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TIMMDCI1/C3orfl Functions as a Membrane-Embedded
Mitochondrial Complex I Assembly Factor through Association with

the MCIA Complex

Virginia Guarani, Joao Paulo, Bo Zhai,* Edward L. Huttlin, Steven P. Gygi, J. Wade Harper

Department of Cell Biology, Harvard Medical School, Boston, Massachusetts, USA

Complex I (CI) of the electron transport chain, a large membrane-embedded NADH dehydrogenase, couples electron transfer to
the release of protons into the mitochondrial inner membrane space to promote ATP production through ATP synthase. In ad-
dition to being a central conduit for ATP production, CI activity has been linked to neurodegenerative disorders, including Par-
kinson’s disease. CI is built in a stepwise fashion through the actions of several assembly factors. We employed interaction pro-
teomics to interrogate the molecular associations of 15 core subunits and assembly factors previously linked to human CI
deficiency, resulting in a network of 101 proteins and 335 interactions (edges). TIMMDCI1, a predicted 4-pass membrane protein,
reciprocally associated with multiple members of the MCIA CI assembly factor complex and core CI subunits and was localized
in the mitochondrial inner membrane, and its depletion resulted in reduced CI activity and cellular respiration. Quantitative
proteomics demonstrated a role for TIMMDCI1 in assembly of membrane-embedded and soluble arms of the complex. This
study defines a new membrane-embedded CI assembly factor and provides a resource for further analysis of CI biology.

In mammals, the primary source of cellular ATP is oxidative
phosphorylation (OXPHOS), a process controlled by five mac-
romolecular complexes embedded in the mitochondrial inner
membrane. Complexes I to IV (CI to CIV) function in electron
transport in a process that converts molecular oxygen to water and
creates a pH gradient across the inner mitochondrial membrane
that is used to drive ATP synthesis from ADP and inorganic phos-
phate via complex V (ATP synthase). Complex I (NADH dehy-
drogenase) and complex II (succinate dehydrogenase) employ
NADH and succinate as electron donors, respectively, and trans-
fer these electrons to ubiquinone. Complex IIT (coenzyme Q-cy-
tochrome c reductase) employs ubiquinol to reduce cytochromec,
and electrons in the reduced cytochrome c are then used by complex
IV (cytochrome c oxidase) to reduce molecular oxygen to water. Re-
actions catalyzed by CI, CIII, and CIV result in the release of protons
in the inner membrane space, thereby creating the proton gradient
needed for ATP synthase activity (1). Accumulating evidence sug-
gests that CI, CIII, and CIV interact to form a supercomplex, which
increases electron transport chain (ETC) efficiency (2, 3). Environ-
mental toxins, such as rotenone, that inhibit CI have been linked to
idiopathic forms of Parkinson’s disease.

Mammalian CI is the largest and arguably the most complex
component of the ETC. Previous studies have identified 44 sub-
units in an ~1-MDa complex, 7 of which are encoded by the
mitochondrial genome (4). Much of our structural understanding
of CI is based on high-resolution structures of Thermus thermo-
philus CI (5) and of a lower resolution structure of the complex
from Yarrowia lipolytica yeast (6). Broadly speaking, CI is com-
posed of hydrophilic (matrix) and hydrophobic (membrane) arms.
The hydrophilic matrix arm houses both the N module, responsible
for binding and oxidizing NADH, and the Q module, which trans-
fers electrons to ubiquinone (7). The N-Q module interacts with
the hydrophobic membrane-embedded P module, which binds
ubiquinone and pumps protons into the inner membrane space
(7). All of the mitochondrial-DNA-encoded CI subunits are com-
ponents of the P module (7). The formation of Cl involves distinct
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subcomplexes that assemble through the actions of several assem-
bly factors in discrete steps and involves assembly of proteins,
both within the membrane and in the soluble phase (8-10). A
variety of studies have examined assembly intermediates and the
involvement of particular components in the process (11). These
data have been integrated into a more refined model that takes
into account data from multiple studies and proposes roles for
various assembly factors in the sequential formation and integra-
tion of CI modules (11). However, the structural and mechanistic
basis for assembly of intermediates and how specificity is achieved
remain poorly understood.

Given this complexity and the critical role of Cl in the ETC, it is
not surprising that numerous mitochondrial diseases, such as
Leigh’s syndrome, result from mutations in mitochondrial DNA
(mtDNA)- or nuclear-DNA-encoded CI subunits, as well as as-
sembly factors (12). Thus far, at least 33 genes encoding either CI
subunits or assembly factors have been associated with genetic
defects in CI deficiency (13). They include the genes encoding
NDUFAF1, NDUFAF2, NDUFAF3, NDUFAF4, and ACAD9 (1,
13), which function in various assembly steps. Moreover, addi-
tional components required for CI function have been recently
identified using either sequencing-based candidate gene discovery
(e.g., FOXREDI and C200rf7) (14) or “complexome” proteomics
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FIG 1 Systematic interaction proteomic analysis of 11 CI subunits and 4 assembly factors. (A) Schematic representation of the experimental work flow utilized
for the identification of HCIPs for CI subunits and assembly factors. (B) Schematic illustration of CI topology. The schematic representation is based on a
previously proposed model, but ambiguity exists in the locations of some subunits (44). Proteins tagged for immunoprecipitation are highlighted in red.
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profiling of mitochondrial proteins (TMEM126B) (15). To fur-
ther explore CI architecture and assembly, we performed an in-
teraction proteomics-based analysis of CI disease genes, including
15 core subunits or assembly factors. This analysis resulted in the
development of a CI interaction landscape containing 101 pro-
teins and 335 interactions (edges), including significant connec-
tivity between assembly factors and core subunits. Among the
previously unrecognized proteins was TIMMDCI (also called
C3orfl), which was found to reciprocally associate with multiple
components of the ECSIT-TMEM126B-ACAD9-NDUFAFI as-
sembly factor complex (MCIA complex), as well as subunits of the
soluble and matrix arms. TIMMDCI, a predicted 4-pass trans-
membrane protein with sequence similarity to the TIM17-
TIM22-TIM23 protein family, localized to the mitochondrial in-
ner membrane but did not associate with components of the inner
membrane translocon (TIMM17 or TIMMZ23) in our immuno-
precipitation (IP)-mass spectrometry (MS) analysis, and its deple-
tion did not affect the architecture of the inner translocon com-
plex. To examine the hypothesis that TIMMDCI functions
together with the MCIA complex in CI assembly, we coupled
stable isotopic labeling by amino acids in culture (SILAC) with
size-based fractionation of mitochondria purified from cells with
or without TIMMDC, thereby providing a quantitative view of CI
assembly and intermediates. We found that depletion of TIMMDC1
leads to accumulation of CI subcomplexes characteristic of defects in
MCIA, with ensuing defects in Cl activity and cellular respiration and
decreased stability of a subset of CI subunits. This work identifies a
previously unrecognized transmembrane component of the MCIA
complex required for assembly of functional CI and provides a re-
source for further analysis of CI architecture and assembly.

MATERIALS AND METHODS

Cell culture and flow cytometry. HCT116, HeLa, and HEK293T cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS) and maintained in a 5% CO,
incubator at 37°C. Mitochondrial mass was measured by flow cytometry,
using Mitotracker green FM (Invitrogen) to label mitochondria. Mito-
chondrial polarization was measured by flow cytometry using Mito-
tracker Red CMXRos (Invitrogen) to detect depolarized mitochondria.
Cell line generation and plasmid and siRNA transfections. For plas-
mid transfection, Lipofectamine 2000 (Invitrogen) or X-tremeGene HP
DNA Transfection reagent (Roche) was used for transfection of HeLa or
HCT116 cells, and TransIT-293 (Mirus) was used for transfection of
HEK293T cells according to the manufacturers’ specifications. The trans-
fected cells were harvested ~48 h posttransfection for further analysis.
Viral particles were generated in HEK293T cells through the transfection
of a pHAGE lentiviral vector (16) containing the gene of interest and a
C-terminal hemagglutinin (HA)-Flag tag and four helper vectors (vesic-
ular stomatitis virus G [VSVG], Tatlb, Mgpm2, and cytomegalovirus
[CMV]-Rev) (17). Virus-containing supernatants were used to infect
HCT116 cells. Cells stably expressing the tagged proteins were selected
with puromycin (Invitrogen) for at least 1 week. For the generation of
stable knockdown cell lines, we used miR-30-based short hairpin RNA
(shRNA) constructs and VSVG and gag-pol helper vectors. Cells were
selected for at least 1 week in puromycin. For small interfering RNA
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(siRNA) transfection, Lipofectamine RNAiMax was used to transfect the
20 nM indicated siRNA into the indicated cell lines. The transfected cells
were analyzed ~48 h after transfection. The siRNA and shRNA sequences
used in the study were TIMMDCI siRNA_1, 5'-GAAGUACUCUGGUG
AGACU-3'; TIMMDCL1 siRNA_2, 5'-CUAGAAACCCUUCAGUAAU-
3’; TIMMDCI shRNA_1, 5'-CACGGGAAGTCTTTTTAGGATA-3'; and
TIMMDCI1 shRNA_2, 5'-TTCGCAAAAGATTAAAGTTGAA-3'.

IP and proteomic analysis. Cells were lysed in lysis buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1% digitonin supplemented with pro-
tease inhibitors [Roche]) for 30 min on ice to obtain whole-cell extracts.
The lysates were cleared by centrifugation at 4°C for 15 min at maximum
speed. Approximately 0.5 mg of mitochondrial lysate was used for endog-
enous IP and incubated with 10 pl of solid beads coupled to the indicated
antibody or control IgG overnight at 4°C. Protein A resin (10 pl) was then
added to the IP reaction mixture and incubated for a further 2 h at 4°C.
The beads were washed three times with lysis buffer. After washing, 2X
SDS loading buffer was added, and the samples were boiled for 5 min. The
samples were separated on an SDS-PAGE gel prior to immunoblot anal-
ysis. For IPs of ectopically expressed proteins, agarose beads conjugated
with HA or Flag antibodies (Sigma) were used. Affinity purification
(AP)-MS and CompPASS analysis were performed as previously de-
scribed (18, 19). Briefly, cells (~107) were lysed for AP-MS using anti-HA
beads. After washing, proteins were eluted with HA peptide, subjected to
trichloroacetic acid precipitation, and trypsinized prior to passage
through stage tips. Samples were analyzed in technical duplicate on a
Thermo LTQ mass spectrometer (Thermo Scientific), and spectra were
searched with Sequest prior to target-decoy peptide filtering and linear
discriminant analysis to control the peptide level false-positive rate (20).
Peptides were assembled into proteins using principles of parsimony to
account for peptides that could be assigned to more than one protein in
the database. The number of peptide spectral matches observed for each
protein averaged across technical duplicate analyses was taken as a mea-
sure of its abundance in each immunoprecipitation. Peptides were iden-
tified with a false-discovery rate of <2.0%. Peptide data expressed as
average peptide spectral matches (APSMs) summed for each protein were
uploaded into the CompPASS algorithm housed within the CORE envi-
ronment. For CompPASS analysis of HCT116 cells, we employed APSM
data from 214 unrelated bait proteins analyzed in an analogous manner.
The CompPASS system identifies high-confidence candidate interacting
proteins (HCIPs) based on the normalized and weighted D score (NWD
score) which incorporates the frequency with which they are identified
within the stats table, the abundance (APSMs) when found, and the re-
producibility of identification in technical replicates and also determines a
z-score based on APSMs (18, 19). Proteins with NWD scores of >1.0 are
considered HCIPs, although we also note that some proteins that may be
bona fide interacting proteins may not reach the strict threshold set by an
NWD score of >1.0 (see Table SI in the supplemental material). This
corresponds to a false-discovery rate of ~2%, as configured in Comp-
PASS (18). Candidate proteins not known to be localized to mitochondria
based on Mitocarta (www.broadinstitute.org/pubs/MitoCarta/) and Mi-
toproteome (www.mitoproteome.org) were omitted from the interaction
maps (see Table S2 in the supplemental material for the filtered data).
Complex I subunits with NWD scores above 0.5 and below 1 are also
included in Table S2.

Antibodies. The antibodies used in this work include anti-TIMMDC1
(Sigma HPA053214 and Santa Cruz G-14), anti-complex I (Abcam
ab109711), anti-ECSIT (Abcam ab21288), anti-NDUFAI13 (Abcam
ab110240), anti-SDHA (Abcam ab14715), anti-TIMM23 (BD-Biosci-

Assembly factors are represented separately in the inset. The subunits with asterisks are mutated in patients with CI deficiency. (C) Immunofluorescence analysis
of the subcellular localization of tagged proteins. HeLa cells transiently expressing the indicated baits fused with a C-terminal HA-Flag tag were stained with
anti-HA (red) and the mitochondrial marker anti-TOMM?20 (green). Scale bars, 10 wm (applies to all images). (D) Overview of the CI interaction network
obtained from IP-MS analysis of 15 baits (red nodes) consisting of 4 assembly factors and 11 core subunits. Subnetworks representing discrete functional groups
are color coded. Interactions with TIMMDC]1 are indicated by red lines. Solid lines indicate an NWD score >1, and dotted lines indicate an NWD score between

0.5 and 1.0.
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FIG 2 TIMMDOCI interaction network. (A) IP-MS followed by CompPASS analysis of C-terminally tagged TIMMDCI. The bait (TIMMDC1) is represented by
ared node, and HCIPs are represented in gray. Distinct functional protein groups are color coded. (B) Endogenous interaction between TIMMDCI1 and CI. An
antibody directed against the fully assembled form of endogenous CI was used to capture CI from mitochondrial lysates. Western blot analysis was performed
with anti-NDUFA9 as a control for CI pulldown efficiency and with antibodies against endogenous TIMMDCI. (C and D) C-terminally tagged NDUFA9 and
NDUFAF1 were immunopurified from 293T cells, and Western blot analysis was performed to detect the interaction with endogenous TIMMDC1. TIMMDC1
siRNA-mediated depletion was used to confirm the specificity of the interaction. (E) C-terminally tagged TIMMDCI1 was immunopurified from 293T cells, and
Western blot analysis was performed to detect an interaction with endogenous ECSIT.

ences 611222), anti-UQCRC2 (Abcam ab14745), anti-NDUFA9 (Abcam
ab14713), anti-PCNA (Santa Cruz sc-56), anti-HSP90 (Epitomics 3363-
1), anti-TOMM?70 (Epitomics T1677), anti-Flag (Sigma SLB6631),
anti-HA (Covance D13CF00834), anti-MT-CO1 (Abcam 1D6E1A8), and
anti-C1QBP1 (Cell Signaling Technologies 5734BC).
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Mitochondrion isolation. Mitochondria were isolated by differential
centrifugation. Cells were resuspended in mito-isolation buffer (200 mM
mannitol, 68 mM sucrose, 10 mM HEPES-KOH at pH 7.4, 10 mM KCl, 1
mM EDTA, 1 mM EGTA, and 0.1% bovine serum albumin [BSA]) and
ruptured with 30 to 40 passes through a prechilled homogenizer or 30 s of

Molecular and Cellular Biology


http://mcb.asm.org

sonication at the lowest setting. The homogenized cellular extract was
then centrifuged at 600 X g to obtain a postnuclear supernatant. Mito-
chondria were pelleted by centrifugation at 10,000 X g for 10 min and
washed twice in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM
MOPS [morpholinepropanesulfonic acid]-KOH, pH 7.2).

Quantitative proteomics of CI assembly. HCT116 stable cell lines
expressing shRNA targeting firefly luciferase (shFF2) or shTIMMDCI1
were grown in light medium (medium containing lysine labeled with '*C
[KO0 medium]) or heavy medium (medium containing lysine labeled with
3C, [K8 medium]), and equal numbers of the cells were mixed prior to
purification of mitochondria. Mitochondria were lysed with 1% digi-
tonin, and protein complexes were fractionated by blue native (BN)-
PAGE or size exclusion chromatography (SEC) (Superose 6 column). Gel
bands were excised, fast protein liquid chromatography (FPLC) frac-
tions were collected, and the proteins were subjected to reduction,
alkylation, and trypsinization either in gel or in solution. Tryptic pep-
tides were analyzed using an LTQ Orbitrap Elite mass spectrometer
(Thermo Scientific). Peptides were quantified using MaxQuant soft-
ware (http://www.maxquant.org/).

RNA extraction, reverse transcription, and qPCR. Total RNA was
obtained using a NucleoSpin RNA IT (Macherey-Nagel) RNA kit according to
the manufacturer’s protocol. The extracted RNA was then used for reverse
transcription using Superscript III (Invitrogen). The cDNA obtained was
used for quantitative PCR (qPCR) with gene-specific primers and SYBR
green for detection on a LightCycler 480 system (Roche). Primers specific to
TUBB were used for normalization. The primer sequences are as follows:
TUBB_F, CTGGACCGCATCTCTGTGTA; TUBB_R, CCCAGGTTCTAGA
TCCACCA; NDUFA13_F, TGGGCCCATCGACTACAAAC; NDUFA13_R,
CCAATCCCTATGGCCAGCAT; ECSIT_F, AGCTGCTCAACATCTTC
CCC; ECSIT_R, CATCACACCGTGGTTCTCCA; NDUFA9_F, TTGTC
CGGGTCCTGTCAATG; NDUFA9_R, CCACCTTTCCCATGAGGCAT;
NDUFAF4_F, GAGCACTAGTGATTCGCGGT; NDUFAF4_R, GCGAC
AGAGGGCTTCATCTT; NDUFA11_F, AAAGCCTACAGCACCACCAG;
NDUFAI1_R, TGTCCAACCTTAGCCACTCC; TIMM21_F, TCCTGA
GGTGATCGGTGTCT; TIMM21_R, ACGTGTGTTTCAGCCCATCT;
TIMMDCI1_F, TAATTGCAGGAGCTGTCACG; and TIMMDCI_R, CC
AGCAAGGCTCCAATTATG.

BN-PAGE. Mitochondria were purified as described above and lysed
in 1% digitonin prior to separation by 4% to 16% BN-PAGE as previously
described (21). Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes and detected using the indicated antibodies. Immu-
noblot signals were quantified by densitometry.

Complex I and complex IV activities. Complex I and complex IV
activities were measured as previously described (14). Briefly, dipstick
activity assays were performed on 10 g (complex I) and 15 pg (complex
IV) of cleared cell lysates from HCT116 stable cell lines expressing shFF2
or two different shRNAs targeting TIMMDCI according to the manufac-
turer’s protocol (Mitosciences). Densitometry was measured by the use of
a flatbed scanner and quantified with Image]. Measurements were per-
formed in biological triplicates, each one measured in technical triplicates.

Oxygen consumption. The oxygen consumption rate (OCR) was
measured using an XF24 extracellular analyzer (Seahorse Bioscience).
Mouse C2C12 or HelLa cells transiently transfected with control or
TIMMDC1 siRNA were seeded in 24-well assay plates (BD Bioscience) at
a concentration of 20,000 cells per well. After 24 h, the cells were loaded
into the machine for O, concentration determinations. The cells were
sequentially exposed to oligomycin (1 wM), carbonylcyanide p-trifluoro-
methoxyphenylhydrazone (FCCP) (150 nM), and antimycin A (10 wM).
After each injection, the OCR was measured for 3 min, and the medium
was mixed and again measured for 3 min twice. Every point represents the
average of 6 (C2C12) or 12 (HeLa) different wells.

TMT labeling. Isobaric labeling of the peptides with 6-plex tandem
mass tagging (TMT) reagents (Thermo Scientific) was performed as de-
scribed previously (22). The reagents (0.8 mg) were dissolved in 40 wl
acetonitrile, and 10 pl of the solution was added to tryptic peptides dis-

March 2014 Volume 34 Number 5

TIMMDC1 Promotes Mitochondrial Complex | Assembly

solved in 100 pl of 200 mM HEPES, pH 8.5. After 1 h at room tempera-
ture, the reaction was quenched by adding 8 pl of 5% hydroxylamine. The
labeled peptides were acidified, pooled, and desalted with C, 4 stage tips.
Reporter ions were quantified from triple-stage MS (MS?) spectra ac-
quired on an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific)
(22).

Electron microscopy. Control and TIMMDCI knockdown HCT116
stable cell lines were grown to 60% confluence in 6-cm culture dishes and
fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer, pH 7.4, for 5 min at room temperature. The fixed samples
were submitted to the Harvard Medical School electron microscopy (EM)
facility and subsequently processed for imaging using a Tecnai G2 Spirit
BioTwin transmission electron microscope.

Carbonate extraction, osmotic shock, and proteinase K treatment.
Mitochondria were isolated and subjected to alkaline extraction in freshly
prepared 0.1 M Na,COj; (pH 11). Membranes were pelleted at 100,000 X
gfor 30 min at 4°C, and the supernatants were precipitated by the addition
of 1/5 volume of 72% trichloroacetic acid and washed four times with cold
acetone. After the treatments, soluble (S, supernatant) and insoluble (P,
pellet) fractions were subjected to SDS-PAGE and Western blot analysis
using antibodies against CIQBP, TIMMDC1, TOMM70, and TIMM23.
Isolated mitochondria from HCT116 cells were subjected to proteinase K
(50 pg/ml) proteolysis to digest exposed proteins. Osmotic shock (25 mM
sucrose, 10 mM MOPS-KOH, pH 7.2) was used to disrupt the outer mi-
tochondrial membrane. After treatments as indicated, proteinase K activ-
ity was blocked with phenylmethylsulfonyl fluoride (PMSF) (2 mM), and
fractions were subjected to SDS-PAGE and Western blot analysis using
antibodies against TIMMDC1, TOMM?70, and TIMM23.

Immunofluorescence. Cells grown on 15-mm glass coverslips or 384-
well clear-bottom plates were fixed with PBS, 4% paraformaldehyde
(PFA), and 4% sucrose for 10 min; permeabilized with phosphate-buft-
ered saline (PBS)—0.1% Triton X-100 for 3 min, blocked with PBS-1%
BSA for 30 min, and incubated with anti-TOMM?20 (1:100; Santa Cruz)
and anti-HA (1:200; Covance) in PBS-1% BSA for 1 h at room tempera-
ture. After extensive washing, the fixed cells were incubated with Alexa
Fluor 488 —chicken anti-rabbit and Alexa Fluor 594 —goat anti-mouse (1:
10,000) secondary antibodies for 1 h at room temperature. Images were
acquired with a Nikon Ti with spinning disk confocal microscope with a
100X oil objective.

Statistical analysis. Statistical significance was calculated using the
one-way analysis of variance (ANOVA) test; P values are provided in the
figure legends.

RESULTS

Systematic proteomic analysis of CI and its assembly apparatus.
We set out to systematically express subunits of CI and its assem-
bly apparatus previously linked to CI disease in order to perform
interaction proteomics (Fig. 1A). Fifteen open reading frames
(Fig. 1B) were C-terminally tagged with an HA-FLAG epitope ina
lentiviral vector and either stably expressed in HCT116 cells (for
proteomics) (Fig. 1A) or transiently expressed in HeLa cells (for
localization analysis) (Fig. 1C). The use of a C-terminal tag was
expected to minimally affect mitochondrial localization, given
that mitochondrial targeting sequences are typically located near
the N terminus. Confocal imaging of HeLa cells after a-HA im-
munostaining verified that each protein was targeted to mito-
chondria (Fig. 1C).

To examine interaction partners of CI subunits and to identify
HCIPs, we employed a modified version of the previously de-
scribed CompPASS platform (19) (Fig. 1A) (see Materials and
Methods for a description of the CompPASS method). To en-
hance detection of membrane-associated proteins, we employed
1% digitonin, and the proteins were purified using anti-HA beads.
After extensive washing, complexes were trypsinized prior to pro-
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teomic analysis. The interaction data are summarized in Fig. 1D
(Table S1 in the supplemental material contains the entire data
set). Overall, the interaction network is composed primarily of a
core CI module and 2 distinct assembly factor modules, but in
total, it contained 101 proteins and 335 interactions (edges) after
filtering for known mitochondrial proteins (see Table S2 in the
supplemental material). From the 11 core CI subunits used as bait,
we identified 23 additional core CI subunits, including 5 subunits
encoded by the mitochondrial genome (MT-NDI1, MT-ND2,
MT-ND4, MT-ND5, and MT-ND6). In total, 207 edges linked the
38 CI core subunits, indicating extensive connectivity (Fig. 1D), as
expected based on the known architecture of CI (11). Many addi-
tional known CI subunits were detected but did not pass the strict
NWD score employed for HCIP determination (see Table S1 in
the supplemental material). Consistent with detection of ETC su-
percomplex interactions, we also identified 7 edges linked with 5
CIV subunits and 14 edges linked with 6 CIII subunits emanating
from 6 core CI subunits (Fig. 1D). Several core subunits were also
associated with 4 mitochondrial proteases (Fig. 1D).

The 4 assembly factor subunits analyzed—ECSIT, ACAD9Y,
NDUFAF1, and NDUFAF3—showed extensive reciprocal con-
nectivity with each other (Fig. 1D). ECSIT, ACAD9, and
NDUFAF]1 also associated with TMEM126B (15), indicating that
our method is able to retrieve all known subunits of the MCIA
complex with high confidence. As expected, several core subunits
associated with one or more members of the MCIA complex,
including NDUFS5, NDUFA13, and NDUFS3. NDUFAF3 as-
sociated with NDUFAF4, but unexpectedly, we also observed
NDUFAF3 association with C20orf7. C200rf7 is mutated in
patients with CI deficiency (23), and these mutations result in
defects in CI assembly and reduced CI activity in cultured cells.
Association of C200rf7 with the NDUFAF3-NDUFAF4 module
suggests a functional connection in early assembly steps not cur-
rently built into existing models (11). Two additional poorly char-
acterized CI assembly factors—FOXRED1 and AIFM1 (14, 24)—
also associated with subunits of the soluble arm of CI.

Identification of TIMMDCI1 as a novel Cl-interacting pro-
tein. Within the assembly factor module, our attention was drawn
to a previously uncharacterized protein, TIMMDCI (also called
C3orf1), which was detected in association with ECSIT, ACAD?9,
NDUFAF1, and NDUFAF3 subunits, as well as with NDUFA13
and NDUES5 core subunits (Fig. 1D). As an initial approach for
validating the interaction of TIMMDC1 with CI core and assem-
bly factor components, TIMMDCI1 was C terminally tagged with
an HA-FLAG epitope and stably expressed in HCT116 cells, fol-
lowed by IP-MS analysis. As shown in Fig. 2A, we identified 20

TIMMDC1 Promotes Mitochondrial Complex | Assembly

core CI subunits and 6 assembly factor subunits in association
with TIMMDC]1, including all 4 subunits of the MCIA complex
(ECSIT-ACAD9-NDUFAF1-TMEM126B) after filtering for
known mitochondrial proteins (see Tables S1 and S2 in the sup-
plemental material). These components are known to contribute
to particular subcomplexes, which suggests that TIMMDCI en-
gages Q module, N module, and membrane arm components of
CI, in addition to the assembly factors (15, 25-27) (Fig. 2A). To
further validate this interaction, we first employed antibodies di-
rected at endogenous CI for IP-Western analysis and detected
endogenous TIMMDCI in the CI complex (Fig. 2B, lanes 1 and 2).
While the anti-Cl antibody employed depleted NDUFA9 from the
extract based on analysis of the IP supernatant, TIMMDCI was
not depleted (Fig. 2B, lanes 3 and 4), indicating that a pool of
TIMMDCI1 is not associated with CI. In addition, using either
NDUFA9-HA-FLAG or NDUFAF1-HA-FLAG for IP-Western
analysis, we detected endogenous TIMMDC1, and depletion of
TIMMDCI1 with 2 different siRNAs validated the specificity of the
antibody employed (Fig. 2C and D, compare lane 2 with lanes 3
and 4). Moreover, endogenous ECSIT was detected by IP-Western
analysis in complexes with TIMMDC1-HA-FLAG immune com-
plexes using anti-FLAG capture (Fig. 2E, lane 3). Taken together,
these data provide strong evidence that TIMMDCI associates
tightly with components of the MCIA complex, as well as core
components of CI.

TIMMDCI1 is a multipass mitochondrial inner membrane
protein. TIMMDCI1 orthologs were identified in all vertebrates
analyzed, and in addition, we detected an obvious ortholog in
Drosophila but not in Caenorhabditis elegans (Fig. 3A). Further
sequence analysis revealed that TIMMDCI is a member of the
TIM17-TIM22-TIM23 family of 4-pass transmembrane proteins
(Fig. 3B). TIMM23-Tim23p and TIMMI17-Tim17p form the
translocon channel for transport of proteins into the inner mito-
chondrial membrane (28). Given that TIMMDCI associates with
CI, which resides in the inner mitochondrial membrane, we
examined the localization of TIMMDCI. First, TIMMDCI1-HA-
FLAG was found to colocalize with endogenous TOMM20 in both
293T and HelLa cells, as determined by confocal microscopy (Fig.
3C). Second, endogenous TIMMDCI1 was detected by Western
blotting of purified mitochondria from 293T cells, with a level of
enrichment similar to that found with the mitochondrial outer
membrane protein marker TOMM70 (Fig. 3D, lane 2) and was
enriched in the pellet fraction of purified mitochondria treated
with sodium carbonate, pH 11, indicating membrane localization
(Fig. 3E, lane 2).

To examine whether TIMMDC is localized in the mitochondrial

FIG 3 TIMMDCI is a conserved mitochondrial inner membrane protein. (A) Amino acid conservation of TIMMDCI across species. An alignment was
performed using Clustal O. Dm, Drosophila melanogaster; Hs, Homo sapiens; Mm, Mus musculus; Dr, Danio rerio; Xlt, Xenopus laevis tropicalis. Black shading,
identical residue; gray shading, >50% identical. (B) Alignment of TIMMDCI with other members of the Tim17-23 protein family (generated with the MAFFT
algorithm [http://mafft.cbrc.jp/alignment/server/]) and prediction of TIMMDCI transmembrane helices (represented by H). (C) Immunofluorescence images
showing subcellular localization of C-terminally tagged TIMMDCI in 293T and HeLA cells. Exogenous TIMMDCI was stained with anti-HA antibody and
mitochondria with an anti-TOMM?20 antibody. Scale bars, 10 um (applies to all images). (D) Cytoplasmic (Cyto) and mitochondrial (Mito) fractions from
HCT116 were separated by differential centrifugation. anti-HSP90 antibody was used as a cytoplasm marker, and anti-TOMM70 antibody was used as a
mitochondrial marker. Endogenous TIMMDCI is shown in the mitochondrial fraction with an anti-TIMMDCI antibody. (E) Carbonate extraction of mito-
chondrial membrane proteins. Antibodies against endogenous C1QBP, TIMM23, and TOMM70 were used to identify matrix and inner and outer membrane
compartments, respectively. TIMMDCI is shown in the mitochondrial membrane fraction with an anti-TIMMDCI antibody. (F) TIMMDCI localizes to the
inner membrane compartment. Proteinase K was used to digest the outer membrane proteins of isolated mitochondria. Osmotic shock was performed in order
to break the outer membrane and make the inner membrane compartment accessible to proteinase K digestion. TOMM?70 and TIMM23 antibodies were used
to decorate the outer and inner membrane compartments, respectively. (G) BN-PAGE, followed by immunotransfer to a nitrocellulose membrane, was probed
with an antibody directed against endogenous TIMM23. Molecular mass markers (kDa) are shown on the left for panels D to G.
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FIG 4 Altered CI function and mitochondrial morphology in cells depleted of TIMMDCI. (A and B) Histograms showing CI (A) and CIV (B) activities measured in
stable cell lines expressing shFF2 or two different shRNAs targeting TIMMDCI. The bars (with standard errors of the mean [SEM]) show the means of 3 biological
replicates, each one performed in technical triplicates. *, P < 0.05 (one-way ANOVA). (C) Western blot analysis showing TIMMDCI stable knockdown efficiencies for
two different shRNAs in HCT116 cells used for CI and CIV activity measurements. PCNA was used as a loading control. (D) Western blot analysis showing TIMMDC1
depletion efficiency after TIMMDC1 siRNA transfection in C2C12 cells. (E) Western blot analysis showing TIMMDCI depletion efficiency after TIMMDCI siRNA
transfection in HeLa cells. (F) Oxygen consumption was measured in C2CI2 cells transfected with control or TIMMDCI siRNA. The oxygen consumption rate
(pmol/min) was measured under baseline conditions and after oligomycin, FCCP, and antimycin A injections, as indicated by the arrowheads. (G) Oxygen consumption
was measured as for panel D with HeLa cells depleted of TIMMDC1 using two siRNAs. (H) Transmission electron micrographs showing mitochondrial morphology in
HCT116 stable cell lines expressing shFF2 or TIMMDCI1 shRNA (arrowheads, mitochondria with normal crista structure; arrows, mitochondria with dirsupted crista
structure). Scale bars, 500 nm. Molecular mass markers (kDa) are shown on the left for panels C to E.
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inner membrane, we incubated mitochondria with or without os-
motic shock and in combination with proteinase K treatment. In
intact mitochondria, proteins localized on the mitochondrial inner
membrane are expected to be protected from proteinase K digestion.
Indeed, while TOMM70 is degraded within 10 min after proteinase K
treatment, TIMM23 and TIMMDC1 were protected from degrada-
tion (Fig. 3F, lane 4). On the other hand, proteins localized on the
mitochondrial inner membrane are expected to be accessible to pro-
teinase K only in the presence of osmotic shock. We found lower-
molecular-weight products of TIMMDCI, as well as TIMM23
used as a positive control, in the presence of proteinase K and
osmotic stress but not in their absence (Fig. 3F, compare lanes 2
and 4). The finding that TIMMDCI is related to the TIM17-
TIM22-TIM23 family suggested the possibility that TIMMDCI1
functions in some way with the mitochondrial inner membrane
translocon. Two lines of evidence argue against this. First, neither
TIMM17 nor TIMM23 was found to associate with TIMMDCI in
the IP-MS experiments (Fig. 2A). Second, the mobility of the
TIMM23 complex was unaltered in BN-PAGE of mitochondria
from cells depleted of TIMMDCI1 with 2 distinct shRNAs (Fig. 3G,
compare lane 1 with lanes 2 and 3).

Loss of TIMMDCI affects ETC function. Association of
TIMMDCI1 with components of the ETC led us to examine
whether its depletion by RNA interference (RNAi) altered CI ac-
tivity. HCT116 cells were transduced with retroviruses expressing
a control shRNA (shFF2) or 2 independent shRNAs targeting
TIMMDCI1 (Fig. 4A and B). These established cell lines expressed
~10% of the levels of TIMMDCI found in shFF2-expressing
cells (Fig. 4C, compare lane 1 with lanes 2 and 3). Of note, we were
unable to generate cells that stably expressed lower levels of
TIMMDCI1, suggesting that TIMMDC1 may be required for cell
viability (data not shown). Using an NADH oxidation assay (see
Materials and Methods), we observed a substantial loss of CI ac-
tivity that correlated with the extent of TIMMDCI depletion (Fig.
4A). In contrast, no loss of CIV activity was detected (Fig. 4B).
We then examined oxygen consumption upon depletion of
TIMMDCI1 using siRNAs in both HeLa cells and C2C12 myo-
blasts, with the latter displaying higher basal respiration rates. De-
pletion of TIMMDCI1 (Fig. 4D and E, compare lanes 1 with 2 and
3) resulted in a substantial reduction in respiration (Fig. 4F and
G), indicating an important role for TIMMDCI in ETC output.

Loss of ETC activity is often associated with altered mitochon-
drial morphology (29, 30). In cells depleted of TIMMDCI ana-
lyzed by electron microscopy, control cells displayed the expected
mitochondrial morphology, including well-defined crista struc-
tures (Fig. 4H, arrowheads). In contrast, mitochondria in cells
depleted of TIMMDCI1 often had a swollen appearance and al-
tered crista structure (Fig. 4H, arrows). Taken together, these data
suggest an important role for TIMMDCI in CI function and mi-
tochondrial homeostasis.

BN-PAGE of TIMMDCI1 complexes. The interaction of
TIMMDCI1 with both CI core subunits and assembly factors (Fig.
2A) raised the question of whether TIMMDCI1 is a previously
unknown core CI subunit or, alternatively, whether it functions as
part of the assembly complex, which is known to bind to various
intermediates but to dissociate from fully formed CI. Using BN-
PAGE analysis, TIMMDC1 was detected in several complexes
ranging from ~0.8 to 0.3 MDa (Fig. 5A). Thus, TIMMDCI ap-
pears to be primarily associated with CI subcomplexes that are

March 2014 Volume 34 Number 5

TIMMDC1 Promotes Mitochondrial Complex | Assembly

-~ N -~ N
o O o O
[a s} o a
S = S s
Y= = s =
[ E E
L £ L L L
23 [} 23 [Z} [z}
1236
1045 1048 - ‘ 1048
720 720 720 |
480 480 3 480
242 2424 242
146 4 146
146
66{
12 3 —1 2 3
a-TIMMDC1 a-SDHA L aMIECO!
RA: 10 1.1 1.1 Refts s 10169 05
D - E = o F &= N
8 8 g 8 8 8
s = S =S s S
§ == = 2 = 2
£ EE £k £k
[Z} 2} 23 [} }/) 'l) [} [} [z}
i 1236 3 1236
1048 : 1048 , 1048
720 4 - 720 ‘ 720
480 - 480 -awm |
242 .
i 242
146 ; 146
12 3 66 66
a-UQCRC2 12 3 1_2 3
RA: 10 0.9 0.9 (>1 MDa) o-NDUFA9 a-NDUFA9
RA: 1.0 14 1.4(~0.7 MDa) (short expousure) (long expousure)

RA: 1.0 02 02(>1MDa) RA.: 1.0 29.828.8(~0.5MDa)

FIG 5 TIMMDCI depletion affects complex I assembly. BN-PAGE was fol-
lowed by immunotransfer to nitrocellulose membranes and probing with an-
tibodies directed against endogenous TIMMDCI, UQCRC2, MT-COl,
SDHA, and NDUFAY, as indicated, in HCT116 wild-type mitochondria (A) or
stable cell lines (B to F) expressing shFF2 or two different shRNAs targeting
TIMMDCI. In panel D, the asterisk denotes an anti-UQCRC2-positive com-
plex with a size expected for CIII plus CIV, and in panel F, the double asterisk
indicates a CI intermediate containing NDUFA9 formed upon TIMMDC1
depletion. Quantification of complexes (relative abundance [R.A.]) is pro-
vided under the immunoblots (see Materials and Methods). Molecular mass
markers (kDa) are shown on the left.

smaller than fully assembled CI migrating at >1 MDa (Fig. 5E and
F) (see Discussion).

Depletion of TIMMDCI1 affects CI assembly. BN-PAGE is a
commonly employed approach for examining the assembly state
of ETC complexes. Mitochondria from HCT116 cells stably ex-
pressing shFF2 or two independent shRNAs targeting TIMMDC1
were isolated and subjected to BN-PAGE and immunoblotting
with core subunits of ETC complexes. anti-SDHA (CII) was used
as aloading control, as it does not associate tightly with other ETC
components, and little change in CII was seen (Fig. 5B). Likewise,
little change in CIV was observed, as was seen using anti-MT-CO1
antibodies (Fig. 5C). In contrast, immunoblotting with the Q
module subunit NDUFAQ9 revealed a reduction in the abundance
of the fully formed CI at ~1 MDa with concomitant accumulation
of an NDUFA9-positive subcomplex migrating at ~0.48 MDa by
BN-PAGE (Fig. 5E and F, compare lanes 1 with lanes 2 and 3).
These data indicated that TIMMDCI functions at one or more
steps in CI assembly of the Q module. Interestingly, depletion of
TIMMDCI1 led to a small (~40%) increase in the abundance of an
~0.7-MDa anti-UQCRC2-positive (CIII) complex (likely CIII
and CIV) and a concomitant diminution of a >1-MDa anti-
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UQCRC2-positive complex we interpret as the ETC supercom-
plex (Fig. 5D).

Analysis of the role of TIMMDCI1 in CI assembly using quan-
titative proteomics. While BN-PAGE approaches coupled with
immunoblotting allow detection of assembly intermediates, it is
difficult to elucidate the components of these intermediates using
this approach, in part due to the paucity of antibodies against
individual components that recognize the antigen within the BN-
PAGE context. Recent work employed a spectral counting ap-
proach coupled with native gel fractionation to examine the role
of the MCIA component TMEM126B in CI assembly (15). In
order to provide a more quantitative approach for monitoring CI
complex assembly and to examine in greater detail the assembly
intermediates formed upon TIMMDCI depletion, we developed a
SILAC approach. Briefly, light HCT116 cells (cells grown in KO
medium) expressing shFF2 and heavy cells (cells grown in K8
medium) expressing ShTIMMDCI1 were mixed 1:1, and mito-
chondria were isolated (Fig. 6A). After lysis in 1% digitonin to
preserve the complexes, proteins were either separated by SEC
(Fig. 6B) or subjected to BN-PAGE (Fig. 6C). For SEC, fractions
were reduced, alkylated, trypsinized, and subjected to liquid chro-
matography-tandem MS (LC-MS-MS) (Fig. 6A). For the BN-
PAGE separation, 24 gel slices ranging from >1 MDa to ~0.1
MDa were excised, and the proteins were reduced, alkylated,
trypsinized, and subjected to proteomic analysis (Fig. 6A). The
SILAC ratios of heavy and light peptides for each protein in each of
the two experiments were independently plotted as a heat map
organized nominally based on known CI architecture (Fig. 6B and
C, where an increase in the heavy-to-light [H/L]ratio is shown in
red and a reduction in the H/L ratio is shown in green). We ob-
served a decrease in the fully assembled CI (Fig. 6B and C). We also
observed a dramatic increase in the abundances of numerous core
CI subunits in smaller complexes upon TIMMDCI1 depletion.
One cluster at ~0.5 to 0.7 MDa in the BN-PAGE experiment
contained NDUFB1, NDUFB3, NDUFB5, NDUFB6, NDUFB9,
NDUFB10, NDUFB11, NDUFA4, MT-ND4, and MT-ND5, and
several of these subunits were also detected in the SEC experiment
at a similar molecular mass (Fig. 6B and C). Moreover, several
components of the Q module (NDUFS2, NDUFS3, NDUEFS?7,
NDUES8, NDUFAS, and NDUFA9) were detected in a complex
centered at ~0.3 MDa (Fig. 6B and C). Additionally, subunits of
the N module (dehydrogenase) (NDUFV1, NDUFV2, and
NDUES1) were also found in a complex at ~0.25 MDa (Fig. 6B
and C). Based on these data and existing models for CI assem-
bly, our quantitative-proteomics data suggest that TIMMDC1
plays a role in merging the membrane-embedded MT-NDI1-
NDUFS2NDUFS3-NDUFS7-NDUES8—-NDUFA5-NDUFA9
complex with the partially membrane-embedded complex con-
taining MT-ND4, MT-NDS5, and NDUFB6 (Fig. 6D). These re-
sults are placed in the context of current models for assembly of CI
below (see Discussion).

TIMMDC1 Promotes Mitochondrial Complex | Assembly

Multiplex proteomics analysis of ETC components in mito-
chondria upon TIMMDC1 depletion. Previous studies suggested
that the abundances of particular subunits of CI are reduced upon
inhibition of assembly, including MT-ND1, MT-ND2, and Q
module subunits (31-33). To examine the effect of TIMMDCI1
depletion on the total abundance of ETC components, we per-
formed a 6-plex TMT experiment. Tryptic peptides of mitochon-
dria derived from HCT116 cells stably expressing shFF2 or
shTIMMDC1 in triplicate were each labeled with one of 6 isobaric
TMT reagents, which provide reporter ions for quantification of
the relative levels of each peptide identified over the 6 samples in a
single LC-MS? experiment (22) (Fig. 7A). We then determined the
TMT reporter ion intensities for all the peptides for each detected
protein in the ETC. Nineteen of 34 CI core subunits or assembly
factors displayed a reduction in abundance ranging from 10% to
45% under conditions where TIMMDCI was depleted by 90%
(Fig. 7B). MT-ND1, MT-ND2, NDUFA7, and NDUFB4 displayed
the greatest reductions in abundance (Fig. 7B). A reduction in
protein levels for NDUFA13 was confirmed by immunoblotting
with 2 independent siRNAs (Fig. 7C, compare lane 1 with lanes 2
and 3). In contrast, the abundances of two subunits of CII, five
subunits of CIII, 11 subunits of CIV, 13 subunits of CV, and 5
subunits of the TIMM translocon complex were not significantly
reduced upon TIMMDCI depletion (Fig. 7D). The absence of
general defects in the abundances of nuclear-DNA-encoded CII
to CV subunits provides further evidence that depletion of
TIMMDCI1 does not affect translocation through the TIMM23-
TIMM17 translocon and indicates that the reduction in CI sub-
units reflects defects in assembly. To ensure that the reduced levels
of CI subunits were posttranscriptional, we selected several sub-
units with reduced protein levels for gPCR analysis, including core
components (NDUFA9 and NDUFA13); the assembly factor
NDUFAF4; NDUFALI, containing a TIM17-TIM22-TIM23 do-
main (34); and TIMM21, which has been shown by qPCR analysis
to control OXPHOS stability (35). However, depletion of
TIMMDCI1 with 2 independent shRNAs did not affect transcript
levels by qPCR (Fig. 7E).

DISCUSSION

In this study, we employed interaction proteomics to systemati-
cally identify proteins associated with complex I of the electron
transport chain and its assembly machinery. In addition to many
core and mitochondrial-DNA-encoded subunits, we also identi-
fied subunits of CIII and CIV, as well as several mitochondrial
proteases and more than 2 dozen proteins not known to associate
with CI. Among the previously uncharacterized proteins was
TIMMDCI (C3orfl), which associated with multiple assembly
factors and core CI subunits in a reciprocal manner. TIMMDC1
contains 4 predicted transmembrane domains and is related
structurally to the TIM17-TIM22-TIM23 family of proteins.
TIMM23’s N-terminal and C-terminal extensions are localized in

FIG 6 Quantitative proteomics analysis of CI assembly. (A) Schematic representation of the SILAC-based quantitative mass spectrometry approach to analyzing
Classembly defects. Light (K0) labeled shFF2 and heavy (K8) labeled shTIMMDC1 stable cell lines were mixed ata 1:1 ratio, and mitochondria were subsequently
isolated and lysed with 1% digitonin. (B and C) Mitochondrial protein complexes were separated either by FPLC gel filtration (B) in a Superose 6 column or using
BN-PAGE (C) and sliced into 24 gel pieces. The proteins were subjected to tryptic digestion and analyzed by quantitative mass spectrometry. Heavy-to-light
(H:L) ratios were calculated for CI subunits and assembly factors. The ratios were plotted in heat maps, where values of <1 are represented in green and values
of >1 are represented in red. (D and E) Proposed model for the TIMMDC1 mechanism of action during CI assembly and the effect of TIMMDCI depletion on
the assembly process. Assembly intermediates observed to accumulate upon TIMMDCI depletion in panel E are color coded to match the boxes of the same
colors in panel C. The schematic representation is based on a previously proposed assembly model (11).
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FIG 7 Quantitative proteomic analysis of mitochondrial lysates reveals a selective decrease in CI subunit abundance upon TIMMDCI depletion. (A) Schematic
representation of the TMT-based quantitative mass spectrometry analysis of the total protein content in mitochondria isolated from shFF2 control or
shTIMMDCI1 HCT116 stable cell lines. (B and D) Bar graphs showing TMT intensities for subunits and assembly factors in CI (B) or complexes II to V and the
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the mitochondrial matrix, and we anticipate that the topology
of TIMMDCL1 is analogous to that of TIMM23. However,
TIMMDCI1 does not appear to interact with components of the
inner membrane translocon, and its depletion did not affect the
abundances of a wide array of ETC components in mitochondria.

The previously described MCIA CI assembly complex is com-
posed of ECSIT, ACAD9, NDUFAFI, and TMEM126B (15, 25,
26), and our data now suggest that TIMMDCI1 is also physically
associated with the MCIA complex and functions in CI assembly.
Depletion of TIMMDCI leads to defects in CI activity and re-
duced respiration in tissue culture cells, as also occurs with loss of
activity of other MCIA components. Neither stable expression nor
stable knockdown of TIMMDCI1 in 293T cells had an obvious
effect on mitochondrial mass or membrane potential (data not
shown).

CI assembly is a multistep process and involves coordinated
production of both soluble matrix and hydrophobic membrane-
embedded subassemblies (reviewed in reference 11). The early
assembly factor C20orf7 promotes incorporation of the mem-
brane arm MT-NDI subunit into the membrane (23, 36), which
then joins with a soluble arm subcomplex containing NDUES2,
NDUFS3, NDUFS7, NDUFS8, and NDUFA9 (37) with the assis-
tance of the NDUFAF3-NDUFAF4 assembly complex to produce
an ~0.4-MDa complex (38) (Fig. 6D). An independently formed
membrane arm subcomplex containing MT-ND2, MT-ND3,
MT-ND6, and NDUFB6 (~0.5 MDa) then assembles with the
~0.4-MDa complex to generate an ~0.8-MDa intermediate (10,
11). Subsequently, components of the N module, including
NDUFV1, NDUFV2, NDUFV3, NDUFS1, NDUFS4, NDUES6,
and NDUFA12, are added (11, 39, 40). The assembly factors are
thought to remain associated with the various intermediates until
the final step, where they dissociate to yield functional CI (Fig. 6D)
(11).

To probe TIMMDCT!’s role in CI assembly, we employed two
independent quantitative-proteomics approaches, SILAC and
TMT, to examine the effects of TIMMDCI depletion on CI assem-
bly. Using BN-PAGE or gel filtration to separate complexes and
intermediates prior to proteomics analysis, we identified a num-
ber of components that accumulate in distinct subcomplexes in-
dicative of assembly intermediates. We have interpreted our data
in the context of existing models (11); however, several subunits
have not yet been placed into the assembly pathway, and ambigu-
ity currently exists for a subset of CI components. We observed the
accumulation of 3 major species upon TIMMDCI depletion (Fig.
6B and C). First, by BN-PAGE, we observed an ~0.3-MDa com-
plex containing several components of the Q module, including
NDUFS2, NDUFS3, NDUFS7, NDUFS8, and NDUFAS5,9 (Fig. 6D
and E). The apparent mass of this complex, together with the
identification of NDUFAF4 accumulation in the same size range
(Fig. 6C), indicates that this intermediate likely corresponds to
intermediate 4 (Fig. 6D and E). This complex was also dramati-
cally increased in the gel filtration/SILAC analysis (Fig. 6B). Sec-

TIMMDC1 Promotes Mitochondrial Complex | Assembly

ond, in the BN-PAGE experiment, we observed strong accumula-
tion of components of the N module, including NDUFV],
NDUEFV2, and NDUEFS1, at ~0.25 MDa, suggesting that the block
in assembly due to TIMMDCI1 depletion occurs prior to addition
of the N module, which is thought to be a late step in the process
(Fig. 6D and E). Third, we observed an ~0.5- to 0.6-MDa complex
containing several B subunits, including NDUFB6, known to be
present in the independently assembled membrane arm (Fig. 6D
and E, b), as well as NDUFB1, NDUFB3, NDUFB5, NDUFB9,
NDUFB10,and NDUFB11. MT-ND4 and MT-ND5 also accumu-
lated in the same size range (Fig. 6B and C). Previous studies have
suggested that MT-ND4 and MT-ND5 are added after assembly of
the two membrane-embedded intermediates (Fig. 6D) (11), but
our results suggest the possibility that these two subunits have the
potential to assemble with the NDUFB6 complex when assembly
of the MT-ND1-Q module is blocked.

Components of the MCIA complex (ECSIT-TMEM126B-
NDUFAF1-ACADY) are known to associate with the ~0.46-
MDa NDUFB6-positive complex (Fig. 6D), and depletion of
TMEM126B leads to accumulation of the Q module-MT-ND1
intermediate 4 (15). In addition, depletion of ECSIT leads to the
accumulation of an ~0.5-MDa complex by BN-PAGE containing
MT-ND1 and NDUEFES3 (25), which likely corresponds to the Q
module-MT-ND1 intermediate 4, which we also observed with
TIMMDCI1 depletion (Fig. 6C to E). In addition, TMEM126B
depletion also leads to accumulation of an ~0.3-MDa intermedi-
ate containing NDUFB6 and NDUFB5 (15), which may be related
to the ~0.5-MDa complex we detected that also contains these
subunits (Fig. 6C to E).

While precise information on the architecture of CI interme-
diates upon depletion of previously characterized MCIA compo-
nents is limited, the available data are consistent with TIMMDC1
working together with MCIA to unite the Q module-MT-ND1
intermediate with the membrane arm intermediate b (Fig. 6D and
E). This is borne out by the interaction proteomics analysis of
TIMMDCl-associated proteins (Fig. 2A). First, TIMMDCI inter-
acts with 4 subunits of the MCIA complex. Second, TIMMDC1
associated with 4 subunits of the Q module (NDUFA9, NDUFSS,
NDUEFS7, and NDUFS2) and the Q module assembly complex
(NDUFAF3 and NDUFAF4), as well as MT-ND1. Third,
TIMMDCI1 associates with several components of the ~0.46-
MDa membrane intermediate, including MT-ND4, NDUFB4,
NDUFB5, NDUFB6, NDUFB8, NDUFB9, and NDUFBI0.
Fourth, TIMMDCI associates with components of the N module,
as well as NDUFS5, both of which assemble at a late step (Fig. 6D).
Thus, as with other CI assembly factors, it appears that TIMMDC1
remains associated with the growing complex throughout the pro-
cess (Fig. 6D). Further studies are required to define the effects of
TIMMDOCI1 loss on assembly of the supercomplex, but our results
suggest less CIII subunit UQCRC2 in BN-PAGE complexes of >1
MDa (Fig. 5D), which would be consistent with an inability to
fully form CI with TIMMDCI1 depletion (Fig. 5E).

TIM inner membrane translocase (D) in TIMMDCI stably depleted cells relative to an shFF2 control. The bars (with SEM) show the means of 3 technical
replicates. (C) Immunoblot analysis of NDUFA13 protein levels in 293T cells transfected with control siRNA or two different siRNAs targeting TIMMDCI. The
knockdown efficiency was analyzed with anti-TIMMDCI antibody, NDUFA13 protein levels were analyzed with anti-NDUFA13 antibody, and anti-PCNA was
used as a loading control. Molecular mass markers (kDa) are shown on the left. (E) Histogram showing qPCR analysis of expression of NDUFA13, ECSIT,
NDUFA9, NDUFAF4, NDUFA11, TIMM21, and TIMMDCI in shFF2 control or ssTIMMDC1 HCT116 stable cell lines. The bars (with SEM) show the means

of 3 biological replicates.
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Among MCIA components, TMEM126B is also predicted to
be a transmembrane protein. We speculate that TIMMDCI and
TMEM126B function as membrane anchors that assemble addi-
tional components of the MCIA complex, together with both the
Q module components and the major membrane arm (Fig. 6D
and E), and they may also function laterally in the membrane to
organize intermediates into a productive assembly pathway. In
this regard, the homology of TIMMDC1 with TIM17-TIM22-
TIM23 is intriguing and raises the possibility that TIMMDC1
functions to insert hydrophobic domains from CI subunits into
the membrane. In addition to sequence similarity within pre-
dicted transmembrane domain 2, TIMMDCI also contains a hy-
drophilic loop region found in the TIM17-TIM22-TIM23 family
(Fig. 3B). Interestingly, the membrane arm CI subunit NDUFA11
also contains sequence similarity to the transmembrane motifs in
TIM17-TIM22-TIM23 and TIMMDCI and possibly plays a role
in integration of transmembrane peptides into the membrane.

Previous studies have indicated that defects in early assembly
can also be associated with reduced levels of particular CI sub-
units, at least in part through the mitochondrial inner membrane
protease AFG3L2 (31). In particular, depletion of NDUFAF3 re-
sults in a decrease in MT-ND1 protein levels (31), and loss of
NDUFAFI leads to loss of MT-ND2 and components of the b
intermediate (Fig. 6D). Using multiplex quantitative proteomics
of CI, we observed reduced levels of several CI components (Fig.
7B). In particular, the levels of MT-ND1, MT-ND2,and NDUFA9—
components of intermediate 4, prominent in TIMMDC1-depleted
cells (Fig. 6D)—were reduced by 40 to 45%. Several additional A,
B, S, and V subunits were also affected to similar or lesser degrees
(Fig. 7B). Thus, loss of assembly via TIMMDCI may indirectly
lead to proteolytic loss of CI subunits. Further studies are neces-
sary to understand the fate of mitochondria displaying defects in
CI assembly, including the possibility that these damaged mito-
chondria are degraded through mitophagy, as is found for cells
deficient in coenzyme Q (41). As several CI assembly factors are
mutated in CI deficiency (reviewed in references 1 and 11), it is
possible that TIMMDC is also mutated in such diseases. Thus far,
exome sequencing for mitochondrial proteins in a limited num-
ber of patients has apparently not led to the identification of mu-
tations (42), and additional studies are likely warranted, given the
data reported here. Consistent with our inability to create cell lines
that substantially lack TIMMDCI1, Drosophila TIMMDCI has
been reported to be essential for viability (43), suggesting a crucial
role in mitochondrial function. Moreover, a complete under-
standing of CI assembly will likely require the development of
reconstituted systems with sufficient resolution to provide mech-
anistic clarity of the assembly process. This will likely require a
complete understanding of the components involved, aided here
by the identification of TIMMDCI, and may also be advanced
through the further development of quantitative proteomics, as
employed here.
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