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SUMMARY

The mitochondrial inner membrane harbors the
complexes of the respiratory chain and translocase
complexes for precursor proteins. We have identified
a further subunit of the carrier translocase (TIM22
complex) that surprisingly is identical to subunit 3
of respiratory complex Il, succinate dehydrogenase
(Sdh3). The membrane-integral protein Sdh3 plays
specific functions in electron transfer in complex Il.
We show by genetic and biochemical approaches
that Sdh3 also plays specific functions in the TIM22
complex. Sdh3 forms a subcomplex with Tim18
and is involved in biogenesis and assembly of the
membrane-integral subunits of the TIM22 complex.
We conclude that the assembly of Sdh3 with dif-
ferent partner proteins, Sdh4 and Tim18, recruits
it to two different mitochondrial membrane com-
plexes with functions in bioenergetics and protein
biogenesis, respectively.

INTRODUCTION

Mitochondria play crucial functions in energy conversion and
metabolism of eukaryotic cells. The mitochondrial inner
membrane is a highly protein-rich membrane and harbors the
complexes of the respiratory chain, the ATP synthase, and
numerous metabolite carriers. Most mitochondrial proteins are
synthesized as precursors in the cytosol and imported into mito-
chondria by the general translocase of the outer membrane
(TOM) and two translocases of the inner membrane (TIM) (Dole-
zal et al., 2006; Neupert and Herrmann, 2007; Chacinska et al.,

2009). The presequence translocase (TIM23 complex) mediates
the import of preproteins with cleavable N-terminal presequen-
ces, whereas the carrier translocase (TIM22 complex) is respon-
sible for the insertion of noncleavable inner membrane proteins.

The TIM22 complex consists of three membrane-integral sub-
units, Tim54, Tim22, and Tim18, and the peripheral chaperone
complex Tim9-Tim10-Tim12 (Neupert and Herrmann, 2007;
Gebert et al., 2008; Lionaki et al., 2008). Tim22 forms the channel
for preprotein insertion (Rehling et al., 2003). Tim54 interacts with
the peripheral TIM chaperone complex and promotes protein
assembly (Hwang et al., 2007; Wagner et al., 2008). Tim18 is
involved in the assembly of Tim54 into the TIM22 complex.
Tim18 is homologous to subunit 4 of succinate dehydrogenase
(SDH), also termed respiratory chain complex Il (Kerscher et al.,
2000; Koehler et al., 2000; Lemire and Oyedotun, 2002), though
the functional relevance of the homology is unknown.

For this report, we attempted to analyze a possible role of
Sdh4 in the TIM22 complex, but found that Sdh3, not Sdh4, plays
a specific role in the translocase. Sdh3, an integral membrane
protein with three transmembrane segments, does not show
homology to any known mitochondrial translocase component.
Genetic and biochemical analysis revealed that Sdh3 is
a genuine component of the TIM22 complex and required for
biogenesis and assembly of the membrane-integral subunits of
the translocase. Thus, Sdh3 is located in both respiratory chain
complex Il and the carrier translocase.

RESULTS

Suppression of a tim22 Yeast Mutant by SDH3,

but Not SDH4

We performed a genetic analysis of the yeast mitochondrial
TIM22 machinery and generated a temperature-sensitive mutant
of TIM22. We asked if overexpression of other translocase
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Figure 1. Overexpression of Sdh3
Suppresses a tim22 Yeast Mutant

(A) The tim22-44 yeast mutant strain was trans-
formed with the indicated plasmids and grown on
YPEG at 24°C or 37°C.

(B) The indicated yeast strains were grown at 30°C
on YPD plates in the presence of ethidium
bromide. WT, wild-type.

(C) Mitochondria (microgram protein) isolated
from the indicated yeast strains grown at 37°C on
YPEG were analyzed using SDS-PAGE and
western blotting.
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subunits was able to suppress the tim22-44 mutant phenotype.
We tested the membrane-integral subunits of the TIM22 com-
plex (Tim18, Tim22, Tim54); expression of Tim22 or Tim54 from
a high-copy number plasmid fully rescued growth of the mutant
at 37°C (Figure 1A). As control, we also expressed Tim23 of
the presequence translocase, as well as the two membrane-
integral subunits of respiratory complex Il, Sdh3 and Sdh4
(Oyedotun and Lemire, 2004; Sun et al., 2005). Whereas neither
overexpression of Sdh4 nor Tim23 rescued growth of the
mutant, overexpression of Sdh3 partially suppressed the
growth defect of the tim22-44 mutant cells at 37°C (Figure 1A).

To obtain further in vivo evidence that Sdh3 behaves in a way
different from the other subunits of the SDH complex, we made
use of the observation that most yeast mutants, including
mutants lacking respiratory chain subunits, can grow on
fermentable medium without mitochondrial DNA. A number of
yeast mutants, termed petite negative mutants, cannot grow in
the absence of mitochondrial DNA, including mutants that affect
components of the carrier pathway (Kerscher et al., 2000; Dunn
and Jensen, 2003; Dunn et al., 2006). We grew yeast deletion
mutants on fermentable medium in the presence of ethidium
bromide to induce the loss of mitochondrial DNA (Dunn et al.,
2006). sdh34 cells indeed behaved like tim184 cells and
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(Figure 1B).

In sdh34 mitochondria, Sdh4 as well as
Tim18 were virtually absent, and the
levels of Sdh2 and Tim22 were reduced
(Figure 1C). For comparison, lack of

e e
-l Sdh4 led to a large decrease in Sdh3
- levels (Oyedotun and Lemire, 1999), but

did not affect the levels of TIM proteins.
The level of Tim22 was moderately
reduced in tim184 mitochondria (Fig-
ure 1C). We conclude that the lack of
Sdh3 leads to a large decrease in the
levels not only of Sdh4, but also of Tim18.

Porin — “—h e s o= o G 0

Sdh3 Is Required for Assembly of
Tim18 into the TIM22 Complex

We used blue native electrophoresis to
analyze the TIM22 complex and the
SDH complex from sdh34 and sdh44 mitochondria upon lysis
of the membranes with digitonin (to minimize indirect effects
for the analysis shown in Figures 2 and 3, the cells were grown
at lower temperature such that the level of Tim22 in sdh34 mito-
chondria was only moderately reduced; the level of Tim18 was
still strongly reduced [Figure S1A]). As expected, the SDH
complex migrating at ~200 kDa was lost upon lack of Sdh3 or
Sdh4 (Oyedotun and Lemire, 1999), yet the TIM22 complex of
~300 kDa was only affected by the lack of Sdh3, not of Sdh4
(Figure 2A). In sdh34 mitochondria, the TIM22 complex was
present in lower amounts, migrated at ~250 kDa, and was
termed TIM22' (Figure 2A). In tim184 mitochondria, the TIM22
complex was similarly affected (Figure 2B) (Kerscher et al.,
2000; Koehler et al., 2000; Gebert et al., 2008; Wagner et al.,
2008).

Our results suggest that Sdh3 may be required for the bio-
genesis of Tim18. We synthesized radiolabeled Tim18 precur-
sor in reticulocyte lysate and imported it into isolated mito-
chondria. In wild-type mitochondria as well as in tim184
mitochondria, Tim18 assembled into the 300 kDa TIM22
complex (Figure 2C) (Wagner et al., 2008). In sdh34 mitochon-
dria, [**S]Tim18 assembled into neither the TIM22 complex nor
the smaller TIM22' complex. In mitochondria isolated from
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Figure 2. Sdh3 Is Required for the Assembly of Tim18
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(A) Isolated mitochondria were lysed by digitonin and analyzed by blue native electrophoresis and western blotting.

(B) Isolated mitochondria were analyzed by blue native electrophoresis.

(C) [*®SJTim18 was imported into isolated mitochondria. Mitochondria were solubilized in digitonin and analyzed by blue native electrophoresis and autoradi-

ography. Asterisk, assembly intermediate of Tim18.

(D) [*®S]Tim18 was imported into isolated mitochondria, followed by treatment with proteinase K and separation by SDS-PAGE.
(E) [*®S]Tim18 was imported and analyzed as described in (C) with the exception that chemical amounts of Sdh3 were present during the import reaction. See also

Figure S1.

a sdh34 tim184 double deletion mutant, the assembly of [*°S]
Tim18 was similarly inhibited (Figure 2C).

We asked whether Sdh3 was required for translocation of
the Tim18 precursor into mitochondria or the subsequent
assembly into the TIM22 complex. The Tim18 precursor is im-
ported via the presequence translocase, the presequence is
removed, and the imported mature-sized Tim18 protein is pro-
tected against proteases added to mitochondria (Kerscher
et al., 2000; Koehler et al., 2000). sdh34 mitochondria as well
as tim184 mitochondria imported [>°S]Tim18 to a protease-pro-
tected location (Figure 2D); the majority of imported [3®S]Tim18
became resistant to alkaline extraction (Figure S1B), indicating
membrane integration of the protein. The efficiency of transloca-
tion into sdh34 mitochondria was only moderately reduced
compared to wild-type mitochondria and thus could not explain
the strong defect of Tim18 assembly into the TIM22 complex.

To directly show that Sdh3 was required for the assembly of
Tim18, we synthesized chemical amounts of nonradiolabeled
Sdh3 precursor in a wheat germ-based translation system and
imported it into sdh34 mitochondria together with radiolabeled
Tim18 precursor. Under these conditions, [2®S]Tim18 efficiently
assembled into the TIM22 complex (Figure 2E). In sdh34
tim184 mitochondria, the import of [*®S]Tim18 together with
chemical amounts of Sdh3 also led to efficient assembly into
the TIM22 complex. These results indicate that Sdh3 is required
for the assembly of Tim18 into the TIM22 complex.

Mitochondria Lacking Sdh3 Are Impaired in the Import
of Substrates of the Carrier Pathway

We asked if Sdh3 also plays a role in the biogenesis of the other
membrane-integral subunits of the TIM22 complex. We synthe-
sized the ®°S-labeled precursor of Tim54 and imported it into
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Figure 3. Mitochondria Lacking Sdh3 Are Impaired in Import of Tim22 and Carrier Precursors
(A) [*°S]Tim54 was incubated with isolated mitochondria. Mitochondria were treated with proteinase K, solubilized in digitonin, and analyzed by blue native

electrophoresis and autoradiography. Ay, membrane potential.

(B) [*®S]Tim54 was imported into mitochondria, followed by treatment with proteinase K and separation by SDS-PAGE.
(C and D) [*®S]Tim22 was imported into mitochondria and analyzed as described in (A) and (B).
(E and F) [**S]Dicarboxylate carrier (DIC) was imported into mitochondria as described in Supplemental Experimental Procedures (two-step import reaction)

and analyzed by blue native electrophoresis. DIC,, DIC dimer.

sdh34, tim184, and sdh34 tim18 4 mutant mitochondria. Tim54
assembled into the smaller TIM22' complex of the mutant mito-
chondria. The yield of assembly was strongly decreased in
sdh34 mitochondria compared to the yield of assembly into

the TIM22 complex of wild-type mitochondria (Figure 3A). As
reported by Wagner et al. (2008), the assembly of Tim54 was
also impaired in tim184 mitochondria. The precursor of Tim54
is imported via the presequence translocase (Wagner et al.,
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2008). Translocation of the Tim54 precursor to a protease-
protected location was only mildly affected in the mutant mito-
chondria (Figure 3B), indicating that the lack of Sdh3 and
Tim18 mainly affected the subsequent assembly into the
translocase.

The assembly of radiolabeled Tim22 into the TIM22’' complex
of sdh34, tim184, and sdh34 tim184 mutant mitochondria was
also inhibited (Figure 3C). However, the precursor of Tim22 is
imported via the carrier import pathway and thus is a substrate
of the TIM22 complex itself. Import of the Tim22 precursor into
the mutant mitochondria was indeed considerably impaired, as
determined by translocation to a protease-protected location
(Figure 3D). Thus, the lack of Sdh3 impairs the import of Tim22.

The metabolite carriers are main substrates of the TIM22
complex (Neupert and Herrmann, 2007; Chacinska et al.,
2009). We analyzed the import of the dicarboxylate carrier via
the TIM22 complex and the formation of its mature dimer. Import
of the carrier protein was impaired in sdh34 and tim184 mutant
mitochondria (Figure 3E), but not in control mutant mito-
chondria lacking the Tim8-Tim13 chaperone (Figure 3F). We
conclude that mitochondria lacking Sdh3 are impaired in the
import of substrates of the carrier pathway.

Sdh3 Is a Subunit of the TIM22 Complex and Interacts
with Tim18

To determine if Sdh3 directly interacts with the TIM22 complex,
we used a modified yeast strain that carried a cleavable protein
A-tag fused to Tim18 (Rehling et al., 2003; Gebert et al., 2008).
Mitochondria were isolated and lysed with digitonin, followed
by IgG affinity chromatography to purify the TIM22 complex. In
addition to the known subunits of the complex, Tim54, Tim22,
and small Tim proteins, we copurified Sdh3 (Figure 4A). Sdh3
was the only additional component found in the copurification
approach; neither further SDH subunits nor various control
proteins of the mitochondrial inner or outer membranes were
copurified. For comparison, we purified the SDH complex via
protein A-tagged Sdh4 and isolated all four SDH proteins,
Sdh1, Sdh2, Sdh3, and Sdh4, but none of the TIM proteins or
other control proteins (Figure 4B). Thus, Sdh3 is associated
with both the SDH complex and the TIM22 complex.

To show the presence of Sdh3 in two different protein
complexes with wild-type mitochondria, we used blue native
electrophoresis. Antibodies directed against Sdh3 decorated
the 200 kDa SDH complex and a 300 kDa complex of the size
of the TIM22 complex (Figure 4C). We radiolabeled the TIM22
complex by importing 3°S-labeled Tim18 or Tim22 into mito-
chondria and performed an antibody-shift analysis (Stojanovski
et al.,, 2007). Antibodies against Sdh3, but neither anti-Sdh4
nor preimmune antibodies, quantitatively shifted the TIM22
complex on blue native gels (Figure 4D), demonstrating that
Sdh3 is present in each TIM22 complex. We conclude that
Sdh3 is a stoichiometric subunit of the mitochondrial TIM22
complex.

The assembly pathway of Tim18 involves a low-molecular-
weight intermediate (Figure S2A) (Wagner et al., 2008). The inter-
mediate was absent in sdh34 as well as tim184 mitochondria
(Figure 2C, asterisk). In an antibody-shift analysis, antibodies
directed against Sdh3 bound to the Tim18 intermediate but not

to the Tim22 intermediate (Figure 4D), demonstrating that Sdh3
associates with the precursor of Tim18 on its assembly pathway.
Tim12 and Tim54 are involved in the assembly of the mature
TIM22 complex (Gebert et al., 2008; Lionaki et al., 2008; Wagner
et al., 2008). We observed that the precursor of Tim18 accumu-
lated in the intermediate form in tim72-27 mutant mitochondria
(Figure S2B), purified the intermediate by affinity chromatog-
raphy, and confirmed the presence of Sdh3 by mass spectrom-
etry (Figure S2C). Similarly, in tim544 mitochondria Tim18
accumulated in the intermediate form (Figure S2D). Taken
together, Sdh3 is present in two different inner membrane
protein complexes, the SDH complex and the TIM22 complex.
Sdh3 associates with Tim18 on its biogenesis pathway and is
crucial for the assembly of Tim18 into the TIM22 complex.

To directly demonstrate that Tim18 and Sdh4 recruit Sdh3 to
two different complexes, we imported °S-labeled Sdh3 into
wild-type mitochondria and coimported either chemical
amounts of Tim18 or Sdh4. Whereas [*°S]Sdh3 assembled
only with very low efficiency in the absence of the partner
proteins, coimport of Tim18 directed Sdh3 into the TIM22
complex, and coimport of Sdh4 directed Sdh3 into the SDH
complex (Figure 4E). Coimport of Tim18 or Sdh4 efficiently
promoted assembly of [*°S]Sdh3 into the TIM22 complex of
tim184 mitochondria (Figure 4E) or the SDH complex of sdh44
mitochondria (Figure S2E), respectively. To show that the lack
of Tim18 affected the amount of endogenous Sdh3 in the
TIM22 complex, we affinity-purified the complex with antibodies
directed against Tim10 and observed that Sdh3 was lacking in
the TIM22 complex purified from tim184 mitochondria (Fig-
ure S2F). Overexpression of neither Tim18 nor Sdh4 suppressed
the growth defect of sdh34 cells (Figure S2G).

The yeast genome contains a predicted third member of
the Sdh4/Tim18 family that is encoded by the ORF YLR164w
(Kerscher et al., 2000; Koehler et al., 2000) and derived from
the ancient genome duplication in Saccharomyces cerevisiae
(Kellis et al., 2004). We detected the gene product in mitochon-
dria and termed it Shh4 (for Sdh4 homolog). A fraction of Shh4
was copurified with tagged Sdh3 (Figure S2H), raising the possi-
bility that Shh4 may be associated with SDH or the TIM22
complex. Deletion of SHH4, however, affected neither yeast
growth nor the blue native mobility of SDH and TIM22 complex
(Figure S2I). It is thus conceivable that three different Sdh3
complexes may exist in yeast mitochondria, each containing
a different member of the Sdh4/Tim18 protein family (Sdh3-
Shh4 being the putative third complex). The genome duplication
also generated a homolog of Sdh3, encoded by the ORF
YMR118c (Kellis et al., 2004) and termed Shh3 (for Sdh3
homolog). Similar to the situation with SHH4, a deletion of
SHH3 affected neither SDH nor TIM22 complex (Figure S2J).
We conclude that neither Shh3 nor Shh4 are stoichiometric
subunits of the SDH complex or the TIM22 complex.

To independently define the composition of the TIM22
complex, we analyzed the complex after stable isotope labeling
with amino acids in cell culture (SILAC) (Ong et al., 2002). A yeast
strain with protein A-tagged Tim18 and the corresponding
wild-type strain were grown in synthetic medium. Proteins of
the wild-type strain were metabolically labeled by supplement-
ing the medium with the heavy amino acids ['3Cglarginine and
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['®Cgllysine. Mitochondria were isolated from the two strains
and mixed. After lysis with digitonin, the TIM22 complex was
purified by affinity chromatography, and the eluates were
analyzed by quantitative mass spectrometry. The ratios of the
2G-containing (light) peptides derived from the Tim18p,oa Strain
over the '3C-containing (heavy) peptides from the wild-type
strain (light/heavy ratios) allowed us to assess the specificity of
the copurification. All known subunits of the TIM22 complex

further protein that behaved like these subunits
(Figure 4F; Table S1). Neither the other SDH
subunits nor any other mitochondrial protein
was significantly enriched in the eluate. In
summary, the genetic, biochemical, and SILAC
experiments together indicate that Sdh3 is
a genuine subunit of the TIM22 complex.

DISCUSSION

We report that Sdh3 is a stoichiometric subunit
not only of respiratory complex Il (Oyedotun
and Lemire, 2004; Sun et al., 2005) but also of
the TIM22 complex. In complex Il, Sdh3
and Sdh4 form a membrane-integrated hetero-
dimer (Lemire and Oyedotun, 2002; Yankovskaya et al., 2003;
Oyedotun and Lemire, 2004; Sun et al., 2005). We show that
Sdh3 forms a complex with Tim18 during assembly of the
TIM22 complex. Thus, the interaction with different yet homolo-
gous partner proteins, Sdh4 and Tim18, recruits Sdh3 into two
inner membrane protein complexes, SDH and TIM22, with
functions in bioenergetics and protein biogenesis, respectively.
Modeling of the Sdh3-Tim18 complex based on the structure
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of mitochondrial complex Il suggests a high structural similarity
of the Sdh3-Tim18 and Sdh3-Sdh4 complexes (Figures S2K-
S2N) (Sun et al., 2005). In a yeast mutant lacking Sdh3, not
only the levels of Sdh4 are dramatically reduced, but also the
levels of Tim18, indicating that the complex formation with
Sdh3 is crucial for the stability of Sdh4 as well as Tim18. Sdh3
is also required for the biogenesis of the two further integral
membrane proteins of the TIM22 complex, Tim54 and Tim22,
and the import of precursor proteins via the TIM22 complex.
We conclude that Sdh3 is a genuine subunit of the TIM22
complex with functions in the biogenesis and assembly of the
complex.

The identification of Sdh3 in the TIM22 complex provides
insight into the evolution of the mitochondrial protein import
machinery. In bacteria and mitochondria, respiratory complex
Il consists of two hydrophilic subunits (Sdh1 and Sdh2; termed
SdhA and SdhB in bacteria) and two integral membrane pro-
teins (Sdh3 and Sdh4; SdhC and SdhD) (Yankovskaya et al.,
2003; Sun et al.,, 2005). Half of respiratory complex I, the
membrane heterodimer Sdh3-Sdh4, was used as a building
block for the TIM22 complex, leading to the evolution of the
Sdh3-Tim18 dimer (Figure 4G). The channel-forming protein
Tim22, like Tim23 and Tim17 of the presequence translocase,
contains a region that is homologous to a signature motif of
bacterial amino acid transporters (LivH) (Rassow et al., 1999; Do-
lezal et al., 2006). These observations suggest that the TIM22
complex may have evolved by combining two bacteria-derived
modules, the membrane part of a respiratory complex and
a protein derived from an amino acid transporter, followed by
the eukaryotic addition of Tim54 and the Tim9-10-12 chaperone.
Sdh3 is the only known integral membrane protein of the mito-
chondrial respiratory chain that is also located in a preprotein
translocase. To date, only the peripheral subunits Core 1 and
Core 2 of complex Il (bci-complex) were found to be homolo-
gous and in some organisms identical to the subunits of the
matrix processing peptidase (MPP), which cleaves preproteins
imported via the TIM23 complex (Schulte et al., 1989; Dessi
et al., 2000; Neupert and Herrmann, 2007). Bacterial complex
Ill does not contain subunits corresponding to the eukaryotic
Core 1 and 2 proteins, yet a-proteobacteria contain a proteolyti-
cally active homolog of MPP (Figure 4G). Thus, in the case of
MPP, the proteolytic enzyme was present in bacteria and gave
rise to additional subunits of a respiratory complex in eukary-
otes. For Sdh3, the evolutionary development occurred in the
opposite direction, from the respiratory complex (with integral
subunits that were already present in bacteria) to the protein
translocase in eukaryotes.

In summary, Sdh3 is present in at least two different protein
complexes of the mitochondrial inner membrane and thus plays
important roles in electron transfer and protein assembly.

EXPERIMENTAL PROCEDURES

Growth of Yeast, Isolation of Mitochondria, and Protein Import

S. cerevisiae strains were grown on YPS (2% sucrose), YPG (3% glycerol), or
YPEG (2% ethanol and 2% glycerol) medium at 24°C-37°C. For overexpres-
sion assays, yeast cells were grown on YPEG plates. To induce the loss of
mitochondrial DNA, yeast cells were grown on YPD (2% glucose) in the pres-
ence of 25 pug/ml ethidium bromide (three passages). For SILAC studies, the

strain YPH500 (MATa, ade2-101, his3-4200, leu2-41, ura3-52, trp1-463,
lys2-801) was used, and the ARG8 locus was replaced by a kanMX6 cassette.
The resulting strain was auxotroph for arginine and lysine.

Mitochondria were isolated by differential centrifugation. For protein import
into mitochondria, precursor proteins were synthesized in reticulocyte lysate in
the presence of [>*S]methionine. Import experiments were performed in import
buffer containing 2 mM ATP, 2 mM NADH, 5 mM creatine phosphate, and
0.1 mg/ml creatine kinase at 24°C-35°C (Stojanovski et al., 2007). Where indi-
cated, mitochondria were treated with proteinase K. After the import reaction,
mitochondria were either analyzed by SDS-PAGE or solubilized in 1% digi-
tonin-containing buffer and separated by blue native electrophoresis, followed
by digital autoradiography.

Protein Complex Purification and SILAC Analysis

Mitochondria isolated from yeast strains carrying a protein A-tag on Tim18 or
Sdh4 were solubilized in digitonin-containing buffer. Protein complexes were
purified via IgG affinity chromatography (Rehling et al., 2003) and eluted with
either the tobacco etch virus protease or SDS. The eluates were analyzed by
SDS-PAGE and western blotting.

For SILAC analysis, the strains YPH500arg84 (“wild-type”) and Tim18p,ota
were grown on nonfermentable SD medium. Proteins of the wild-type strain
were labeled by substitution of ['2Cglarginine and ['2Cg]lysine by their °C-
isotopes (heavy amino acids). After isolation of mitochondria, wild-type and
tagged mitochondria were mixed and solubilized prior to IgG affinity chroma-
tography. Bound proteins were eluted with tobacco etch virus protease and
analyzed by quantitative mass spectrometry.

SUPPLEMENTAL INFORMATION
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