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Introduction
Most mitochondrial proteins are nuclear encoded and produced 
in the cytosol as precursor proteins (Koehler, 2004; Dolezal 
et al., 2006; Neupert and Herrmann, 2007; Chacinska et al., 
2009; Endo et al., 2011). The most frequently found mitochon-
drial import signals are N-terminal presequences (Neupert and 
Herrmann, 2007; Chacinska et al., 2009; Vögtle et al., 2009). 
Presequence-carrying preproteins are recognized by receptors 
on the mitochondrial surface and transported by the general 
translocase of the outer membrane (TOM complex) and the 
presequence translocase of the inner membrane (TIM23 com-
plex; Brix et al., 1999; Abe et al., 2000; Chacinska et al., 2005; 

Popov-Celeketić et al., 2008; Yamano et al., 2008). The inner 
membrane potential  activates the TIM23 channel and drives 
translocation of the positively charged presequences (Truscott 
et al., 2001; Meinecke et al., 2006).

The TIM23 complex transports preproteins to two differ-
ent subcompartments, inner membrane and matrix. Preproteins 
carrying a hydrophobic sorting (stop transfer) signal behind the 
presequence are laterally released into the inner membrane, 
whereas preproteins lacking the hydrophobic signal are trans
located into the matrix (Glick et al., 1992; Chacinska et al., 2005, 
2010; Meier et al., 2005; van der Laan et al., 2007; Popov-
Celeketić et al., 2008). The TIM23 complex cooperates with 
different partner complexes. First, it interacts with the TOM 
complex to promote preprotein transfer from the outer to the 
inner membrane (Dekker et al., 1997; Yamamoto et al., 2002; 

Many mitochondrial proteins are synthesized with 
N-terminal presequences in the cytosol. The pre-
sequence translocase of the inner mitochondrial 

membrane (TIM23) translocates preproteins into and across 
the membrane and associates with the matrix-localized 
import motor. The TIM23 complex consists of three core 
components and Tim21, which interacts with the translo-
case of the outer membrane (TOM) and the respiratory 
chain. We have identified a new subunit of the TIM23 
complex, the inner membrane protein Mgr2. Mitochondria 

lacking Mgr2 were deficient in the Tim21-containing 
sorting form of the TIM23 complex. Mgr2 was required 
for binding of Tim21 to TIM23CORE, revealing a binding 
chain of TIM23CORE-Mgr2/Tim21–respiratory chain. Mgr2-
deficient yeast cells were defective in growth at elevated 
temperature, and the mitochondria were impaired in TOM-
TIM23 coupling and the import of presequence-carrying 
preproteins. We conclude that Mgr2 is a coupling factor 
of the presequence translocase crucial for cell growth at 
elevated temperature and for efficient protein import.
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Chacinska et al., 2003, 2005, 2010; Mokranjac et al., 2005; 
Tamura et al., 2009). Second, the TIM23 complex is coupled to 
respiratory chain supercomplexes comprising complexes III 
and IV. This coupling promotes the -dependent step of pre-
protein insertion into the inner membrane (van der Laan et al., 
2006; Wiedemann et al., 2007; Dienhart and Stuart, 2008; Saddar 
et al., 2008; Endo et al., 2011). Third, the TIM23 complex cooper
ates with the presequence translocase-associated motor (PAM) 
to drive ATP-dependent protein translocation into the matrix 
(Chacinska et al., 2005; Hutu et al., 2008; Popov-Celeketić et al., 
2008, Popov-Čeleketić et al., 2011).

The essential core of the TIM23 complex (TIM23CORE) 
consists of three proteins: the pore-forming Tim23, Tim17, and 
Tim50 (Truscott et al., 2001; Geissler et al., 2002; Yamamoto 
et al., 2002; Meinecke et al., 2006; Gevorkyan-Airapetov et al., 
2009; Mokranjac et al., 2009; Tamura et al., 2009; Marom et al., 
2011; Qian et al., 2011). A fourth subunit, Tim21, associates with 
TIM23CORE to form a larger TIM23SORT complex. Tim21 performs 
regulatory functions; it transiently interacts with the TOM 
complex as well as respiratory chain supercomplexes, and, thus, 
TIM23SORT is involved in preprotein transfer from TOM to 
TIM23 and in -dependent membrane insertion of preproteins 
(Chacinska et al., 2005, 2010; Mokranjac et al., 2005; Albrecht 
et al., 2006; van der Laan et al., 2006, 2007; Wiedemann et al., 
2007; Dienhart and Stuart, 2008).

Matrix translocation of preproteins depends on the cooper
ation of TIM23 with the motor PAM. The key component of 
PAM is the ATP-dependent mitochondrial heat shock protein 
70 (mtHsp70). The import-driving activity of mtHsp70 and its 
cooperation with TIM23 are regulated by the membrane-bound 
cochaperones Tim44, Pam18-Pam16, and Pam17 (Neupert and 
Herrmann, 2007; Chacinska et al., 2009).

For this report, we performed a systematic analysis of the 
composition of the TIM23 complex and identified a new sub-
unit, the integral inner membrane protein Mgr2 (mitochondrial 
genome required 2). We show that Mgr2 is required for efficient 
TOM-TIM23 coupling and the association of Tim21 and respi-
ratory chain complexes with TIM23CORE. Thus, our study iden-
tifies Mgr2 as a new coupling factor in the TIM23 complex.

Results and discussion
Mgr2 is a subunit of the TIM23 complex
We purified the yeast TIM23 complex via protein A–tagged 
Tim21 upon differential stable isotope labeling with amino 
acids in cell culture (SILAC; Ong et al., 2002). Candidate proteins 
specifically enriched with Tim21ProtA were obtained based on the 
measured light-over-heavy peptide ratios (L/H; Gebert et al., 
2011; von der Malsburg et al., 2011). As expected, the highest 
enrichment factors were found for the subunits of the TIM23 
complex (Fig. 1 A and Table S1). We observed a similarly strong 
enrichment for a protein termed Mgr2. MGR2 was identified in 
a screen for genes required for survival of yeast cells without 
mitochondrial DNA (Dunn et al., 2006). In higher eukaryotes, 
the Mgr2 homolog Romo1 (reactive oxygen species modulator 1) 
is involved in production of reactive oxygen species, apoptosis, 
and regulation of mitochondrial morphology (Chung et al., 2008, 

Figure 1.  Mgr2 is a subunit of the TIM23 complex. (A) Yeast cells were 
labeled with [13C6]lysine/[13C6]arginine (wild type) or their 12C-containing 
counterparts (Tim21ProtA strain). Mitochondria were isolated, mixed, and 
lysed with digitonin. The TIM23 complex was isolated by IgG affinity puri-
fication. The mean log10 L/H ratio was plotted against the corresponding 
p-value (log10) of each protein. Red, presequence translocase subunits 
including Mgr2; green, complexes III and IV; yellow, mitochondrial car-
rier family; brown, Tim44; black and grey, further proteins. See Materials 
and methods and Table S1. (B) Wild-type (WT) and Tim23ProtA mitochon-
dria were lysed in digitonin and incubated with IgG Sepharose. Bound 
complexes were eluted by TEV protease cleavage and analyzed by SDS-
PAGE and immunoblotting. Eluate: 100%; load: TIM/PAM subunits 17%, 
respiratory chain subunits 0.5%, and further proteins 6%. The arrowhead 
indicates the signal of Tim23ProtA. (C) Wild-type and Tim21ProtA mitochon-
dria were analyzed as described for B. Eluate: 100%; load: TIM/PAM 
subunits 6%, respiratory chain subunits 0.5%, and further proteins 4%. The 
arrowhead indicates the signal of Tim21ProtA.
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in mgr2 yeast using a plasmid with the phosphoglycerate 
kinase (PGK) promoter restored growth and formation of the 
TIM23SORT complexes (Fig. S1 G). Yeast mitochondria contained 
about 10 pmol Mgr2, 17 pmol Tim21, and 16 pmol Tim23 per 
milligram of protein (see Materials and methods). For comparison, 
the motor subunit Pam18 was present in 60 pmol/mg and the 
ADP/ATP carrier (AAC) in 280 pmol/mg. In the TIM23SORT 
complex purified via tagged Tim21, Mgr2 was present in stoichio-
metric amounts to Tim23 (Fig. S1 H), demonstrating a quantita-
tive association of Mgr2 with this TIM23 form (Pam18 was 
depleted in TIM23SORT as expected; Chacinska et al., 2005, 2010; 
van der Laan et al., 2007). Collectively, we conclude that Mgr2 
is a subunit of the TIM23 complex.

Mgr2 is required for coupling of Tim21 to 
the TIM23CORE complex
Mitochondria were isolated from an mgr2 yeast strain express-
ing protein A–tagged Tim23, lysed with digitonin, and subjected 
to affinity purification. The subunits of TIM23CORE as well as the 
subunits of the motor PAM were efficiently purified from wild-
type and mgr2 mitochondria (Fig. 2 B). However, the copurifi-
cation of Tim21 with tagged Tim23 was strongly impaired when 
Mgr2 was lacking. Tim21 is involved in coupling of respiratory 
supercomplexes to the presequence translocase (van der Laan 
et al., 2006; Wiedemann et al., 2007). Consequently, the yield of 
copurification of respiratory complexes III and IV was reduced 
with mgr2 mitochondria (Fig. 2 B).

To study which proteins are associated with Tim21 in mgr2 
mitochondria, we generated an mgr2 yeast strain expressing 
tagged Tim21. Although the recovery of the bait protein Tim21 
was comparable in wild-type and mgr2 mitochondria, copurifi-
cation of the TIM23CORE proteins with Tim21ProtA was almost 
abolished in the absence of Mgr2 (Fig. 2 C). In contrast, subunits 
of the respiratory chain complexes III and IV were copurified 
with Tim21ProtA, with similar efficiency in wild-type and mgr2 
mitochondria (Fig. 2 C).

To independently demonstrate that Tim21 is associated 
with the respiratory chain but not the TIM23 complex in mgr2 
mitochondria, we deleted MGR2 in a yeast strain containing 
tagged Cor1 (a subunit of complex III). Tim21 was copurified 
with tagged Cor1 independently of Mgr2; however, the copurifi-
cation of TIM23CORE components was strongly reduced in the 
absence of Mgr2 (Fig. 2 D). As a control, the copurification of 
complex III and IV subunits with Cor1 was not affected by the 
lack of Mgr2 (Fig. 2 D). The activities of complexes III and IV 
were not or only mildly affected by the lack of Mgr2 (Fig. S1 I).

We conclude that Mgr2 is selectively required for the 
binding of Tim21 to TIM23CORE and thus for the formation of 
TIM23SORT complexes and the efficient recruitment of respira-
tory chain complexes to the presequence translocase.

Mgr2 is required for efficient protein 
import at elevated temperature
With mitochondria isolated from yeast cells grown at 30°C, 
-dependent import of matrix-targeted (Su9–dihydrofolate 
reductase [DHFR]) and inner membrane–inserted preproteins 
(cytochrome b2–DHFR and cytochrome c1) was not or only 

2009; Zhao et al., 2009; Kim et al., 2010; Lee et al., 2010). The 
molecular function of Mgr2/Romo1 is unknown.

A lower enrichment with Tim21ProtA was observed for 
several proteins that mainly fall in two groups of inner mem-
brane proteins: respiratory chain complexes III and IV and 
mitochondrial metabolite carriers (Fig. 1 A and Table S1). These 
proteins are highly abundant inner membrane proteins, and it 
has been previously shown for several of them that a small frac-
tion is associated with the TIM23 complex (Geissler et al., 
2002; van der Laan et al., 2006, 2007; Wiedemann et al., 2007; 
Dienhart and Stuart, 2008; Saddar et al., 2008).

Mgr2 was found in the mitochondrial fraction of yeast 
cells and was not extracted at alkaline pH (Fig. S1 A), indicat-
ing that it is an integral mitochondrial membrane protein in 
agreement with the prediction of two transmembrane segments. 
Mgr2 behaved as inner membrane protein, as it was not present 
in outer membrane vesicles, and its precursor was imported into 
isolated mitochondria in a -dependent manner and processed 
to the mature form (Fig. S1, B and C).

Mitochondria containing a protein A–tagged version of 
Tim23 were lysed with digitonin, and the TIM23 complex was 
purified by affinity chromatography (Geissler et al., 2002; 
Chacinska et al., 2005). Mgr2 was efficiently copurified with 
Tim23 like the known subunits of the TIM23 complex (Fig. 1 B). 
As expected, the import motor PAM and a fraction of the respira-
tory complexes III and IV were also coisolated with the TIM23 
complex. A copurification with protein A–tagged Tim21 allows 
to differentiate between TIM23 subunits and PAM subunits. 
Tim21 is present in the TIM23SORT complex but not associated 
with the motor PAM (Chacinska et al., 2005, 2010; van der Laan 
et al., 2007). Mgr2 was efficiently copurified with Tim21ProtA 
(Fig. 1 C), indicating that Mgr2 is associated with TIM23SORT.

Yeast cells lacking the MGR2 gene were partially impaired 
in growth on nonfermentable medium at the usual growth tem-
perature of 30°C. At elevated temperature on nonfermentable 
medium, where a high mitochondrial activity is required, the 
growth of mgr2 cells was strongly inhibited (Fig. S1 D). For 
the biochemical analysis, we first used mitochondria isolated 
from cells grown on nonfermentable medium at 30°C (Fig. S1 E). 
Different forms of the TIM23 complex can be visualized by blue 
native electrophoresis upon solubilization of mitochondria with 
digitonin. With wild-type mitochondria, antibodies against Tim23 
decorate the TIM23CORE complex and the larger TIM23SORT 
complexes; Tim21 is only present in the TIM23SORT complexes 
(Fig. 2 A; Chacinska et al., 2005, 2010; van der Laan et al., 
2007). mgr2 mitochondria contained the TIM23CORE complex 
like wild-type mitochondria; however, TIM23SORT was largely 
absent (Fig. 2 A). Other inner membrane complexes like the 
carrier translocase (TIM22 complex) or the F1Fo-ATP synthase 
were not affected (Fig. 2 A). The MGR2 gene is located in the 
vicinity of the genes MSY1 and AIM43 on Saccharomyces cere-
visiae chromosome XVI. The phenotype of MGR2 deletion is 
not caused by affecting MSY1 or AIM43 for the following rea-
sons: (a) expression of the Aim43 protein was not blocked in the 
mgr2 mutant (Fig. S1 F); (b) msy1 mutant yeast are defective 
in respiratory growth (Saccharomyces Genome Database) in 
contrast to mgr2 yeast; and (c) reexpression of the MGR2 ORF 
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copurified like in wild-type mitochondria (Fig. S2 F). Blue 
native electrophoresis of mgr2 mitochondria revealed that the 
TIM23SORT complexes were disturbed as expected, whereas the 
TIM22 complex and the TOM complex were not affected 
(Fig. S2 G). To exclude that the partial reduction of  caused 
the import defects, we analyzed the -dependent import of the 
dicarboxylate carrier (Dic1) via the TIM22 complex and did not 
observe an inhibition in mgr2 mitochondria (Fig. 3 D), demon-
strating that the effect on  cannot explain the strong and selec-
tive import defect via the presequence translocase. We conclude 
that Mgr2 is critical for protein import via the presequence path-
way at elevated temperature.

Lack of Mgr2 impairs -dependent import 
and TOM-TIM23 coupling
We asked whether Mgr2 was only required for protein import at 
elevated temperature or whether it also played a role at the usual 
temperature of 30°C and thus analyzed distinct import condi-
tions. Mgr2 is part of the TIM23SORT complex that is involved in 
both coupling of TIM23 to the respiratory chain and preprotein 
transfer from TOM to TIM23 (Chacinska et al., 2005, 2010; 
Wiedemann et al., 2007). In case of tim21 mitochondria, the 

mildly affected by the lack of Mgr2 (Fig. S2, A–C). Thus, under 
standard import conditions with fully energized mitochondria, 
protein import can occur into mgr2 mitochondria in agreement 
with the observation that Mgr2 is not strictly essential for 
growth of yeast, whereas the TIM23CORE components Tim17, 
Tim23, and Tim50 are essential for cell viability under all 
growth conditions (Dekker et al., 1993; Emtage and Jensen, 
1993; Maarse et al., 1994; Ryan et al., 1994; Geissler et al., 
2002; Yamamoto et al., 2002).

As the growth defect of mgr2 cells is temperature de-
pendent (Fig. S1 D), we grew cells at 30°C and then shifted 
them to elevated temperature. Under these conditions, the im-
port of presequence-carrying preproteins into mitochondria was 
strongly impaired (Fig. 3, A–C). To exclude that mgr2 mito-
chondria isolated under these conditions were unspecifically 
damaged, we analyzed their basic characteristics. The steady-
state levels of TIM and TOM subunits, as well as various control 
proteins, were not or only mildly affected by the lack of Mgr2 
(Fig. S2 D). The membrane potential of the mutant mitochondria 
was moderately reduced (Fig. S2 E). Immunoprecipitation with 
antibodies against Tim23 under nondenaturing conditions dem-
onstrated that TIM23CORE subunits as well as PAM subunits were 

Figure 2.  Mgr2 is required for binding of Tim21 and respiratory chain complexes to TIM23CORE. (A) Mitochondria were solubilized in digitonin and ana-
lyzed by blue native electrophoresis and Western blotting. WT, wild type. (B) Mitochondria were solubilized with digitonin and subjected to IgG affinity 
purification. Eluates after TEV cleavage were analyzed by SDS-PAGE and immunoblotting. Eluate: 100%; load: TIM/PAM subunits 17%, respiratory chain 
subunits 0.5%, and further proteins 6%. (C) Mitochondria were analyzed as described for B. Eluate: 100%; load: TIM/PAM subunits 6%, respiratory chain 
subunits 0.5%, and further proteins 4%. (D) Mitochondria were analyzed as described for B. Eluate: 100%; load: respiratory chain subunits 28% and 
TIM/PAM subunits and further proteins 6%. The asterisk indicates the nonspecific signal.
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fusion protein b2(84)-DHFR, the N-terminal presequence reaches 
just far enough into the matrix to become cleaved by the matrix 
processing peptidase (MPP) in wild-type mitochondria (Fig. 4 B; 
Rassow et al., 1990). Strikingly, in mgr2 as well as in tim21 
mitochondria, this first processing was impaired, when the pre-
protein was accumulated in TOM-TIM23 import sites (Fig. 4 B). 
In contrast, the long fusion protein b2(220)-DHFR that becomes 
arrested at a later stage of import was efficiently processed first 
by MPP and subsequently by the inner membrane peptidase in 
wild-type, mgr2, and tim21 mitochondria (Fig. 4 C). We con-
clude that the lack of Mgr2 or Tim21 impairs efficient TOM-TIM 
accumulation and processing of the short b2 preprotein.

As several metabolite carriers were associated with the 
TIM23 complex (Fig. 1 A and Table S1), we asked whether they 

defective coupling of TIM23SORT with the respiratory chain  
leads to a decreased protein import when  is partially reduced  
(van der Laan et al., 2006; Wiedemann et al., 2007). Preprotein  
import into mgr2 mitochondria was indeed impaired like into 
tim21 mitochondria, when  was gradually reduced by the 
protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP; 
Fig. 4 A), supporting the conclusion that Mgr2 and Tim21 are 
required for coupling of TIM23SORT to the respiratory chain.

To study a possible role of Mgr2 in preprotein transfer from 
TOM to TIM23 complexes, we selectively accumulated cyto-
chrome b2–DHFR fusion proteins at different import stages in 
TOM-TIM23 contact sites as two-membrane–spanning translo-
cation intermediates (see Materials and methods). For the short 

Figure 3.  Mgr2 promotes preprotein import in cells grown at elevated 
temperature. (A–C) 35S-labeled preproteins were imported into mitochon-
dria isolated from yeast cells grown at 39°C. After proteinase K treatment, 
samples were analyzed by SDS-PAGE and autoradiography. p, precursor; 
i, intermediate; m, mature; WT, wild type. (D) Dic1 was imported, as 
described for A–C, and formation of the mature dimer (d) was analyzed 
by blue native electrophoresis after solubilization with digitonin.

Figure 4.  Mgr2 promotes -dependent protein import. (A) b2(84)-DHFR 
was imported into wild-type (WT), tim21, and mgr2 mitochondria (cells 
grown at 30°C) in the presence of CCCP and analyzed by SDS-PAGE 
and autoradiography. Import without CCCP was set to 100% (control). 
The mean ± SEM (n = 4) is shown. (B and C) Preprotein import into 
mitochondria followed by SDS-PAGE. MTX, methotrexate; p, precursor; 
i, intermediate; m, mature.
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stable TOM–TIM23 preprotein supercomplex strongly depends 
on Mgr2 but not on Tim21.

Thus, we asked whether Mgr2 plays a direct role in protein 
import and probed for an interaction of Mgr2 with preproteins 
in transit. Upon incorporation of the photoreactive cross-linking 
reagent ANB (5-azido-2-nitrobenzoyl), a b2-DHFR preprotein 
was accumulated in TOM-TIM23 import sites. By immuno
precipitation under stringent conditions, cross-linking of the pre-
protein to Mgr2 as well as Tim17 was demonstrated (Fig. 5 C). 
We conclude that Mgr2 is in close vicinity of preproteins in 
transit and participates in stabilization of the TOM–TIM23 
preprotein supercomplex.

Conclusions
Mgr2 is a new subunit of the TIM23 complex. It is in vicinity of 
preproteins in transit and couples Tim21 to the core translocase, 
leading to formation of the TIM23SORT complex. Mgr2 pro-
motes interaction of the presequence translocase with the re-
spiratory supercomplex III–IV and the efficient cooperation of 
TOM and TIM23 complexes in preprotein translocation. Mgr2 
is of particular importance for protein import under heat stress 
conditions when a high mitochondrial activity is needed. Future 
studies will have to address whether this small hydrophobic 
protein may play further coupling functions in the mitochon-
drial inner membrane.

Materials and methods
Yeast strains and growth conditions
A chromosomal deletion of MGR2 in S. cerevisiae was achieved by trans-
formation of a Yep352 plasmid expressing Mgr2 under the control of an 
MET25 promoter and CYC1 terminator into the YPH499 background. The 
chromosomal gene was replaced by a kanMX6 cassette, and the plasmid 
was removed by growth on medium supplied with 5-fluoroorotic acid. Using 
this approach, the deletion of MGR2 was introduced into the strains 
Tim21ProtA, Tim23ProtA, and Cor1TAP (YPH499 background; Geissler et al., 

were connected to the role of Mgr2, using the TOM-TIM accu-
mulation of b2(84)-DHFR as assay. Neither inhibition of AACs 
by carboxyatractyloside (Wachter et al., 1992) nor lack of fur-
ther metabolite carriers affected the processing of translocation-
arrested b2(84)-DHFR (Fig. S3, A and B). Lack of Mgr2 only 
mildly affected the copurification of imported carrier proteins 
with the TIM23 complex and the transport activity of AAC 
(Fig. S3, C and D). These results suggest that the involvement of 
Mgr2 in preprotein import cannot be attributed to an indirect 
effect via metabolite carriers. Moreover, we did not obtain evi-
dence for a connection of Mgr2 to the AAA (ATPases associated 
with diverse cellular activities) proteases of the inner membrane; 
the proteases were not specifically enriched with the TIM23SORT 
complex (Table S1), and characteristic substrates, which are 
processed by the Yta10/Yta12 protease (Bonn et al., 2011), were 
not affected by the lack of Mgr2 (Fig. S3, E and F).

To obtain further evidence for a role of Mgr2 in coor
dinating efficient TOM-TIM23 cooperation, we used blue native 
electrophoresis to directly visualize the TOM-TIM23 preprot-
ein connection. A radiolabeled b2-DHFR fusion protein was 
accumulated in TOM-TIM23 import sites. The mitochondria were 
lysed by digitonin, and the TOM–TIM23 preprotein supercom-
plex was detected by autoradiography (Fig. 5 A, top, second 
lane; Dekker et al., 1997; Chacinska et al., 2003, 2010). In the 
absence of Mgr2, the supercomplex was not detectable (Fig. 5 A, 
top, fifth lane). As these mitochondria can import presequence-
carrying preproteins across outer and inner membranes (Figs. 5 A 
[bottom] and S2 [A–C]), a basic TOM–TIM23 cooperation 
apparently still takes place. However, the stable connection of 
both translocases that is required for the detection of the super-
complex on native gels is not possible anymore in mgr2 mito-
chondria. Remarkably, in tim21 mitochondria, the supercomplex 
was still detectable, though it migrated faster as a result of 
the lack of Tim21 (Fig. 5 B, top), indicating that formation of a 

Figure 5.  Mgr2-dependent formation of a TOM–TIM23 preprotein supercomplex. (A and B) b2(167)-DHFR was imported into wild-type (WT), mgr2, 
and tim21 mitochondria in the presence of methotrexate (MTX), as indicated. Samples were lysed with digitonin and analyzed by blue native (BN) elec-
trophoresis or separated by SDS-PAGE. p, precursor; i, intermediate. (C) b2(110)-DHFR with incorporated ANB was imported into wild-type mitochondria 
in the presence of methotrexate. ANB was activated by UV light. Cross-linking products (asterisks) were identified by immunoprecipitation (Immunoprecip.) 
and SDS-PAGE.
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channel. The N-terminal b2 portion initiates translocation via TOM and 
TIM23 and is arrested in a two-membrane–spanning fashion in a TOM–
TIM23 supercomplex (Dekker et al., 1997; Chacinska et al., 2003, 2005, 
2010; Popov-Celeketić et al., 2008). Cytochrome b2 contains a bipartite 
presequence that is processed twice, first by MPP and then by the inner 
membrane peptidase (Glick et al., 1992; Chacinska et al., 2005, 2010; 
Popov-Celeketić et al., 2008). We used b2-DHFR proteins of different 
length. b2(84)-DHFR is so short that upon arrest with methotrexate, only 
the first processing step by MPP can take place (after amino acid residue 31), 
as the second cleavage site after residue 80 is still in the TOM complex 
and thus not accessible to the inner membrane peptidase (Rassow et al., 
1990). With b2(84)-DHFR, only 60 residues (53 b2 residues plus 7 linker 
residues) remain in front of the folded and methotrexate-stabilized DHFR 
moiety for spanning the TOM and TIM23 channels and cleavage by MPP 
(Rassow et al., 1990), indicating that a close cooperation of TOM and 
TIM23 complexes is required for efficient accumulation and cleavage of 
the short preprotein. In the absence of methotrexate, b2(84)-DHFR was 
cleaved twice by MPP and the inner membrane peptidase. For the long 
b2(220)-DHFR protein, the b2 portion is imported far enough that even 
after arrest of the DHFR moiety by methotrexate, both processing steps 
can take place (Chacinska et al., 2010). In the b2(167)-DHFR preprot-
ein, the hydrophobic stop transfer signal has been inactivated by the dele-
tion of 19 amino acid residues; this preprotein is targeted to the mitochondrial 
matrix in the absence of methotrexate (Chacinska et al., 2010).

IgG affinity purification and immunoprecipitation
Mitochondria were solubilized in ice-cold blue native lysis buffer and incu-
bated at 4°C for 30 min in a head-over-head shaker followed by a clarify-
ing spin. For immunoprecipitation of denatured proteins, mitochondria were 
lysed in SDS lysis buffer (lacking bromophenol blue); after a clarifying spin, 
the supernatant was diluted in solubilization buffer (0.3% [vol/vol] Triton 
X-100, 20 mM Tris/HCl, pH 7.4, 0.1 mM EDTA, 50 mM NaCl, 10% 
[vol/vol] glycerol, and 2 mM PMSF). Supernatants were mixed with purified 
human IgG (Sigma-Aldrich) coupled to cyanogen bromide–activated Sepha-
rose (IgG affinity purification; GE Healthcare) or specific antibodies coupled 
covalently to protein A–Sepharose (GE Healthcare) by dimethyl pimelimi-
date cross-linking (immunoprecipitation) and incubated in a head-over-head 
shaker for 1–2 h at 4°C. Sepharose beads were reisolated and washed ex-
tensively with washing buffer (0.3% [wt/vol] digitonin, 20 mM Tris/HCl, 
pH 7.4, 0.5 mM EDTA, 60 mM NaCl, and 10% [vol/vol] glycerol). For 
immunoprecipitation of denatured proteins, solubilization buffer was used  
as washing buffer. Bound complexes were eluted through cleavage with to-
bacco etch virus (TEV) protease (Invitrogen) at 4°C overnight under vigor-
ous shaking (IgG affinity purification) or by addition of 0.1 M glycine, 
pH 2.5 (immunoprecipitation). Elutions were precipitated with trichloro
acetic acid and/or mixed with SDS lysis buffer, incubated for 15 min at 
37°C under vigorous shaking, and subjected to SDS-PAGE. For immuno-
decoration, proteins were transferred by semi-dry Western blotting onto a 
polyvinylidene difluoride membrane (Millipore) and visualized by ECL 
(GE Healthcare).

SILAC, mass spectrometry (MS), and data analysis
Wild-type S. cerevisiae cells were grown in the presence of 13C-labeled 
(heavy) arginine and lysine. In parallel, yeast cells expressing protein A–
tagged Tim21 were grown with 12C-containing (light) amino acids. Mito-
chondria were isolated and mixed. After solubilization of mitochondria 
with digitonin, TIM23 complexes were purified by affinity chromatography 
and examined by quantitative MS. Based on the ratios of light peptides 
originating from the Tim21ProtA mitochondria over the heavy peptides from 
wild-type mitochondria, candidate proteins were determined and further 
tested for specific association with the TIM23 complex.

After tryptic digestion of affinity-purified and SILAC-labeled protein 
complexes, peptide mixtures of four independent experiments were ana-
lyzed by nano-HPLC/electrospray ionization–MS/MS using an HPLC 
system (UltiMate 3000; Dionex) connected to a mass spectrometer  
(LTQ-Orbitrap XL; Thermo Fisher Scientific; Kaller et al., 2011). Peptides 
were washed and preconcentrated on a C18 µ-precolumn (0.3-mm inner 
diameter × 5 mm; PepMap; Dionex) using 0.1% (vol/vol) trifluoroacetic 
acid as a solvent and a flow rate of 30 µl/min. Peptides were subsequently 
separated on a C18 reversed-phase nano–liquid chromatography column 
(75-µm inner diameter × 150 mm; PepMap) and eluted applying a linear 
150-min gradient ranging from 4–34% (vol/vol) acetonitrile (ACN) in 
0.1% (vol/vol) formic acid (FA) and a flow rate of 300 nl/min. The col-
umn was subsequently washed with 80% ACN/0.1% FA (3 min) and re-
equilibrated with 4% ACN/0.1% FA for the next liquid chromatography 
run. Mass spectrometric data were acquired in a data-dependent mode 

2002; Chacinska et al., 2005; van der Laan et al., 2006); the Tim23ProtA 
strain was also modified such that the tagged protein could be expressed 
from the chromosome. For isolation of mitochondria, yeast cells were grown 
in YPG medium (1% [wt/vol] yeast extract, 2% [wt/vol] bacto peptone, and 
3% [wt/vol] glycerol, pH 5.0) at 30°C continuously or shifted for 24 h to 
39°C before harvesting. For reexpression of MGR2 in mgr2 cells, the 
ORF of MGR2 was supplied by the plasmid pPGKMGR2 using the PGK1 
promoter. Control transformations were performed with the empty vector 
pRS426. For SILAC analysis, the strains YPH500 arg8 (wild-type) and 
Tim21ProtA were grown in synthetic defined medium (0.67% bacto-yeast  
nitrogen base, amino acid mix, and 3% glycerol) supplemented with either 
[13C6]arginine and [13C6]lysine (Euriso-Top) for wild-type or [12C6]arginine 
and [12C6]lysine for Tim21ProtA cells (Gebert et al., 2011). Yeast peptone 
dextrose contained 1% [wt/vol] yeast extract, 2% [wt/vol] bacto peptone, 
and 2% [wt/vol] glucose, pH 5.0.

Precursor protein import into mitochondria
To study preprotein import into isolated mitochondria, we used several 
radiolabeled preproteins that are imported via the presequence translocase: 
cytochrome c1 and model proteins containing N-terminal parts of preprot-
eins (cytochrome b2 and Fo-ATPase subunit 9) fused to the passenger pro-
tein DHFR (Chacinska et al., 2005, 2010; van der Laan et al., 2005, 
2007; Stojanovski et al., 2007; Hutu et al., 2008). Import of the mitochon-
drial metabolite carrier Dic1 was monitored by formation of the mature 
dimer, as detected by blue native electrophoresis (Rehling et al., 2003; 
Brandner et al., 2005).

Mitochondria were isolated by differential centrifugation. For in vitro 
synthesis of 35S-labeled precursor proteins, a reticulocyte lysate transcription/
translation system (GE Healthcare) was used. For synthesis of [35S]Mgr2, 
linear DNA templates including an SP6 promoter were generated by PCR 
and transcribed in vitro (mMESSAGE mMACHINE SP6 kit; Invitrogen); 
mRNA was purified (MEGAclear kit; Invitrogen) and incubated for transla-
tion with yeast cytosolic extract in the presence of [35S]methionine (Garcia 
et al., 1991). Radiolabeled preproteins were incubated with isolated mito-
chondria in import buffer (3% [wt/vol] fatty acid–free BSA, 250 mM  
sucrose, 80 mM KCl, 5 mM MgCl2, 2 mM KH2PO4, 5 mM methionine, and 
10 mM MOPS-KOH, pH 7.2) in the presence of 2 mM ATP and 2 mM 
NADH at 25°C (Ryan et al., 2001; Stojanovski et al., 2007). For import of 
Dic1, an ATP regenerating system (5 mM creatine phosphate and 0.1 mg/ml 
creatine kinase) was included. 5 µM methotrexate was added where indi-
cated. Import reactions were stopped by dissipation of  by adding an 
AVO mix (8 µM antimycin A, 1 µM valinomycin, and 20 µM oligomycin 
final concentrations) and transfer on ice. For protease treatment, typically 
50 µg/ml proteinase K was added, and samples were incubated for 15 min 
on ice followed by addition of 2 mM PMSF and further incubation for 10 min 
on ice. Mitochondria were washed in SEM buffer (10 mM MOPS-KOH, 
1 mM EDTA, and 250 mM sucrose, pH 7.2), lysed in SDS lysis buffer 
(2% [wt/vol] SDS, 10% [vol/vol] glycerol, 60 mM Tris-HCl, pH 6.8, 0.01% 
bromophenol blue, and freshly added 2 mM PMSF), and subsequently  
analyzed by SDS-PAGE. For cross-linking, precursor proteins were labeled 
with the photoreactive cross-linker ANB (tRNA Probes) and, after import, 
into mitochondria exposed to UV light for 10 min (Devaraneni et al., 
2011). For CCCP titration, radiolabeled b2(84)-DHFR was imported into 
isolated mitochondria (0.7% [wt/vol] BSA in the import buffer) in the pres-
ence of 0–40 µM CCCP (to gradually dissipate ) and 20 µM oligo-
mycin (for inhibition of  generation through a reverse action of the 
F1Fo-ATP synthase) for 10 min at 25°C (Geissler et al., 2000; van der Laan 
et al., 2006).

For blue native electrophoresis, mitochondria were solubilized in ice-
cold blue native lysis buffer (1% [wt/vol] digitonin, 20 mM Tris-HCl, pH 7.4, 
0.1 mM EDTA, 50 mM NaCl, and 10% [vol/vol] glycerol) after washing with 
SEM buffer and incubated for 15 min on ice (Schägger and von Jagow, 
1991; Dekker et al., 1997). After a clarifying spin, supernatants were mixed 
with 0.1 vol of cold blue native loading buffer (5% [wt/vol] Coomassie bril-
liant blue G-250, 100 mM Bis-Tris-HCl, pH 7.0, and 500 mM 6-aminocaproic 
acid) and subjected to blue native electrophoresis.

Radiolabeled proteins were detected by digital autoradiography (Storm 
820 imaging system; GE Healthcare), and files were processed by using 
ImageQuant software (version 5.2; GE Healthcare). Excision of nonrelevant 
lanes was performed digitally and is shown by separating white lines.

Accumulation of import intermediates
For the accumulation of translocation intermediates in TOM-TIM23 import 
sites, different variants of cytochrome b2-DHFR fusion proteins were used. 
In the presence of the DHFR ligand methotrexate, the folding state of the 
DHFR moiety is stabilized, and, thus, DHFR does not pass through the TOM 
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were applied to an NAP-5 column (GE Healthcare) equilibrated with 
TG2. Proteoliposomes were eluted from the chromatography column with 
1 ml TG2 buffer.

-[32P]ADP was enzymatically generated from -[32P]ATP (PerkinElmer) 
through a hexokinase reaction (Tjaden et al., 1998). 150 µCi -[32P]ATP, 
1 mM glucose, 10 µM nonlabeled ATP, 5 mM MgCl2, and 50 mM Hepes, 
pH 7.5, were incubated with 3 U hexokinase for 1 h. The reaction was 
stopped by denaturation of hexokinase (10 min at 100°C), and successful 
generation of -[32P]ADP (as a result of a transfer of the -phosphate group 
from -[32P]ATP to glucose) was analyzed by thin-layer chromatography. 
For uptake measurements, 100 µl of the respective differently loaded pro-
teoliposomes was incubated at 30°C in the presence of 50 µM -[32P]ADP. 
At the indicated time points, samples were applied to anion exchange 
chromatography columns (DOWEX 1X8 Cl, 200–400 mesh; Sigma-Aldrich) 
to remove exterior (nonimported) ADP and to terminate the transport. Lipo-
somes were eluted from the chromatography columns with 1.5 ml Tricine 
(200 mM, pH 7.5), and radioactivity in the liposome samples was quantified 
by scintillation counting (Canberra-Packard).

Carbonate extraction
For alkaline extraction, 150 µg YPH499 mitochondria (protein amount) 
was resuspended in 0.1 M sodium carbonate of the indicated pH and 
incubated on ice for 30 min (Stojanovski et al., 2007). Mitochondrial 
membrane sheets were isolated by ultracentrifugation (125,000 g), 
and the protein content was compared with the supernatant containing 
extracted proteins by SDS-PAGE and Western blotting. Totals represent 
75 µg YPH499 mitochondria (protein amount) directly subjected to 
SDS-PAGE.

Miscellaneous
Measurement of ubiquinol/cytochrome c reductase activity was per-
formed according to Palsdottir and Hunte (2003), with minor changes. 
Freeze-thawed mitochondria were assayed in 40 mM potassium phos-
phate buffer, pH 7.4, 1 mM NaN3, 50 µM horse heart cytochrome c, 
and 80 µM decylubiquinol at room temperature for ubiquinol-dependent 
cytochrome c reductase activity. A stable baseline was measured at 550 nm. 
The mitochondria were diluted into the assay to a final concentration of 
30 µg protein/ml to start the reaction. The increase at 550 nm was moni-
tored as an indication of the reduction of cytochrome c, and the rate of 
cytochrome c reduction was calculated using an extinction coefficient of 
19.4 mM1 cm1.

For measurement of cytochrome c oxidase activity (Horváth et al., 
2000), isolated mitochondria were solubilized in 0.5% (vol/vol) Triton 
X-100 and assayed in 40 mM potassium phosphate buffer, pH 7.4, and 
100 µM fully reduced horse heart cytochrome c at room temperature.  
A stable baseline was measured at 550 nm. The solubilized mitochondrial 
proteins were diluted into the assay to a final concentration of 5 µg/ml to 
start the reaction. The decrease at 550 nm was monitored as an indication 
of the oxidation of cytochrome c, and the rate was calculated using an 
extinction coefficient of 19.4 mM1 cm1.

Online supplemental material
Fig. S1 shows basic characteristics of the mitochondrial inner membrane 
protein Mgr2 and of the mgr2 mutant. Fig. S2 shows basic character-
istics of mitochondria isolated from mgr2 yeast cells grown at normal 
and elevated temperature. Fig. S3 shows control import reactions in 
mgr2 mitochondria. Table S1 shows proteins identified and quanti-
fied by SILAC-based affinity purification–MS experiments using Tim21 
as bait. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201110047/DC1.
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using the following settings: acquisition of full-scan MS spectra (m/z 300–
2,000) at a resolution of 60,000 (at m/z 400) in the Orbitrap, collision-
induced dissociation fragmentation of the six most intense multiply charged 
ions in the linear ion trap at a normalized collision energy of 35%, and a 
dynamic exclusion time of 45 s.

For data processing, the software MaxQuant (version 1.0.13.13) 
was used (Cox and Mann, 2008). Proteins were identified by searching 
peak lists against a decoy version of the Saccharomyces Genome Data-
base using Mascot (version 2.2; Matrix Science). A false discovery rate of 
<1% was applied for both peptides and proteins. Further criteria for pro-
tein identification were as follows: MS and MS/MS mass tolerances of 
7 parts per million and 0.5 D, respectively, at least one unique peptide (six 
or more amino acids), a maximum of two missed cleavages, and methio-
nine oxidation as a variable modification. Protein quantification was 
performed with [13C6]lysine and [13C6]arginine as heavy labels, unique 
peptides only, a minimum ratio count of 1, and without low-scoring vari-
ants of identified peptides. L/H ratios for proteins were log transformed 
(log10), and the mean log10 across all experiments, the SEM, and the p-value 
(determined using a one-sided t test) of all proteins quantified in at least two 
experiments were calculated. Potential interaction partners were required 
to be quantified in at least three experiments with a sequence coverage of 
≥3%, a posterior error probability of <0.01, and a mean L/H ratio of >50 
(category 1), 10–50 (category 2), or 5–10 (category 3).

Cell fractionation and analysis of mitochondrial proteins
The fractionation of yeast cells was performed as described for the isolation 
of mitochondria (Meisinger et al., 2006; Stojanovski et al., 2007), with the 
following modifications. For homogenization, a syringe connected to a 0.8 × 
22–mm blunt-end cannula (Braun) was used. Cell debris and nuclei were 
pelleted by low-speed centrifugation at 1,000 g. The resulting supernatant 
was subjected to centrifugation at 12,000 g, yielding a mitochondrial pellet 
(P12). The supernatant was further centrifuged (100,000 g), resulting in a 
supernatant (S100) containing the cytosolic fraction and a pellet (P100) 
including microsomes. Equal amounts of each fraction were denatured in 
SDS lysis buffer and subjected to SDS-PAGE and immunoblotting.

For a quantitative assessment of mitochondrial proteins, selected 
proteins were synthesized by in vitro transcription/translation in chemical 
amounts (RTS 100 Wheat Germ CECF kit; 5 PRIME; Becker et al., 2011), 
according to the manufacturer’s instructions, with a C-terminal HIS6 tag. 
Proteins were purified using Ni–nitrilotriacetic acid agarose (PerfectPro 
Ni-NTA; 5 PRIME) and eluted with buffer containing 300 mM imidazole. 
Purified proteins were analyzed on 6–16.5% Tris-Tricine gels in compari-
son with the Low Molecular Weight Calibration Kit for SDS electrophoresis 
(multiple lanes with increasing protein concentration; 17-0446-01; GE 
Healthcare) by colloidal Coomassie staining. The protein concentrations 
were compared by using the Multi Gauge software (version 3.0; Fujifilm). 
Mitochondria were solubilized in elution buffer (50 mM NaH2PO4, 300 mM 
NaCl, 300 mM imidazole, and 0.5% [wt/vol] SDS, pH 7.0), mixed with 
4× sample buffer, and boiled for 5 min at 95°C. Defined amounts of solu-
bilized mitochondria and purified proteins (multiple lanes with increasing 
concentration) were loaded on 6–16.5% Tris-Tricine gels and analyzed 
by Western blotting. Quantitative assessment of the Western blots was 
performed using the Multi Gauge software (version 3.0), yielding 9.7 ± 
0.4 pmol Mgr2/mg, 17.0 ± 3.6 pmol Tim21/mg, 15.6 ± 2.9 pmol 
Tim23/mg, 63 ± 16 pmol Pam18/mg, and 279 ± 65 pmol AAC/mg total 
mitochondrial protein (±SEM). The value for Tim23 agrees with previous 
determinations of its abundance (17–20 pmol/mg; Dekker et al., 1997; 
Sirrenberg et al., 1997). For each protein, three independent experiments 
were performed.

Determination of ADP uptake
Reconstitution of detergent-solubilized mitochondrial membrane proteins 
was performed by a dilution approach similar to the procedure described 
by Trentmann et al. (2007). Membrane proteins from frozen purified 
mitochondria were solubilized with 1% n-dodecyl--maltoside (Glycon Bio-
medicals). 200 µg (in 50 µl) of the solubilized mitochondrial proteins was 
mixed with 400 µl of a homogeneous emulsion of l--phosphatidylcholine 
(125 mg/ml, type IV-S; Sigma-Aldrich) in buffer medium TG1 (100 mM 
tricine and 30 mM potassium gluconate, pH 7.5). For loading with 10 mM 
substrate, liposomes were supplemented with 50 µl ATP (100 mM). 50 µl 
TG1 was added to nonloaded liposomes. Subsequently, the protein-lipid 
mixture (500 µl) was vigorously mixed and frozen in liquid nitrogen. Pro-
teoliposomes were thawed on ice, sonified for 20 s (Branson Sonifier 
250; Emerson Electric Co.) at the lowest output level and 50% duty cycle. 
For removal of external ATP and to replace external TG1 by TG2 (10 mM 
tricine and 150 mM potassium gluconate, pH 7.5), the lipid vesicles 
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