
Mutation in TACO1, encoding a translational activator of
COX I, results in cytochrome c oxidase deficiency and
late-onset Leigh syndrome
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Defects in mitochondrial translation are among the most
common causes of mitochondrial disease1, but the mechanisms
that regulate mitochondrial translation remain largely
unknown. In the yeast Saccharomyces cerevisiae, all
mitochondrial mRNAs require specific translational activators,
which recognize sequences in 5¢ UTRs and mediate
translation2. As mammalian mitochondrial mRNAs do not have
significant 5¢ UTRs3, alternate mechanisms must exist to
promote translation. We identified a specific defect in the
synthesis of the mitochondrial DNA (mtDNA)-encoded COX I
subunit in a pedigree segregating late-onset Leigh syndrome
and cytochrome c oxidase (COX) deficiency. We mapped the
defect to chromosome 17q by functional complementation and
identified a homozygous single-base-pair insertion in CCDC44,
encoding a member of a large family of hypothetical proteins
containing a conserved DUF28 domain. CCDC44, renamed
TACO1 for translational activator of COX I, shares a notable
degree of structural similarity with bacterial homologs4, and
our findings suggest that it is one of a family of specific
mammalian mitochondrial translational activators.

The index subject (pedigree, Supplementary Fig. 1 online), presented
with childhood-onset and slowly progressive Leigh syndrome due
to an isolated COX deficiency (Supplementary Note online).
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Figure 1 Compromised assembly of COX and impaired synthesis of COX

subunit I in subject fibroblasts. (a) BN-PAGE analysis of fibroblasts from the

affected individual and two controls. Antibodies against individual subunits

of OXPHOS complexes I–V were used for immunoblotting (see Online

Methods). (b) BN-PAGE immunoblot analysis with an antibody against COX

subunit IV; S3* is a newly identified COX subcomplex in subject fibroblasts.

(c) Pulse-chase labeling of newly synthesized mitochondrial polypeptides

(indicated on the left; ND, subunits of complex I; COX, subunits of complex

IV; cyt b, subunit of complex III; ATP, subunits of complex V) in subject and

control fibroblasts. (d) Magnification of the boxed region from c and a line

graph of the intensities of individual bands. The arrows indicate a shorter

version of the COX I polypeptide in the subject.
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Blue-Native polyacrylamide gel electrophoresis (BN-PAGE) analysis of
subject fibroblasts showed greatly reduced steady-state levels of fully
assembled COX (Fig. 1a), but normal levels of the other respiratory
chain complexes. No previously described COX subcomplexes were
present in the fibroblasts from the subject; however, we detected a very
small amount of a B135-kDa subcomplex (S3*) (Fig. 1b), containing
at least subunits II, IV and VIc (Supplementary Fig. 2 online).

To determine whether the rates of synthesis and turnover of the
individual mtDNA-encoded COX subunits were altered, we pulse-
labeled then chased the mitochondrial translation products in
subject fibroblasts. We found a specific defect in the rate of
synthesis of the COX I subunit (Fig. 1c), which was reduced by
approximately 65%. The remaining radiolabeled material appeared
as a smear of apparently truncated COX I polypeptides, with one
main premature translation product (Fig. 1d). The rates of synth-
esis of the other mitochondrially encoded polypeptides were similar
to control in most cases (data not shown), although there was a
consistent B50–80% increase in some of the ND subunits, and in
cyt b. Although the synthesis of COX III was decreased in the
experiment shown (Fig. 1c), this was not a consistent result. The
compromised synthesis of COX I, and the consequent reduction in
assembled COX, resulted in an increased degradation of all newly
synthesized COX subunits. COX II and III were practically unde-
tectable at the end of the chase period (less than 15% of control),
whereas 37% of control COX I could be detected, representing only
the full-length polypeptide (Fig. 1c).

A nuclear origin of the defect was confirmed by fusion of the
subject’s fibroblasts with human (143B) rho0 cells (data not shown),
and we found no evidence for mtDNA depletion or large-scale
mtDNA deletions (data not shown). Sequence analysis of the
MTCO1 gene identified no mutations, and RNA blot analysis of
mitochondrial transcripts showed normal transcript levels for all
mtDNA-encoded COX subunits (Supplementary Fig. 3 online), as
well as for two subunits of complex I and both ribosomal subunits,
demonstrating that the COX I synthesis defect was not due to a
decreased amount of COX I mRNA, but rather to a mutation in a
factor specifically responsible for COX I translation. Overexpression of
14 different known COX assembly factors (see Online Methods) did
not rescue the defect (data not shown).

Genome-wide linkage analysis using microsatellite markers showed
significant linkage to chromosome 17 with a maximum lod score of
3.3 at D17S2193 (data not shown), but did not lead to identification
of the gene defect. Using microcell-mediated chromosome transfer, we
found that transfer of a copy of chromosome 17q into subject
fibroblasts rescued the biochemical defect in 40 of 46 independent
clones (Fig. 2). Copy number analysis of two rescuing and two
nonrescuing clones using an SNP-chip array identified two regions
on chromosome 17q (49.1–53.1 Mb and 58.5–64.2 Mb) present
exclusively in the rescuing clones (Supplementary Fig. 4 online).
These two regions encompass 103 genes, five of which were predicted
to encode mitochondrial proteins (Supplementary Table 1 online) by
independent mitochondrial targeting prediction programs (Predotar,
Target P, MitoPred, MitoProt and MitoPWolf).

Sequence analysis of the cDNA for CCDC44 (coil-coiled domain–
containing protein 44) from the subject fibroblasts detected a homo-
zygous one-base-pair insertion at position 472 (472insC), resulting in
a frameshift and the creation of a premature stop codon (Fig. 3a,b).
We confirmed the presence of this mutation in the genomic DNA
from subject fibroblasts by restriction enzyme analysis (Fig. 3c).
Steady-state concentrations of CCDC44 mRNA were greatly reduced
in subject fibroblasts, as predicted by the presence of a premature stop
codon and consequent nonsense-mediated RNA decay (Fig. 3d). The
mutation was absent in 100 unrelated controls, and segregated as
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Figure 2 The biochemical defect in subject fibroblasts is rescued by micro-

cell-mediated transfer of chromosome 17q. (a,b) BN-PAGE (a) and pulse

labeling (b) of mitochondrial polypeptides in control and subject fibroblasts,

and in one rescued and one nonrescued clone, obtained after the transfer of

the q-arm of chromosome 17 into subject fibroblasts. Complex I–V, OXPHOS

complexes; ND, subunits of complex I; COX, subunits of complex IV; cyt b,

subunit of complex III; ATP, subunits of complex V.
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Figure 3 Mutational analysis of TACO1 in the index subject. (a) Schematic diagram of TACO1 gene and protein. Positions of the mutation in the subject

DNA and the resulting premature stop codon are indicated. Dark boxes in TACO1 gene denote the coding regions; gray boxes denote 5¢ and 3¢ UTRs. White

box in TACO1 protein indicates the predicted mitochondrial leader sequence. (b) Sequencing analysis of exon 3 of TACO1 indicating the position of the

homozygous 472insC insertion in the affected individual. (c) RFLP analysis of exon 3 of TACO1 amplified from genomic DNA of the affected individual

and four controls and digested with MwoI. (d) RT-PCR of the full-length TACO1 cDNA from two controls and subject fibroblasts.
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expected in the pedigree; all affected individuals carried the homo-
zygous mutation, whereas unaffected individuals were either hetero-
zygous (both parents) or homozygous for the wild-type sequence
(Supplementary Fig. 1). We named this protein TACO1 for transla-
tional activator of mitochondrially encoded COX I.

Expression of wild-type TACO1 in subject fibroblasts rescued the
COX assembly defect (Fig. 4a), the COX I synthesis defect (Fig. 4b)
and COX activity (104% of control). TACO1 was undetectable by
immunoblot analysis of mitochondria isolated from subject fibroblasts
using polyclonal antibodies directed against both N- and C-terminal
peptide sequences (Fig. 4a). The cDNA for TACO1 encodes a protein
of 297 amino acids, with a predicted mitochondrial presequence of
26 amino acids, which would produce a 29.8-kDa mature protein. A
C-terminal hemagglutinin-tagged version of TACO1 expressed in
HEK293 cells localized to mitochondria by immunocytochemistry
(Fig. 5a), and alkaline carbonate extraction of isolated mitochondria
showed that it behaves as a mitochondrial matrix protein (Fig. 5b).

To test whether TACO1 associates with other mitochondrial
proteins, we separated native complexes present in mitochondria
from control fibroblasts cells by size exclusion. Immunoblot analysis
of the individual fractions identified the majority of TACO1 protein in
a higher molecular weight complex of about 74 kDa (Fig. 5c),
indicating that TACO1 either functions as a multimer or is in a
complex with another protein(s). We found a very similar elution
pattern using an antibody to mitochondrial translation elongation
factor Ts (EFTs), but not mitochondrial translation elongation factor
Tu (EFTu), suggesting a potential interaction between mitochondrial
translation factor(s) and TACO1. Overexpression of a C-terminal
hemagglutinin-tagged version of the protein in control and subject
fibroblasts, which resulted in substantially higher steady-state levels of
TACO1-hemagglutinin compared to the endogenous protein,
decreased translation of all mitochondrial polypeptides (Fig. 6) and

the assembly of all respiratory chain complexes (Supplementary Fig. 5
online), suggesting that TACO1 interacts with a common element of
the mitochondrial translation apparatus that can be titrated out. This
effect was not simply due to the presence of the hemagglutinin tag, as
the tagged construct was as effective as the wild-type cDNA at rescuing
the translation defect when expressed at appropriate levels. Although
we were able to immunoprecipate TACO1-hemagglutinin using an
antibody to hemagglutinin, it did not coimmunoprecipitate with EFTs
(or EFTu, EFG1) (data not shown), which indicates that if TACO1
does interact with translation elongation factors, the proteins do not
form a stable complex.

The S. cerevisiae TACO1 ortholog, YGR021w, is 29% identical and
43% similar to the human protein; however, mitochondrial translation
experiments on the ygr021wD deletion strain did not show any
translation defects (Supplementary Fig. 6a online). Furthermore,
the COX activity of ygr021wD mutant cells grown on either glycerol
or galactose was 70–100% of control, whereas that of the shy1D
mutant, in which a known COX assembly factor is deleted, was less
than 5% of controls when grown on galactose. The ygr021wD strain
also grows on nonfermentable carbon sources, even acetate, with a
similar doubling time as control strains (data not shown), and is
respiratory-competent as indicated by TTC overlay (Supplementary
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Figure 4 Overexpression of TACO1 rescues the mitochondrial translation

defect and the COX assembly defect in subject fibroblasts. (a) BN-PAGE

analysis of the assembly of individual OXPHOS complexes in control and

subject fibroblasts overexpressing TACO1 protein (upper panel). Immunoblot

analysis of COX I and TACO1 steady-state levels. Porin and the complex II

70-kDa subunit were used as loading controls (lower panel). (b) The

mitochondrial translation products were pulse-labeled then chased in control

and subject fibroblasts alone, and in cells overexpressing TACO1. ND,

subunits of complex I; COX, subunits of complex IV; cyt b, subunit of

complex III; ATP, subunits of complex V.
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Figure 5 TACO1 is a mitochondrial matrix protein. (a) Immunocytochemistry

of HEK293 cells transfected with TACO1-HA. Antibodies to hemagglutinin

and cytochrome c were used as indicated. (b) SDS-PAGE immunoblot

analysis of sonicated mitochondria (upper panel) and alkaline carbonate

extracts of mitochondria (lower panel) from control fibroblasts using

antibodies against TACO1, the 70-kDa subunit of complex II and COX
subunit I (COX I). (c) Mitochondria isolated from control fibroblasts were

separated on a size exclusion column and individual fractions were run on

SDS-PAGE and imunoblotted with antibodies against TACO1 and EFTu/Ts.

The molecular weight of individual fractions was determined by calibration

of the size exclusion column.
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Fig. 6b). These data indicate that the protein encoded by YGR021w is
not essential for the synthesis of full-length Cox1p or for respiratory
competency in yeast. Analysis of patterns of coexpression for
YGR021w using the SPELL algorithm5, however, shows a strong
enrichment for factors involved in mitochondrial translation in
yeast, suggesting that YGR021w may have some nonessential role in
mitochondrial translation.

To our knowledge, TACO1 is the first specific mitochondrial
translational activator identified in mammals. As mammalian mito-
chondrial mRNAs lack significant 5¢ UTRs3, most yeast genes involved
in the translation of the mitochondrially encoded proteins lack
mammalian homologs6. To date, one distant human homolog
(LRPPRC) of the yeast translational activator Pet309 has been
reported7. Both proteins contain PPR motifs, consisting of degenerate
35-amino-acid sequences that form antiparallel alpha helices, and
which are thought to be involved in post-transcriptional mRNA
metabolism, especially in mitochondria and chloroplasts8,9. Mutations
in LRPPRC lead to isolated COX deficiency in French-Canadian
individuals with Leigh syndrome7. The protein is reported to be
involved in the stabilization of the mRNAs for both COX I and
COX III in mammals, without directly affecting their translation;
however, the molecular mechanism remains unknown10.

TACO1 is clearly necessary for the efficient translation of COX I, as
only a small amount of full-length polypeptide is synthesized in a null
background in which the steady-state levels of COX I mRNA are
normal. We envision three possible mechanisms. TACO1 might act by
securing an accurate start of COX I translation, by stabilizing
the elongating polypeptide and ensuring completion of its translation,

or by interacting with the peptide release factor, ensuring that the
polypeptide does not dissociate from the ribosome until synthesis
is complete.

TACO1 is conserved through bacteria, but most of the homologous
sequences, all of which contain the so-called DUF28 domain, are
annotated as hypothetical proteins. Recently, a DUF28 family member
PmpR (from Pseudomonas aeruginosa) has been shown to be involved
in a negative regulation of the quorum-sensing response regulator gene
by binding to an upstream promoter element11. Another DUF28 family
member, Aq1575, a hypothetical protein from the hyper-
thermophilic bacterium Aquifex aeolicus (32% identical, 52% similar
to TACO1), has been crystallized4. The protein has a large cleft
surrounded by three domains, one of which represents a novel protein
fold, but no obvious active site or functional domain could be identified
in the crystal structure. The predicted three-dimensional structure of
TACO1 is markedly similar to that of the A. aeolicus homolog
considering the evolutionary distance between them (Supplementary
Fig. 7 online). It is tempting to suggest that this ancient protein evolved
as a specific translational activator in concert with the loss of the
mitochondrial mRNA regulatory sequences that occurred with the
extreme reduction in the size of the metazoan mitochondrial genome.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Accession codes. GenBank: CCDC44, NP 057444.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Subjects. The index subject is the fifth child of healthy consanguineous Turkish

parents (Supplementary Fig. 1, V:5); three of the eight siblings are also affected

(V:3; V:7; V:8) and five are healthy. One of the subject’s five cousins (V:10; both

parents are siblings of the parents of the index subject) is also affected. The

index subject developed normally till 5 years of age. From this time his gait

became unstable and his active speech worsened; however, his comprehension

was relatively well preserved. The first detailed neurological examination at

10 years of age indicated that the subject was a small, thin, and dystrophic child

(weight and height under the third percentile). Examination of cranial nerves

revealed bilateral optic atrophy with otherwise normal eye movements, no

ptosis or nystagmus, decreased mimic, bilateral facial weakness, prominent

dysarthria and mild dysphagia. He had a spastic tetraparesis with increased

deep tendon reflexes and Achilles clonus. He was able to sit without help, but

was unable to stand or walk. Sensory symptoms and ataxia were not noted.

Cognitive functions showed mild mental retardation.

Laboratory analysis showed increased serum lactate (4.1 mmol/l, normal o2

mmol/l), CSF lactate (3.2 mmol/l, normal o2 mmol/l) and pyruvate

(1.6 mg/dl, normal o0.7 mg/dl). Other laboratory tests including CSF protein

were normal.

Brain magnetic resonance imaging (MRI) showed bilateral, symmetric

hyperintense lesions of the basal ganglia, typical for Leigh syndrome on

T2/FLAIR sequences. Multiple hyperintense lesions in both frontal subcortical

areas and in the subcortical region of the hemispheres were also present.

Brainstem and cerebellum were normal.

A muscle biopsy at 10 years of age showed a few hypotrophic fibers and a

generalized COX deficiency in all muscle fibers. No ragged red fibers or

succinate dehydrogenase hyper-reactive fibers were noted. Biochemical analysis

of the respiratory chain enzyme complexes I–IV and pyruvate dehydrogenase in

skeletal muscle showed a severe isolated COX deficiency with approximately

15% residual activity of the enzyme; the activities of the other enzymes were

within normal range.

The subject’s siblings V:3, V:7, V:8 and cousin V:10 also presented with

similar clinical symptoms, although the age of onset varied (16, 15, 4 and

14 years, respectively). They are all of thin, small stature, with variable

neurological presentation including bilateral optic atrophy, spastic tetraparesis,

dystoniform movements, blurred speech and mild cognitive deficit. Notably,

the affected girls showed a milder phenotype with preserved ambulation into

the twenties, suggesting that sex-specific factors may influence the phenotype.

In all four cases brain MRI showed bilateral, symmetric hyperintense lesions of

the basal ganglia, typical for Leigh syndrome, with variable severity.

Human studies. We obtained informed consent from all investigated family

members, and the research studies were approved by the institutional review

board of the Montreal Neurological Institute and the Ludwig-Maximilians-

University, Munich, Germany (Nr.084/00).

Cell lines. Primary cell lines were established from subject skin fibroblasts. The

subject and control cell lines were immortalized by transduction with a

retroviral vector expressing the HPV-16 E7 gene plus a retroviral vector

expressing the catalytic component of human telomerase (htert)12. The

fibroblasts and HEK 293 line were grown at 37 1C in an atmosphere of 5%

CO2 in high-glucose DMEM supplemented with 10% FBS.

Enzyme activity measurements. Spectrophotometric assays of whole cell

fibroblast extracts, or crude mitochondrial pellets from yeast, were used to

measure enzyme activities. We normalized COX activity to citrate synthase

activity and determined specific activity by protein content as described13,14.

Protein concentration was measured by the Bradford assay.

Electrophoresis and immunobloting. Blue-Native PAGE was used to separate

samples in the first dimension on 6–15% or 8–12% polyacrylamide gradient

gels, as previously described15. Mitoplasts were prepared from fibroblasts by

treatment with 0.8 mg of digitonin/mg of protein and solubilized with 1%

lauryl maltoside; 20 mg of the solubilized proteins were used for electrophoresis.

For the two-dimensional analysis, the BN-PAGE/SDS-PAGE was done as

previously described14. Individual structural subunits of complexes I, II, III,

IV and V were detected by immunoblot analysis using commercially available

monoclonal antibodies (Molecular Probes), except for complex I, where a

polyclonal antibody against subunit ND1 (a gift of A. Lombes, INSERM U582,

Hôpital de La Salpêtrière, Paris) was used.

We used SDS-PAGE to separate denatured whole cell extracts or isolated

mitochondria using 12% polyacrylamide gels followed by immunoblot analysis

with indicated antibodies. The antibody against EFTu/Ts was a gift of

L. Spremulli (University of North Carolina, Chapel Hill).

Pulse labeling of mitochondrial translation products. In vitro labeling of

mitochondrial translation products was conducted as previously described16.

Briefly, cells were pulse-labeled for 60 min at 37 1C in methionine/cysteine-free

DMEM containing 200 mCi/ml of a [35S]methionine/cysteine mix (Perkin

Elmer) and 100 mg/ml of either emetine or anisomycin. The cells were chased

for 10 min (PULSE) or 17.5 h (CHASE) in regular DMEM. For chase studies,

cells were incubated for 23 h in 40 mg/ml chloramphenicol before labeling. Total

cellular protein (50 mg) was resuspended in loading buffer containing 93 mM

Tris-HCl, pH 6.7, 7.5% glycerol, 1% SDS, 0.25 mg bromophenol blue/ml and

3% mercaptoethanol, sonicated for 3–8 s, loaded and run on 15–20%

polyacrylamide gradient gels. The labeled mitochondrial translation products

were detected through direct autoradiography.

RNA blot analysis. We isolated RNA from subject and control fibroblasts using

the RNeasy Kit (Qiagen). Ten micrograms of total RNA were separated on a

denaturing MOPS/formaldehyde agarose gel and transferred to a nylon

membrane. We labeled 300- to 500-bp-long PCR products of individual

mitochondrial genes with [a-32P]-dCTP (GE Healthcare) using the MegaPrime

DNA labeling kit (GE Healthcare). Hybridization was conducted according to

the manufacturer’s manual using ExpressHyb Hybridization Solution (Clon-

tech) and the radioactive signal was detected using the Phosphoimager system.

Microcell-mediated chromosome transfer. Immortalized subject skin fibro-

blasts were fused with microcells carrying the q-arm of human chromosome 17

tagged with the hygromycin resistance gene, isolated from the B78MC57 mouse

cell line17,18 by microcell-mediated chromosome transfer19.

Chromosome copy number analysis. The chromosome copy number was

determined in rescuing and nonrescuing clones using SNP Mapping GeneChip

Nsp 250 k Array (Affymetrix). This service was done by The Centre for Applied

Genomics, Hospital for Sick Children, Toronto. The data were analyzed using

the Copy Number Analysis Tool of GCOS Client software (Affymetrix).

Mutation detection. We isolated total RNA from subject and control skin

fibroblasts using RNeasy Kit (Qiagen). TACO1 cDNA was amplified by using

OneStep RT-PCR kit (Qiagen) and the gel-purified PCR fragments were used

for direct sequencing. Total genomic DNA from controls, subject fibroblasts

and blood from family members was isolated using DNeasy Kit (Qiagen).

Primers specific for exon 3 of the TACO1 gene were used to amplify the DNA,

followed by either digestion with MwoI or direct sequencing.

cDNA constructs and virus production and infection. Retroviral vectors

containing the cDNA sequence of COX assembly factors (COX11, COX16,

COX17, OXA1, SCO1, SCO2, PET191, SURF1, OXA2, COX10, COX15.1,

COX19, COX23 and COX15.2) were created with the Gateway Cloning system

(Invitrogen) as previously described20. cDNAs from the individual genes were

amplified by OneStep RT-PCR (Qiagen) using specific primers modified for

cloning into Gateway vectors, except for TACO1, where the cDNA (Open

Biosystems, clone ID 4099917) in the Gateway modified vector pOTB7 was

used. The PCR constructs were cloned into Gateway-modified retroviral

expression vectors pLXSH or pBabe. For the C-terminal HA-tagged TACO1

(TACO1-HA), TACO1 cDNA was amplified using specific primers, cloned into

pCR2.1-TOPO vector (Invitrogen), digested with EcoRI and cloned directly

into EcoRI site of pBabe. We confirmed the fidelity of cDNA clones by DNA

sequencing. Retroviral constructs were transiently transfected into the Phoenix

packaging cell line using the HBS/Ca3(PO4)2 method (see URLs section below).

Subject and control fibroblasts were infected 48 h later by exposure to virus-

containing medium in the presence of 4 mg/ml of polybrene as described21.

TACO1 antibody production. A polyclonal antibody against two peptides

(Ac-IKGPKDVERSRIFSKLC-amide and Ac-LEFIPNSKVQLAEPDLEQAAC-
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amide) from the human TACO1 protein was prepared by 21st Century

Biochemicals (Marlboro, Massachusetts). Crude serum and affinity purified

antibodies were tested on cell lines overexpressing TACO1 protein and detected

a band of approximately 28 kDa. The C-terminal affinity-purified antibody was

used for further experiments.

Yeast strains. Yeast strains BY4741r+, Y1236r+, ygr021wD and shy1D were

obtained from the yeast genome deletion collection (see URLs section below).

All strains were grown in standard media at 30 1C, with vigorous shaking for

liquid cultures. For time-course experiments, we grew cells in either YPGal or

YPGly (1% yeast extract, 2% peptone, and either 2% galactose or 3% glycerol,

respectively) and monitored their growth over the course of 46 h by OD600

readings. For respiratory competency experiments, yeast strains were grown on

YEPD plates (1% yeast extract, 2% tryptone/peptone, 2% glucose) into colonies

and covered with a 2,3,5-triphenyltetrazolium (TTC) (Sigma) overlay22.

Yeast translation assay. Mitochondrial protein synthesis was assessed as

previously described23, with certain modifications. Cells were grown to a

maximum OD600 of 1.0 in 3ml of methionine dropout media containing

either 2% galactose or 3% glycerol. Cells were labeled with [35S]methionine/

cysteine mix for 20 min. After termination of the labeling reaction (including

the addition of the NaOH/b-mercaptoethanol/PMSF solution), mitochondrial

proteins were precipitated by the addition of 100% TCA to a final concentra-

tion of 15% and incubated on ice for 10 min. Samples were centrifuged and the

pellet washed three times with cold acetone, followed by denaturation in 50 ml

Laemmli SDS-PAGE loading buffer. Samples were separated on a 17.5%

polyacrylamide gel.

Mitochondrial isolation and localization experiments. Fibroblasts were resus-

pended in ice-cold 250 mM sucrose/10 mM Tris-HCl/1 mM EDTA

(pH 7.4) and homogenized with 10 passes through a pre-chilled, zero clearance

homogenizer (Kimble/Kontes). We centrifuged samples twice for 10 min at 600g

to obtain a postnuclear supernatant. Mitochondria were pelleted by centrifuga-

tion for 10 min at 10 000g, and washed once in the same buffer. Mitochondria

were either sonicated or further extracted with 100 mM alkaline carbonate as

previously described12, and the relevant fractions were analyzed by SDS–PAGE.

Immunocytochemistry. HEK293 cells were plated on coverslips and trans-

fected with TACO1-HA cDNA in pCR2.1-TOPO vector using Lipofectamine

(Invitrogen). Twenty-four hours post-transfection, the cells were paraformal-

dehyde-fixed, solubilized by Triton X-100 and stained using antibodies to

hemagglutinin (Sigma) and cytochrome c (BD Pharmigen). Secondary anti-

bodies ALEXA488 (anti-mouse) and ALEXA 594 (anti-rabbit) (Molecular

Probes) were used for immunofluorescence detection.

Size exclusion chromatography. We separated soluble proteins from mito-

chondrial detergent extracts on a Tricorn Superdex 200 10/30 HR column

(GE Healthcare) as described24 and determined elution profiles by immunoblot

analysis using antibodies against TACO1, EFTs and EFTu.

Molecular modeling. The three-dimensional structure of TACO1 was modeled

on the crystal structure of Aq1575 (ref. 4) homolog using the I-TASSER

server25–27 and viewed with Swiss-MODEL using the Swiss-Pdb Viewer28.

URLs. Phoenix-Helper dependent protocol, http://www.stanford.edu/group/

nolan/protocols/pro_helper_dep.html; Saccharomyces Genome Deletion Pro-

ject, http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.

html; Swiss PDB viewer, http://www.expasy.org/spdbv/.
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