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Abstract

Calcium depletion of the endoplasmic reticulum (ER) induces oligomerisation, puncta formation and
translocation of the ER Ca2* sensor proteins, STIM1 and —2 into plasma membrane (PM)-adjacent
regions of the ER, where they activate the Orail, —2 or —3 proteins present in the opposing PM. These
proteins form ion channels through which store-operated Ca2* influx (SOC) occurs. Calcium ions
exert negative feed-back on SOC. Here we examined whether subplasmalemmal mitochondria,
which reduce this feed-back by Ca?* uptake, are located within or out of the high-Ca2* microdomains
(HCMDs) formed between the ER and plasmalemmal Orail channels. For this purpose, COS-7 cells
were co-transfected with Orail, STIM1 labelled with YFP or mRFP and the mitochondrially targeted
Ca?* sensitive fluorescent protein inverse Pericam. Depletion of ER Ca2* with ATP + thapsigargin
(in Ca2*-free medium) induced the appearance of STIM1 puncta in the <100 nm wide
subplasmalemmal space, as examined with TIRF. Mitochondria were located either in the gaps
between STIM1-tagged puncta or in remote, STIM1-free regions. After addition of Ca2*
mitochondrial Ca2* concentration increased irrespective of the mitochondrion-STIM1 distance.
These observations indicate that mitochondria are exposed to Ca2* diffused laterally from the
HCMDs formed between the PM and the subplasmalemmal ER.

Keywords
mitochondria; calcium; store-operated calcium entry; STIM1

Introduction

Inositol 1,4,5-trisphosphate-induced CaZ* depletion of the ER induces Ca2* influx from the
extracellular space, a process originally termed as ‘capacitative Ca2* influx’ [1]. This form of
Ca?* entry, presently more often referred to as store-operated Ca2* influx (SOC) can also be
induced by thapsigargin (Tg) [2] and other inhibitors of SERCA, the Ca. ATPase of the ER.
The molecular basis of SOC has recently been unveiled by the discovery of two sets of proteins:
STIM1 and —2, the Ca%*-sensor membrane proteins of the ER [3-5] and Orail, —2 and —3,
plasma membrane (PM) proteins forming Ca2*-selective channels [6-8]. Although additional
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channels may also be regulated by STIM proteins and contribute to SOC [9-11], STIM1 and
Orail are necessary and sufficient components of the SOC mechanism in most cell types,
including COS-7 cells examined in the present study. Upon depletion of ER luminal Ca2*,
STIM1 undergoes sequential oligomerisation with ensuing formation of clusters and
translocation into PM-adjacent regions within the ER [3,5,12-14]. The STIML1 clusters in the
ER induce multimerization of the plasmalemmal Orail molecules where the two molecules
colocalise [14-17] allowing a dramatic increase in SOC [18,19].

The role of mitochondria in the control of SOC has been suggested by several observations.
Since elevation of cytosolic [Ca2*] ([Ca2*].) exerts negative feed-back on SOC [20], Ca%*
sequestration by mitochondria will reduce this inhibition [21-23]. This action of mitochondria
requires an energized state but does not involve changes in intracellular ATP, indicating that
it may be accounted for by Ca?* uptake [24]. Indeed, SOC is more active in the vicinity of than
far from subplasmalemmal mitochondria [25]. Also, sustained activity of SOC channels may
require the translocation of mitochondria into subplasmalemmal regions [26].

Mitochondrial Ca?* uptake occurs via the Ruthenium Red-sensitive Ca2* uniporter, a highly
selective inwardly rectifying channel that displays low affinity for Ca2* [27]. However,
mitochondrial Ca2* sequestration does occur despite the low Ca2* affinity of the uniporter
during stimulation with a Ca* mobilising agonist. This is because of the rapidly forming but
short-lived high-Ca2* microdomains (HCMDs) between the mouth of IP5 receptor-channels
and closely apposed mitochondria [28,29]. Mitochondrial Ca2* uptake during voltage-operated
Ca?* influx has also been accounted for by the formation of HCMDs between the cytosolic
mouth of the plasmalemmal channel and the apposing mitochondria [30-33]. However, the
formation of such HCMDs may not be an absolute requirement for mitochondrial Ca?* uptake
during SOC. Observations in glomerulosa, luteal, HeLa and H295R cells suggest that SOC
may be followed by mitochondrial Ca?* uptake without the need for HCMD [34-38]. Therefore
we examined whether subplasmalemmal mitochondria are in a location where SOC-induced
HCMDs may be formed.

COS-7 cells were cultured on glass coverslips and transfected for 24 h with 0.5-0.5 ug plasmid
DNA of Orail and mRFP-STIM1 and 1 pg mitochondrially-targeted inverse Pericam (i-
Pericam) [39] per dish (~ 10° cells), using Lipofectamine 2000. Orail and STIM1 plasmids
transcription was driven by the thymidine kinase (TK) promoter of the herpes simplex virus
as described [14].

Confocal laser scanning microscopy

Confocal analysis was performed at 35°C in a modified Krebs-Ringer buffer containing (in
mM): 120 NaCl, 4.7 KCI, 1.2 CaClsy, 0.7 MgSQy, 10 glucose, 10 sodium Hepes, pH 7.4, using
a Zeiss LSM 510-META scanning confocal microscope and a 63x/1.4 objective. The optical
slice was set at 1.5 pm. Data were acquired in multitrack mode with scanning in the frame
mode using the 488 and 543 nm lasers and BP 505-545 and LP560 emission filters for YFP
or mt-i-Pericam and Rhod-2 or mRFP, respectively.

Total internal reflection fluorescent microscopy (TIRF)

TIRF analysis was performed at room temperature in an Olympus through the lens dual launch
TIRF microscope system equipped with a Hammamatsu EM-CCD camera and a PlanApo 60x/
1.45 objective. 488 or 568 nm lasers and 535/40 and 645/75 emission filters were used for the
mt-i-Pericam and mRFP, respectively. The Openlab Software (Improvision) was used for data
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acquisition, and the pictures were exported as TIFF files for processing with the Metamorph
software (Molecular Devices). In some cases, the microscopic images were deconvoluted using
a plugin (Iterative Deconvolve 3D) of ImageJ 1.37a.

Statistical data are expressed as means £ S.E.M. For the evaluation of co-localisation of STIM1
puncta and subplasmalemmal mitochondria Pearson’s coefficient [40] was calculated after
thresholding, applying a plugin of ImageJ 1.37a which excludes zero-zero pixels (Intensity
Correlation Analysis). For curve fitting in Fig. 3 the spline/Lowess function of the Prism
software was applied. Initial rate of Ca2* -induced decrease in i-Pericam fluorescence in
mitochondria close to or far from STIM1-labelled ER was compared with ANOVA.

Results and Discussion

In order to enhance the active sites of SOC in COS-7 cells, Orai-1 and fluorescent protein-
tagged STIM1 proteins were co-expressed. To achieve only moderate levels of expression,
these constructs were driven by the thymidine kinase (TK) promoter [14]. The ER Ca?* store
was rapidly depleted by the addition of 50 uM ATP and 200 nM Tg to stimulate the endogenous
metabotropic Poy receptors and inhibit the SERCA Ca2* pump, respectively. Ca?* responses
of the transfected cells in the cytosol and mitochondria were followed by confocal microscopy
in regions of interest (ROIs) over the nucleus and over mitochondria, respectively, using the
Ca?* sensitive fluorescent dye Rhod-2. The rate and extent of the translocation of STIM1
towards the cell periphery was estimated off-line by measuring YFP fluorescence in ROIs over
the perinuclear ER and puncta-rich periphery, respectively. As shown in Fig. 1, addition of
ATP + Tg in the presence of external Ca2*, induced a rapid increase in [Ca?*], that was
associated with a moderate rise in mitochondrial [Ca%*] ([Ca?*]y,). This reflected the rapid
Ca?* release from the ER. However, a second phase of the Ca?* response was observed with
aslight delay, which was much more pronounced in the mitochondria than in the cytosol (note
the different scales of cytosolic and mitochondrial Rhod-2 signals on the y axes in Fig. 1B !).
The onset of this secondary Ca?™ rise coincided with the translocation of STIM1 from the ER
to the cell periphery and was, therefore, attributed to massive Ca2* influx via the expressed
Orail channels. Based on these data it may be assumed that mitochondria are capable of a
significant sequestration of the inflowing Ca2* and to some extent may protect the cytosol from
very large [Ca*]; increases.

In subsequent experiments the effects of Ca2* depletion of the ER and increased Ca2* influx
on [Ca?*],,, were studied with confocal- and TIRF microscopy, in order to determine whether
the mitochondrial responses were dependent on the localization of the mitochondrion relative
to that of STIML. For this, cells were cotransfected with mRFP-STIM1 and a mitochondrially
targeted inverse Pericam (i-Pericam) (Fig. 2). i-Pericam is a Ca?* sensitive protein displaying
high fluorescence intensity at low [Ca2*], [39]. The application of i-Pericam was preferred

over that of Rhod-2 because of its better suitability to detect mitochondria at low [Ca%*],,, which
was critical in subsequent TIRF experiments. In the resting state, mMRFP-STIM1 showed its

usual ER localization with some association with microtubules as described in several previous
studies [41,42]. The mitochondria could easily be detected due to their high fluorescence at to
low [Ca2*]y,. Ca?* depletion of the ER was induced with ATP + Tg in a Ca?*-free medium

(containing 100 uM EGTA). Within 2 minutes of drug application, mRFP fluorescence became
highly punctated indicating the formation of STIM1 clusters and enrichment in close proximity
to the PM (Fig. 2A). Ca2* influx was then initiated by the addition of 2 mM Ca?* to the medium
so that the effect of Ca2* influx could be studied without CaZ* release from the ER Ca2" stores.
Within 10 s after the addition of Ca?*, i-Pericam fluorescence rapidly decreased reflecting the
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SOC-evoked increase in [Ca2*]y, (Fig. 2B). These experiments showed that i-Pericam is
capable of reporting the rapid Ca2* rise in the mitochondria associated with Ca%* influx.

Next, the position of the mitochondria relative to the STIM1 puncta within the <100 nm wide
subplasmalemmal space was examined with TIRF microscopy. After ER Ca2* depletion by
the addition of ATP + Tg (in a Ca2*-free medium containing 100 uM EGTA), mRFP-STIM1
puncta were detectable at the vicinity of the PM, and a few mitochondria showing i-Pericam
fluorescence could also be located in this space. Importantly, the PM-close mitochondria
showed no preferential localization close to the STIM1 puncta, but were found either in
between the STIM1 patches or further away, in STIM1-free regions (Fig. 3A). Very few
mitochondria could be detected contacting or at least partially overlapping with red fluorescing
(mRFP) pixels. This was clearly demonstrable in pixel intensity profiles where pixels with
high intensities in both green and red channels were very rarely detected. Colocalisation was
also statistically estimated. Pearson’s coefficient which may change between +1
(colocalisation) and —1 (exclusion), was —0.750 + 0.105 (means * S.E.M.) in the original
images and —0.912 + 0.026 after deconvolution (n=5), confirming the lack of colocalisation of
mRFP and i-Pericam.

Since Ca?* influx probably saturates i-Pericam [39] the amplitude of mitochondrial Ca2*
response could not be accurately measured. Therefore we compared the initial rate of the fall
of dye fluorescence (expressed as AF/F, per second where F,, is F before adding Ca2*) in
mitochondria far from ER (i.e. more than 10 pixels distance between the two organelles) and
those close to ER. There was no statistical difference in the rates estimated for 12 far and 12
close mitochondria (selected in 3 cells) (p = 0.125). Similarly, no difference was observed
when fluorescence intensities were expressed as per cent of max-min values (Fig. 3B). (These
experiments were performed at room temperature to allow detection of small differences,
therefore the Ca2* response of mitochondria was somewhat slower than observed at 35 C.)

The relationship between mRFP-STIM1 and i-Pericam in ER-Ca2*-depleted cells was further
evaluated with scatter plots. In Ca2* depleted cells high i-Pericam fluorescence values
(requiring good i-Pericam expression and low [Ca2*],,,) were found in the low range of STIM1
fluorescence. Following readdition of Ca2* the green fluorescence intensities of these pixels
was drastically reduced, indicating that these pixels corresponded to functioning mitochondria
capable of Ca%* uptake (Fig. 4). The prominent fall of i-Pericam fluorescence across the
spectrum of pixels with red fluorescence upon the induction of Ca2* also confirmed the
conclusion that mitochondria show equally good Ca2* responses whether located in between
STIM1 puncta or in remote, STIM1-free regions.

Collectively, these results did not indicate the existence of preferential spatial positioning of
mitochondria close to the STIM1/Orail formed Ca2* entry sites. HCMDs is spatially and
temporally defined local elevations of [Ca?*]. around the mouth of a Ca2* release channel or
a plasmalemmal Ca2* channel. Its formation is allowed by a low diffusion rate of Ca2* (due
to immobile cytosolic Ca2* buffers) and facilitated by a physical barrier for diffusion, the
subplasmalemmal ER sites containing STIM1 puncta in our case. This way SOC-related
HCMDs theoretically could be formed between Orail clusters and the apposing ER membrane
rich in STIM1 puncta. Given the limited distance between the STIM1-labelled ER membrane
and the Orail in the apposing PM, which was estimated to be in the range of 10-25 nm [14,
43], this space is too narrow to accommodate a mitochondrion. Therefore, mitochondria may
be exposed to Ca2* diffusing only laterally from the HCMDs during SOC. This means that
subplasmalemmal mitochondria are exposed to Ca2* at concentrations probably exceeding that
of the global cytosolic [Ca2*] increase. The nearer they are to the HCMDs formed around the
orifice of Orai channels the higher [Ca2*] they are exposed to, but at least in non-excitable
cells, even this local [Ca2*] may not attain the high values found in HCMDs close to the ER
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Ca?" release sites. Whereas the estimated subplasmalemmal [Ca2*] values ranged between 20
and 300 uM in various excitable cells [44-47] subplasmalemmal [Ca2*] amounted to only ~1.6
uM in the non-excitable endothelial cells [25]. Therefore in non-excitable cells the cell-type
specific threshold of mitochondrial Ca2* uptake (cf. [48]) rather than the position relative to
the SOC site may determine to what an extent mitochondria can modify subplasmalemmal
[Ca2*]. during SOC.
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before ATP/Tg

after ATP/Tg

Confocal image of a Rhod-2 loaded COS-7 cell transfected with TK-YFP-STIM1 and untagged
Orail. (A) Upper row: control, lower row: 5 min after the addition 50 uM ATP and 200 nM
Tg in normal Ca%* containing medium. Note the large increase in Rhod-2 fluorescence (left
panels) and the formation of STIM1 puncta in the cell periphery (middle panels). The bar shows
10 um (B): Quantitation of fluorescence changes during the whole time-course of this
experiment. Cytoplasmic [Ca%*] (cyto, blue trace) was measured with Rhod-2 fluorescence
monitored over the nuclear area (blue circle). Mitochondrial [Ca2*] (red traces) was measured
with Rhod-2 at two selected areas over mitochondria (red circles). STIM1 translocation was
indicated either by the decreased YFP-STIM1 fluorescence in two central ER areas (green
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circles) of the cell (green traces) or by the increased average fluorescence of several puncta at
the peripheral region of the cell (selected areas too small to show in the picture) (black trace).
All fluorescence intensities were normalized to 0 sec. The dotted line shows the assumed onset
of SOC (cf. [14]). Note the two-phased increase in mitochondrial [Ca?*], a small increase
associated with the rapid Ca2* release from the ER and a slightly delayed massive Ca2* uptake
corresponding to the large SOC due to STIM1/Orail expression. The latter coincides with
STIM1 translocation to the cell periphery.
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Fig. 2.

Confocal image of a COS-7 cell expressing mRFP-STIML1, untagged Orail and inverse-
Pericam-targeted to the mitochondrial matrix. (A) Upper row: control, middle row: 2 min after
stimulation with 50 uM ATP and 200 nM Tg in Ca?*-free medium (note the formation of
STIM1 puncta on the left panels), lower row: 2 min after the addition of 2 mM Ca2* (note the
disappearance of i-Pericam fluorescence). The bar shows 10 um (B) The lower panel shows
the rapid fall of mitochondrially targeted i-Pericam (i.e. the increase in [Ca%*]y,) in 3 separate
mitochondrial ROIs in response to readdition of Ca2*. (Performed at 35 C.)
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Fig. 3.

TIRF analysis (performed at room temperature) of COS-7 cells expressing mRFP-STIM1,
untagged Orail and inverse-Pericam-targeted to the mitochondrial matrix. (A) This recording
(representative for 5 cells) was started after treatment of cells with ATP + Tg in Ca2* -free
medium (~ 9 min). The punctate appearance of STIM1 (upper row) shows that STIM1 isalready
translocated to the peripheral parts of the ER. Mitochondrial fluorescence (middle row) is high
at this point as Ca2* influx cannot take place in the absence of external Ca2* (left pictures).
Ca®* uptake was induced with the addition of 2 mM Ca2*, and mitochondrial Ca2* uptake is
indicated by the decreased fluorescence intensity of the mitochondrially targeted inverse
Pericam (middle and right pictures of the middle row). The bar shows 10 um (B) Quantitative
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analysis of fluorescence changes during the time-course of this recording. Red and green traces
show changes in the i-Pericam fluorescence intensity in selected mitochondria close to
(contacting) or far (more than 10 pixels distance) from mRFP-STIM1 fluorescence. The data
points for each ROI were expressed as per cent of max-min values and these values were
averaged (means = S.E.M., n=4). The enlarged image shows an example for a close (yellow
arrow) or far (white arrow) mitochondrion relative to active STIM1 areas.
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Fig. 4.

Scatter plot showing the fluorescence intensity of mitochondrially targeted i-Pericam (Y axis)
as a function of the fluorescence intensity of STIM1-mRFP (X axis) in the cell shown in Fig.
3. Left panel: 9 min after Ca2* depletion induced with ATP + Tg, middle panel: 1 min after
the addition 2 mM Ca?*, right panel: pixels disappeared after the addition of CaZ* (the middle
scatter plot subtracted from the left one).
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