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Abstract Store-operated Ca2+ entry (SOCE) is activated in
response to depletion of intracellular Ca2+ from the
endoplasmic reticulum (ER). A variety of agonists stimulate
SOCE via IP3-dependent Ca2+ depletion. SOCE is also
activated by thapsigargin, an inhibitor of Ca2+ reuptake into
the ER that induces a net Ca2+ loss from the ER by
unmasking a Ca2+ “leak” pathway. The molecular identity
of this Ca2+ leak channel and the physiological conditions
under which such agonist-independent Ca2+ depletion might
occur remain poorly characterized. In this study, we report
that inhibition of the initiation step of protein synthesis (with
pactamycin) resulted in detectable Ca2+ depletion in ER and
activation of SOCE. This was completely prevented if the
ribosome–nascent chain complexes were first stabilized with
an irreversible inhibitor of translational elongation (emetine),
suggesting that ER Ca2+ depletion had occurred through open
translocons at the ER. Notably, emetine pretreatment also
attenuated thapsigargin-mediated Ca2+ release and SOCE.
Furthermore, both pactamycin and thapsigargin stimulated
translocation of STIM1, a protein required for activation of

SOCE, to the subplasma membrane region and activated the
SOCE-associated current, ISOC. In aggregate, these data
reveal an agonist-independent mechanism for internal Ca2+

store depletion and activation of SOCE. We suggest that the
functional coupling between SOCE and protein synthesis is
likely to be critical for maintaining [Ca2+]ER within a range
that is required to prevent ER stress during changes in cellular
translational activity.
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Introduction

Store-operated calcium entry (SOCE) is activated by the
depletion of calcium in the endoplasmic reticulum (ER).
Physiologically, this is achieved when agonists, such as
carbachol, trigger a G protein-mediated activation of
phospholipase C pathway, resulting in the breakdown of
phosphatidylinositol 4,5-bisphosphate and generation of the
second messengers, diacylglycerol and inositol 1,4,5-tri-
phosphate (IP3). IP3 then binds to its receptor in the ER
membrane and induces calcium release via IP3 receptor,
leading to depletion of the ER calcium store. According to
the conformational hypothesis [8, 13], the IP3 receptor
undergoes a conformational change following store deple-
tion which enables it to interact with and activate the
plasma membrane store-operated calcium channels (SOCs).
This interaction then induces Ca2+ influx via the SOCs.
Thapsigargin also causes release of intracellular Ca2+ from
the same IP3-sensitive intracellular calcium store, by
inhibiting the sarco/endoplasmic reticulum (Ca2++Mg2+)
ATP-ase (SERCA) pumps in the ER membrane [21, 32].
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Thapsigargin-mediated Ca2+ store depletion directly acti-
vates SOCE without involvement of PIP2 metabolism.
Thus, thapsigargin is widely used to activate SOCE.
However, the pathway(s) that mediate thapsigargin-induced
Ca2+ release from the ER is not yet known. Further, the
mechanism(s) by which internal Ca2+ store depletion is
relayed to the plasma membrane to activate SOCE has not
been fully elucidated.

A major channel in the ER is the translocon through
which nascent secretory and membrane proteins are trans-
located. Although the protein-conducting channel in the
translocon is a theoretical source of Ca2+ leak, it has long
been presumed to be tightly gated to preserve the perme-
ability barrier across the ER. A series of biochemical
experiments using fluorescent probes has shown that the
translocon is impermeable to iodide ions at all stages of pro-
tein translocation in vitro [1, 9]. It has been suggested that
the cytosolic side is blocked by the ribosome during
translocation, while the chaperone BiP blocks the lumenal
side of both active and inactive translocons [7, 10]. Although
the role of these interactions has been questioned on the
basis of structural studies [34], permeability through the
translocon is nonetheless presumed to be tightly regulated
to prevent ion leak. However, recent studies have chal-
lenged this view. For example, the ER in semipermeabi-
lized cultured mammalian cells was shown to be permeable
to a small polar sugar through pores that were blocked
during active protein synthesis [26]. Furthermore, prema-
ture release of translocating nascent polypeptides with
puromycin resulted in detectable ion flux across the
membrane in vitro [28] and Ca2+ leak in vivo [3, 20].
However, because puromycin prematurely evacuates the
translocons, it may not reflect the events that occur
physiologically when a stop codon is reached and peptide
synthesis is terminated. Nonetheless, these findings raise
the intriguing possibility that translocons which are not
actively engaged with substrate are potential sources of
Ca2+ leak.

Physiologically, at least some proportion of translocons
at any time is likely to be empty of substrate. Even under
conditions of maximal protein synthesis, empty trans-
locons would exist, at least transiently, upon completion
of protein translocation that accompanies translational
termination. Thus, luminal Ca2+ could conceivably be
released into the cytosol during this process. Recent studies
demonstrate that puromycin-mediated clearance of the
translocon increased the rate of cyclopiazonic acid-induced
store depletion via a mechanism that was independent of
IP3 and ryanodine receptors [20, 33]. Thus, it was
suggested that Ca2+ release induced by inhibition of
SERCA pumps is mediated via the translocon complex.
However, Ca2+ flux via the translocon upon physiological
completion of protein synthesis has not been directly

demonstrated and the effect of this release on cellular
functions such as SOCE has not been examined.

In this study, we have examined the possible involve-
ment of the translocon in internal Ca2+ release and
activation of SOCE by using protein synthesis inhibitors
that act at different stages of the translation cycle. We
present novel data which show that physiological termina-
tion of protein synthesis and subsequent completion of
protein translocation generates empty translocons that leak
Ca2+ from the ER and activate SOCE.

Materials and methods

Materials

Thapsigargin was obtained from Calbiochem (San Diego,
CA, USA). The FITC-conjugated donkey anti-rabbit anti-
body was obtained from Jackson Immunoresearch (West
Grove, PA, USA). 2-Aminoethyl-diphenylborinate
(2-APB), antimycin A, emetine and oligomycin were
obtained from Sigma–Aldrich (St. Louis, MO, USA). ER
Tracker Blue–White dye, Fura-2AM, Mag-Fluo4AM were
obtained from Molecular Probes (Eugene, OR, USA). Anti-
Sec61β has been described previously [4].

Cell culture

Human salivary gland (HSG) cells were cultured as
described previously [19]. Briefly, HSG cells were cultured
in Earle’s minimal essential medium supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin at
37°C in 5% CO2. For [Ca

2+]i measurements and live cell
imaging, confluent cells were detached from tissue culture
dishes and plated on glass-bottomed 35 mm tissue culture
dishes (MatTek, Ashland, MA, USA). For electrophysiol-
ogy measurements and immunofluorescence experiments,
cells were plated on glass coverslips. Measurements were
done after 24 h.

[Ca2+]i measurements

Measurements were conducted as described previously
[19]. Briefly, cells grown in glass-bottomed 35 mm dishes
were loaded with 1 μM Fura-2AM for 1 h at 37°C in 5%
CO2. Fluorescence measurements in single cells were ac-
quired using a Till Photonics–Polychrome IV spectrofluo-
rimeter attached to Olympus X51 inverted microscope
(OPELCO, Dulles, VA, USA) and CoolSnap HQ camera
(Roper Scientific, Tuscon, AZ, USA) with Metamorph
Imaging Software (Molecular Devices, Sunnyvale, CA,
USA). Additions of various compounds, including 1 mM
CaCl2, were made as shown in the figures. Analog plots of
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the average fluorescence ratio (340/380 nm) are shown.
Origin 6 (Microcal, Northampton, MA, USA) was used for
analyses of data.

Electrophysiological measurements

Cell-attached patch clamp measurements were performed
as described previously [16, 29]. Briefly, coverslips were
transferred to the recording chamber and kept in a
Ringer’s solution [in mM: 145 NaCl, 5 KCl, 1 MgCl2,
1 CaCl2, 10 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 10 glucose; pH 7.4 NaOH]. The patch
pipette had resistances between 3–5 mΩ after filling with
the standard intracellular solution (in mM: 145 cesium
methane-sulfonate, 8 NaCl, 10 MgCl2, 10 HEPES, 10
ethyleneglycotetraacetic acid; pH 7.2 CsOH). External
solutions were composed as follows (in mM): 145 NaCl,
5 CsCl, 1 MgCl2, 10 CaCl2, 10 HEPES, 10 glucose; pH 7.4
NaOH). Osmolality for all the solution was adjusted with
mannose to 300 to 315 mmol/kg using Vapor Pressure
Osmometer (Wescor, Logan, UT, USA). Patch-clamp
experiments were performed in the tight-seal whole cell
configuration at room temperature (22–25°C) using Axon-
patch 200B amplifier (Molecular Devices). The develop-
ment of the current was assessed by measuring the current
amplitudes at a potential of −70 mV, taken from high
resolution currents in response to voltage ramps ranging
from −90 to 90 mV over a period of 1 s for every 4 s, and
digitized at a rate of 1 KHz. A liquid-junction potential of
less than 8 mV was not corrected and capacitive currents
and series resistance were determined and minimized. For
analysis, the first ramp was used for leak subtraction of the
subsequent current records. P-Clamp 7 (Molecular Devices)
and Origin 6 (Microcal) were used for analyses of data.

Analyses of the ribosome–translocon association

Cultured HSG cells were either treated with pactamycin or
thapsigargin or left untreated for 5 min at 37°C. Lysates
from HSG cells were then prepared as described previously
[30]. Briefly, whole cell lysates were centrifuged through a
10–50% sucrose gradient and 200 μl fractions were
sequentially removed from the centrifuged lysate. These
fractions were then pooled together into light, medium, and
heavy fractions. Immunoblotting using the anti-Sec61β
antibody was carried out as described previously [30].

In vitro translation of calreticulin

cDNA encoding a green fluorescent protein (GFP) fusion of
calreticulin (Crt-GFP) was transcribed and translated in
vitro using a rabbit reticulocyte lysate translation system
[27]. The indicated protein synthesis inhibitors (pactamycin

at 400 nM; emetine at 10 μM; puromycin at 200 μM) were
added to the translation reactions at either 0 or 5 min, and
the reactions were allowed to continue for an additional
30 min. Immunoblotting using the anticalreticulin antibody
was carried out as described previously [27].

Immunofluorescence and confocal imaging

Immunofluorescence was conducted in a similar manner as
described previously [2], but with the addition of 50 μg/ml
RNase A to the blocking solution. Cells were stained with
the rabbit anti-Sec61β (1:1,000) [30] and probed using a
donkey anti-rabbit antibody conjugated to FITC (1:100).
Fluorescence images were acquired using a confocal laser
scanning microscope Leica TCS-SP2 attached to an upright
Leica DM-RE7 microscope as described earlier [2]. Details
of the images are indicated in the figure and text.

Live cells imaging using the ER Tracker Blue–White dye

Cells were loaded with 0.5 μM ER Tracker Blue–White dye
at 37°C for 30 min and immediately viewed using a Till
Photonics–Polychrome IV spectrofluorimeter attached to
Olympus X51 inverted microscope and CoolSnap HQ
camera (Roper Scientific) and Metamorph Imaging Soft-
ware (Molecular Devices).

[Ca2+]ER measurements

HSG cells were plated overnight in glass-bottom dishes and
loaded with 3 μM Mag-Fluo4AM in a similar manner as
described previously for the loading of Fura-2AM [16, 29].
Briefly, cells were loaded with 3 μM Mag-Fluo4AM in
culture medium for 1 h at 37°C in a 5% CO2 incubator.
Cells were then used for live cell imaging experiments
using the confocal system described above. Pactamycin was
added to the cells at 400 nM. To measure fluorescence
intensity, cells were scanned in XY-time mode with 10 s
increments between each scans. The data points were then
normalized and plotted as a measure of fluorescence
intensity (units) against time (s).

HSG cell transfection and TIRF microscopy imaging

HSG cells were cultured on glass coverslips and were tran-
siently transfected with YFP-STIM1 (1 μg) for 48 h using
the method described previously [18]. The glass coverslip
formed the base of a perfusion chamber that was mounted
on the stage of an Olympus IX81 motorized inverted
microscope (OPELCO). Cells were bathed in a Ca2+-con-
taining standard extracellular solution (in mM): 145 NaCl,
5 CsCl, 1 MgCl2, 10 CaCl2, 10 HEPES, 10 glucose, pH 7.4
(NaOH) [17]. Solution changes were accomplished by
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selecting flow from a multichambered valve-controlled
mechanical fed reservoir. Excitation light was provided by
a 20-mW Argon Krypton laser. The 488 nm laser was
directed into an Olympus TIRF illuminator attached to the
rear port of the microscope and through a 488 band pass filter
(BP 10 nm) to a TIRF-optimized Olympus Plan APO x60
(1.45 NA) oil immersion objective. Emitted light was
collected through a 525-band pass filter (BP 50 nm). Images
were collected every 0.5 s using a Hamamatsu EM C9100
backthinned camera (512×512; Hamamatsu, Tokyo, Japan)
controlled using the Openlab modular imaging software
(Synergy Software, Reading, PA, USA).

Results

Pactamycin activates SOCE

Several previous studies [20, 33] have demonstrated that
premature release of nascent peptide chains from ribosomes
with puromycin to abruptly vacate engaged translocons (see
Fig. 1a) results in Ca2+ release from the ER, a result that we
have also confirmed (data not shown). However, it was
unclear from such studies whether the Ca2+ leak was due to
artificially vacated translocons and whether empty trans-
locons generated upon physiological termination of protein
synthesis would be similarly permeable to Ca2+. To
investigate whether empty translocons are involved in
Ca2+ leak from the ER, and therefore activation of SOCE,
we examined the effects of the protein synthesis inhibitor,
pactamycin, on HSG cells. Pactamycin inhibits protein
synthesis at the initiation step preventing assembly of the
ribosome-translocon channel complex (see Fig. 1a). Hence,
ribosomes already engaged on mRNAs are allowed to
continue polypeptide synthesis normally and complete
translation upon reaching the termination codon. As the
nascent polypeptides complete their synthesis translocons
are converted from an engaged to an empty state. To
confirm the effects of pactamycin, emetine, and puromycin
on mammalian protein synthesis, the effects of these
inhibitors on the translation of Crt-GFP were investigated.
Note that pactamycin inhibits synthesis of Crt-GFP com-
pletely only when added at the beginning of the reaction,
but not after 5 min (Fig. 1b). By contrast, both emetine and
puromycin inhibit protein synthesis completely irrespective
of time of addition (Fig. 1b). These findings are indicative
of pactamycin being a selective inhibitor of translational
initiation in the mammalian system at this concentration
because elongation can proceed normally in its presence.
By contrast, both emetine and puromycin effectively inhibit
elongation by either locking nascent chains in the ribosome
(emetine) or eliciting their premature release (puromycin).
The asterisk indicates the position of hemoglobin, a

background band often observed in reticulocyte lysate
(Fig. 1b).

Treatment of HSG cells with pactamycin at concen-
trations used to inhibit protein synthesis induced no
detectable increase in [Ca2+]i in the absence of external

Fig. 1 Site of inhibitor actions on protein translation and translocation. a
The translation cycle begins with ribosome assembly on the mRNA and
initiation of polypeptide synthesis (bottom diagram). Ribosomes synthe-
sizing secretory and membrane proteins are targeted to translocons (gray
cylinders) at the ER membrane, where translocation occurs cotransla-
tionally (middle diagram). Upon completion of translation, the translocon
returns to its inactive state (right diagram). Translocation can be aborted
prematurely by release of nascent polypeptides with puromycin (left
diagram), a state shown previously to be conductive of ions and sugars
across the ER membrane. Emetine inhibits elongation of translation by
the ribosome, thereby stalling translocons in their engaged and active
state. Pactamycin, by inhibiting initiation of translation, allows all
translocating polypeptides to complete their synthesis normally and
converts the translocons to their physiologically inactive state. b Effect of
the protein synthesis inhibitors on GFP-calreticulin synthesis using a
reticulocyte lysate system. Inhibitors were added either at time “0”
(before the reaction was started) or after 5 min of reaction. Other details
are provided in the figure and in the “Materials and methods” section
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Ca2+. However, readdition of Ca2+ to the medium induced
substantial [Ca2+]i increase (Fig. 2a, solid line; dotted line
indicates basal Ca2+ entry in untreated cells). Longer
incubation with pactamycin (15 min and 30 min) did not
change this pattern (data not shown). This Ca2+ influx was
blocked by the addition of 1 μM Gd3+ or 10 μM 2-APB to
the external medium (Fig. 2b,c, respectively; addition of
1 μMGd3+ to cells before readdition of Ca2+ induced similar
block of Ca2+ entry, data not shown). Ca2+ entry induced by
thapsigargin (Fig. 2d) was also blocked by 1 μM Gd3+ and
10 μM 2-APB (Fig. 2e,f, respectively). Thus, like thapsi-

gargin, pactamycin treatment of cells results in activation of
store-operated Ca2+ entry. However, [Ca2+]i increase in
pactamycin-treated cells appeared to be more transient than
in thapsigargin-treated cells (compare Fig. 2a,d). The
faster inactivation seen with pactamycin may be due to
Ca2+ reuptake into the ER by SERCA pumps, which
are still active in these cells but not in those treated with
thapsigargin.

Activation of store-operated Ca2+ entry by pactamycin
was further confirmed by whole cell patch clamp measure-
ments. Pactamycin induced a relatively inwardly rectifying

Fig. 2 Thapsigargin- and pacta-
mycin-induced Ca2+ release,
Ca2+ entry, and Ca2+ currents in
HSG cells. a–c HSG cells were
treated with pactamycin (Pact)
(400 nM) in Ca2+ free medium.
Ca2+ was readded where indi-
cated to control cells (a) or after
addition of 1 μM Gd3+ (b) or
10 μM 2-APB (c). Addition of
buffer in place of pactamycin
induced a much smaller entry but
no release. d–f Thapsigargin
(Tg) induced both Ca2+ release
and entry. 1 μM GdCl3 (Gd

3+, e)
and 10 μM 2-APB (f) inhibited
thapsigargin-induced Ca2+ entry.
g Activation of inwardly recti-
fying cation currents by thapsi-
gargin (black) and pactamycin
(gray). h Current–voltage rela-
tionship of macroscopic currents
induced by thapsigargin and
pactamycin. Each analog plot
showing Ca2+ release and Ca2+

entry is representative of at least
four experiments, with each
trace showing the average for at
least 50 cells. Analog plots
showing channel events and
current–voltage is representative
of at least three experiments,
with each trace showing the plot
obtained with a single cell
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current (Fig. 2g,h), which was similar to the thapsigargin-
induced store-operated current, ISOC, that we have de-
scribed in previous studies with HSG cells [16, 29]. In
addition, pactamycin also induced similar 2-APB-sensitive
Ca2+ entry in RBL cells (data not shown). These data
demonstrate that pactamycin treatment of cells leads to
activation of store-operated Ca2+ entry.

Pactamycin induces internal Ca2+ store depletion

We initially hypothesized that pactamycin might induce a
very small or slow release of Ca2+ from the ER and that
mitochondrial Ca2+ accumulation could prevent a signifi-
cant increase in [Ca2+]i. However, preincubating cells with
a combination of oligomycin (2 μM) and antimycin A
(10 μM) for 5 min at 37°C did not yield any measurable
increase in [Ca2+]i after pactamycin addition to cells
(Fig. 3a), although Ca2+ entry appeared to be somewhat
decreased. The latter effect of mitochondrial inhibitors on
SOCE has been previously reported [22]. Increasing the
incubation time with mitochondrial inhibitors to 10 min did
not change this observation (data not shown). Thus, lack of
detectable internal Ca2+ release by pactamycin is likely not
due to buffering of cytosolic Ca2+ by local mitochondrial
Ca2+ uptake. Next, we treated cells with high [La3+] to
block the plasma membrane Ca2+ pump, as previously
reported [14]. As shown in Fig. 3b, the inhibition of Ca2+

extrusion via the plasma membrane Ca2+ pump revealed a
gradual increase in [Ca2+]i in pactamycin-treated cells.
These data indicate that pactamycin induces Ca2+ release
from the ER and suggest that Ca2+ extrusion dampens the
rise in cytosolic Ca2+. SERCA-dependent recycling of Ca2+

back into the ER is also likely to contribute to the lack of
[Ca2+]i increase in pactamycin-treated cells.

To confirm the depletion of internal Ca2+ stores by
pactamycin, we directly measured [Ca2+] within the ER
lumen by using Mag-Fluo4. As shown in Fig. 3c, pacta-
mycin induced a 15% decrease in Mag-Fluo4 fluorescence
in the ER, indicating a decrease in luminal [Ca2+]. This
decrease was significantly greater (p<0.025, n=11 cells)
than the basal Ca2+ leak from the ER in untreated cells
incubated in a Ca2+-free medium (n=9 cells). Thapsigargin
(1 μM) induced a larger and faster decrease (about 50%) in
ER Ca2+ under the same conditions (data not shown). These
data confirm that pactamycin induces Ca2+ release from the
ER. Lack of detectable increase in cytosolic [Ca2+] is due to
pumping of Ca2+ back into the ER and extrusion from the
cells.

Pactamycin induces depletion of IP3-sensitive Ca2+ store

We have shown previously that Tg- and carbachol-sensitive
internal Ca2+ stores overlap in HSG cells [16, 19, 29]. More

importantly, depletion of this store activates SOCE. To
determine whether pactamycin acts on the same internal
Ca2+ store, we examined its effect on carbachol-stimulated
Ca2+ release and Ca2+ entry. One hundred micromolar
carbachol induced robust Ca2+ release, which was not
significantly affected by prior addition of pactamycin

Fig. 3 Pactamycin-induced Ca2+ release from the ER. a Cells were
pretreated with mitochondrial inhibitors, oligomycin (2 μM), and
antimycin A (10 μM) before addition of pactamycin. b 2 mM LaCl3
(La3+) was added to cells to block Ca2+ extrusion via the plasma
membrane Ca2+ pumps before addition of pactamycin. c Cells were
loaded with Mag-Fluo 4 and changes in ER-Ca2+ was detected by
monitoring fluorescence in pactamycin-treated cells (data with
thapsigargin are not shown). Each analog plot is representative of at
least three experiments, with each trace showing the average for at
least 20 cells

802 Pflugers Arch - Eur J Physiol (2007) 453:797–808



(Fig. 4a,b). However, [Ca2+]i increase was more sustained
(P<0.001, see average data in Fig. 4f) in these cells although
the rate of influx was not changed. Consistent with the data
shown in Fig. 3, preincubating the cells with 400 nM
pactamycin for longer time periods (data with 15 min
preincubation are shown in the figure) completely abolished
carbachol-induced Ca2+ release and slightly reduced Ca2+

influx (Fig. 4c). Increasing preincubation time with pacta-
mycin to 30 min further reduced Ca2+ influx (data not
shown). These data further confirm our observation that
pactamycin treatment induces depletion of internal Ca2+

stores. This is further illustrated in subpanels d–h of Fig. 4
which show the effects of pactamycin on 1 μM carbachol-

induced Ca2+i changes. Measurements in single cells
demonstrate robust [Ca2+]i oscillations (Fig. 4g,h), average
[Ca2+]i changes from ≥50 cells are shown in Fig. 4d,e.
Addition of pactamycin before carbachol did not signifi-
cantly decrease internal Ca2+ release (compare Fig. 4d,e).
However, as was the case with higher [carbachol], the
magnitude of influx was significantly (P<0.001) increased
(Fig. 4d,e). Importantly, addition of pactamycin during the
oscillations induced by 1 μM carbachol rapidly inhibited
further oscillations (Fig. 4h). These data demonstrate that
pactamycin acts on the same Ca2+ store as carbachol. We
suggest that (1) the more sustained Ca2+ entry seen upon
carbachol stimulation of cells pretreated with pactamycin is

Fig. 4 Effects of pactamycin on carbachol-induced Ca2+ release and
Ca2+ entry. a, b Carbachol (CCh; 100 μM)-induced Ca2+ release and
Ca2+ entry in the (a) absence and (b) presence of pactamycin (Pact,
400 nM). (c) Carbachol (CCh; 100 μM)-induced Ca2+ release and
Ca2+ entry after preincubation with pactamycin (Pact, 400 nM) for
15 min. Carbachol (1 μM)-induced Ca2+ release and Ca2+ entry in the
(d) absence and (e) presence of pactamycin (Pact, 400 nM).
f Histogram showing the effect of Pact on the magnitude of Ca2+

release and Ca2+ entry induced by carbachol (100 and 1 μM). Each

bar column represents mean±SEM of data from at least 70 cells.
Minus sign indicates that carbachol was added in the absence of
pactamycin, whereas plus sign indicates that carbachol was added in
the presence of pactamycin. **P<0.001. g Oscillatory Ca2+ release
induced by 1 μM carbachol. h Inhibition of carbachol-stimulated
oscillatory Ca2+ release by pactamycin (Pact, 400 nM). Each analog
plot showing Ca2+ release and Ca2+ entry is representative of at least
four experiments, with each trace showing the average for at least 50
cells
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due to block of recycling of Ca2+ from cytosol into the ER
lumen, thus allowing more complete depletion of the store;
and (2) inhibition of carbachol-induced [Ca2+]i oscillations
and Ca2+ release is due to generation of an ER leak.

Effect of the ribosome–translocon complex stabilization
on activation of SOCE

To address whether the effect of pactamycin on SOCE is
mediated through empty translocons generated upon com-
pletion of protein synthesis, we analyzed the effect of
emetine pretreatment on the ER Ca2+ leak. Emetine inhibits
protein synthesis by irreversibly preventing elongation of
the peptide chain (see Fig. 1). This results in stalled
ribosome–nascent chain complexes, which in the case of
secretory and membrane proteins results in stably engaged
translocons. Emetine alone did not induce any change in
[Ca2+]i in HSG cells (Fig. 5a). However, preincubation of
cells with 10 μM emetine for 5 min at 37°C completely
blocked the Ca2+ entry induced by pactamycin (Fig. 5b).
Importantly, emetine pretreatment also attenuated thapsi-
gargin-induced Ca2+ release by 20% (P<0.001, n≥100
cells) and Ca2+ influx by 23% (P<0.001, n≥100 cells)
(Fig. 5c,d). Increasing the incubation time to 10 min and
the concentration of emetine to 20 μM did not induce any
further decrease in the Ca2+ release but did further decrease
Ca2+ influx (P<0.001, n≥70 cells) (Fig. 5d).

These data suggest that the effects of pactamycin on Ca2+

entry were not induced nonspecifically or as consequence
solely of protein synthesis inhibition per se. Rather,
pactamycin-mediated SOCE appears to involve the gener-
ation of empty translocons as a consequence of termination,
an event that can be preempted by first treating with
emetine. In addition, and consistent with previous reports
[20, 26], these data suggest that the ribosome–translocon
complex is involved in thapsigargin-stimulated internal
Ca2+ release. Loss of SERCA pump activity resulting in
decreased reuptake of Ca2+ into the ER can, at least in part,
account for the weaker effect of emetine on thapsigargin-
stimulated [Ca2+]i changes. Further, preexisting empty
translocons which are likely not affected by emetine will
also contribute to this leak.

To confirm these suggestions, we examined the status of
translocon engagement in cells treated with pactamycin and
thapsigargin. Translocons engaged with substrate are bound

Fig. 5 Inhibition of pactamycin- and thapsigargin-induced Ca2+

release and Ca2+ entry by emetine. a Effect of emetine (Eme) on
[Ca2+]i in HSG cells. b Inhibition of pactamycin (Pact)-induced Ca2+

entry by 10 μM emetine. c Inhibition of thapsigargin (Tg)-induced Ca2+

release and Ca2+ entry by 10 μM emetine. Cells were treated with 10 or
20 μM emetine for 5 min at 37°C prior addition of thapsigargin in b
and c. Each analog plot showing Ca2+ release and Ca2+ entry is
representative of at least three experiments, with each trace showing the
average for at least 50 cells. d Histogram comparing the Ca2+ release
(vertical stripes) and Ca2+ entry (slanted stripes) (%) induced by
thapsigargin in untreated (control) cells and in cells preincubated with
10 or 20 μM emetine. Each bar represents mean±SEM of at least 70
cells. **P<0.001

�
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to ribosomes in a salt-resistant manner and can be
recovered from the heavy fractions of a sucrose gradient
of cell lysates [30]. The light, medium, and heavy fractions
(l, m, and h, respectively) were prepared from cells treated
with pactamycin or thapsigargin and blotted for the core
translocon component Sec61β. After 5 min of pactamycin
treatment, Sec61β shifted from the heavy to the light/
medium fractions relative to untreated control cells
(Fig. 6a). This demonstrates that the number of engaged
translocons decreases upon acute treatment with pactamy-
cin. Similar results were obtained with lysates of cells
treated with thapsigargin for 5 or 30 min. These data are
consistent with pactamycin inducing inhibition of protein
synthesis (at the initiation step) within minutes [23, 24, 35].
Thus, both thapsigargin and pactamycin result in the
generation of a greater number of empty translocons at
the ER very shortly after treatment. Subpanels b and c of
Fig. 6 show localization of translocon (using anti-Sec61β
antibody) and ER (using live ER tracker dye). Both show
reticulate pattern of labeling that is distributed across the
cytosol of the cell.

Effect of thapsigargin and pactamycin on STIM1 protein
localization

STIM1, an ER Ca2+ sensor, has been reported to be
required for thapsigargin-mediated activation of SOCE
[15, 25, 31, 36]. It was shown that after Ca2+ store
depletion by thapsigargin, STIM1 is translocated into the
plasma membrane region of cells where it appears to have a
punctate localization [15, 36]. Consistent with these studies,
we have observed that transfection of HSG cells with
STIM1 siRNA blocked thapsigargin-induced activation of

SOCE as well as ISOC (Ong et al., unpublished observa-
tions). Thus, to further examine the regulation of SOCE by
pactamycin, we examined changes in localization of
STIM1. HSG cells were transiently transfected with YFP-
STIM1 cDNA and translocation of YFP-STIM1 was
observed using TIRF microscopy, after stimulation with
thapsigargin and pactamycin at concentrations that activate
SOCE in HSG cells (see data above). Both thapsigargin and
pactamycin induced the translocation of YFP-STIM1 into
the plasma membrane (Fig. 7a,b, respectively), although
translocation was observed to be slower in the presence of
pactamycin. These data provide further evidence that
termination of protein synthesis alters the ER-Ca2+ status,
leading to activation of SOCE.

Discussion

The data presented above demonstrate that the Ca2+ leak
pathway unmasked by thapsigargin-induced inhibition of the
SERCA pump is associated, at least in part, with empty
translocon complexes. Further, we show that modulation of
the status of the ribosome–translocon complex can influence
Ca2+ “leak” from the ER. Emetine, which stabilizes the
translocon in the engaged state, partially inhibited thapsigar-
gin-stimulated internal Ca2+ release. By contrast, increasing
the number of empty translocons using pactamycin caused
depletion of the internal Ca2+ store which was completely
prevented by pretreatment with emetine. Pactamycin treat-
ment also significantly attenuated carbachol-stimulated in-
ternal Ca2+ release and [Ca2+]i oscillations. In aggregate,
these data suggest that in its unengaged state, the translocon
is permeable to Ca2+. More importantly, we show that these

Fig. 6 Dissociation of the
ribosome–translocon complex
by pactamycin and thapsigargin.
a Western blot showing the
various states of the ribosome–
translocon complexes in un-
treated, pactamycin-treated, and
thapsigargin-treated cells. The
light (l), medium (m), and heavy
(h) fractions are as indicated.
Immunoblotting was conducted
anti-Sec61β (1:1,000 dilution)
antibody. b Confocal imaging
showing the localization of
Sec61β protein using the
anti-Sec61β (1:1,000 dilution)
antibody in HSG cells. c Live
cell imaging of ER networks
using the ER Tracker Blue–
White dye in HSG cells
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manipulations induce corresponding effects on SOCE. Both
pactamycin and thapsigargin activated similar calcium entry
that was blocked by 1 μM Gd3+ and 10 μM 2-APB.
Additionally, pactamycin activated a current that was similar
to the thapsigargin-induced store-operated current, ISOC. The
addition of thapsigargin to pactamycin treated cells did not
induce additional currents or Ca2+ entry (data not shown).
Another significant finding of this study was that pactamy-
cin, like thapsigargin, induced translocation of the SOCE-
regulatory protein, STIM1, into the subplasma membrane
region.

Possible direct effects of pactamycin on SOCE are ruled
out by the inhibition of pactamycin-stimulated Ca2+ entry
by emetine. Differences in the effects of pactamycin and
thapsigargin on [Ca2+]i were (1) the relatively undetectable
[Ca2+]i increase due to internal Ca2+ release in pactamycin-
treated cells; and (2) relatively transient [Ca2+]i increase
upon readdition of Ca2+ to cells treated with pactamycin in
Ca2+-free medium. We suggest that these are due to
differences in SERCA-dependent Ca2+ recycling ability

and PMCA activity under these two conditions. However,
and more importantly, despite lack of detectable “global”
[Ca2+]i increase due to intracellular Ca2+ release, our data
directly demonstrate that pactamycin depletes ER Ca2+

stores. In aggregate, our data show convergent effects of
pactamycin and thapsigargin on internal Ca2+ store deple-
tion and activation of store-operated Ca2+ entry.

These significant findings reveal an agonist-independent
mechanism for depletion of internal Ca2+ stores and
activation of SOCE. We show that clearing of the trans-
locon pore induces release of Ca2+ from the internal Ca2+

store(s) and activation of SOCE. Under physiological
conditions, such clearing of the translocon pore occurs
after termination of protein synthesis and release of the
nascent peptide. We propose that Ca2+ can be released from
the ER during this process, although such depletion maybe
somewhat transient due to binding of ER lumen chaperones
such as BiP to the translocon [12] as well as Ca2+

reaccumulation by SERCA activity. The mechanism by
which BiP closes the ribosome-free pore is not known.

Fig. 7 Thapsigargin and pactamycin cause redistribution of YFP-
STIM1. HSG cells were transiently transfected with YFP-STIM1
cDNA. TIRF was used to image localization of STIM1 in the

subplasma membrane region of the cells. Cells were stimulated with
(a) thapsigargin (Tg; 1 μM) and (b) pactamycin (Pact; 400 nM)
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However, our data suggest that translocon sealing, whether
by BiP or by another mechanism, is not absolute and can
have a significant role in modulating ER Ca2+ permeability.

Although it is presently unclear exactly how much Ca2+

release from the ER is required for activation of SOCE,
several studies show that SOCE can be activated by
submaximal depletion of internal Ca2+ stores [5, 6, 11].
Thus, depending upon the rate of protein turnover,
sufficient Ca2+could be lost from the ER during termination
of protein synthesis to activate SOCE. This link between
SOCE and the protein synthesis provides a mechanism
whereby the [Ca2+] in the ER can be maintained at levels
optimal for protein folding and maturation in the ER. This
will also be critical for protecting the cells against ER stress
and activation of the unfolded protein response that result
from loss of ER-Ca2+. While it has been well established
that SOCE-dependent refilling internal Ca2+ stores provides
ER-Ca2+ for regulation of cellular functions that are
mediated by agonist stimulation of PIP2 hydrolysis, the
present data demonstrate a novel agonist-independent, but
physiologically critical, cellular function that is associated
with ER-Ca2+ and SOCE.
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