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a b s t r a c t

A proper cooperation between the plasma membrane, the endoplasmic reticulum and the mitochondria
seems to be essential for numerous cellular processes involved in Ca2+ signalling and maintenance of Ca2+

homeostasis. A presence of microsomal and mitochondrial proteins together with those characteristic for
the plasma membrane in the fraction of the plasma membrane associated membranes (PAM) indicates a
formation of stabile interactions between these three structures. We isolated the plasma membrane asso-
ciated membranes from Jurkat cells and found its significant enrichment in the plasma membrane markers
including plasma membrane Ca2+-ATPase, Na+, K+-ATPase and CD3 as well as sarco/endoplasmic reticulum
Ca2+ ATPase as a marker of the endoplasmic reticulum membranes. In addition, two proteins involved in
the store-operated Ca2+ entry, Orai1 located in the plasma membrane and an endoplasmic reticulum pro-
tein STIM1 were found in this fraction. Furthermore, we observed a rearrangement of STIM1-containing
protein complexes isolated from Jurkat cells undergoing stimulation by thapsigargin. We suggest that the
inter-membrane compartment composed of the plasma membrane and the endoplasmic reticulum, and

isolated as a stabile plasma membrane associated membranes fraction, might be involved in the store-
operated Ca2+ entry, and their formation and rebuilding have an important regulatory role in cellular Ca2+
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. Introduction

Many cellular processes require a proper cooperation between
he plasma membrane (PM) and subcellular vesicular networks
uch as the mitochondria and the endoplasmic reticulum (ER). It

as been shown that along with their functional relations, rela-
ively stabile contacts exist between the mitochondria and the ER
s well as between both of these organelles and the PM. These struc-
ures, composed of the pieces of plasma membrane connected with

Abbreviations: PAM, plasma membrane associated membranes; MAM, mito-
hondria associated membranes; ER, endoplasmic reticulum; SOCE, store-operated
alcium entry; CCE, capacitative calcium entry.
∗ Corresponding author. Tel.: +48 22 589 23 72; fax: +48 22 822 53 42.

E-mail address: m.wieckowski@nencki.gov.pl (M.R. Wieckowski).
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fragments of intracellular membranes (ER and/or the outer mito-
chondrial membrane, and also recently reported mitochondrial
contact sites between outer and inner mitochondrial membranes
(Wieckowski et al., 2006)) are known as the plasma membrane-
associated membranes (PAM). They can be isolated and purified as a
subcellular fraction reflecting structural and presumably functional
associations between the ER, mitochondria and PM (Lebiedzinska
et al., 2009).

Isolation of PAM using cell fractionation method was orig-
inally described for yeast by Pichler et al. (2001). The same
authors characterized protein composition of PAM. Moreover a
possible function of these structures related to phospholipids

(particularly phosphatidylserine and phosphatidylinositol) synthe-
sis and transportation within a cell was also considered. More
recently it was evidenced that store-operated Ca2+ entry (SOCE)
into non-electrically excitable cells needs functional and struc-
tural interactions between the ER and the plasma membrane. It

http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:m.wieckowski@nencki.gov.pl
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eems that multimembranous structures (resembling PAM fraction
escribed for yeast) are relevant to Ca2+ homeostasis, especially
o SOCE. This hypothesis was supported by Wu and co-workers,
ho showed that the distance between the ER and the PM varies

etween 10 and 25 nm. The distance smaller than 30 nm between
he organelles could be regarded as not accidental association (Wu
t al., 2006). So far, several models have been proposed to charac-
erize the molecular basis of the interactions between the ER and
he PM during SOCE (Parekh and Putney, 2005). Recently postu-
ated model of conformational coupling is based on an assumption
hat structural associations of these membranes are maintained by
irect interaction of specific protein located in the ER, known as
tromal-interacting molecule 1 (STIM1) and the PM protein called
RAi (Wang et al., 2008). This model was supported by fluores-
ence microscopy observation, that upon depletion of the ER of
a2+, the discrete fraction of the ER moves to the cell periphery
here it interacts with the PM. Ca2+ release from ER increases the

umber of contact sites between the ER and PM by 62% (1/3 of junc-
ions are newly formed whereas two thirds of them pre-existed in
nstimulated cells) (Wu et al., 2006).

Previously it was found that certain regions of the ER inter-
ct with mitochondria, forming structures which may be isolated
s so called mitochondria-associated membranes (MAM) frac-
ion. Formation of such structures was previously characterized by
iochemical means by Gaigg et al. (1995). Data shown by Achleit-
er and colleagues indicated that interactions between ER and
itochondria occur more often than between other organelles

Achleitner et al., 1999). Formation of functional intermembrane
tructures between the ER and the mitochondria was demon-
trated in yeast (Gaigg et al., 1995) and in mammalian cells (Vance,
990; Shiao et al., 1995). The distance between interacting mem-
ranes, calculated on a basis of electron micrographs (Achleitner
t al., 1999), is small enough to allow stabile contacts formation
y proteins located on the surface of both organelles. The contacts
etween ER and mitochondria were also observed using high res-
lution electron tomography (Marsh et al., 2001) and using GFP
argeted probes and high resolution digital imaging microscopy
Rizzuto et al., 1998a,b). Interestingly, close contacts between
mooth subdomains of ER and mitochondria have been shown
o be required for both maintaining mitochondrial structure and
ipid transfer between the two organelles (Vance, 1990; Prinz et al.,
000).

Co-isolation of ER, mitochondria and PM suggests that dynamic
ssociations between these membranes could be fairly tight. The
im of the study presented in this paper was to isolate PAM frac-
ion from Jurkat lymphoidal cells, and using various biochemical
pproaches, investigate its role in SOCE. It was confirmed that
timulation of Jurkat cells by thapsigargin results in the increased
mount of STIM1 protein found next to the plasma mebrane. More-
ver, STIM1 was identified in the PAM fraction and upon addition of
hapsigargin it was detected in protein complexes of much higher

olecular mass than those in which it is present in unstimulated
ells. It may be concluded that PAM are important intermembrane
tructures, of which the formation and rearrangement, following
he ER depletion of Ca2+, accompanies activation of SOCE. The par-
icipation of STIM1 in such rebuilding was confirmed.

. Materials and methods

.1. Cell culture
Human lymphoblastoid T cells (Jurkat) were grown in RPMI 1640
edium supplemented with 10% fetal bovine serum (Gibco BRL),
mM glutamine (Gibco BRL), penicillin (100 U/ml), and strepto-
ycin (50 �g/ml) in a humidified atmosphere of 5% CO2-95% air at

7 ◦C.
mistry & Cell Biology 41 (2009) 2440–2449 2441

2.2. Induction of store-operated Ca2+ entry

Cells washed twice with PBS, were suspended in nominally Ca2+-
free buffer consisting of 132 mM NaCl, 5 mM KCl, 25 mM HEPES,
1 mM MgCl2, 0.5 mM NaH2PO4, 1 mM pyruvate, 5 mM glucose,
0.05 mM EGTA; the pH was adjusted to a desired value with NaOH.
After incubation of cells with 100 nM thapsigargin for 8 min at 37 ◦C
3 mM the mixture was supplemented with 2 mM CaCl2 to induce
CCE. After next 3 min the cells were used for subfractionation.

2.3. Subfractionation of Jurkat cells

Isolation of cellular fractions from Jurkat cells was made accord-
ing to the method previously described for yeasts by Pichler et
al. (2001) and adapted for Jurkat cells in our laboratory. Briefly,
the control and SOCE induced cells were washed in PBS, resus-
pended in cold (4 ◦C) homogenization buffer containing 225 mM
mannitol, 75 mM sucrose, 0.1 mM EGTA, protein protease inhibitor
cocktail, 5 mM Tris–HCl pH 7.4 and homogenized in the ice-cold
water bath using glass Potter–Elvehjem homogenizer with a motor-
ized teflon pestle. The efficiency of homogenization was monitored
under the microscope and homogenization was stopped when
disintegration of 90% of cells was reached. The homogenate was
centrifuged at 600 × g for 3 min twice. The final supernatant was
centrifuged at 20,000 × g for 20 min. Supernatant containing micro-
somes and cytosolic proteins was centrifuged at 100,000 × g for
1 h to sediment microsomes. Crude membrane fraction containing
plasma membrane, mitochondria and PAM fraction was suspended
in 5 mM Bis–Tris, 0.2 mM EDTA, pH 6.0 and subjected to sep-
aration on a discontinuous 38%, 43% and 53% sucrose gradient
made on the base of the solution: 5 mM Bis–Tris, 0.2 mM EDTA,
pH 6.0. A low-density band localized on the top of 38% sucrose
(denoted as the PAM fraction), middle-density band character-
ized as a crude mitochondrial fraction localized at the 38/43%
sucrose interface and a high-density band, 43/53% sucrose interface,
(denoted as plasma membrane) were collected and diluted three-
fold with 225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, 5 mM
Tris–HCl pH 7.4. PAM fraction was sedimented at 100,000 × g for
45 min. Purified plasma membrane was centrifuged at 10,000 × g
for 10 min to remove contaminating mitochondria and then sedi-
mented at 48 000 × g for 20 min. Crude mitochondrial fraction was
obtained by centrifugation at 13 000 × g for 10 min. All isolated
subcellular fractions were suspended in 225 mM mannitol, 75 mM
sucrose, 0.1 mM EGTA, 5 mM Tris–HCl pH 7.4 using a loose-fitting
Dounce homogenizer. Protein concentration in the fractions was
determined according to Bradford’s method using Bio-Rad protein
estimation kit.

2.4. Isolation of the plasma membrane – PAM enriched fraction
and pure plasma membrane by biotinylation of cell-surface
proteins from Jurkat cells

Crude plasma membrane (PM-PAM) enriched fraction was iso-
lated as described previously (Pichler et al., 2001). For biotinylation
of the cell surface proteins EZ-Link Sulfo-NHS-LC Biotin (Pierce,
Rockford, US) was used. 1 × 108 of Jurkat cells suspended in 5 ml
PBS (pH 8.0) supplemented with1 mM pyruvate and 5 mM glucose
was incubated with 2.5 mg of biotinylating reagent. After 30 min at
RT the cells were washed three times with ice cold PBS. Than cells
were suspended and incubated in hypotonic lysis buffer (10 mM
Tris, 10 mM NaCl, pH 7.0) in the presence of protease inhibitors

on ice for 3–5 min. The cell debris was sedimented for 10 min at
1000 × g, 4 ◦C. Cell lysates were incubated with immobilized Neu-
trAvidin beads (Pierce). Beads with bound proteins were washed
six times with hypotonic buffer (10 mM Tris, 10 mM NaCl, 1 mM
MgCl2 pH 7.0) and incubated with Laemmli sample buffer supple-
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ented with 100 mM DTT at 50 ◦C for 30 min. The eluted proteins
ere subjected to SDS-PAGE and Western blot.

To purify PM form PAM fraction, NeutrAvidin beads with bound
M/PAM proteins were incubated with 7 M urea/2 M tiourea for
5 min in RT. Beads with PM proteins were prepared for SDS-PAGE
s described before.

.5. Estimation of the protein profile of subcellular fractions by
DS-PAGE

40 �g of the protein of each fraction was separated on 4–12%
DS-PAGE with the size of 1 mm/16 cm/20 cm. Proteins were visual-
zed by the colloidal Coomassie staining according to the Anderson
rocedure (Anderson and Anderson, 1991).

.6. Blue native electrophoresis and second dimension
SDS-PAGE) of the BN-PAGE

The cells (30 × 106) washed twice with PBS or of PAM frac-
ion (75 �g of protein) were resuspended in the aminocaproic acid
uffer (1.5 M 6-aminocaproic acid, 50 mM Bis–Tris pH 7.0) and sup-
lemented with n-dodecyl-�-d-maltoside (1% final concentration).
amples were incubated on ice for 20–30 min and then centrifuged
t 100,000 × g for 15 min. to remove unsolubilized material. Protein
oncentration in the supernatant containing solubilized protein
omplexes was determined according to the Bradford’s method
sing Bio-Rad protein estimation kit. The supernatant was mixed
ith Serva Blue G (final concentration 0.5%) and subjected to elec-

rophoresis on the acrylamide gel gradient of 5–12% and the size
f 1 mm/16 cm/20 cm. At the beginning the separation was con-
ucted slowly at 50 V for 30 min to 1 h until the samples entered
he 4% stacking gel. Then the voltage was increased to 300 V. When
he front of separated samples reached 1/3 of the gel length, the
oomassie blue containing cathode buffer was replaced by the
nother, colorless one (without Coomassie). The electrophoresis
as continued at 300 V.

The lanes of the first-dimension gel were separated and incu-
ated in a dissociating solution (1% SDS and 1% 2-mercaptoethanol),
or 0.5 h at room temperature. Then were washed in electrophore-
is buffer, stacked over a 10% SDS-PA gel and separated at a constant
urrent of 35 mA until a front of the blue dye reached the end of the
el. Proteins were visualized with the colloidal Coomassie staining
r transfered on to the PVDF membrane using standard procedure.

.7. Western blot analysis

For SDS-PAGE analysis subcellular fractions were separated on
0% SDS-polyacrylamide gels and identified with specific antibod-
es as follows: �IP3R, non isotype specific monoclonal antibody,
:200, Calbiochem; recognizing all three isoforms; Orai 1, 1:500
abbit polyclonal, Abcam; ACSL-4, goat polyclonal, 1:1000, Santa
ruz; SOD2, goat polyclonal, 1:1000, Santa Cruz; SERCA2 (IID8),
ouse monoclonal, 1:2000, Santa Cruz; PMCA, mouse monoclonal,

:2000, Santa Cruz; PMCA4b (JA3), mouse monoclonal, 1:2500,
anta Cruz; Na/K ATPase mouse monoclonal, 1:2000, Abcam; COX
I, mouse monoclonal, 1:2000, MitoSciences; ANT goat polyclonal,
:1000, Santa Cruz; �VDAC1, 1:5000; Calbiochem, monoclonal
nti-porin 31HLHuman; CD3, 1:2500, rabbit polyclonal, DAKO
ytomation; GOK1/STIM, 1:500, BD Transduction Laboratories.
fter hybridization with peroxidase (HRP) conjugated secondary
ntibody, the signal was revealed using ECL Plus Western blot detec-

ion reagent (Amersham Pharmacia Biotech). Samples containing
0 �g total cellular protein per well were run on a Laemmli-type 8%
odium dodecyl sulfate-polyacrylamide gel and proteins were elec-
roblotted onto nitrocellulose membranes. Blocking of nonspecific
rotein binding to nitrocellulose was performed by incubating the
mistry & Cell Biology 41 (2009) 2440–2449

membranes for 30 min with Tris-buffered saline (TBS)-0.1% Tween-
2% milk.

2.8. Measurement of the cystosolic Ca2+ concentration

Cytosolic free Ca2+ was measured with Fura-2 (Grynkiewicz
et al., 1985). The cells were loaded with 1 �M Fura-2/AM in the
culture medium at 37 ◦C for 15 min. After centrifugation the cells
were resuspended in the solution consisting of 132 mM NaCl, 5 mM
KCl, 25 mM HEPES, 1 mM MgCl2, 0.5 mM NaH2PO4, 1 mM pyruvate,
5 mM glucose, 0.1 mM CaCl2, and centrifuged again. Next, the cells
were suspended in the same but nominally calcium free solution
(CaCl2 replaced with 0.05 mM EGTA) and used for experiments.
Fluorescence of Fura-2 was measured at 30 ◦C with Shimadzu RF
5301PC spectrofluorimeter set in the ratio mode using 340 nm
and 380 nm as excitation wavelengths and 510 nm as the emission
wavelength. The time resolution of the measurements was 1 s.

2.9. Immunocytochemical detection of STIM1 protein

After activation of SOCE as described above, the cells (as well
as the control ones not stimulated by thapsigargin) were fixed
with 4% p-formaldehyde (15 min, at room temperature), washed in
PBS and permealized by 0,1% Triton X-100 containing 0.1 M glycine
(15 min). All steps of the immunostaining were performed in sus-
pension. After washing in PBS, the cells incubated in 5% horse
serum for 30 min. The primary antibody against Stim1 (monoclonal,
BD Transduction Laboratories) was applied at dilution 1:100, 4 ◦C,
overnight. Cells were then washed in PBS and incubated in sec-
ondary antibody (Alexa Fluor 488, Donkey Anti-Rabbit IgG) diluted
1:200 for 2 h, at room temperature. After immunostaining, the
cell pellets were dehydratated respectively in 50%, 70%, 96% and
100% ethanol (in each one for 15 min). Cells were then incubated
twice in propylene oxide for 15 min, at room temperature and infil-
trated with propylene oxide/epon at a ratio as follows: 2:1, 1:1, 1:2
(for 1 h at each one). Next, infiltration was performed overnight
in 100% epon. After addition of a new portion of pure epon, the
samples were left for polymerization at 60 ◦C for 48 h. Cell immo-
bilized in polymerized epon were cut with use of ultramicrotome
(Leica) into 500 nm-thick plastic sections. Images were acquired
using confocal microscope (Leica TCS SP2). Images were subjected
to background-subtraction and deconvolution, using Huygens 3.1
software (maximum-likelihood estimation algorithm), followed by
brightness adjustment (in Corel Photo Paint), to cover full dynamic
range of pixel-intesities.

2.10. Analysis of mitochondrial and endoplasmic reticulum
structure

Cells were plated on glass coverslips coated with MatrigelTM

(BD Biosciences), diluted 3× with RPMI medium, and centrifuged
by 700 g 4 min. A group of cells was washed with KRB contain-
ing 1 mM CaCl2 (controls), whereas another group was washed
once with KRB/CaCl2, then incubated sequentially in KRB/EGTA
(100 �M, 3 min), KRB/EGTA/Tg (1 �M, 5 min), and KRB/CaCl2 (2 min,
Tg treated cells). After treatment cells were immediately fixed with
4% p-formaldehyde (15 min, 37 ◦C). Immunofluorescence stain-
ing was performed according to standard protocols. Briefly, cells
were washed in PBS, permeabilized by 0.1% Triton X-100 (10 min),
blocked in 1% BSA (20 min), before primary antibodies were applied
for 4 h at RT in PBS/BSA 1%. The primary antibodies used were grp-

75 (goat polyclonal, Santa Cruz, 1:100) and STIM1 (monoclonal,
BD Transduction Laboratories 1:200). Cells were then washed in
PBS, and secondary antibodies (Alexa Fluor 488, Goat Anti–Mouse
IgG for STIM and Alexa Fluor 594 Rabbit Anti-Goat IgG for grp-
75, 1:800) were applied for 30 min at RT. Image acquisition was
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ade using an inverted microscope (Axiovert 200 M; Carl Zeiss
icroImaging, Inc.), using a 63 × /1.4 Plan-Apochromat objective, a

ool-SNAP HQ interline charge-coupled device camera (Roper Sci-
ntifi c) and the MetaMorph 5.0 software (Universal Imaging Corp.).
D reconstruction and co-localization analysis were performed
n a wide-field digital imaging system as previously described
Szabadkai et al., 2004, 2006). 3D image deconvolution was per-
ormed using a custom made software developed by the Biomedical
maging Group of the University of Massachusetts (Worcester, MA,
SA) based on measured point spread function (Rizzuto et al.,
998a,b). This setup thus allowed the resolution of 250 nm in the
y, and 500 nm in the z direction. For 3D reconstruction and co-

ocalization analysis of fluorescence signals the data analysis and
isualization environment (DAVE) software, developed by the same
roup (Carrington et al., 1995; Rapizzi et al., 2002).

. Results

.1. Activation of SOCE induces changes in STIM1 protein
ocalization

Translocation of STIM1 from ER to PM accompanying of SOCE
as previously shown in various cell types (Serrano, 1988). In our

xperiments, a complete depletion of the ER of Ca2+, which is a
rerequisite for SOCE activation, was achieved due to inhibition of
ERCA by 100 nM thapsigargin. It resulted in a transient increase in
he cytosolic Ca2+ concentration (Fig. 1A). Such treatment of cells
esulted also in accumulation of large STIM1-immunoreactive gran-

les at the cell periphery, sometimes forming linear aggregates
Fig. 1B). They may reflect an accumulation of vesicles separated
rom the plasma membrane by the distance smaller than the opti-
al microscopy resolution (∼250 nm). Notably, the specimen was

ig. 1. Intracellular localization of STIM1 in control and SOCE-activated cells.
A) Representative trace showing a thapsigargin-evoked transient increase of the
ytosolic Ca2+ in Jurkat cells suspended in the Ca2+-free solution. (B) Translocation
f STIM1 to the plasma membrane in Jurkat cells in upon addition of thapsigargin.
mistry & Cell Biology 41 (2009) 2440–2449 2443

prepared by distortion-free embedding of cells in the resin, fol-
lowed by cutting of semi-thin sections. Such a procedure preserves
the native 3D arrangement of cellular compartments. This obser-
vation, confirming data coming from other laboratories, led us to
further studies focused on a transient formation of specialized
structures consisting of the ER and PM, putatively engaged in the
store-operated Ca2+ entry.

3.2. Isolation and characterization of PAM fraction from Jurkat
cells

To isolate the PAM fraction, we took an advantage of a method
developed by Gaigg et al. (1995) using sucrose density gradient
centrifugation that allowed to fractionate the crude PM fraction
to PAMs and the purified PM (Gaigg et al., 1995; Serrano, 1988). To
improve the quality and efficiency of the purification procedure we
slightly modified the original protocol. Four subcellular fractions:
mitochondria, ER, PM and PAM fraction were isolated from human
lymphoblastoid T cells (Jurkat cells). For details of our protocol see
Section 2 and Supplementary Figure 1.

According to the data available in the literature, divalent cations
modify PAM composition and increase stability of interactions
between the PM and the ER, and/or the mitochondria (Pichler et al.,
2001). Moreover, a slightly acidic medium (ca. pH 6.0) also seems
to be critical for these interactions. Therefore, in all experiments
described in this paper, PAM fraction was isolated in the presence
of divalent cations chelators in buffers, and pH of sucrose gradi-
ent was adjusted to 6.0. Protein composition of the PAM fraction
was compared with the protein profiles of the mitochondria, ER
and PM isolated from Jurkat cells, using 1D SDS-PAGE technique.
As expected, protein profile of the PAM fraction (Supplementary
Figure 2) differs from others, but some of protein bands of the PAM
have counterparts in the ER and mitochondria.

To identify interactions between the organelles, and find pro-
tein “fingerprint” characteristic for the PAM fraction obtained from
Jurkat cells, we used various antibodies against proteins which are
specific markers of particular subcellular fractions. As it is shown in
Fig. 2, the PAM fraction contains both ER and PM proteins as well as
some mitochondrial markers such as porin (VDAC), present in the
outer mitochondrial membrane (OMM) and ADP/ATP carrier (ANT)
located in the inner mitochondrial membrane (IMM). The rela-
tively small amount of cytochrome c oxidase (COX), another integral
IMM protein, in the PAM fraction, suggests that discrete mitochon-
drial contact sites (containing, among other proteins, VDAC and
ANT but not COX) could be involved in PAM formation. Super-
oxide dismutase 2 (SOD2) located in the mitochondrial matrix
is not detected in the PAM. Such specific protein composition of
the PAM fraction indicates non-accidental presence of selected
IMM proteins. Interestingly plasma membrane markers (including
plasma membrane Ca2+-ATPase (PMCA), sodium-potassium pump
(Na+/K+-ATPase,))are more abundant in the PAM fraction than in
the PM fragments not engaged in PAM formation. These data corre-
spond well to results published by Lillemeier and co-workers, and
could be explained by the presence of plasma membrane proteins
forming clusters attached to cytoskeleton. The PAM fraction iso-
lated from Jurkat cells can be formed by specific plasma membrane
sub-regions which could be involved in interactions with intracel-
lular organelles (Lillemeier et al., 2006). The presence of ER and
PM markers in the crude mitochondrial fraction may reflect for-
mation of the MAM fraction usually accompanying mitochondrial
preparations (Lebiedzinska et al., 2009; Vance, 1990; Vance et al.,

1997), whereas high amount of proteins derived from the outer
and inner mitochondrial membranes and the mitochondrial matrix
found in the PM fraction could be unexpected until it was found by
Chen and co-workers (Chen et al., 2007). Quantification of West-
ern blots presented in Fig. 2 is shown in Supplementary Figure 3.
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Fig. 2. Immunoblot analysis of protein components of subcellular fractions pre-
pared from Jurkat cells. Subcellular fractions from Jurkat cells were separated on
10% SDS-polyacrylamide gels, transferred to PVDF membrane and incubated with
corresponding antibodies. Representative blots showing the relative amounts of
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haracteristic protein markers in isolated subcellular fractions are shown. ER mark-
rs: IP3R, SERCA. PM markers: Na+/K+-ATPase, PMCA, CD3R. Mitochondrial markers:
DAC, ANT, COXI, SOD2. Quantification of Western blots is presented in Supplemen-

ary Fig. 3.

urthermore, an introduction of additional steps to the PM isola-
ion/purification procedure, consisting of hypertonic treatment of
he PM fraction followed by centrifugation at 48,000 × g for 20 min,
id not improve its purity (not shown). This might indicate that
he plasma membrane and mitochondria form stabile structures
istinct from the PAM formed predominantly by the endoplasmic
eticulum and plasma membrane. The presence of ACSL4 protein
n the PM fraction supports this hypothesis but it needs further
onfirmation.

Co-localization of selected proteins typical for different intracel-
ular structures in the PAM fraction supports the idea that PAM is
structure which reflects stable bridges between PM and ER. Such
close positioning of ER to the PM enables fast and discrete cross-

alk between these two structures e.g. to help or maintain SOCE
Lebiedzinska et al., 2009).

.3. STIM1and Orai1 proteins are present in the PAM fraction

STIM1 has been shown to be a Ca2+ sensor within the ER stores
nd its role in the store-operated Ca2+ signaling pathway was firmly
stablished (Zhang et al., 2005; Roos et al., 2005; Spassova et al.,
006). This protein interacts with Orai1 protein located in the PM,

hich is another crucial component of the CCE machinery. To test
hether both CCE participants, STIM1 and Orai1 are components of

he PAM fraction, an intracellular localization of these proteins was
nvestigated. We estimated the relative amount of STIM1 and Orai1
n selected cellular fractions. As shown in Fig. 3A a high amount of
mistry & Cell Biology 41 (2009) 2440–2449

STIM1 is detected in both ER and PAM fractions, whereas a rela-
tively low amount of this protein was detected in the PM fraction.
Orai1 protein was predominantly detected in the PAM and PM frac-
tion. Using this isolation procedure two bands of STIM1 have been
always observed. The lower band corresponds to the STIM1 which is
deglycosylated and the upper to the glycosylated form. Occurrence
of this two forms of STIM1 is in agreement with the data recently
published by our group (Czyż et al., 2009). Interestingly, in PAM
fraction only deglycosylated STIM1 has been observed what addi-
tionally supports our hypothesis of the involvement of PAM fraction
in the CCE.

As STIM1 (but not Orai1) is thought to undergo intracellular
translocation between the ER and the PM upon depletion of the
intracellular Ca2+ stores, the further experiments were focused on
this protein. To verify the previously reported observation that
STIM1 is present not only in the ER but also can be an integral PM
protein (Zhang et al., 2005) an alternative method based on cell
surface protein biotinylation was used for isolation of the crude
PM fraction. It consist of both “bright” (“pure”) PM free of other
membrane fragments and PAM fraction. Incubation of the collected
material with 7 M urea and 2 M thio-urea resulted in an dissociation
of the high purity PM. The PM fraction prepared by this method is
free of ER marker (Fig. 3B) whereas the mitochondrial markers (ANT,
COX and SOD2) were not detected either in the PM + PAM fraction
prior to or in the PM fraction after the urea + thiourea treatment (not
shown). Western blot analysis of such highly purified PM clearly
indicates that STIM1 is also present in the PM (Fig. 3B). The com-
parison of both methods used for purification of the PM and PAM
fractions confirms that the biotinylation technique allows isolating
of PM of much higher purity than that based on the centrifugation
in sucrose gradient (Peirce et al., 2009).

3.4. Protein profile of Jurkat cells is unchanged during CCE but
STIM1 is present in different protein complexes

An activation of SOCE is an indispensable element of signaling
cascade that follows lymphocyte stimulation. Depletion of the ER
Ca2+ stores induced by an extracellular stimulus results in opening
of SOCs located in the PM. Recently it has been shown that this lat-
ter step needs close apposition of the ER and PM proteins, STIM1
and Orai1, respectively. For a qualitative description of such rela-
tionships between PM and ER under resting condition and during
SOCE activation, the rearrangement of STIM1-containing protein
complexes were analyzed.

Protein profiles visualized by Coomassie staining after 1D SDS-
PAGE of the PAM fraction isolated from resting and thapsigargin
treated Jurkat cells were identical (not shown). Hence, it was
assumed that possible changes could occur on a more discrete level
and deal with differences in protein interaction rather than in a
total protein composition. To test this hypothesis the Blue Native
polyacrylamide gel electrophoresis (BN-PAGE), originally described
by Schägger and von Jagov, was employed. This technique allows
studying of protein complexes formation and estimating their size
and composition (Schägger and von Jagow, 1991). The typical pat-
tern of the total cellular proteins obtained by sequential use of
BN-PAGE and SDS-PAGE, in resting cells and after SOCE induction is
shown in Fig. 4A. Proteins were visualized by Colloidal Coomassie
staining. As molecular mass markers the mitochondria respiratory
chain complexes were used. The results obtained indicate that the
short-term activation of SOCE was not followed by global remod-
eling of protein complexes. However, a typical 2D BN/SDS PAGE

shows significant changes in STIM1 localization upon SOCE acti-
vation (Fig. 4B). Particularly, stimulation of cells by thapsigargin
resulted in the increase of proportion of STIM1 localized in the
complexes of relatively higher molecular mass than in control cells
and the decreased amount of STIM1 “dispersed” among numer-
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Fig. 3. Subcellular localization of STIM1 protein. (A) Subcellular fractions were prepared as is described in Material and methods. 30 �g proteins were loaded on 10% SDS-
polyacrilamide gels. A typical result of immunoblots are shown. Bar chart showing quantified levels of STIM1 and ORAi1 in subcellular fractions isolated from Jurkat cells.
Each bar chart represents means ± S.E.M. n = 3. For ORAi1 presented values are means from two independent experiments. Western blot scans were analyzed using NIH ImageJ
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urkat cells and separated on 10% SDS-polyacrilamide gel. A typical results of imm
resented values are means from two independent experiments. Western blot scan

us complexes of relatively high, medium and low molecular mass.
hese changes indicate that STIM1-containing protein complexes
re modified during SOCE. Such a remodeling might be important
or the initiation and/or execution of Ca2+ entry. To distinguish
etween global and local changes in protein profiles, a participation
f STIM1 in different protein complexes located in the PAM fraction
as investigated. Results presented in Fig. 4C show remodeling of

TIM1-containing complexes during CCE in PAM fraction.

.5. 3D morphological imaging reveals physical association of
TIM1 with plasma membrane and mitochondria

It has been previously shown that following SOCE induction by
hapsigargin, mitochondria shifted towards the plasmamembrane
n Jurkat cells (Quintana et al., 2006). However, no data concerning
he relationship between mitochondria and STIM1 during activa-
ion of the SOCE pathway have been published so far. In order to
etermine the interaction of STIM1 with the mitochondrial network

n the control and thapsigargin treated cells we applied a 3D digital
maging approach previously described to assess mitochondrial-ER
nteractions (Rizzuto et al., 1998a,b). To acquire Z-series of images
f the mitochondrial marker grp75 (present in the mitochondrial
atrix and the OMM surface) (Szabadkai et al., 2006) and STIM1,

ells were immobilized on glass coverslips, fixed either without
reatment or immediately after induction of capacitative Ca2+ influx
see Section 2), and the proteins were visualized by immunoflu-
rescence. As shown on Fig. 5A, mitochondria form a partially
ontinuous network in a narrow space between the nucleus and
M in both control and Tg treated cells, without any gross change

n their structure. Co-localization analysis of the STIM1 and grp75
ignals (Fig. 5B) revealed a low level of interaction in control cells
0.27%), presumably reflecting the previously demonstrated ER-

itochondrial contact sites (Rizzuto et al., 1998a,b). Interestingly,
n Tg stimulated cells we observed a significant increase in the

ormation of such STIM1 containing contact sites between mito-
hondria and the ER and presumably the PM (0.57%). These results
hus further confirm the findings that STIM1 co-purifies with mito-
hondrial, ER and PM markers, coalescing into dynamic protein
omplexes comprising all three organelles.
ma membrane (PM) were isolated by biotinylation of the cell-surface proteins from
lot are shown. Bar chart showing quantified levels of STIM1 and CD3 and SERCA.
analyzed using NIH ImageJ software.

In conclusion, our data confirm a close physical coupling
between ER and PM which leads to formation of PAM structures,
plays a crucial role in activation and/or maintenance of SOCE.

4. Discussion

Previously it was shown that the depletion of Ca2+ stores of
Ca2+ results in enhanced interaction of the ER with mitochon-
dria (Rizzuto et al., 1998a,b). Recently, we have identified protein
components of the MAM fraction, and pointed out a possible par-
ticipation of IP3R, VDAC and MOT2 proteins in the Ca2+ transport
between these organelles (Szabadkai et al., 2006). Moreover, we
defined the mitochondrial proteins in contact sites between the
mitochondria and ER in the MAM fraction, and highlighted their
role in modulating Ca2+ cross talk between the mitochondria and
ER (Wieckowski et al., 2006). Furthermore, we also found that the
MAM fraction isolated during mitochondria purification from HeLa
cells or rat liver contains not only mitochondrial and ER markers
but also plasma membrane Ca2+ ATPase (PMCA).

More recently, similar interaction between the PM and ER were
described in control and stimulated cells, suggesting that forma-
tion of direct contacts between selected regions of different cellular
membranes is necessary for activation of Ca2+ channels (Zhang et
al., 2005; Luik et al., 2008). Altogether, these observations indi-
cate that stimulation of Ca2+ signal in electrically non-excitable
cells needs very complex interactions between membranes of three
cellular structures: plasma membrane, endoplasmic reticulum and
mitochondria (Lebiedzinska et al., 2009).

In the present study we analyzed interactions between the ER
and PM from “the plasma membrane point of view”. In other words
these studies were focused on contact sites between the ER and PM
previously described in yeast as PAM. We observed changes in the
distribution of STIM1 protein upon cell stimulation by thapsigar-
gin and hypothesized that PAM structures are the loci of specific

proteins participating in the formation of dynamic interactions
between PM and ER which are thought to be involved in SOCE acti-
vation in animal cells. Two different experimental approaches were
applied for separation of selected subcellular fractions, including
PM and PAM. The first relied on the differential centrifugation of
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Fig. 4. Blue Native Electrophoresis and Western blot analysis of the total cellular lysate and PAM fraction from Jurkat cells in resting state and after CCA activation. Jurkat
cells or native PAM fractions were separated on a 5–12% acrylamide gel in the first dimension. Then, the native gels were incubated with a dissociating solution, stacked over
a 10% SDS-PA gel and electrophoreticaly separated as described in Material and methods section. (A) BN-PAGE/SDS-PAGE of control and “stimulated” “total proteom” from
Jurkat cells. Calibration marker–BN-PAGE of rat heart mitochondria used as a molecular marker to calibrate separation in the gel. TOTAL–BN-PAGE of “total proteom” stained
b “total
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y Coomassie Brillant Blue G250. (B) Western blot of BN-PAGE/SDS-PAGE separated
AM fraction isolated from control and “stimulated” Jurkat cells. Calibration marker
he gel. PAM–BN-PAGE of PAM fraction stained by Coomassie Brillant Blue G250. STI
rotein. (B and C) – a typical results of an immunoblot from two separate experime

ellular homogenate in non-linear sucrose gradient. The second one
ased on a biotinylation of the intact cell surface proteins and iso-

ation of biotinylated PM subfractions from cellular homogenate.
ifference in the proportion of the selected mitochondrial and ER
arkers in the purified PM and PAM in comparison to that found in

he purified ER or mitochondria excludes unspecific contamination
f the both PM-containing fractions. It allows regarding “bright” PM
nd PAMs as a specific subfraction of the total plasma membrane.
s we shown in Fig. 2, PAM fraction contains relatively high amount
f the outer mitochondrial membrane marker VDAC and the inner
itochondrial membrane marker ANT what is in a good agreement
ith findings of Pichler et al. (2001). Previously, we have shown the

ack of COX II, a subunit of cytochrome c oxidase (a marker of the
nner mitochondrial membrane) in the MAM fraction (Szabadkai et

l., 2006). Similarly in this case, the absence COX I subunit in the
AM fraction indicates a selective participation of ANT in PAM. ANT
resent in the PAM fraction comes from the mitochondrial con-
act sites where VDAC as a link can interact with proteins either
rom PM or ER. It suggests that only specific regions of the outer
proteom” of Jurkat cells developed against STIM1 protein. C) BN-PAGE/SDS-PAGE of
AGE of rat heart mitochondria used as a molecular marker to calibrate separation in
estern blot of BN-PAGE/SDS-PAGE separated PAM fraction developed against STIM1
own.

and inner mitochondrial membranes are involved in the PAM for-
mation. The detection of the only selected mitochondrial and ER
proteins in the PAM fraction suggests the specificity of these com-
plex interorganelle interactions.

It is probable that the presence of mitochondrial proteins in
the PAM reflects a role of mitochondria in the transmission of
Ca2+ signals from the endoplasmic reticulum to the plasma mem-
brane. It was suggested that, mitochondria located in the vicinity
of Ca2+ channels can readily take up Ca2+ coming from both ER and
the extracellular space upon cell stimulation (Malli et al., 2005).
Moreover mitochondrial buffering Ca2+ next to the SOCs channels
decreases a local Ca2+ concentration and thereby prevents feed-
back inactivation Ca2+ influx. Hence, energized mitochondria sup-
port store-operated Ca2+ entry (Duszynski et al., 2006). It was pro-

posed that sustained activity of SOC requires translocation of mito-
chondria to the plasma membrane (Quintana et al., 2006). The pres-
ence of selected mitochondrial proteins in the PAM fraction or some
PM proteins in crude mitochondria (containing MAM fraction) is in
agreement with this hypothesis (Lebiedzinska et al., 2009).
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3D reconstruction of the mitochondrial structure in control and
OCE activated Jurkat cells shows no significant differences in mito-
hondrial shape (see Fig. 5A). This observation is in agreement with
he data presented by Quintana and co-workers, who pointed out
hat translocation of mitochondria to the PM regions was observed
n the late phase of Ca2+ influx (after 8–10 min. when Ca2+ con-
entration in the cytosol reached plateau) (Quintana et al., 2006).
n our experimental model cells were fixed 2 min after initiation
f the Ca2+ influx. Thus, it probably was to short period for mito-
hondrial translocation to be observed. In control cells and during
arly phase of SOCE mitochondria form a partially continuous net-
ork in the narrow space between the nucleus and the PM. STIM1 is

ocalized as irregular patches in the ER membranes, often surround-
ng the mitochondrial particles. We found an increased degree of
o-localization of STIM1 and mitochondrial network in stimulated
ells (see Fig. 5B). Furthermore, immunocytochemical analysis of
he excited cells has revealed that STIM1 shifted towards the edge
f the cells what corresponds with the data obtained by Wu et al.

ndicating that STIM1 accumulates in clusters formed in these areas
f ER which are positioned closely to PM (Wu et al., 2006). Increased
o-localization of the ER and mitochondria in the excited cells sug-
ests that the abundance of the mitochondria-ER contact sites is
aintained at a higher level not only during Ca2+ release phase but

lso upon early phase of the capacitative Ca2+ entry.
Analysis of the subcellular fractions isolated from Jurkat cells

howed that the PAM fraction is enriched in the PM markers in com-
arison to the distribution of these proteins in the PM not involved
n PAM. It was previously reported that the plasma membrane pro-
eins in Jurkat cells are clustered into separated “islands”. This may
ndicate that the PAM fraction isolated from these cells preferen-
ially contains these sub-regions of the plasma membrane which
nriched in proteins which are responsible for interaction with

ig. 5. (A) 3D structure of mitochondria in resting state and upon capacitative calcium ent
maged as described in the Materials and Methods section. (B) Co-localization analysis of
n (A). Mitochondria are shown in red, STIM1 in green. Magnified inset shows the 3D str
TIM1 signal (red spots) (For interpretation of the references to colour in this figure legen
mistry & Cell Biology 41 (2009) 2440–2449 2447

intracellular organelles (Lillemeier et al., 2006). Low contamination
level of PM by ER markers together with the lack of the PM markers
in the ER fraction suggests that the composition of PAM fraction is
unique and not accidental. It has previously been reported by Pich-
ler and co-workers that PAM fraction isolated from yeast contains
markers of both PM and ER. They found that the plasma membrane
ATPase activity in PAM fraction is 100-fold lower in comparison to
the pure PM. The authors have left open the question whether the
protein composition of the PAM fraction is the same as or different
then the subfraction of the ER in the proximity to the plasma mem-
brane (Pichler et al., 2001). In contrary to these data our results
obtained for Jurkat cells indicate that PAM fraction exhibits high
similarity to the PM.

The hypothesis suggesting that PAM can be involved in the SOCE
was additionally supported by our finding indicating that the PAM
obtained from Jurkat cells by sucrose gradient centrifugation, con-
tained significant amount of STIM1 protein. STIM1 is the ER protein
though its localization in other subcellular compartments has also
been suggested (Zhang et al., 2005). Furthermore, data obtained
from the experiments based on fractionation of cells with the use
of the biotinylation technique, confirmed that STIM1 could also be
found in the PM. This result is in good agreement with observa-
tion described by Spassova et al. (2006). It was also reported that
depletion of the ER of Ca2+ caused translocation of STIM1 to the PM.
(Peirce et al., 2009). Our data may support a hypothesis that STIM1
present in the PAM fraction is involved in the interaction between
ER and PM and formation/activation of SOC channels (see Fig. 6).

On the other hand, they may became controversial in a view of
other reports evidencing that translocation of STIM1 to PM during
SOCE does not occur (Wu et al., 2006; Luik et al., 2006; Patterson et
al., 1999). The interactional model of SOCE activation assumes that
the opening of Ca2+ channels needs a specific interaction of STIM1

ry in Jurkat cells. Cells were seeded on glass coverslips, fixed; cells were labeled and
immunolabelled STIM1 and the mitochondrial network on the same preparation as
ucture of mitochondria (grey) superimposed with the voxels colocalizing with the
d, the reader is referred to the web version of the article.)
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ig. 6. Model of capacitative calcium entry initiated by aggregation o STIM1 presen
ith ORAi protein results in activation of SOC channels. Close positioning of mitoc

icinity of Ca2+ transmission areas enables fast and efficient ER refilling.

nd proteins of the PM (Venkatachalam et al., 2002; Dziadek and
ohnstone, 2007). Using TIRF microscopy, Wu et al. (2006) observed
hat STIM1 aggregated in the ER may be positioned at the dis-
ance of 10–20 nm from the PM. This is close enough for direct
nteraction between STIM1and PM proteins (Wu et al., 2006). It is
uggested that STIM1 interacts with ORAi1 protein or, alternatively,
ith STIM1 located in the PM. Such explanation in the line with

ur observation that, activation of SOCE accompanies the remodel-
ng of STIM1-containing complexes of a molecular masses ranging
etween 800 kDa–1.5MDa and 300–500 kDa. (Fig. 4B). Unfortu-
ately, in the total native lysate we could not observe an appearance
f the very high molecular weight STIM1-containing complexes,
hich formation was postulated by Dziadek and Johnstone in their
odel of conformational changes in STIM1 protein (Dziadek and

ohnstone, 2007). On the other hand, our results obtained with the
se of PAM fraction isolated from Jurkat cells correspond well to the
onformational model of SOCE. Detection of STIM1 in the higher
olecular mass complexes concomitantly with its decreased par-

icipation in the low molecular mass complexes indicates serious
hanges in proteins interrelationships upon stimulation of cells by
hapsigargin. The presence of some amount of the low molecular

ass STIM1-containing complexes in PAM fraction after induction
f SOCE indicates that not all STIM1 present in the ER or PAM is

nvolved in the activation and/or maintenance of the Ca2+ entry (see
ig. 4C low/right panel). It seems that STIM1 accumulation near the

M does not need a massive movement of ER toward PM and is in an
greement with the data presented by Wu et al. that only 1/3 of con-
acts is newly formed and the rest comes from already preexisting
nes. This could emphasize a potential role of PAM fraction in SOCE
Wu et al., 2006). Recently it has been reported that close apposi-
M fraction in to high molecular weight complexes. Interaction of STIM1 aggregates
ia to the SOC reduces Ca2+-dependent channel inactivation. SERCA presence in the

tion of ER membrane to the PM can also be important for refilling
of ER stores with minimal changes in cytosolic Ca2+ level (Jousset et
al., 2007). The authors tested the hypothesis that Ca2+ influx during
SOCE occurs in clusters containing SOC channels, STIM1 and SERCA
proteins.

Taking together, we propose that PAM are subcellular structures
involved in the store-operated Ca2+ entry. It must be emphasized
that they not only reflect the functional interactions between the
PM, ER and mitochondria, but also are stabile enough to allow puri-
fying them as a defined subfraction of the total plasma membrane.
However, the mode of interaction between mitochondria, ER and
PM is still far from being fully understood and identification of other
components of contact sites between these organelles needs addi-
tional studies. More information about the role of PAM and MAM
fraction you can find in our recent review, see ref. Lebiedzinska et
al. (2009).
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