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Introduction

Mitochondria and ER of eukaryotic cells form two intertwined 

endomembrane networks, and their dynamic interaction con-

trols metabolic � ow, protein transport, intracellular Ca2+ signal-

ing, and cell death (Ferri and Kroemer, 2001; Berridge et al., 

2003; Szabadkai and Rizzuto, 2004; Yi et al., 2004; Brough 

et al., 2005; Levine and Rabouille, 2005). Mitochondrial Ca2+ 

uptake, via a yet to be identi� ed Ca2+ channel of the inner 

 mitochondrial membrane (the mitochondrial Ca2+ uniporter), 

regulates processes as diverse as aerobic metabolism  (Hajnoczky 

et al., 1995), release of caspase cofactors (Pinton et al., 2001), 

and feedback control of neighboring ER or plasma membrane 

Ca2+ channels (Hajnoczky et al., 1999; Gilabert and Parekh, 

2000). A corollary of the ef� cient mitochondrial Ca2+ uptake 

during IP3-induced Ca2+ release is the close apposition of ER 

and outer mitochondrial membranes (OMM; Mannella et al., 1998; 

Rizzuto et al., 1998b; Marsh et al., 2001; Frey et al., 2002). The 

molecular determinants of this crosstalk, however, are still 

largely unknown (Walter and Hajnoczky, 2005). Recently, PACS2, 

which is an ER-associated vesicular-sorting protein, was pro-

posed to link the ER to mitochondria (Simmen et al., 2005). The 

knockdown of PACS2 led to stress-mediated uncoupling of the 

organelles, which was also re� ected by the inhibition of Ca2+ 

signal transmission.

On the other side, the abundant OMM channel voltage-

dependent anion channel 1 (VDAC1) was also suggested to 

participate in the interaction. It was shown to be present at ER–

mitochondrial contacts and to mediate Ca2+ channeling to the 

intermembrane space from the high [Ca2+] microdomain gener-

ated by the opening of the inositol 1,4,5-trisphosphate receptor 

(IP3R; Gincel et al., 2001; Rapizzi et al., 2002). In addition, 

VDAC1 mediates metabolic � ow through the OMM, forming an 

ATP microdomain close to the ER and  sarcoplasmic reticulum 

Ca2+ ATPases (SERCAs; Ventura-Clapier et al., 2004;  Vendelin 

et al., 2004), and both VDAC1 and VDAC2 take part in meta-

bolic and apoptotic protein complexes (Cheng et al., 2003; 

 Colombini, 2004; Lemasters and Holmuhamedov, 2006).

The transfer and assembly of components of cellular protein 

complexes were shown to be assisted by molecular chaperones, 
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adding a novel function to their role in nascent protein folding 

(Young et al., 2003; Soti et al., 2005). Accordingly, Ca2+ 

 binding–, heat shock–, and glucose-regulated chaperone fam-

ily members are abundantly present along the Ca2+ transfer 

axis, linking the ER and mitochondrial networks. Well known 

examples are the Ca2+-binding chaperones of the ER lumen 

(Michalak et al., 2002), immunophilins interacting with ER 

Ca2+-release channels and the mitochondrial permeability 

transition pore (Bultynck et al., 2001; Forte and Bernardi, 

2005), and several heat shock family members localized at the 

mitochondrial membranes, which are proposed to interact with 

the components of the mitochondrial permeability transition 

pore, such as VDAC (He and Lemasters, 2003; Gupta and 

Knowlton, 2005; Wadhwa et al., 2005). Still, their exact role at 

the ER–mitochondria interface is not well known, although 

 recently, weak links between chaperones were proposed to sta-

bilize signaling and organellar cellular networks (Csermely, 

2004; Soti et al., 2005).

Considering the central position of VDAC at the ER–

 mitochondrial interface outlined in the previous paragraphs, we 

used VDAC1 as a starting point for protein biochemical studies, 

to explore molecular interactions between the ER and mito-

chondrial networks. We found that through the OMM-associated 

fraction of the glucose-regulated protein 75 (grp75) chaperone 

(Zahedi et al., 2006), VDAC1 interacts with the ER Ca2+- release 

channel IP3R. Organellar Ca2+ measurements, using targeted 

recombinant Ca2+ probes, con� rmed functional interaction be-

tween the IP3R and the mitochondrial Ca2+ uptake machinery, 

which was abolished by grp75 knockdown.

Results

VDAC1, grp75, and IP3Rs are present 

in a macromolecular complex 

at the ER–mitochondria interface

We performed yeast two-hybrid screens of human liver and 

 kidney LexA-AD–fused libraries, using rat VDAC1-LexA-DNA-

BD fusion protein as bait. Among the putative interactors we 

found cytoskeletal elements, which were previously thought to 

participate in sorting of VDAC or in mitochondrial dynamics 

(Schwarzer et al., 2002; Varadi et al., 2004) and a group of 

chaperone proteins (Table I). To investigate whether the chaper-

ones participate in mediating organelle interactions, we focused 

our attention on the human heat shock 70 kD protein 9B/grp75 

(nt 1,456–2,089 from GenBank/EMBL/DDBJ under accession 

no. BC000478; aa 471–681). The yeast homologue of grp75 is 

part of the protein import motor associated with TIM23 in the 

mitochondrial matrix (Neupert and Brunner, 2002), but it was 

also found in the cytosol and in OMM-associated high molecu-

lar weight protein complexes (Ran et al., 2000; Danial et al., 

2003; Zahedi et al., 2006). In addition, two further � ndings in-

dicated that grp75 may be involved in ER–mitochondria Ca2+ 

transfer: � rst, its C-terminal domain reduced the voltage depen-

dence and cation selectivity of VDAC1 (Schwarzer et al., 2002), 

and second, grp75 overexpression was shown to promote cell 

proliferation and protect against Ca2+-mediated cell death 

(Wadhwa et al., 2002a; Liu et al., 2005).

Based on these � ndings, we used further biochemical ap-

proaches to investigate the role of grp75 at the ER–mitochondria 

contact sites. We took advantage of a previously developed 

method to purify a mitochondria-associated ER subfraction 

(mitochondria-associated membrane (MAM) fraction [Vance, 

1990]). The MAM was previously shown to be enriched in lipid 

synthases and transferases (Vance, 2003), and it likely repre-

sents the membrane microdomain engaged in ER– mitochondrial 

Ca2+ transfer (Filippin et al., 2003; Szabadkai and Rizzuto, 

2004; Yi et al., 2004). Indeed, immunoblot screening of the 

MAM fraction, puri� ed from rat liver and HeLa cells, revealed 

the presence of grp75, as well as Ca2+ channels from both the 

OMM (VDAC1) and the ER (IP3R; Fig. 1 A). In liver cells, 

given the higher yield, the microsomal fraction and the different 

mitochondrial extracts (the crude mitochondrial pellet [Mito C], 

the low-density MAM, and the high-density mitochondrial frac-

tion containing the matrix proteins [Mito P]) were separately 

analyzed. As expected, VDAC and grp75 are not enriched in the 

MAM, given that the former is highly expressed throughout 

the OM (because of its role in ion and metabolite diffusion) and 

the latter is mostly in the matrix (but the two pools show dif-

ferent macromolecular assembles; see following paragraph). 

Conversely, the IP3R, besides the microsomes, is present in the 

crude mitochondria and the MAM fractions and is absent in 

the puri� ed mitochondria (Fig. 1 A).

We next investigated whether grp75 and the ER and mito-

chondrial Ca2+ channels are part of the macromolecular com-

plex, and whether the grp75 pool involved is that present in the 

MAM fraction. For this purpose, we separately analyzed the 

MAM and the Mito P fractions by 2D Blue native (Fig. 1 B; � rst 

dimension, central part of the image) and SDS-PAGE protein 

separation. In the latter dimension, grp75, IP3R, and VDAC were 

revealed by immunoblotting. Although VDAC1 was present in 

different amounts in complexes of a wide molecular weight 

Table I. VDAC1 interactors found by yeast two-hybrid screening

Name Accession number

DnaJ (Hsp40) homologue, subfamily A, 
 member 1; DNAJA1

NM_001539

fi lamin B, beta (actin-binding protein 278); FLNB NM_001457

heat shock 70-kd protein 5; HSPA5 NM_005347

heat shock 70-kd protein 9b; HSPA9B BC024034

protein phosphatase 1g (formerly 2c), 
 magnesium-dependent, gamma isoform; PPM1G

NM_002707

t complex–associated testis-expressed 1-like 1; 
 TCTEL1

D50663

tetratricopeptide repeat domain 1; TCC1 NM_0033114

thioredoxin-like 1; TXNL1 AF052659

tubulin-specifi c chaperone c; TBCC BC020170

zinc fi nger–like protein 9; ZPR9 AY046059

Yeast two-hybrid screening was carried using the pLexA system according to 
the protocol of Gyuris et al. (1993). For details see Supplementary materials 
and methods. Approximately 90% of the clones contained a sub-sequence of 
the ER-resident chaperone heat shock 70-kD protein 5 (HSPA5, grp-78), most 
probably refl ecting the requirement of effi cient folding of the VDAC1 protein in 
yeast. The results of sequencing of the remaining clones are shown in the table. 
One group of the putative interacting proteins were found to be cytoskeletal 
and signaling elements (shown in bold); another group (shown in normal) were 
found to be folding intermediates, presumably underlying the proper function 
of VDAC1.
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range, we found a speci� c complex characterized by the pres-

ence of VDAC, the IP3R, and grp75, suggesting their interaction 

in the native state. The speci� city of the complex formation of 

VDAC, the IP3R, and grp75 was corroborated by the � nding 

that SERCA2b showed different localization in the 2D separa-

tion (Fig. S1, available at http://www.jcb.org/cgi/content/full/

jcb.200608073/DC1). In Mito P, grp75 was found in lower mo-

lecular weight complexes (<400 kD), which is similar to previ-

ous data in yeast (Dekker et al., 1997), con� rming that grp75 is 

involved in high molecular weight protein–protein interactions 

only in the MAM. To con� rm the different location of the two 

grp75 pools, we veri� ed that whereas the matrix-localized 

grp75 was resistant to proteinase K digestion (similar to the 

 matrix enzyme MnSOD; Fig. 1 C), grp75 of the MAM fraction 

was degraded by the enzyme, documenting its association with 

the cytosolic surface of mitochondria.

To further investigate the arrangement of the grp75–

VDAC–IP3R complex, we used coimmunoprecipitation stud-

ies of the involved proteins. Immunoprecipitation of both 

IP3Rs and VDAC led to the coprecipitation of grp75 (Fig. 1, D 

and E, respectively), but no IP3R was found in the VDAC pre-

cipitate, and no VDAC was detectable in the IP3R precipitate. 

However, immunoprecipitation of grp75 led to the copuri� ca-

tion of both VDAC and the IP3R (Fig. 1 F). These results 

strongly suggest that grp75 has a central role in setting up the 

protein complex with VDAC and the IP3R. Moreover, the inter-

actions were detected both in the presence and absence of 

Mg2+-ATP (unpublished data), further suggesting the scaffolding, 

rather than chaperoning, function of grp75 in the complex.

Direct regulation of mitochondrial Ca2+ 

uptake by the IP3R ligand-binding domain

If the IP3R is in a macromolecular assembly with VDAC, we 

assumed that the mitochondrial Ca2+ uptake machinery might 

be regulated by the large cytoplasmic domain of the IP3R. This 

scheme was also supported by previous studies showing that the 

ligand-binding domain of the IP3R (aa 224–605; denoted as 

IP3R-LBD224-605), located on the surface of the cytoplasmic do-

main, participates in intramolecular interactions with other IP3R 

domains (Boehning and Joseph, 2000), as well as in linking the 

receptor with other protein partners (Bosanac et al., 2004). To 

assess a direct role of the IP3R in mitochondrial Ca2+ uptake, we 

coexpressed in HeLa cells mRFP1-tagged IP3R-LBD224-605 with 

cytosolic (cytAEQ) or mitochondrially targeted (mtAEQmut) 

Figure 1. IP3R, VDAC1, and grp75 colocalize on 
the MAM fraction. (A) Protein components of sub-
cellular fractions prepared from rat liver and HeLa 
cells revealed by immunoblot analysis. Mito, mito-
chondria; MAM, light mitochondrial fraction; P, 
heavy mitochondrial fraction, enriched in matrix 
components; C, crude mitochondrial fraction be-
fore Percoll gradient separation. 10 μg of proteins 
were loaded on 10% SDS-polyacrylamide gels. 
The presence of IP3Rs was shown by using a non–
isotype-specifi c monoclonal antibody. VDAC1 and 
grp75 were both present in the MAM, whereas it 
was free of contamination from inner membrane 
(Cox-II) and matrix (MnSOD; C) proteins. Different 
preparations are separated by the dotted line. 
Blots are representative of more than fi ve experi-
ments. (B) Blue-native and SDS-PAGE 2D separa-
tion of the MAM fraction (below BN) and Mito 
P proteins (above BN; for preparation of native 
subcellular fractions, see Materials and methods 
and A). The native fractions were solubilized and 
separated on an acrylamide gradient gel in the 
fi rst dimension. The capillary gel was stacked over 
a 10% SDS-polyacrylamide gel and separated, 
and the proteins were immunoblotted against the 
IP3Rs, grp75, and VDAC1. A typical result of an 
immunoblot from three separate experiments is 
shown. (C) The MAM and Mito P fractions (50 μg 
of proteins) were subjected to proteinase K diges-
tion (50 μg/ml) and the presence of grp75 and 
MnSOD was revealed by immunoblotting. Hypos-
motic shock (50 mM mannitol, 5 mM Hepes, and 
0.1 mM EGTA for 30 min at room temperature) 
was applied to the Mito P fraction to induce re-
lease of matrix proteins. (D–F) Coimmunoprecipi-
tation of grp75 with IP3R and VDAC1. Total cellular 
proteins were used for immunoprecipitation with a 
polyclonal IP3R1 (D), a polyclonal VDAC (E), and 
a monoclonal grp75 (F) antibody, and the pre-
cipitated protein fractions were separated on 
10% SDS-polyacrylamide gels and immunoblotted 
against IP3Rs, grp75, and VDAC1. The input 
 homogenate fractions, the IgG controls, and the 
immunoprecipitates are shown.
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aequorin-based Ca2+ probes, and evaluated global and organellar 

Ca2+ responses to agonist stimulation. After reconstitution with 

the aequorin cofactor coelenterazine, cells were challenged 

with histamine (in incremental doses from 1 to 100 μM), 

and luminescence was measured and converted to [Ca2+]. 

 Recombinant expression of the IP3R-LBD224-605 caused a marked 

increase in mitochondrial Ca2+ uptake at each agonist concen-

tration applied, in spite of reduced cytoplasmic Ca2+ response 

([Ca2+]c), because of IP3 buffering and consequent reduction of 

IP3-induced Ca2+ release from the ER (see Fig. 2 [A and B] and 

Figure 2. Effect of the IP3R ligand-binding domain on mitochondrial Ca2+ uptake. (A and C) HeLa cells were transfected with mitochondrially targeted 
(mtAEQmut; top) and cytosolic aequorin (bottom). Control traces are shown in black; traces from cells cotransfected with the IP3R-LBD224-605 (A) and the IP3R-
LBD224-605 K508 mutant (C) are shown in gray. Traces are representative of >15 experiments from >5 preparations. (B) Effect of the cytosolic-, OMM-, and 
ER-targeted IP3R-LBD224-605 on peak mitochondrial and cytosolic Ca2+ responses (top and bottom, respectively). (D) Effect of the OMM-IP3R-LBD224-605 
(K508A), the IP3-binding PH domain of the p130 PLC-like protein (OMM-p130-PH), and the OMM targeted N-terminal (1-604 aa) part of the IP3R (OMM-
IP3R-LBD1-604), on mitochondrial (top) and cytoplasmic Ca2+ responses (bottom) after 100 μM histamine stimulation. Data in B and D were normalized to 
mean of the control group. Mean ± SEM of variation is shown as percentage. Cells were transfected, and [Ca2+] was measured as described in Materials 
and methods. Values are shown. *, P < 0.05; **, P < 0.01. For absolute values see Table S1, available at http://www.jcb.org/cgi/content/
full/jcb.200608073/DC1.
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Fig. S2 [available at http://www.jcb.org/cgi/content/full/jcb.

200608073/DC1] for the lower agonist concentrations). The 

 effect of the IP3R-LBD224-605 was presumably exerted on the 

OMM because targeting the IP3R-LBD224-605 to the OMM sur-

face (by fusing to an N-terminal AKAP1 domain) augmented its 

stimulatory effect (see Fig. 3 A for intracellular localization of 

the mRFP1-tagged construct and Fig. 2 B for the effect on 

[Ca2+]m). Morphological imaging and mitochondrial loading 

with the  potential-sensitive dye teramethylrhodamine methyl ester 

showed that the effect was not caused by changes in mitochondrial 

morphology (Fig. 3 A) or to the modi� cation of mitochondrial 

membrane potential (not depicted).

To con� rm that activation of mitochondrial Ca2+ uptake 

can be exerted from the original site of the IP3R (i.e., from 

the ER membrane), we expressed IP3R-LBD224-605 fused to a 

C-terminal ER-targeting sequence derived from the yeast UBC6 

protein (denoted as ER-IP3R-LBD224-605; Varnai et al., 2005). 

Expression of this construct reduced the steady-state ER [Ca2+] 

([Ca2+]er) and IP3-induced Ca2+ release (Fig. S2 and Fig. 2 B, 

respectively), which were probably caused by direct activation 

of the IP3R, as previously reported for COS-7 cells (Varnai 

et al., 2005), although store depletion was incomplete in HeLa 

cells at the expression levels of this study. Still, most impor-

tantly, expression of the ER-targeted IP3R-LBD224-605 augmented 

mitochondrial Ca2+ accumulation after cellular stimulation by 

histamine, similar to what was observed upon expression of the 

OMM-targeted IP3R-LBD domain (Fig. 3 B shows the intra-

cellular localization of ER-IP3R-LBD224-605; Fig. 2 B shows the 

stimulatory effect of ER-IP3R-LBD224-605 on [Ca2+]m). These 

 results strongly suggested that the IP3R, acting from the ER 

 surface, regulates mitochondrial Ca2+ uptake at an OMM site, 

independent of its Ca2+-channeling function.

Stimulation of mitochondrial Ca2+ 

uptake by the IP3R-LBD is the result 

of specifi c protein interactions 

at the ER–OMM interface

Based on our conclusions, we further investigated whether the 

effect of the N-terminal cytosolic domain of the IP3R re� ects 

speci� c protein–protein interactions at the ER–mitochondrial 

contacts. We � rst veri� ed that the effect of IP3R-LBD224-605 on 

mitochondrial Ca2+ uptake is independent of IP3 buffering. For 

this purpose, we used a point-mutated (K508A) IP3R-LBD224-605, 

which is unable to bind IP3. The K508 mutant increased the 

[Ca2+]m rise in a manner similar to the wild-type (although 

slightly less ef� cient), but, as expected, did not modify the 

[Ca2+]c response (Fig. 2, C and D). The capacity of an IP3-

 insensitive IP3R-LBD224-605 to enhance mitochondrial Ca2+ up-

take was also con� rmed in digitonin-permeabilized HeLa cells. 

In this case, mitochondrial Ca2+ uptake is exclusively dictated 

by the perfused [Ca2+], and it is totally independent of IP3R 

 activity. In permeabilized cells, Ca2+ uptake was triggered by 

the  perfusion of an intracellular buffer containing Ca2+ buff-

ered at 1 μM. Under those conditions, in which protein inter-

actions might have been affected by the application of digitonin, 

both the wild-type and the K508A OMM-IP3R-LBD224-605 in-

creased the rate of mitochondrial Ca2+ uptake, although also 

in this case the wild-type was more ef� cient (14.71 ± 4.66% 

increase, n = 25, P < 0.01 vs. 6.58 ± 4.23% increase, n = 25, 

P > 0.05).

The notion that IP3 binding cannot account for the mi-

tochondrial effect was further con� rmed by the demonstra-

tion that a structurally unrelated IP3-binding protein domain, 

the PH domain of the PLC-like protein p130 (p130PH; Lin 

et al., 2005), targeted to the OMM, reduced both the [Ca2+]m 

and [Ca2+]c responses (Fig. 2 D). Interestingly, the reduction 

of the [Ca2+]m response was more pronounced for the OMM-

targeted PH domain than for the untargeted cytosolic version of 

the IP3 buffer, although the two proteins were equally effective 

on [Ca2+]c. These data (Fig. S3, available at http://www.jcb.org/

cgi/content/full/jcb.200608073/DC1) further stress the strict 

dependence of mitochondrial Ca2+ homeostasis on the ER–

mitochondrial contacts, and thus on the Ca2+ release occurring 

in these microdomains.

The IP3R-LBD224-605 was also shown to play an important 

role in the regulation of IP3R channel activity by interacting 

with the N-terminal repressor domain (aa 1–223; Boehning and 

Joseph, 2000; Varnai et al., 2005). Still, expressing the entire 

N-terminal surface domain of the IP3R, targeted to the exterior 

of the OMM (OMM-IP3R1-604), augmented mitochondrial Ca2+ 

uptake (Fig. 2 D). These results exclude that the stimulatory ef-

fect of the IP3R-LBD224-605 was exerted through unmasking this 

intramolecular interaction in the endogenous IP3R; instead, they 

Figure 3. Intracellular localization of OMM- and ER-targeted IP3R-LBD224-605. 
Cells were transfected with OMM-IP3R-LBD224-605-mRFP1 (A) or ER-IP3R-
LBD224-605-mRFP1 (B) and loaded with the mitochondrial dye MitoTracker 
Green. Images on the left show mitochondrial structure, middle images 
show images of IP3R-LBD224-605-mRFP1 fl uorescence, and images on the 
right show colocalization of the green and red signals. Insets show magni-
fi ed images of the mitochondrial and ER networks. Bars: (A and B) 10 μm; 
(insets) 2 μm.
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support a model in which the entire N-terminal IP3R exerts 

 direct activation on the mitochondrial Ca2+ uptake machinery.

Finally, we investigated the regulatory activity on mito-

chondria of the IP3R-LBD224-605 when the [Ca2+]c rise is elicited 

in the cell by the opening of plasma membrane channels. Under 

those conditions, not only the [Ca2+]c rise is IP3R-independent, 

but the [Ca2+]c and ensuing [Ca2+]m increases are markedly 

slower and smaller than upon ER Ca2+ release. We thus mea-

sured [Ca2+]m after emptying the ER Ca2+ pool with the SERCA 

blocker tert-butyl-benzohydroquinone (tBHQ) in Ca2+-free 

 medium and re-adding CaCl2. This protocol induces capacitative 

Ca2+ entry, causing a [Ca2+]c rise and subsequent mitochondrial 

Ca2+ uptake. As presented in Fig. 4, IP3R-LBD224-605–expressing 

cells showed an �60% increase in the in� ux-dependent [Ca2+]m 

response (top), even if the [Ca2+]c rise remained unaltered 

(bottom). This increase in [Ca2+]m was almost doubled, as com-

pared with the effect after histamine-/IP3-induced Ca2+ release 

from the ER (Fig. 2 B). Thus, we concluded that local IP3 

 buffering masks the stimulatory effect of the IP3R-LBD224-605 

upon ER Ca2+ release, and, indeed, the effect of the IP3R-LBD 

is established at the ER–mitochondrial contacts.

Down-regulation of grp75 abolishes 

the functional coupling between the IP3R 

and mitochondria

Because our proteomic studies suggested that the interaction of 

the VDAC and IP3R channels is mediated by grp75, we investi-

gated whether the stimulatory effect of the OMM-targeted IP3R-

LBD224-605 on mitochondrial Ca2+ uptake requires the presence 

of grp75. A � rst series of experiments showed that strong inhi-

bition of grp75 expression (48 h after transfection) in itself 

strongly reduced mitochondrial Ca2+ uptake, most probably be-

cause of alterations of mitochondrial function through inhibi-

tion of protein import and ∆ψm loss (unpublished data). Thus, 

we opted for a lower silencing ef� ciency by conducting experi-

ments 24 h after transfection (Fig. 5, inset). We expressed con-

trol and grp75 siRNAs in HeLa cells, cotransfecting them with 

the IP3R-LBD224-605 construct and mtAEQmut. Under those 

conditions, grp75 siRNA had no effect on the [Ca2+]m response 

to histamine stimulation (Fig. 5, A and B). However, the down-

regulation of grp75 prevented the stimulatory effect on mito-

chondrial Ca2+ uptake of the IP3R-LBD224-605, which was 

expressed both on the OMM and the ER surface (Fig. 5 B). 

Thus, we concluded that grp75 is not only physically associated 

with the IP3R–VDAC1 complex, but is also necessary for func-

tional coupling between these proteins. These results also show 

that although moderate knockdown of grp75 does not interfere 

with its function in the mitochondrial matrix, in accordance 

with previous results on mitochondrial protein import (Sanjuan 

Szklarz et al., 2005), the low amount of grp75 at the ER–

 mitochondrial contacts is a limiting factor for the stimulatory 

effect of the IP3R-LBD.

In the � nal set of experiments, we further investigated the 

role of grp75 in mitochondrial Ca2+ uptake regulation by over-

expressing the protein. Most likely caused by its differentially 

localized pools, grp75 appeared to modify mitochondrial Ca2+ 

uptake after IP3-induced Ca2+ release through diverse mechanisms. 

Indeed, as shown in Fig. 6 (A and B), overexpression of the 

wild-type protein led to reduced histamine-induced [Ca2+]m 

response. However, at the same time, it also signi� cantly de-

creased the steady-state [Ca2+]er level (Fig. 6 B, right), thus, re-

ducing the driving force for IP3-induced Ca2+ release, which in 

turn might be responsible for the dampened mitochondrial Ca2+ 

accumulation. This parallel reduction of [Ca2+]er and [Ca2+]m 

may re� ect two different effects of grp75: (1) OMM-localized 

grp75, presumably through the interaction with the IP3R or 

other members of the ER Ca2+-handling machinery, may in-

crease the Ca2+ leak from the ER through the IP3R, as previ-

ously shown for Bcl-2 (Pinton et al., 2000; Bassik et al., 2004); 

(2) matrix-localized grp75 may modify mitochondrial parame-

ters (e.g., pH) or import of Ca2+-handling proteins, leading to 

altered mitochondrial Ca2+ uptake, as well as the ATP supply 

Figure 4. The effect of IP3R-LBD224-605 on 
 mitochondrial Ca2+ uptake after capacitative 
Ca2+ infl ux. [Ca2+]m and [Ca2+]c (top and 
 bottom, respectively, in A and B) were measured 
in HeLa cells and transfected with mtAEQmut 
and cytAEQ, respectively. After ER depletion in 
Ca2+-free medium (100 μM KRB-EGTA; 
4 min), Ca2+ infl ux was induced by the re-
 addition of 2 mM CaCl2 to the extracellular 
medium. (A) Representative traces of control 
(black traces) and OMM-IP3R-LBD224-605–
cotransfected cells (gray traces) are shown. 
([Ca2+]m peak in controls, 12.1 ± 2.11 μM; 
[Ca2+]m peak in OMM-IP3R-LBD224-605– expressing 
cells, 21.2 ± 4.00 μM; P = 0.05; [Ca2+]c 
peak in controls, 0.96 ± 0.04 μM; [Ca2+]c 
peak in OMM-IP3R-LBD224-605–expressing cells, 
1.04 ± 0.03 μM). In B, data normalized to 
the mean ± the SEM of the control group are 
shown as percentages. For absolute values see 
Table S1. **, P < 0.01.
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for ER Ca2+ accumulation through the SERCA pumps. To dis-

sect these effects, we again used the approach of measuring IP3-

independent mitochondrial Ca2+uptake after capacitative Ca2+ 

in� ux. In addition, to distinguish OMM-based effects from 

those in the mitochondrial matrix, we expressed a truncated 

grp75 lacking the N-terminal 51-aa mitochondrial-targeting se-

quence, and thus unable to enter the mitochondrial matrix. Ca2+ 

in� ux was induced by depleting the ER Ca2+ store with tBHQ 

in the absence of extracellular Ca2+, as described in the previ-

ous section (Fig. 4). This “cytosolic” form of grp75 (grp75cyt) 

did not change the bulk cytosolic [Ca2+] response to readdition 

of Ca2+ in the extracellular medium, but signi� cantly increased 

mitochondrial Ca2+ accumulation (Fig. 6, C and D). Moreover, 

grp75cyt further potentiated the stimulatory effect of IP3R-

LBD224-605 (Fig. 6, C and D), con� rming the results obtained 

with siRNA grp75 and proving that the amount of grp75 present 

at the OMM in the VDAC–grp75–IP3R complex is a limiting 

factor of the positive effect of the IP3R-LBD on mitochondrial 

Ca2+ uptake. Lastly, by coexpressing grp75cyt and IP3R-LBD224-605, 

we achieved a very high stimulation of mitochondrial Ca2+ 

uptake rate during capacitative Ca2+in� ux (i.e., upon the in-

crease of bulk [Ca2+]c to �1 μM). Thus, we concluded that the 

VDAC–grp75–IP3R complex renders mitochondria more sensi-

tive at low extramitochondrial [Ca2+], as compared with higher 

local [Ca2+]c increases during IP3-induced Ca2+ release (com-

pare the effect of IP3R-LBD224-605 on [Ca2+]m in Fig. 2 and Fig. 4 

or Fig. 6). Indeed, by overexpression of grp75cyt we could not 

observe a signi� cant increase in histamine-induced [Ca2+]m 

 responses even if the steady-state [Ca2+]er remained unaltered 

(unpublished data).

Discussion

Based on previous observations (Gincel et al., 2001; Csordas 

et al., 2002; Rapizzi et al., 2002; Israelson et al., 2005), we used 

VDAC1 as the start point for proteomic search of interacting 

proteins and for unraveling the molecular basis of mitochon-

drial Ca2+ homeostasis. An unexpected, but intriguing, � nding 

of our biochemical studies was the central location of the chap-

erone grp75 in the interaction between ER and mitochondrial 

Ca2+ channels. grp75, a conserved chaperone, has a well stud-

ied role in protein import through the IMM. Still, in yeast mito-

chondria, mtHsp70/Ssc1 was shown to be signi� cantly more 

abundant than the translocase (TIM23 complex). Thus, only a 

small fraction of the protein appears to be involved directly in 

preprotein translocation (Dekker et al., 1997; Sanjuan Szklarz 

et al., 2005), suggesting the existence of different pools of the 

protein. Previous work also reported extramitochondrial local-

ization of grp75 (Ran et al., 2000), and its interaction with ex-

tramitochondrial proteins such as the cytosolic p53 or the ER 

luminal grp94 (Takano et al., 2001; Wadhwa et al., 2002b), 

 although the mechanisms that control the differential sorting of 

the protein are still completely unknown. According to our im-

muno� uorescence and GFP-tagging studies in HeLa cells grp75 

shows complete mitochondrial localization, but obviously can-

not be discriminated from an OMM-associated pool. Biochemical 

studies, however, demonstrate that a matrix-localized pool par-

ticipates in forming complexes in the 200–400-kD range and 

represents the major fraction of the total mitochondrial grp75 

content, whereas a minor grp75 pool resides in the low-density 

(MAM) mitochondrial fraction, participating in complexes in 

Figure 5. Coupling of the ER and mitochondrial Ca2+ channels depends on the presence of grp75. Mitochondrial Ca2+ uptake was measured in control 
siRNA–transfected HeLa cells (control); after siRNA-driven down-regulation of grp75 (siRNA-grp75); control siRNA and OMM-IP3R-LBD224-605–transfected 
cells; and siRNA-grp75 and OMM-IP3R-LBD224-605 cotransfected cells. Cells were also cotransfected with the mtAEQmut probe and mitochondrial Ca2+ re-
sponse to 100 μM histamine was measured as described in the Materials and methods. Inset shows the effect of grp75 siRNA on grp75 levels after 24 h 
of transfection. Controls transfected only with Lipofectamine showed no difference in respect to control siRNA (not depicted). (B) Silencing of grp75 reverts 
the stimulatory effect of IP3R-LBD224-605 targeted both to the OMM and ER surface. The percent increase of [Ca2+]m peaks normalized to the mean of controls 
are shown in cells cotransfected with mtAEQmut and control siRNA (siRNA-grp75) and OMM-IP3R-LBD224-605 or ER-IP3R-LBD224-605 after stimulation with 100 μM 
histamine. The stimulatory effect of both the OMM- and ER-targeted IP3R-LBD224-605 was inhibited after the cotransfection with siRNA-grp75 (+), whereas 
the control Ca2+ peaks remained unaffected. Data normalized to the mean ± the SEM of the control group are shown in percentages. For absolute values 
see Table S1. *, P < 0.05; **, P < 0.01.
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the megaDalton range and comprising OMM and ER membrane 

proteins. To further support an independent function of the non-

matrix pool, we constructed a grp75 mutant lacking the mito-

chondrial presequence, and thus incompetent for import in the 

matrix. This protein retained the capacity to enhance mitochon-

drial Ca2+ accumulation, strongly arguing for the notion that 

this role of grp75 is not only independent from its chaperone 

activity in the matrix but also depends on a physically separated 

protein pool.

How is the newly identi� ed regulatory activity on mito-

chondrial Ca2+ uptake exerted? In principle, two different 

mechanisms can be envisioned. In the � rst, grp75 could be in-

volved in scaffolding the ER–mitochondria contacts, and thus 

determines the number of sites in which mitochondria are ex-

posed to the high [Ca2+] microdomains generated at the mouth 

of IP3Rs. Fluorescent labeling studies of the ER and mitochon-

dria revealed a partial (5–20%) colocalization, re� ecting these 

interactions. However, no increase in colocalization has been 

Figure 6. Effect of grp75 overexpression on mitochondrial Ca2+ responses and steady-state [Ca2+]er. (A and B) HeLa cells were cotransfected with mtAEQ-
mut or erAEQmut probes (controls) and mouse grp75. [Ca2+]m was measured as described in Fig. 2, after stimulation with 100 μM histamine, as indicated 
in A. The percent variation (± SEM) of [Ca2+]m peaks normalized to the mean of controls are shown in B (left); the effect of grp75 on steady-state [Ca2+]er 
is shown on the right. Steady-state [Ca2+]er was measured after refi lling of the ER in the presence of 1 mM CaCl2 in the extracellular medium (n = 10, from 
four separate experiments). Before measurements, erAEQmut-transfected cells were reconstituted with coelenterazine n, after ER Ca2+ depletion in a solution 
containing 0 [Ca2+], 600 μM EGTA, and 1 μM ionomycin, as previously described (Chiesa et al., 2001). For [Ca2+]m values see Table S1. [Ca2+]er in con-
trols, 416 ± 19.3 μM; in grp75-overexpressing cells: 334 ± 13.6 μM; P < 0.05. *, P < 0.05. (C and D) [Ca2+]m (top) and [Ca2+]c (bottom) were meas-
ured in control and grp75cyt-expressing cells, after induction of capacitative Ca2+ infl ux, after ER depletion with tBHQ in Ca2+-free medium (100 μM 
KRB-EGTA; 4 min) and readdition of 2 mM CaCl2. Representative traces of controls, cells cotransfected with OMM-IP3R-LBD224-605, grp75cyt, or both are 
shown. The percent increase (± SEM) of [Ca2+]m peaks normalized to the mean of controls are shown in D. [Ca2+]m peak in controls, 9.7 ± 1.2 μM; in 
OMM-IP3R-LBD224-605–expressing cells, 13.0 ± 1.8 μM; grp75cyt-expressing cells, 13.2 ± 1.6 μM; OMM-IP3R-LBD224-605 /grp75cyt–expressing cells, 18.8 ± 2.48. 
*, P < 0.05; **, P < 0.01.
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observed by overexpression of grp75 (or of the IP3R-LBD224-605; 

unpublished data), suggesting that they do not directly function 

as structural determinants of the contacts. In a second scenario, 

grp75 could control the interaction of ER and mitochondrial 

proteins at the existing organelle contacts, and thus allow cross-

talk between signaling partners, e.g., the ion channels of the two 

membranes. Indeed, grp75, as shown by its knockdown and 

overexpression models, was necessary and suf� cient for the 

stimulatory effect of the IP3R-LBD224-605 on mitochondrial Ca2+ 

uptake. Moreover, the proteomic data also highlight the central 

role of grp75 in this interaction. VDAC and IP3Rs coprecipi-

tate with grp75, and the chaperone is coimmunoprecipitated by 

both anti-IP3R and -VDAC antibodies, indicating that it is the 

key assembling molecule in the loose interaction between the 

two ion channels.

Within the IP3R–grp75–VDAC complex, potentiation of 

mitochondrial Ca2+ accumulation by the IP3R-LBD224-605 does 

not require IP3 binding, as demonstrated by the fact that it is re-

tained by the K508A mutant, which is unable to bind IP3  (Varnai 

et al., 2005). Although the mutant shows the same stimulatory 

effect (Fig. 2), one should remember that wild-type IP3R-

LBD224-605, because of IP3 buffering, reduces ER Ca2+ release, 

and thus conclude that the wild type is somewhat more effective 

than the mutant. To further con� rm independence from IP3 buff-

ering, we measured mitochondrial Ca2+ uptake after capacita-

tive in� ux through the plasma membrane (Figs. 4 and 6). Also, 

under those experimental conditions, the IP3R-LBD224-605 

 potently stimulated mitochondrial Ca2+ uptake.

As for the molecular mechanism of the effect on the 

 mitochondrial Ca2+ machinery, different scenarios could be 

 envisioned. In the � rst, the recombinantly expressed IP3R-LBD, 

both from the OMM and ER side, could interact with the endog-

enous IP3R itself, and modify the probability of its interaction 

with grp75/VDAC. Indeed, it was previously shown that intra-

molecular interactions between different domains of the IP3R, 

such as the 224–605 minimal IP3-binding domain and the 1–223 

N-terminal repression domain, regulate IP3R channel opening 

upon IP3 binding. Thus, one could hypothesize that the high ex-

pression levels of IP3R-LBD224-605 represses an interaction be-

tween the extreme N-terminal of the endogenous receptor and 

grp75/VDAC. To clarify this issue, we expressed the whole 

(aa 1–604) IP3R-LBD, which is targeted to the OMM. The IP3R-

LBD1-604 had the same effect as IP3R-LBD224-605, thus, excluding 

competition of these two cytoplasmic, N-terminal domains of 

the IP3R. In the second, simpler scenario, the IP3R-LBD224-605 

mimics the effect of the endogenous IP3R. Thus, it directly en-

hances mitochondrial Ca2+ uptake by maximizing, within the 

macromolecular complex, the interaction with the mitochon-

drial VDAC channel. Indeed, the density of the exogenous 

IP3R-LBD224-605, based on � uorescence labeling (Varnai et al., 

2005) and Scatchard plot analysis of IP3 binding (Wibo and 

Godfraind, 1994), can be assumed to be at least one order of 

magnitude higher than the endogenous receptor, and indeed, 

high expression levels were necessary for the effect of IP3R on 

mitochondrial Ca2+ uptake.

The central role of grp75 in the IP3R-LBD–induced aug-

mentation of Ca2+ uptake was clearly shown by the siRNA-

driven silencing of the protein, leading to the abolition of the 

effect. Conversely, high-level expression of grp75 induced a 

compound effect involving at least three different locations, as 

follows: (1) the ER, decreasing the steady [Ca2+]er level; (2) the 

OMM, interacting with VDAC, whose permeability/ion selec-

tivity was shown to be modi� ed by grp-75 binding (Schwarzer 

et al., 2002); and (3) the mitochondrial matrix, modifying mito-

chondrial parameters, such as pH or Ca2+ buffering capacity. 

Expression of the cytosolic grp75 and measurement of Ca2+ 

in� ux–induced mitochondrial Ca2+ uptake allowed us to elimi-

nate the intramitochondrial effect and changes of ER Ca2+ 

 handling. Importantly, mitochondrial Ca2+ uptake in this  approach 

was markedly increased, and grp75cyt potentiated the effect of 

OMM-IP3R-LBD, clarifying the effect of the OMM-associated 

pool of grp75.

In conclusion, we demonstrated that the IP3R is part of a 

signaling complex that directly controls Ca2+ uptake into mito-

chondria. Much remains to be understood, but by these results 

the concept of macromolecular assembly of signaling elements, 

previously put forward for several plasma membrane channels, can 

be extended to de� ned microdomains at the ER–mitochondrial 

interface. Such an arrangement highlights novel routes for phar-

macological intervention that may be used for the modulation 

of downstream events such as metabolism and apoptosis.

Materials and methods

Yeast two-hybrid screening
Yeast two-hybrid screening was carried out using the pLexA system accord-
ing to the protocol of Gyuris et al. (1993). For details see Supplemental 
materials and methods (available at http://www.jcb.org/cgi/content/
full/jcb.200608073/DC1).

Subcellular fractionation and proteomic analysis
HeLa cells and rat liver were homogenized, and crude mitochondrial frac-
tion (8,000-g pellet) was subjected to separation on a 30% self-generated 
Percoll gradient, as previously described (Vance, 1990). A low-density 
band (denoted as the MAM fraction) and a high-density band (denoted as 
Mito P) were collected and analyzed by immunoblotting and Blue native/
SDS-PAGE 2D separation, which are described in detail in the Supplemental 
materials and methods. Proteinase K (Sigma-Aldrich) digestion was per-
formed with 50 μg enzyme in the presence of 50 μg proteins (10 min, on 
ice) in solution A used to resuspend subcellular fractions (250 mM mannitol, 
5 mM Hepes, and 0.5 mM EGTA, pH 7.4). Hyposmotic shock (50 mM 
mannitol, 5 mM Hepes, and 0.1 mM EGTA, pH 7.4, for 30 min at room 
temperature) was applied to induce mitochondrial swelling.

IP3R and grp75 expression constructs
Mouse grp75, cloned into the expression vector pTOPO (Invitrogen), was 
provided by R. Wadhwa (University of Tokyo, Tokyo, Japan; Wadhwa 
et al., 1993). Full-length mouse IP3R-1 was obtained from K. Mikoshiba 
(RIKEN Brain Science Institute, Wako City, Saitama, Japan). The constructs 
encoding the fusion proteins of the PH domain of the p130 protein (from 
GenBank/EMBL/DDBJ under accession no.D45920; residues 95–233) 
and the IP3R-LBD domain (residues 224–605) of the human IP3R-1 with mo-
nomeric red fl uorescent protein (mRFP1), GFP, or YFP, as well as the strate-
gies for ER targeting, have been previously described (Lin et al., 2005; 
Varnai et al., 2005). For OMM tethering, the N-terminal mitochondrial lo-
calization sequence of the mouse AKAP1 protein (from GenBank/EMBL/
DDBJ under accession no. V84389; residues 34–63) was fused to the 
N termini of the IP3R-LBD and p130PH constructs through a short linker 
 (DPTRSR). The OMM-IP3-LBD1-604-mRFP1 construct was obtained by amplifi -
cation of the 1–604 fragment of IP3R-1 cDNA and insertion into the 
AKAP1/mRFP1 vector. The GRP75cyt cDNA was amplifi ed from a human 
liver cDNA library (Origene) using the primers 5′-C C C A A G C T T A T G A A G-
G G A G C A G T T G T T G G T A T T G -3′ and 5′-C G C G G A T C C T T A C T G T T T T T C C T C-
C T T T T G A T C -3′. After digestion with HindIII and BamHI, the product was 
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ligated into the pcDNA3 plasmid (Invitrogen) digested with the same restric-
tion enzymes. The construct was verifi ed with bidirectional sequencing.

Transient transfection was done by the Ca2+-phosphate precipitation 
technique. Experiments were performed 24–36 h after transfection.

Dynamic in vivo [Ca2+] measurements with targeted aequorin probes
cytAEQ-, mtAEQmut-, or erAEQmut-expressing cells were reconstituted 
with coelenterazine and transferred to the perfusion chamber, and light 
signal was collected in a purpose-built luminometer and calibrated into [Ca2+] 
values, as previously described (Chiesa et al., 2001). All aequorin 
measurements were performed in Krebs-Ringer bicarbonate (KRB) con-
taining 1 mM CaCl2 (KRB/Ca2+; Krebs-Ringer modifi ed buffer: 135 mM 
NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM K2HPO4, 1 mM CaCl2, 5.5 
mM glucose, and 20 mM Hepes, pH 7.4). [Ca2+]c after capacitative Ca2+ 
infl ux was measured by preincubating HeLa cells with the SERCA blocker 
tBHQ (100 μM) in a KRB solution containing no Ca2+ and 100 μM EGTA. 
Cytoplasmic Ca2+ signal and mitochondrial Ca2+ uptake were evoked by 
adding 2 mM CaCl2 to the medium. For [Ca2+]er measurements, erAE-
Qmut-transfected cells were reconstituted with coelenterazine n, after ER 
Ca2+ depletion in a solution containing 0 [Ca2+], 600 μM EGTA, and 
1 μM ionomycin, as previously described (Szabadkai et al., 2004). 
Experiments in permeabilized HeLa cells were performed as previously 
described (Rapizzi et al., 2002), except that 25 μM digitonin was used to 
preserve ER–mitochondrial contacts.

Imaging techniques
For 3D morphological image acquisition, the cells were transfected with 
mRFP1-fused IP3R-LBD224-605 constructs and loaded with 50 nM MitoTracker 
Green (Invitrogen) for 20 min at 37°C. For morphological studies, cells 
were placed in a thermostatted chamber at 37°C in KRB/Ca2+ solution 
and imaged using an inverted microscope (Axiovert 200M; Carl Zeiss 
 MicroImaging, Inc.) using a 63×/1.4 Plan-Apochromat objective, a Cool-
SNAP HQ interline charge-coupled device camera (Roper Scientifi c) and 
the MetaMorph 5.0 software (Universal Imaging Corp.). Z-series images 
were deconvolved using the PSF-based Exhaustive Photon Reassignment 
deconvolution software (Carrington et al., 1995; Rizzuto et al., 1998a), 
running on a Linux-based PC. For colocalization analysis, thresholded im-
ages were 3D rendered using the Data Analysis and Visualization Environ-
ment software (Lifshitz, 1998; Rapizzi et al., 2002). To approximate real 
colocalization, and to exclude artifi cial ones produced by the noise of the 
signal, only the voxels with <50% difference in their normalized intensity 
were taken into account.

Online supplemental material
Table S1 shows [Ca2+]m and [Ca2+]c responses of HeLa cells expressing the 
constructs in this study. Fig. S1 shows the proteomic analysis of molecular 
components of the MAM fraction. Fig. S2 shows the effects of IP3R-LBD224-605 
on cytoplasmic Ca2+ responses and ER Ca2+ homeostasis. Fig. S3 
shows the effect of cytosolic- and OMM-targeted p130-PH domain on mito-
chondrial Ca2+ uptake. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200608073/DC1.
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