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The ubiquitously expressed molecular chaperone GRP78 (78 kDa
glucose-regulated protein) generally localizes to the ER (endo-
plasmic reticulum). GRP78 is specifically induced in cells under
the UPR (unfolded protein response), which can be elicited by
treatments with calcium ionophore A23187 and sarcoplasmic/
endoplasmic reticulum Ca>"-ATPase inhibitor TG (thapsigargin).
By using confocal microscopy, we have demonstrated that GRP78
was concentrated in the perinuclear region and co-localized with
the ER marker proteins, calnexin and PDI (protein disulphide-
isomerase), in cells under normal growth conditions. However,
treatments with A23187 and TG led to diminish its ER targeting,
resulting in redirection into a cytoplasmic vesicular pattern, and
overlapping with the mitochondrial marker MitoTracker. Cellular
fractionation and protease digestion of isolated mitochondria
from ER-stressed cells suggested that a significant portion of
GRP78 is localized to the mitochondria and is protease-resistant.
Localizations of GRP78 in ER and mitochondria were confirmed
by using immunoelectron microscopy. In ER-stressed cells,

GRP78 mainly localized within the mitochondria and decorated
the mitochondrial membrane compartment. Submitochondrial
fractionation studies indicated further that the mitochondria-
resided GRP78 is mainly located in the intermembrane space,
inner membrane and matrix, but is not associated with the outer
membrane. Furthermore, radioactive labelling followed by sub-
cellular fractionation showed that a significant portion of the
newly synthesized GRP78 is localized to the mitochondria in
cells under UPR. Taken together, our results indicate that, at least
under certain circumstances, the ER-resided chaperone GRP78
can be retargeted to mitochondria and thereby may be involved in
correlating UPR signalling between these two organelles.

Key words: calcium disturbance, chaperone, endoplasmic reti-
culum stress response, 78 kDa glucose-regulated protein
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INTRODUCTION

The ER (endoplasmic reticulum) is a multifunctional organelle
that controls important cellular processes, including Ca**
homoeostasis, protein synthesis, protein trafficking and apoptosis
[1,2]. [Ca®*]g (ER Ca*" concentration) is regulated by the con-
certed actions of Ca*"-binding proteins, Ca?>" pumps and Ca*"
release channels [3], and it is known that a constantly high luminal
level of Ca>" is essential for protein folding [4]. Under physio-
logically or pharmacologically adverse conditions that perturb
Ca’>* homoeostasis, accumulation of unfolded or misfolded pro-
teins in the ER lumen occurs, referred to as ER stress, and the cells
will activate a series of signal transduction cascades collectively
termed the UPR (unfolded protein response) [5,6]. The UPR in-
cludes translational attenuation of global protein synthesis [7],
ERAD (ER-associated protein degradation) [8] and transcrip-
tional induction of genes coding for ER chaperones and protein-
folding enzymes [9]. However, if ER stress is severe and pro-
longed, the cells will eventually activate the cell death pathway.
ER stress contributes to neuronal apoptosis and excitotoxicity,
and is associated with the pathogenesis of several different neuro-
degenerative disorders, including Alzheimer’s disease and stroke
[10,11].

One characteristic of the UPR is the induction of the ER-
resident stress proteins referred to as the glucose-regulated pro-
teins. The best characterized, GRP78 (78 kDa glucose-regulated
protein), also known as BiP (immunoglobulin heavy-chain-bind-
ing protein), is thought to function in Ca®" sequestration or as a
molecular chaperone in the folding and assembly of membrane

or secreted proteins [12—14]. Additionally, it is an anti-apoptosis
protein. Overexpression and antisense approaches in cell systems
show that GRP78 can protect cells against cell death caused by
disturbances of ER homoeostasis. GRP78 can suppress elevations
of intracellular Ca" levels following exposure of neurons to gluta-
mate, and this effect of GRP78 apparently results from decreased
release of Ca’" from ryanodine-sensitive stores [15].
Mitochondria are central integrators and transducers for pro-
apoptotic signals. However, emerging evidence suggests that
mitochondria are important components of the ER-stress-induced
apoptotic pathway [16]. Increased [Ca®" ], (cytosolic Ca’* concen-
tration) caused by [Ca®* ]gz mobilization leads to a mitochondrial
Ca’* overload, which in turn causes the release of cytochrome ¢
from the IMS (intermembrane space) of mitochondria into the
cytosol. The cytosolic cytochrome ¢ then binds to Apaf-1 (apop-
totic protease-activating factor-1), initiating a proteolytic cascade
that ultimately results in cell death [17]. The released cyto-
chrome ¢ may also bind to Ins(1,4,5)P; receptor, which mediates
further Ca** release from the ER, resulting in augmented cyto-
chrome c release that amplifies the apoptotic signal [18]. Based
on the facts that both ER and mitochondria are Ca?"-storage sites
and that [Ca®"], plays a pivotal role in cell death signalling, it
is conceivable that apoptosis elicited by Ca>" disturbance results
from the concerted actions of ER and mitochondria [19-21].
Mammalian ER luminal chaperones, including GRP94 (94 kDa
glucose-regulated protein), GRP78 and PDI (protein disulphide-
isomerase) contain a C-terminal tetrapeptide sequence KDEL
(Lys-Asp-Glu-Leu) that serves as an ER-retention signal and
therefore is always regarded as an ER lumen protein [22].

Abbreviations used: [Ca?*],, cytosolic Ca?t concentration; [Ca®*]er, endoplasmic reticulum Ca®* concentration; COXIV, cytochrome ¢ oxidase subunit
IV; ER, endoplasmic reticulum; GRP78, 78 kDa glucose-regulated protein; HSP, heat-shock protein; IMS, intermembrane space; PDI, protein disulphide-
isomerase; SERCA, sarcoplasmic/endoplasmic reticulum Ca®*t-ATPase; TG, thapsigargin; UPR, unfolded protein response; VDAC, voltage-dependent
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However, some exceptions have been reported. For example,
GRP94, which is normally confined to the ER, has been shown
to escape the KDEL-mediated retention system to serve as a
surface protein [23,24], secrete to the extracellular space [24]
and associate with the pre-Golgi intermediate compartment [25].
Upon induction, GRP78 has been shown to be associated with
keratin 8 in the cytoplasm [26], secreted to the extracellular space
[24] and expressed on the cell surface [27]. Furthermore, ER stress
can cause subpopulations of GRP78 to redistribute from the ER
lumen to the cytosol and the ER membrane [28]. PDI is also found
in the rest of the endomembrane system, including the Golgi,
secretory vesicles, plasma membrane and mitochondria [29,30].
Additionally, calreticulin, a Ca’*-binding chaperone in the lumen
of the ER, has been implicated in other cellular activities that occur
in locations outside the ER, including the cytosol, cell surface and
nucleus [31,32].

Experimentally, ER stress is routinely induced by pharmaco-
logical agents that disrupt ER Ca®" storage, such as A23187, a
Ca*" ionophore, and TG (thapsigargin), an inhibitor of the SERCA
(sarcoplasmic/endoplasmic reticulum-Ca** ATPase) pumps.
Treatment with these drugs results in a decrease of [Ca**]gz with
a concurrent increase of [Ca>"]., which in turn activates the UPR
coupled with a potent induction of GRP78 [33-35]. The present
study was performed to address the cellular distribution of GRP78
in cells under UPR induced by A23187 and TG. For the first
time, we provide several lines of direct evidence indicating that
GRP78 targets to the mitochondria in the ER-stress response.
Moreover, proteinase K digestion experiments combined with
submitochondrial localization studies suggest that a significant
proportion of mitochondrial GRP78 is associated with the inner
membrane and the matrix. These data are discussed in terms of
the role of mitochondrial targeting of GRP78 in the apoptosis
signalling pathway(s) involving the ER and the mitochondria.

MATERIALS AND METHODS
Cell culture and drug treatments

9L rat brain tumour cells were maintained in Eagle’s minimum
essential medium supplemented with 10 % (v/v) foetal bovine
serum, 100 units/ml penicillin G and 100 pg/ml streptomycin in
a humidified 5 % CO, atmosphere at 37 °C. To elicit UPR, cells
were incubated in the presence of 2 uM A23187 or 300 nM TG.
Unless otherwise mentioned, cells were treated for 8 h before
being harvested.

Metabolic labelling and gel electrophoresis

To investigate the global de novo protein synthesis in cells under
UPR, the cells were metabolically labelled with [*S]methionine
at 20 uCi/ml for 1 h before being harvested. UPR was induced
by treatment with the drugs, and the cells were harvested at
2h intervals to produce time-dependent response curves. For
labelling, the cells were washed with PBS and cultured in methio-
nine-free medium for 1 h before the addition of [**S]methionine,
with drugs present during starvation and absent during labelling.
At the end of the labelling period, the cells were washed twice
with PBS and lysed in sample buffer. The samples were boiled and
then resolved by SDS/12.5 % PAGE. Radiolabelled proteins were
visualized by autoradiography, and the signals were quantified by
densitometric scanning (Molecular Dynamics).

Immunofluorescence microscopy

For immunofluorescence analysis, cells growing on glass cover-
slips were washed with PBS and then fixed with 4 % (w/v) para-
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formaldehyde for 20 min at 37°C. The cells were washed with
PBS, permeabilized with 0.1 % (v/v) Triton X-100 for 1 h, and
blocked for 30 min in medium containing serum. After another
wash with PBS, immunostaining was performed by incubating
the cells with the rabbit anti-GRP78 (Affinity BioReagents;
1:100), mouse anti-PDI (Affinity BioReagents; 1:400) and rabbit
anti-calnexin (Santa Cruz Biotechnology; 1:100) primary anti-
bodies for 2 h at room temperature (25°C). Primary antibodies
were diluted in 0.1 % (v/v) Triton X-100, 0.2% (w/v) BSA,
0.5 mM PMSF and 1 mM dithiothreitol in PBS. After washing
with PBS, the bound primary antibodies were detected using
FITC-conjugated goat anti-rabbit antibodies, Cy5-conjugated
goat anti-mouse antibodies or Cy5-conjugated donkey anti-
rabbit antibodies (Molecular Probes; 1:200) for 2h at room
temperature. To stain mitochondria, 25 nM MitoTracker Red
CMXRos (Molecular Probes) was added to the medium and
incubated for 20 min before paraformaldehyde fixation. Samples
were examined with a Zeiss laser-scanning microscope LSM510
confocal imaging system, and all images were recorded under a
Plan-Neofluor 100x [NA (numerical aperture) 1.3] objective.

Differential centrifugation

The cells were washed with PBS, scraped from the dishes and
centrifuged at 600 g for 5 min. The pellet was resuspended in
1 ml of cold mitochondria isolation buffer consisting of 0.3 M
sucrose, | mM EGTA, 5 mM Mops, 5 mM KH,PO, and 0.1 %
(w/v) BSA (pH 7.4), and then homogenized in a glass homo-
genizer. Disrupted cells were centrifuged at 2600 g for 5 min to
pellet the unlysed cells and nuclei. The supernatant was centri-
fuged further at 15000 g for 10 min at 4°C to obtain the crude
mitochondria fraction. The resulting supernatant was centrifuged
at 100000 g for 1 h to separate the microsomal fractions (ER) from
the cytosol. Subfractionation of mitochondria was conducted as
described in [36]. Briefly, mitochondria were resuspended in
70 mM sucrose and 10 mM Tes/KOH (pH 7.5) and then incubated
on ice for 15 min. The osmotic strength was adjusted to 0.3 M
sucrose, and after a further 15 min incubation on ice, the sus-
pension was centrifuged at 18 000 g for 10 min, yielding a super-
natant containing IMS, outer membrane and a mitoplast pellet.
The soluble IMS and outer membrane pellet were recovered
by centrifugation at 200000 g for 10 min. The pelleted mitoplasts
were ruptured by freeze—thawing. The sample was then centri-
fuged at 18000 g for 15 min to obtain the matrix and inner mem-
brane fractions.

Density gradient centrifugation

The crude mitochondria were resuspended in mitochondria iso-
lation buffer, laid over a 1-1.5 M sucrose step gradient in 10 mM
Tris/HCI (pH7.5) and 1 mM EDTA and then centrifuged at
60000 g for 20 min at 4 °C. The enriched mitochondrial fractions
were collected from the sucrose gradient interface and were preci-
pitated with trichloroacetic acid. The precipitated proteins were
collected by centrifugation at 13000 g for 10 min, washed
with acetone, recentrifuged at 13000 g for 10 min and solubil-
ized in SDS sample buffer.

Protease accessibility assays

Equal amounts of crude mitochondria were resuspended in di-
gestion buffer (250 mM sucrose and 10 mM Mops/KOH, pH 7.2)
with or without 1 % (v/v) Triton X-100. Proteinase K was added
to a final concentration of 250 pg/ml. The samples were incubated
on ice for 30 or 45 min, and proteolysis was stopped by the
addition of 4 mg/ml PMSFE. The samples were collected by
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Figure 1 Induction of GRP78 in ER-stressed 9L RBT cells
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(A) Cells were treated with A23187 and TG for the durations indicated and were metabolically labelled with [* SImethionine for 1 h before being harvested. Protein samples prepared from equivalent
amounts of cells were resolved by SDS/PAGE and were visualized by autoradiography. Molecular-mass sizes are given in kDa. C, control. (B) Protein samples were separated by SDS/PAGE and
were subjected to Western blotting with anti-GRP78 and anti-actin antibodies. (C) Relative signal intensities of GRP78 in the autoradiography were determined by densitometric scanning and were

normalized for actin signals. Results are means + S.E.M. for three independent experiments.

centrifugation at 15000 g for 10 min at 4°C and analysed by
Western blotting.

Western blot and antibodies

Protein samples were separated by SDS/12.5% PAGE and
transferred on to nitrocellulose membrane (Hybond C Extra;
Amersham Biosciences). Immunoblotting was performed using
the following antibodies: anti-GRP78 (1:1000), anti-HSP90 (heat-
shock protein 90) (Santa Cruz Biotechnology; 1:1000), anti-
calnexin (1:200), anti-actin (Santa Cruz Biotechnology; 1:2000)
anti-HSP60 (Santa Cruz Biotechnology; 1:500), anti-COXIV
(cytochrome ¢ oxidase subunit IV) (Stressgen; 1:500), anti-VDAC
(voltage-dependent anion-selective channel) protein (Affinity
Bioreagents; 1:500) and anti-(cytochrome c¢) (Clontech Lab-
oratories; 1:100). Horseradish-peroxidase-conjugated anti-goat
or anti-rabbit antibodies were purchased from Amersham Bio-
sciences and Santa Cruz Biotechnology. The blots were developed
using an enhanced chemiluminescence method (PerkinElmer Life
Sciences).

Immunoelectron microscopy

Cells were pre-fixed with 2.5 % (w/v) glutaraldehyde in PBS for
1 h followed by post-fixation with 1% (w/v) osmium tetroxide

in PBS containing 1.5% (w/v) potassium ferricynide for 1h,
dehydrated in graded ethanol, and infiltrated and polymerized
with Spurr’s resin overnight. Ultrathin sections were cut using
a ultramicrotome and were collected on nickel grids covered
with a Formvar-carbon film. After etching with H,O, for 10 min,
the sections were rinsed with PBS and incubated with rabbit
anti-GRP78 antibody (1:100) for 2 h. After extensive washing,
the sections were incubated with goat anti-rabbit antibodies
conjugated with 10 nm gold particles at 1:100 for 2 h and rinsed
in distilled water. The grids were double-stained with uranyl
acetate and lead citrate and were observed using a Hitachi H7500
transmission electron microscope at 100 kV.

RESULTS
Time course for GRP78 expression during UPR

UPR was elicited by treatments of cells with 2 uM A23187 or
300 nM TG. Metabolic labelling experiments indicated that the
general protein synthesis profile remained relatively unchanged,
except that a single protein was greatly induced (Figure 1A). The
induced protein was identified as GRP78 by Western blotting
(Figure 1B), and the kinetics of its time-dependent induction was
determined. Induction of GRP78 was evident after 4 h of treatment
and continued to increase thereafter. Maximal induction was
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Figure 2 Intracellular distribution of GRP78 before and after ER stress

MitoTracker

(R) Cells were stained with anti-calnexin or anti-PDI antibodies followed by Cy5-conjugated secondary antibodies, and anti-GRP78 antibodies followed by FITC-conjugated secondary antibodies.
The yellow signals in the merge images indicate the co-localization of GRP78 and ER marker protein. Scale bar, 10 .m. (B) Cells were incubated with MitaTracker, fixed and stained with anti-GRP78
antibodies followed by FITC-conjugated secondary antibodies. The yellow signals in the merge images indicate the co-localization of GRP78 and mitochondria. Scale bar, 10 z«m.

8-fold at 8 h and 5-fold at 10 h after treatments with A23187 and
TG respectively (Figure 1C). Treatment with 2 uM A23187 or
300nM TG for 8 h was established as the condition that was
optimal for GRP78 induction, which was used for all subsequent
experiments, unless kinetic studies were to be performed.

Subcellular localization of GRP78

Previous reports of GRP78 in different cellular compartments
prompted us to examine and compare the changes of GRP78 in
intracellular distribution patterns in response to ER stress, speci-
fically under Ca*" disturbance. Immunostaining of GRP78
coupled with confocal microscopy demonstrated the granular and
perinuclear expression as normal ER distribution in control cells.

© 2006 Biochemical Society

The co-localization of GRP78 with two kinds of ER marker pro-
teins, membrane protein calnexin and lumen protein PDI, were
sustained, and only when the cells were exposed to A23187
or TG did the greater proportion of GRP78 display a diffused
distribution throughout the cytoplasm at a slightly higher intensity
(Figure 2A). However, the staining patterns of calnexin and PDI
did not vary in the treated cells. In parallel experiments, co-stain-
ing with the mitochondria-selective marker MitoTracker showed
that the GRP78 staining manifested into the diffused cytoplasmic
patterns and partially overlapped with the MitoTracker in ER-
stressed cells. Overlapping of GRP78 and mitochondria marker
apparently depicted worm-shaped strings, suggesting that there
is an increase in the level of co-localization and that this might
occur from an increase in the level of targeting (Figure 2B).
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Figure 3 Subcellular localization of GRP78 in normal and ER-stressed cells

Cells were fractionated by differential centrifugation, and the samples were analysed using Western blotting using antibodies against the indicated proteins. HSP90, HSP60 or COXIV, and calnexin or
PDI were used as specific marker proteins for cytosol, mitochondria and ER respectively. C, control. (A) The amounts of protein loaded were 20 wg for total lysate, cytosol, crude mitochondria and
ER fractions. (B) Proteinase K digestion of crude mitochondrial fractions (20 4.g) for 30 or 45 min in the presence or absence of detergent (Triton X-100). Right-hand panel, purified mitochondria

from sucrose-density gradient.

Distribution change of GRP78 in cells under UPR revealed
by microscopic studies was re-examined by cellular fractionation
experiments. Cytosolic, crude mitochondrial and ER fractions
were prepared by differential centrifugation from cell homo-
genates. Total lysate, cytosol, crude mitochondria and ER frac-
tions were analysed by Western blotting with antibodies specific
for GRP78 and organelle marker proteins (Figure 3A). Following
ER stress, an increase in GRP78 protein level was detected in
all fractions analysed. Both ER proteins calnexin and PDI were
also recovered from the crude mitochondrial fraction, raising a
concern that GRP78 might co-fractionate with ER contaminants
rather than with mitochondria in this fraction.

In order to elucidate further the localization of GRP78 in
mitochondria after ER stress, the crude mitochondrial fractions
collected from control and ER-stressed cells were subjected to
proteinase K digestion. As shown in Figure 3(B), approx. 70 %
of GRP78 in the control cells was degraded by proteinase K
treatment. Interestingly, GRP78 in the ER-stressed cells exhibited
higher proteinase K resistance. Blotting with antibodies against
the N-terminus of calnexin, which faced the ER lumen, demon-
strated nearly complete disappearance of calnexin after proteinase
K treatment, suggesting that GRP78 co-fractionation with crude
mitochondria did not result solely from ER contamination.
Western blot analysis of PDI showed that a portion of PDI was
protected and resistant to protease digestion. The resistance of
COXIV against protease implied that the mitochondrial mem-
branes remained intact during proteinase K treatment. Permeabil-
ization of the membranes using Triton X-100 rendered the proteins
susceptible to protease action, resulting in effective proteinase
K digestion. These results show that ER stress led to the target-

ing of a subpopulation of GRP78 into the mitochondria and there-
fore became protease-resistant. To achieve better separation of
the mitochondria and the ER, the crude mitochondria were frac-
tionated further on a sucrose-density gradient. The enriched mito-
chondrial fraction was almost devoid of calnexin, but contained
COXIYV, indicating a complete separation between the mitochon-
drial and ER fractions (Figure 3B, right-hand panel). Surprisingly,
PDI was also found in this fraction, suggesting the existence of a
small fraction of mitochondrial PDI in 9L cells. Electron micro-
scopy was further employed to reveal the PDI-stained mitochon-
dria (results not shown). Western blot analysis of GRP78 showed
that ER stress increased levels of mitochondrial GRP78.

Submitochondrial localization of GRP78

To examine the submitochondrial localization of GRP78 in more
detail, the ultralocalization of GRP78 was monitored by electron
microscopy. The gold particles were found to be associated with
cisternae of the ER and ER membrane in control cells (Figure 4A).
In contrast, GRP78-stained mitochondria from ER-stressed cells
yielded significant labelling, with grains mainly decorating the
inner mitochondrial membrane, although some grains were loc-
ated within the organelle (Figures 4B and 4C). The appearance
of little GRP78 staining in ER might be due to limited expo-
sure of the antigen and the broad spread of ER. Secondary anti-
body alone and rabbit IgG gave only background staining (results
not shown). Next, the crude mitochondria were fractionated fur-
ther into various submitochondrial fractions (Figure 4D). The pro-
tein samples in outer membrane, IMS, inner membrane and
matrix were confirmed by co-fractionation of a specific marker
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Figure 4 Submitochondrial localization of GRP78 in normal and ER-stressed cells

(A) Control, (B) A23187-treated and (C) TG-treated cells were processed for immunoelectron microscopy. Rabbit polyclonal anti-GRP78 antibodies and colloidal-gold-conjugated goat anti-rabbit
lgG were used as the primary and secondary antibodies respectively. Arrows point to the localization of GRP78. Scale bars, 200 nm. M, mitochondrion. (D) The crude mitochondrial fractions were
fractionated further into outer membrane (OM), IMS, inner membrane (IM) and matrix as described in the Materials and methods section. The protein samples were subjected to Western blotting.
VDAC, cytochrome ¢ (Cyto C), COXIV and HSP60 were used as markers for the submitochondrial fractions. Calnexin was used as a marker for the ER fraction.

proteins VDAC, cytochrome ¢, COXIV and HSP60 respectively.
Before drug treatment, only a little GRP78 was found to be asso-
ciated with the outer membrane; while there was pre-existing
mitochondrial-localized GRP78, the level increased significantly
in the ER-stressed cells.

Mitochondrial localization of newly synthesized GRP78

Drug-treated cells were metabolically labelled with [*S]methio-
nine before fractionation analysis. The cells were fractionated
into cytosolic and crude mitochondrial fractions, which were then
subjected to gel electrophoresis followed by autoradiography and
Western blotting. The expression and distribution of newly synthe-
sized GRP78 were followed in a time-course study. The level of
newly synthesized GRP78 in cytosol and mitochondria became
readily detectable after 4 h of treatment (Figure 5), indicating
that a significant amount of newly synthesized GRP78 localized
to mitochondria in cells under UPR, but it could not be ruled out
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that the crude mitochondrial fraction may contain a minor amount
of ER.

DISCUSSION

Proper temporospatial controls are fundamentally important for
a protein to exercise its function(s). We have demonstrated that,
under certain circumstances, GRP78 localizes to the mitochon-
dria, an intracellular compartment in which GRP78 has never
been reported to reside. Additionally, the de novo synthesized
subpopulations of GRP78 localized to the mitochondria in cells
under UPR during which the protein is greatly induced. By
using a combination of techniques, including metabolic labelling,
confocal microscopy, immunoelectron microscopy and cellular
fractionation, we have provided several lines of direct evidence for
the mitochondrial targeting of GRP78, which is generally deemed
as an ER-residing molecular chaperone. Extra-ER localization
of GRP78 has been observed. Immunostaining coupled with
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Cells were treated with A23187 or TG for different durations and then labelled with [®SImethionine for 1 h before being harvested. The cells were separated into cytosolic and mitochondrial fractions
by differential centrifugation as described in the Materials and methods section. Each extract (20 g of protein) was analysed by SDS/10 % PAGE and was visualized by autoradiography. Western
blotting with the antibodies against actin and HSP60 were used as markers for the cytosol and mitochondrial fractions respectively. Molecular-mass sizes are given in kDa. C, control.

confocal microscopy often demonstrate its perinuclear expression
in control cells. After treatment, GRP78 staining became more
intense, appeared granular predominantly in the ER and also
displayed a diffused distribution throughout the cytoplasm
[20,28]. In the present study, several organelle-specific markers,
including calnexin and PDI for ER, and MitoTracker for mito-
chondria, have been used and their signals are correlated with
those of GRP78 in order to track the intracellular distribution
before and after ER stress. Cellular fractionation and protease-
susceptible assays revealed that a significant portion of mitochon-
drial-localized GRP78 remains resistant to proteinase K digestion.

GRP78, and many ER lumen proteins, carry a specific sorting
signal that attributes to their own intercellular distribution. The
characteristic tetrapeptide KDEL is required for ER retention
and is thought to be recognized by a membrane-bound receptor
that continually retrieves the proteins from a later compartment
of the secretory pathway and returns them to the ER [37]. As
mentioned previously, GRP78 has been found to be located in the
cytoplasm and associated with the cytoskeletal protein, keratin 8
[26]. More frequently, the protein has been shown to be secreted
[24], as well as associated with the endomembrane system [28]
and cell surface [38,39]. It is noteworthy that the extra-ER local-
ization of GRP78 is always augmented when the synthesis of
GRP78 is induced in the ER-stressed cells [24,25,28,39]. One
of the potential explanations for the presence of GRP78 outside
the ER is that the KDEL receptors may be saturated or functionally
impaired, hence allowing some of the newly synthesized KDEL
proteins to target elsewhere. Consequently, a number of newly
synthesized molecular chaperones avoid capture and reach
the destinations outside the ER [40]. It is also possible that
release is caused by the fidelity and efficiency of compart-
mentalization through the secretory pathway. Proteins destined
for the secretory pathway are translocated into the ER by signal
sequence. However, many signal-containing proteins have been
implicated in functional and pathological roles at sites outside

the secretory pathway. The alternative localizations of secretory
pathway proteins are generated by a combination of mechanisms,
including inefficient translocation into the ER and leaky ribosome
scanning [41]. One such example is the ER luminal chaperone cal-
reticulin, which is compartmentalized into two functional popul-
ations: the major in the ER and the minor in the cytosol. The cyto-
solic form of calreticulin was found to arise by an aborted trans-
location mechanism dependent on its signal sequence and factors
in the ER and membrane. Moreover, different ER-targeting signals
result in different amounts of precursor remaining in the cytosol
[42]. Hence, the ER-stress-induced GRP78 may favour the re-
direction into the mitochondria. Additionally, comprehensive
database searching gave no clue on potential mitochondrial-local-
ization signals in GRP78, indicating that the appearance of
GRP78 in mitochondria may be due to the existence of uncon-
ventional mitochondrial-sorting signal. The correlation between
intracellular trafficking of GRP78 and its possible associations
with other proteins remains to be investigated.

Compartmental co-ordination is progressively recognized with
the discovery of the activation and translocation of cell death
modulators and effectors in cell death pathways. The translocation
of signal proteins and effector molecules, both pro-apoptotically
and anti-apoptotically among four major cellular compartments,
mitochondria, cytoplasm, nucleus and ER, has become one of
the striking features in apoptosis signalling [16,43,44]. At or
early after the onset of apoptosis, a number of signal proteins
including pro-apoptotic pS3 [45], Bcl-2 family proteins Bax and
Bim [45,46], and anti-apoptotic Raf-1 [47,48] translocate from
the cytoplasm to the mitochondria. Another apoptosis effector,
Abl tyrosine kinase, has also been shown to relocate from ER
to mitochondria. The translocation of Abl is further suggested to
promote the ER-stress-induced release of cytochrome c, which
in turn will promote further release of Ca?" from the ER. This
process is deemed as a feed-forward mechanism for amplifying
the death signals, as well as a direct cross-talk between ER and

© 2006 Biochemical Society
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mitochondria [20]. Moreover, GRP78 is also shown to prevent
apoptosis that arises from disturbance of intracellular Ca®*, sug-
gesting a critical role of GRP78 in regulating cellular Ca®"
homoeostasis. Given the facts that GRP78 is a Ca?"-binding
protein as well as a molecular chaperone, it is conceivable that
mitochondrial localization of GRP78 may also be involved in the
above process or that it performs unique intracellular functions.

The results of the present study demonstrate that the induced
GRP78 localizes to mitochondria in response to ER stress.
Although it is not yet clear whether the mitochondrial localization
of GRP78 is due to the ability to modulate Ca*" buffering store or
other functions, the targeting of GRP78 may allow the change of
functions and thus the integration of Ca’" sensing into different
cellular pathways. Nevertheless, the possible mechanism and bio-
logical function of mitochondrial targeting of GRP78 involved
in the cellular protection warrants further study and the results
allow the prospect that such localization may occur as part of
GRP78 activation, helping to specify its diverse distributions in
response to ER stress.
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