy we
conclude that mitochondria rotate together with the cytoskeleton towards the IS. We hypothesize that
this movement of mitochondria towards the IS together with their functionality of absorption and spa-
tial redistribution of Ca?* is sufficient to significantly increase the cytosolic Ca%* concentration. To test
this hypothesis we developed a whole cell model for Ca?* homoeostasis involving specific geometries
for mitochondria and use the model to calculate the spatial distribution of Ca?* concentrations within
the cell body as a function of the rotation angle and the distance from the IS. We find that an inhomo-
geneous distribution of PMCA pumps on the cell membrane, in particular an accumulation of PMCA at
the IS, increases the global Ca?* concentration and decreases the local Ca?* concentration at the IS with
decreasing distance of the MTOC from the IS. Unexpectedly, a change of CRAC/Orai activity is not required
to explain the observed Ca%* changes. We conclude that rotation-driven relocation of the MTOC towards
the IS together with an accumulation of PMCA pumps at the IS are sufficient to control the observed Ca*
dynamics in T-cells during polarization.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

is, among other mechanisms, guaranteed through polarized secre-
tion of lytic granules (LG) containing perforin and granzymes at the

Organelle polarization is a fundamental biological process for
many cellular functions [1-5]. Cytotoxic T lymphocytes (CTL) and
natural killer (NK) cells are highly polarized during cell migration
and immunological synapse (IS) formation with their cognate tar-
get cells like tumor cells or virus infected cells [ 6-8]. Polarity is often
controlled by actin polymerization induced by Cdc42 [9] or Arp2/3-
dependent actin nucleation [ 10]. The specificity of target cell killing
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IS[11-13]. The microtubule organizing center (MTOC, centrosome)
is a key organelle involved in repositioning of LG towards the IS fol-
lowing actin depletion [14], and secretion of LG at the IS is one of
the central polarization steps in CTL and NK cells [4,15]. The MTOC
moves to the IS within several minutes of IS formation [13,16]. This
directed movement requires the motor protein dynein [17] which
according to the favored mechanism, mediates MTOC reposition-
ing to the IS by generating force through microtubule binding at
the outer ring of actin at the IS. This process is also referred to
as cortical sliding mechanism. This view has recently been chal-
lenged by Yi etal.[18] who present a series of experiments favoring
a mechanism that dynein mediates MTOC repositioning through
a “microtubule end-on capture-shrinkage mechanism”, by which
dyneins act on microtubules docked at the center of the IS and not
at the outer actin ring. Regardless of the model, the MTOC is con-
sidered a master regulator of T cell polarization [17] and it is most
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Fig. 1. Mitochondrial localization at the IS modulates local and global Ca?* levels. Fluo-5F/AM loaded Jurkat E6.1 T-cells were settled either on anti-CD3 antibody-coated
coverslips (inducing IS formation) or on poly-L-ornithine-coated coverslips (no IS formation). Ca* stores were depleted by 5-7 min thapsigarin (1 wM) pre-treatment in
Ca?* free solution and subsequently, cells were exposed to 20 mM Ca?*. (a) Mean normalized fluorescence of Fluo-5F by TIRFM of 33 (with IS formation, red trace) and 37
(no IS formation, blue trace) cells over time (at 20 min, p <0.0001) representing local Ca?* signals at the plasma membrane. (b) Mean normalized fluorescence of Fluo-5F by
epifluorescence microscopy of 17 (with IS formation, red trace) and 18 (no IS formation, blue trace) cells over time (at 20 min, p=0.036) representing global Ca2* signals. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

likely guiding other organelles like the Golgi apparatus [19,20],
mitochondria [21-24] and LG [13] to the IS.

Several of the signaling steps governing CTL and/or NK cell
dependent target cell death are Ca2* dependent: (1) MTOC relo-
calization to the IS [18]; (2) mitochondria relocalization to the IS
[24,25];(3)secretion of LG at the [S[26-28]; (4) perforin-dependent
lysis of target cells [29]. While the exact molecular mechanisms of
how Ca?* is involved in regulating these processes are not resolved
yet, it is clear that Ca%* influx through Orai (mostly Orai1) channels
is the main Ca2* source [28,30,31]. Ca2* influx at the IS through
Orail channels is among other factors controlled by mitochon-
drial positioning at the IS. There, mitochondria act as CaZ* sinks,
whereby they control CaZ* dependent activity of Orai channels and
local Ca%* concentrations at the IS as well as global cytosol Ca2*
concentrations ([Ca?*]eyt) [23,32,33].

In this paper we show that cytoskeleton rotation relocates
mitochondria to the immunological synapse. Unexpectedly, repo-
sitioning of mitochondria alone can modulate the global cytosolic
Ca?* concentration, independent of any influence of mitochondrial
position on CRAC/Orai channel activity. We determine the geomet-
ric path that mitochondria take during relocation towards the IS
and show that it is correlated with a rotation of the MTOC and
microtubular network. We implement this rotation into a model for
spatiotemporal Ca2* dynamics in T-cells that we proposed recently
[33] and present the predictions of this model about the depen-
dence of the global and local Ca%* concentration on the rotation
angle of the cytoskeleton/mitochondria system.

2. Results
2.1. Mitochondria relocation correlates with Ca®* increase

In 2011, we have shown that mitochondrial relocation to the IS
decreases local cytosolic Ca2* levels but increases global ones [23].
We confirm these findings by an independent set of experiments in
human Jurkat T-cells (Fig. 1) similar to the experiments shown in
Fig.4Cand D of our previous publication [23].In case anISis induced
by anti-CD3 antibodies on the coverslip, mitochondria localize to
the IS as shown by Quintana et al. [23] and the local Ca%* signals at
the plasma membrane are lower compared to conditions in which
no IS was formed (Fig. 1a). In contrast the global Ca2* signals are
higher in case of IS formation (Fig. 1b). Localization of mitochondria
at the IS thus decreases the local Ca?* levels compared to exper-
iments where no IS is formed but increases the global ones. In

conclusion mitochondrial localization relative to CRAC channels at
the IS determines local and global Ca?* concentrations.

2.2. Mitochondria relocation correlates with cytoskeleton
movement

Whereas it is undisputed that mitochondria relocalize to the IS,
the exact mechanisms of the relocalization process have not been
resolved. Mitochondrial fusion/fission [21] and cytoskeletal reor-
ganization are very likely involved [3,5] but the exact mechanisms
are not understood. Considering the MTOC relocalization to the IS
[13,16,19,20] and its potential to guide other organelles there, it is
reasonable to assume that the MTOC and mitochondrial movement
could be correlated. We thus tested the hypothesis that mitochon-
dria translocation and microtubule network reorientation towards
the IS are correlated. We fluorescently labeled microtubules (with
EMTB-3 x GFP) and mitochondria (with MitoTracker or DsRed2-
Mito-7) in CTL. CTL were conjugated with target cells at 37°C
and translocation of microtubule network and mitochondria was
visualized by time lapse microscopy. We found that mitochon-
drial localization was closely associated with microtubules (Fig. 2a).
Following contact between CTL and a target cell, mitochondria
were passively translocated to the IS along with microtubule
network reorientation (Fig. 2a and Supplementary Movie 1). More-
over, we observed that occasionally mitochondria could actively
move along microtubule tracks (Fig. 2b and Supplementary Movie
2). These results show that mitochondria relocation correlates
with cytoskeleton rearrangement, especially microtubule network
reorientation towards the IS.

2.3. Quantitative analysis of cytoskeleton and mitochondria
rotation

For each time frame we extracted the three-dimensional
positions of the MTOC, the IS, the cell center, and individual mito-
chondria using a higher time resolution for 3D pictures as described
in the Materials and Methods section. The position data for all
objects in a single frame were brought into a standard coordinate
system by two rotations and one translation, such that MTOC, IS,
and cell center lie in one plane, the x-z plane, and the rotation axis
is parallel along the y-axis. We assume that the MTOC (in this case
located at 90°) moves towards the IS. In Fig. 3a we sketch the move-
ment of mitochondria that one expects in case mitochondria are
attached to the microtubules: in the right half space they are rotated
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Fig. 2. Microtubules and mitochondria rotate together towards the IS during polarization. CTL were conjugated with SEA/SEB-pulsed Raji cells (target). (a) Mitochondria are
translocated along with microtubule network. Microtubules and mitochondria were labeled by EMTB-3 x GFP and MitoTracker Deep Red, respectively. The time lapse was
taken at 37°C every 21.17 s by a confocal microscope with a 63 xobjective. MTOC is marked by the asterisk. MIP: maximum intensity projection. (b) Mitochondria can be
actively transported along microtubules. Microtubules and mitochondria were labeled by EMTB-3 x GFP and DsRed2-Mito-7. The time lapse was taken at 37°C every 19.02 s
by a confocal microscope with a 63 x objective. The maximum intensity projections are shown. Arrowheads highlight the transported mitochondrion and the corresponding

microtubule. Scale bars are 5 wm.

towards the IS, in the left half space they are rotated away from it.
Consequently vectors pointing from the center to mitochondria on
the right half space decrease their angle with the vector from the
center to the IS in the same way as the vector pointing from the
center to the MTOC. In the left half space the mitochondria angles
increase.

In Fig. 3b we show a histogram for the mitochondria angles
extracted from tracking data acquired with a spinning disk confocal
microscope (see Materials & Methods), in which CTL were settled on
CD3/CD28 antibody-coated coverslips and IS was formed between
CTL and coverslips. We analyzed two time points: before (at 0s)
and after polarization (at 186s). Compared to the angles before
polarization, the distribution after polarization is systematically

shifted to the lower angles as expected from a rotation. The his-
togram for the mitochondria angles in the left half space is shown in
Fig. 3c: here the angles after polarization are systematically shifted
to larger values as expected from a rotation. In conclusion, a corre-
lated rotation model of MTOC and the microtubules with attached
mitochondria explains the observed mitochondria movement dur-
ing IS formation very well.

The number of mitochondria data points in the left half space
(Fig. 3¢) is much smaller than the number of data points in the right
half space (Fig. 3b). The reason is a displacement of microtubules
from the left into the right half space during the repositioning of
the MTOC as is clearly visible in Fig. 5A of Ref. [18]. This displace-
ment is mechanically plausible: When microtubules are caught by
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Fig. 3. Rotation angle of mitochondria increases during polarization. (a) Sketch of the rotational movement of MTOC and mitochondria in the plane perpendicular to the
rotation axis. Mitochondria in the right half space rotate towards the IS, mitochondria in the left half space rotate away from the IS. (b) Histogram of the rotation angle of
mitochondria in the right half plane at the beginning and the end of the polarization. Acquisitions from spinning disk confocal were analyzed. (c) Same as (b) for the left half

space.

dynein, they are pulled towards the IS, and, consequently, the whole
structure of microtubules and MTOC is repositioned. This move-
ment is opposed by friction of the solvent in the cell that push
microtubules in direction opposed to the movement. Microtubules
caught by dynein have fixed position, but the position of the other
microtubules relative to cytoskeleton change, and the microtubule
structure “opens” in the direction towards IS as observable in Fig.
5A of Ref. [18].

2.4. Mathematical modeling reveals the mechanism for
experimentally observed Ca?* increase during polarization

We hypothesize that the observed changes in local and global
Ca2* concentration are intimately connected to the observed rota-
tional relocation of the mitochondria towards the IS and that
the underlying mechanism is the spatial rearrangement of Ca2*
sources, sinks and compartments during the observed mitochon-
drial movement. To test this, we formulated a mathematical
three-dimensional (3D) model for the spatiotemporal distribution

of Ca%* in the cell cytosol, the mitochondria and the ER as a function
of the geometry and spatial arrangement of mitochondria within
the cell, as we have observed them experimentally.

Our 3D full cell Ca®* model assumes a spherical cell with a
concentric nucleus and a spindle-like arrangement of thin, cylin-
drical mitochondria compartments between nucleus and plasma
membrane (see Figs. 4a and 5a for a sketch). The spindle-like
arrangement is motivated by the spindle formed by microtubules
emanating from a MTOC, c.f. Fig. 2a and [18], and the observa-
tion that mitochondria are predominantly attached to microtubules
and form filamentous structures [34,35]. The whole spindle can be
rotated around an arbitrary axis by a specific angle, with zero angle
corresponding to the configuration when the spindle center and the
center of the IS match. The IS is defined as a small circular region
at the north pole of the sphere.

The compartments can exchange Ca2* through the compart-
ment boundaries via channels and pumps which are distributed
homogeneously or in-homogeneously over the compartment sur-
faces, defined quantitatively as Ca2* flux per area. CRAC channels
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Fig.4. Ca?* concentrations depend on mitochondria rotation angle - model prediction for blocked SERCAS. (a) Sketch of the cell boundary (outer sphere), cell nucleus (inner
sphere), IS (red circle), CRAC channels (yellow) and mitochondria geometry (green) for the model with depleted ER and blocked SERCAs. (b) Stationary value of the global
(bottom curves) and local (top curves) Ca2* concentrations predicted by the model as a function of the distance, X0, 0f the tip of the mitochondria from the CRAC channels
in the fully polarized state (rotation angle a=0). (c) Stationary value of the global (bottom curves) and local (top curves) Ca%* concentrations predicted by the model as a
function of the rotation angle « for different levels of PMCA accumulation at the IS. (d) The same as in (c) but for different distances between mitochondria and plasma
membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

are located in the center of the IS in agreement with previous stud-
ies [23,36], PMCA pumps are in-homogeneously distributed over
the plasma membrane with a higher concentration at the IS and
a lower concentration on the rest of the PM in agreement with
previous data [23]. The effect of mitochondrial Ca?* uniporter and
Na/Ca exchanger is described by in- and out-flux densities on the
mitochondrial membranes. Similarly, the effect of IP3 receptors
and SERCA pumps on the Ca2* content of the ER is described by
in- and out-flux densities on the ER boundary. The precise defini-
tion and flux dependencies on Ca2* concentrations in the different
compartments can be found in the Materials and Methods section.

First we consider the experimental situation described above, in
which SERCAs are blocked by thapsigargin, ER is empty and there-
fore CRAC channels fully activated. We computed the stationary

Ca?* distribution for different rotation angles as predicted by our
model and show the results in Fig. 4. Fig. 4b shows the result for
the fully polarized mitochondrial spindle (rotation angle a=0) as
a function of the distance X,;;o between the tips of the mitochon-
dria and the CRAC channels for different PMCA accumulation levels.
As already observed before [33], the global Ca%* concentration
increases with decreasing distance X;;o, Whereas the local Ca?*
decreases. The variation becomes more pronounced the larger the
PMCA accumulation level at the IS is. Next we fixed Xnito and varied
the rotation angle a.. As shown in Fig. 4c the global Ca%* concentra-
tion increases with decreasing rotation angle of the mitochondrial
spindle, most sharply for the smallest angle. The increase is again
the more pronounced the higher the percentage of PMCA pumps
accumulated at the IS. Simultaneously the local Ca2* concentration
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Fig. 5. Ca?* concentrations depend on mitochondria rotation angle - model prediction with working SERCAs and spindle ER geometry. (a) Sketch of the mitochondria (green)
and a spindle ER geometry (red). (b) Time course of Ca** concentrations in the cytosol (top), at the IS (middle), and in the ER (bottom) for the geometry in a. CRAC channels
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geometry d. (f) Same as in (c) but for geometry (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

at the IS decreases with decreasing rotation angle of the mitochon-
drial spindle, again more strongly with higher PMCA accumulation
at the IS. The strength of the effect also depends on the distance
between the mitochondria and the plasma membrane: the larger

the distance the weaker the concentration changes with rotation
angle (see Fig. 4d).

The physical reason for Ca?* concentration changes is the
following: with decreasing rotation angle the center of the
mitochondrial spindle comes closer to the IS. The density of mito-
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chondria is highest at the center of the spindle, which means
that more Ca?* is transported into the mitochondrial compart-
ment when the spindle center, supposed to be co-localized with the
MTOC, comes close to the center of the IS, where the CRAC chan-
nels are located. Here the mitochondria take up the Ca?* entering
the microdomain underneath the IS, thereby decreasing the local
Ca?* concentration, and distribute it via internal diffusion along
the mitochondrial lumen deeper into the cell, and release it into
the cytosol, where less PMCAs are located, thereby increasing the
global CaZ* concentration.

2.5. Mathematical modeling predicts global Ca®* increase during
polarization under physiological conditions

Next we ask whether the CaZ* concentration changes and the
identified underlying mechanism observed with blocked SERCAs is
relevant under more physiologically relevant conditions without
administration of thapsigargin. We added a third compartment to
our model, the ER, for which we assumed two different geometries:
one also spindle-like, the other a truncated coned, both with fixed
positions underneath the IS, see Figs. 5a and 6a, and in Figs. 5d and
6d for mitochondria rotated by 22.5° around the z-axis. The loca-
tion of the ER is attributed to the fact that a part of the ER plasma
membrane should be close to the IS to ensure CRAC channel forma-
tion through STIM-ORAI interaction. Ca?* in- and out-flux is again
modeled by a homogeneous density of SERCAs and IP3-receptors,
respectively, over the ER surface. The CRAC channel capacity now
depends on the ER calcium concentration as originally proposed by
Putney [37], a concept that has been widely recognized in many cell
types. The precise definition and flux dependencies on Ca* concen-
trations in the different compartments are found in the Materials
and Methods section.

Under physiological conditions an external stimulus, for
instance provided by ligand binding to a G protein coupled or tyro-
sine kinase receptor, will increase the cytosolic IP3 concentration.
IP3 binds to IP3 receptors on the ER membrane allowing CaZ* outflux
from the ER through the channel domain of the receptors. The neg-
ative feedback that increased cytosolic Ca2* has on the IP3 receptor
channel capacity, potentially leading to Ca%* oscillations [38],is also
considered in our simulations via the Ca%* concentration depen-
dent flux Jjps. Once CaZ* is released from the ER, CRAC channels
open and SERCASs start to replenish the ER with Ca%*. Consequently
the dynamics of Ca%* concentration is more complex than in the
case of blocked SERCAs.

We assume the presence of an external stimulus between time
t=10s and t=40s and computed the time course of the Ca?* con-
centration in the different compartments for different rotation
angles as predicted by our model. The results are shown in Fig. 5b
for the spindle-like ER and in Fig. 5e with mitochondria rotated by
22.5° around the z-axis. The cytosolic Ca2* concentration increases
rapidly as soon as the stimulus starts and then decreases again
slightly as usually reported in T cells, depending on how close the
mitochondrial spindle center is to the IS, until a plateau value is
reached. The plateau value is higher the smaller the rotation angle,
i.e. the closer the mitochondrial spindle center is to the IS, and
the local Ca%* concentration at the IS is lower for smaller rota-
tion angles, both in accordance with what is observed with blocked
SERCAs (Fig. 1a and b, and [23]) but also consistent with the exper-
iments with unblocked SERCAs [23]. The absolute value of the local
Ca%* concentration is around 10 wmol, which is in good agreement
with recent simulations at the ER-plasma membrane junction with
clustered Orail channels [39]. It is an average over a pre-defiend
region around the CRAC channel and because of the steep CaZ* gra-
dient there depends on the size of this region. Therefore it cannot be
compared directly with the experimental measurement depicted in
Fig. 1.

The initial overshoot in the global Ca2* concentration is due to
the additional Ca2* released by the ER and softens for smaller rota-
tion angles. CRAC channels inactivation and PMCA modulation may
also contribute to the overshoot. The ER Ca?* concentration reaches
a plateau, which is close to zero for large rotation angles but signif-
icantly larger than zero for small rotation angles. Once the stimulus
is removed (at t=40s) all Ca%* concentrations go back to baseline.

The mechanism of Ca%* redistribution within the cell interior
by the mitochondria and preventing CaZ* entering the cell through
the CRAC channels from being transported out again through the
PMCA pumps is working in the physiological situation considered
here, too. In addition the increased cytosolic Ca?* concentration
for small rotation angles lets the SERCAs replenish the ER at least
partially, having an only minor effect on CRAC channel capacity.

In Fig. 5¢ and f we show the plateau values of global and local
Ca?* concentrations during stimulation for different PMCA pump
accumulations at the IS as a function of the rotation angle. We
observe qualitatively the same behavior as in the case of blocked
SERCAs, i.e. a strong increase of the global Ca?* concentration and
decrease of the local one for a high accumulation of PMCAs at the
IS.

Fig. 6 shows the results for the truncated cone ER geometry:
Fig. 6ais a sketch of the compartment geometry, Fig. 6d with mito-
chondria rotated by 22.5° around the z-axis. The time course of
the Ca%* concentrations in the different compartments, shown in
Fig. 6b and e, are similar to the spindle-like ER geometry (Fig. 5b
and e), also the plateau values of the global and local Ca%* concen-
trations show similar rotation angle dependencies. These results
indicate that the reported effects are independent of the details of
the ER geometry.

2.6. Calcium concentration is further increased by mitochondrial
movement along microtubules towards the IS

In the work by Morlino et al. [22], it was observed that after
MTOC relocation to the IS mitochondria move actively by Miro-1
modulated motors along microtubules towards the IS and increase.
The effect of such an additional movement with fully polarized
microtubules on the global and local Ca2* concentration as pre-
dicted by our model can be seen from Fig. 4b: decreasing the
distance, X;t0, between the tips of the mitochondria and the CRAC
channels increases the global Ca2* concentration and decreases the
local one, depending on the degree of PMCA accumulation at the IS.

3. Discussion

Following T cell activation, mitochondria localize to the IS
[21-24] and control local and global Ca%* concentrations in T cells
[23,32,33]. The MTOC as a key guiding organelle moves to the IS
within several minutes of IS formation [13,16]. We present experi-
mental evidence that during polarization of T-cells following target
cell contact, the microtubule network rotates towards the IS and
drags mitochondria with it. Based on the observed geometric paths
of mitochondria during polarization we have developed a full three-
dimensional (3D) compartment model for the Ca?* dynamics in
T-cells, which includes specific geometries and spatial arrange-
ments of mitochondria, ER, and immunological synapse as well as
localization aspects of Orai channels and PMCA at the IS. A potential
regulation of PMCA by STIM1, as reported by Ritchie et al. [40], was
not included in the model, however the pump rates are in accor-
dance with values reported in the literature [41] and should thus
reflect reasonable Ca2* pump rates in T cells.

The model predicts an increase of global Ca%* and a decrease
in local Ca%* concentration in case the mitochondrial structure is
rotated towards the IS and a fraction of PMCA pumps accumu-
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Fig. 7. Sketch of the mathematical model for the intracellular Ca?* dynamics. For the figure description see Materials and Methods section.

lates at the IS, in agreement with experimental observations in
thapsigargin-treated cells and in cells without thapsigargin present
[23]. Once the cytoskeleton is fully polarized the mitochondria can
still move further towards the IS along the microtubules, which the
model predicts to increase global Ca* concentration even further
and decrease local Ca%* more.

The physical mechanism underlying the increase of the global
Ca2* concentration is, according to our model, the following: with
decreasing rotation angles the center of the mitochondrial spindle
comes closer to the IS. The density of mitochondria is highest at the
center of the spindle, which means that more Ca2* is transported
into the mitochondrial compartment when the spindle center, sup-
posed to be co-localized with the MTOC, comes close to the center
of the IS, where the CRAC channels are located. Here the mitochon-
dria take up the CaZ* entering the microdomain underneath the IS,
thereby decreasing the local Ca%* concentration, and distribute it
via internal diffusion along the mitochondrial lumen deeper into
the cell, and release it into the cytosol, where less PMCAs are
located, thereby increasing the global Ca?* concentration.

The full cell 3D model also includes localization and structural
determinants of the ER. Since the model predicts that the effect
also persists under more physiological conditions, i.e. when SER-
CAs are functional, we can conclude that the ER is not involved in
the control of local and global Ca%* concentrations following T cell
activation through the IS. This is also in agreement with experi-
mental evidence [23]. Of course ER-bound STIM 1 or 2 are required
to activate Orai channels but once they are activated, mitochon-
dria take over to control the Ca2* signal in T cells. They not only
determine local and global CaZ* but they redirect much of the Ca2*
away from the SERCAs into the cell center by the same mechanism
as they redirect Ca%* away from the PMCA pumps accumulated at
the IS. Together with Orai channels, PMCA are also enriched at the
IS whereas SERCA is not [23]. It is thus not surprising that in the
absence of mitochondria at the IS (e.g. 2 um away, compare Fig. 4b),
the ER does not refill significantly because PMCA export the Ca2"*.
In this case, CaZ* cycles across the plasma membrane rather than
fulfilling its cytosolic functions.

It was shown previously that CRAC channels partially inactivate
if mitochondria are not able to accumulate Ca* [42], however these
experiments were carried out under conditions with no IS forma-
tion and thus no enrichment of PMCA at certain plasma membrane
sites. In case of IS formation the model clearly predicts that a change
in CRAC activity is not required to explain the mitochondrial con-
trol of local and global Ca2*, only PMCA enrichment at the IS is
necessary. Thus in case of IS formation the model reveals a clear
hierarchy for the incoming Ca?*. If present at the IS, mitochondria
take up the vast majority of Ca2* incoming through CRAC channels,

if not present, PMCA export Ca2* incoming through CRAC channels,
and if neither mitochondria are present nor PMCA are enriched at
the IS, SERCAs and the ER take up Ca2*, which finally inactivates
Orai channels. In conclusion the experimentally described mito-
chondria, ER, Orai, PMCA and SERCA localization at the IS is well
suited to guide CaZ* entering the cell at the IS deeper into the cyto-
sol and to control local Ca2* at the IS. CRAC activity at the IS is
not decreased as long as either mitochondria or PMCA or both are
enriched at the IS preventing refilling of the ER.

4. Materials and Methods
4.1. 3-dimensional (3D) full cell Ca* model

Our model for the calcium homoeostasis in T-cells consists of
several compartments with specific geometry as defined below.
The three-dimensional geometry together with explicit incor-
poration of Ca2* diffusion discriminates our model from other
mathematical approaches based on spatially averaged Ca2* con-
centrations [43]. Ca2* can diffuse within the compartments and
exchange Ca?* via channels and pumps: the cell body or cytosol,
the mitochondria, and the ER, as sketched in Figs. 4a, 5a, d, and
6a, d. The cell body represents an ideal spherical T-cell with radius
Teen =4 m, and a spherical nucleus with radius rpyc =1g/2. Mito-
chondrial filaments are assumed to have a rod-like shape with a
length of 3.5 wm and a diameter of dy =300 nm, of which 4-10 are
arranged in a spindle like geometry as indicated in Fig. 4a. Mito-
chondrial filaments can take up and release Ca2* over their whole
surface, described by a CaZ* current Jy; to be defined below. Inside
mitochondria CaZ* diffuses with a diffusion constant Dy.

At the IS, we assume an accumulation of CRAC channels into
a cluster of radius rcgac =0.1 wm. At a distance of 0.3 wm to this
CRAC cluster, a spherical segment of 100 nm width represents an
agglomerate of PMCA pumps. In our Base Case scenario this spher-
ical segment contains 50% of all pumps, whereas the other 50% are
homogeneously distributed over the whole cell PM (according to
fluorescence it is more like 70% at the IS, compare [23]). Inside the
cytosol, Ca2* is buffered by a mobile Ca2* buffer b that freely dif-
fuses with constant D;,. The total amount of buffer [b]r =[b] +[bc] is
initially uniform in the cytosol for which we assumed that the bind-
ing of Ca* does not change the diffusion properties of the buffer.
We use various geometries for the ER to be defined below. The nat-
urally very thin ER network is modeled as a massive domain and
therefore we assume that it is invisible for the cytosolic Ca%*, which
means that in the model cytosolic Ca2* freely diffuses through the
ER domain.
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The spatio-temporal evolution of Ca%* (and buffer) concen-
trations in the different compartments follows reaction-diffusion
equations with sources and sinks as sketched in Fig. 7 and is defined
in the following:

ag“tyf — Deye Aceyt — ki Ceyeb + kabe
@ = DbAb - k]Ccytb + kobc

ot
% = Dbc Abc + k] Ccy[b — ksz
8cM
—— =DmAc

8t M M

8CER
—— =DgrAc

3t ER ER

The Ca2* currents through the plasma membrane, Jpy, and the
compartment membranes of the ER, Jgr, and the mitochondria,
Jm, are implemented as flux/boundary conditions on the 2d sur-
faces separating the corresponding compartments and defined as
follows.

The Ca2* exchange across the plasma membrane, Jpy, contains
two contributions: Jppm =Jcrac — Jpmca, Where Jcrac represents the
influx through the CRAC channels and Jppca represents the export
of CaZ* pumped out of the cytosol via the PMCA pumps. Jcrac is only
defined on the CRAC cluster surface. The cluster influx is coupled
to the Ca%* concentration within the ER (cgz) and at the average
calcium concentration (™)) in the micro-domain around the

cyt
cluster in the following way:

Jerac = keracf 1 (Cer) &ey 5. A¢ (C(c;nrm))

where f; (x) and 8c1 5. Ac (x) are both smooth sigmoid-shaped func-
tions modeling the CRAC activation by emptied ER and CRAC
inhibition by an enhanced Ca2* concentration in the microdomain,
respectively. We assume f; (x)=0 for a full store x>500 M, f;
(x)=1/2 for x=250 uM and f; (x)=1 for an empty store (x=0 wM).
The function 8c1 5. Ac (x) varies smoothly from 8c1 5. Ac (x)=1 for x
=c12—Acto 8c1/5.A¢ (x)=0forx>cy/p +Ac.

The plasma membrane Ca2* pump currents at the IS and the
plasma membrane is given by

2

c
cyt
Jpmca,pm = kPMCA,ISﬁ
14 cyt

2
¢
oyt
and Jpmca = Kpmca,pm 2

2
14 + Ccyt

where the maximum pump rates Kpyica s and Kpyvica pm depend on
the PMCA accumulation at the IS and on the area ratio of IS and the
remaining PM.

The Ca?* exchange across the ER surface, Jgg =]Jips — Jsgrca, cOM-
prises Ca2* release from the ER through the IP3 receptor channels
into the cytosol, Jip3, and the Ca2* pumped back through the SER-
CAs from the cytosol into the ER, Jsgrca. The first contribution to the
current Jgg is:

Jipz = k,p30 (t[p3 — t)gcllr;quAéPB (Ccyt)fZ (CER)

We assume fully activated IP3 receptor channels during the
specified time period t;p3. For time t>t;p3 the flux Jip3 is equal to
zero; otherwise its release rate depends on ccyt [38] and on cgr
through the two sigmoidal-shaped functions gcgp’);yAi‘[B (x) and f,

(x): the first one models the IP3 channels open probability (which
depends on c¢yt), the second models the channels inhibition due to

low values of cggr. In particular we set f, (x)=1 for x > 200nM, fo
(x)=1/2 for x = 100p.M and f; (x)=0 for x = Op.M.

The CaZ* back-flux into the ER caused by the SERCA pumps is
assumed to be given by

2

C
Jserea = kserca 5—>—-

Ccyt + kER
where kg, as in the previous cases, represents the value of the
cytosolic concentration at which the pumps work at the half of
their maximal efficiency Ksgrca-

The Ca?* current across the mitochondria surface comprises
influx through the mitochondrial Ca2* uniporter (MCU) and export
by the Na/Ca exchanger. Physiologically, Ca2* uptake through the
MCU would depolarise the mitochondria, reducing further influx.
We model this effect in a 2nd order Michaelis-Menten form of the
inward flux:

Ccyt2 CMm
2 2
Cope + km

JM = kinward '

To simulate experiments in which the SERCA pumps are blocked
by thapsigargin, leading to an emptied ER and fully activated CRAC
channels we omit the boundary conditions involving cgg and set

micro
Jerac = Kerace, ;5. a¢ (ngr )

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/).

4.1.1. Parameters

For the CaZ* diffusion constant in the cytosol we use the estimate
0f Deye =200 pm? /s [44], and set the Ca?* diffusion constant in mito-
chondria to Dy; =Dcy¢ and in the ER to a smaller value Dgg = D¢y /10.
Also the diffusion of mobile Ca2* buffers is usually smaller, with
D =Dpe =D¢yt/20 [45]. The reaction rates for Ca?* binding and
unbinding k; and k, and the buffer resting concentration are in
good agreement with commonly used modeling parameters [46].

The CRAC channel influx parameter was set to
kcrac =5-10">mol/m?s. Since CRAC channels are modeled as
an area of size Acgac=3.1-10"1¥m?2, the total channel capacity
is 1.55-10~17 mol/s, which is equivalent to 9.3-10° particles/s,
corresponding to a CRAC cluster of 93 fully activated CRAC
channels.

For the PMCA pumps we use globally (i.e. no PMCAs at the IS)
Kpnica. gioabar = 8-107° mol/m? s. With a plasma membrane area of
Apm =2-10719m?2 this corresponds to 1.6-10~18 mol/s or 26,000 par-
ticles/s. A single PMCA pumps about 10 particles/s, which means
that we assume 2600 pumps in total on the PM or 13 pumps/pwm
in accordance with values reported in the literature [41]. When in
our base case scenario 50% of the PMCA pumps are assumed to
be located in a ring of width 0.1/pm and radius 0.3/pm amount
the center of the IS this implies Kppcas=3-10"% mol/m?s and
kPMCA,PM =4.10"° lTlOl/lle S.

As discussed in Ref. [33], the parameter of the CaZ* flux across
mitochondria boundaries are chosen such that total maximum cur-
rents through PMCA pumps and across mitochondria boundaries
are approximately equal IF}%, /7% ~ 1.

The SERCA flux parameter is set to ksgrca =3.5-10-8 m/s. Since
the ER area is Agg =6-10~° m2 the maximum SERCA pump capacity
is 1.3-106 particles/s. A single SERCA pumps 5-10 particles/s so that
we have ca. 500,000 pumps, which is in agreement with the values
used inRefs. [43,47,48]. For the IP3 channels we assume a maximum
flux rate of k]p3 = 10'kSERCA~

All parameters for the base case scenario together with the
initial conditions for Ca2* concentrations in the different compart-
ments are summarized in Table 1. For the truncated cone geometry
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Table 1

Parameters and initial values used for the Base Case scenario in our 3D cell model.
Parameter Value (unit) Parameter Value (unit)
Deye 200 (p.m?s1) Kcrac 5.107° (mol/m?s)
DM 200 (Mmz 571) kPMCA,lS 341076 (IT]Ol/lTl2 S)
Dy 10 (wm?s1) Kpmca,pm 4.10° (mol/m?s)
Dpe 10 (pm?s1) Kserca 3.5.1078 (m/s)
Drr 20 (pm?s1) Kip3 3.5.1077 (m/s)
Cope(t=0) 100 (nM) Kinward 9.10-6 (mol/m?s)
cu(t=0) 100 (nM) Kout 8-1076 (mol/m?s)
cer(t=0) 500 (nM) kp 300 (nM)
cp(t=0) 10 (LM) Km1 600 (nM)
Che(t=0) 500 (nM) Km2 15 (nLM)
Acrac 3.1.10 (m?) Ker 300 (nM)
Apm 2:1071° (m?) C1/2 15 (uM)
Au 2441011 (m?) Ac 1 (M)
A 5.9.101" (m?) cq”fz 600 (nM)
Jpmteak 4.5.10-1° (mol/m? s) AlP3 200 (nM)
JeRrteak 3.5.107° (mol/m?s) ki 100 (m3/mol s)
kz 0.3s7! .

of the ER we have adapted the parameters for ksgrca, kip3, and Jeg jeqk
to accommodate for the smaller ER surface Agg in order to main-
tain the maximum number of Ca2* particles per second into the
ER: Agg=2.7-1072 m?2, ksgrca =7.6-10~8 m/s, kjp3 =7.6-10~7 m/s, and
JER teak =7.6-10~9 mol/m? s.

4.2. Cell culture

Human Jurkat E6.1 cells were grown in RPMI 1640 medium
supplemented with 10% FCS and penicillin-streptomycin and main-
tained in log-phase. Peripheral blood mononuclear cells (PBMC)
were obtained from healthy donors as previously described [49].
CTL stimulated with CD3/CD28 beads were prepared as described
before [12]. Raji cells were cultured in RPMI-1640 medium (Ther-
moFisher Scientific) supplemented with 10% FCS.

4.3. Evanescent-wave imaging

TIRFM experiments were carried out exactly as the ones shown
in Fig. 4C, D of our publication by Quintana et al. [23] and are
described there. The only difference is that here, the local and global
Ca?* concentrations were measured in two different sets of cells
and not in the same cells.

The following solutions were used: 155 NaCl, 4.5 KCI, 1 CaCl,,
2 MgCl,, 10 D-glucose, and 5 Hepes (pH 7.4 with NaOH). CaCl,
was replaced by 1 mM EGTA for the 0 Ca?* or increased for the
20mM CaZ* solution. Chemicals not specifically mentioned were
from Sigma (highest grade). Fluo-5F (stock 1 mM in DMSO) was
from Molecular Probes and anti-human CD3 monoclonal antibodies
were from Biozol.

4.4. Plasmids and reagents

All chemicals not specifically mentioned were from Sigma (high-
est grade). EMTB-3 x GFP and DsRed2-Mito-7 were purchased from
AddGene. MitoTracker Deep Red FM was purchased from Life Tech-
nologies.

4.5. Time-lapse imaging

CTL were transfected with EMTB-3 x GFP alone or with DsRed2-
Mito-7. Mitochondria were labeled with MitoTracker Deep Red FM
or DsRed2-Mito-7 as indicated in the figure legend. Raji cells were
pulsed with SEA (0.1 pg/ml)/SEB (0.1 g/ml) at 37°C for 30 min
before conjugation with CTL. CTL were settled on poly-L-ornithine
coated coverslips, and then target cells were given into the medium.

The translocation of microtubule network (EMTB-3 x GFP, green
channel) and mitochondria (red channel or far-red channel) in CTL
was visualized at 37°C using a confocal (Zeiss) equipped with a
63 x objective (NA 1.4). The step-size of z-stacks is 1 wm. The time
interval between each stack is 19.02-21.17 s. For spinning disk con-
focal microscope CTL were settled on CD3/CD28 antibody-coated
coverslips, and the images were acquired at room temperature
every 4.66 s with a z-stack step-size of 0.79 p.m.

4.6. Extraction of rotation angles from tracking data

From time-lapse imaging obtained with the spinning disk
microscope with a time interval of 4.66s we extracted for each
z-stack between O s (start of polarization) and 186.4 s (end of polar-
ization) the three-dimensional position coordinates of MTOC, IS,
and individual mitochondria (precisely: the center of the light spots
indicating their position). The position of the cell center was esti-
mated via a weighted average of the centers of the cross-section
of individual planes of the z-stack, where the areas of the cross-
sections were used as weight. The cell center was determined for
each frame individually.

Since the cell was not stable during the measurement the move-
ment of the cell as a whole had to be subtracted. The cell has three
translational and two rotational degrees of freedom. For every z-
stack, values of coordinates of the center were subtracted from
values of coordinates of mitochondria, MTOC and IS.

Next the position data for all objects in a z-stack were brought
into a standard coordinate system by two rotations: In the first one,
IS rotates to z axis and MTOC and mitochondria rotate accordingly.
In the second rotation, MTOC is moved to x-z plane. The coordinates
of mitochondria are transformed by the same manner. IS is always
on z axis and MTOC rotates just in X-z plane and the y-axis is the
axis of rotation.

We defined the following vectors — MTOC =— MT —
—-(CTl, —IS=—is——C(Cl, and — mito; =— mtj—— CT;,
where— MT, — is, > CT and - mito; are the coordinates of
the MTOC, IS, center of the cell and mitochondria, respectively.
During the repositioning of the MTOC the angles between the
vectors —- MTOC and— IS and between the vectors — mito; and
— IS change continuously and is recorded between two time
frames.

During the rotation of the MTOC in the x-z plane the angle
between the vectors— MTOC and— IS decreases (c.f. the sketch
in Fig. 3a) and if the rotation of the whole cytoskeleton drags the
mitochondria with it the angles between — mito; and — IS have
to change according to a rotation around the y-axis. The change
of angle between — mito; and — IS depends on initial position
of mitochondria, or, more concretely, on half-space (left or right)
where it is located (c.f. Fig. 3a). In the “right half-space” the angles
between — mito; and — IS get smaller, as is visible in Fig. 3b.
Conversely, the rotation leads to enlargements of angles in “left
half-space”. To prove repositioning of mitochondria with micro-
tubules, angles before and after repositioning were measured and
results were compared. If the hypothesis of a correlated reposi-
tioning of mitochondria and microtubules is true, the angles after
repositioning should be smaller at the “right half-space” and lower
at the “left half-space”. The histograms in Fig. 3b and c indeed show
the expected changes of angles during repositioning and demon-
strate the rotation of mitochondria with the MTOC/microtubule
part of the cytoskeleton.
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