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hNOA1 Interacts with Complex I and DAP3 and Regulates
Mitochondrial Respiration and Apoptosis*□S
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Mitochondria are dynamic organelles that play key roles in
metabolism, energy production, and apoptosis. Coordination of
these processes is essential to maintain normal cellular func-
tions. Here we characterized hNOA1, the human homologue of
AtNOA1 (Arabidopsis thaliana nitric oxide-associated protein
1), a large mitochondrial GTPase. By immunofluorescence,
immunoelectron microscopy, and mitochondrial subfraction-
ation, endogenous hNOA1 is localized within mitochondria
where it is peripherally associated with the inner mitochondrial
membrane facing the mitochondrial matrix. Overexpression
and knockdown of hNOA1 led to changes in mitochondrial
shape implying effects on mitochondrial dynamics. To identify
the interaction partners of hNOA1and to further understand its
cellular functions, we performed immunoprecipitation-mass
spectrometry analysis of endogenous hNOA1 from enriched
mitochondrial fractions and found that hNOA1 interacts with
both Complex I of the electron transport chain and DAP3
(death-associated protein 3), a positive regulator of apoptosis.
Knockdown of hNOA1 reduces mitochondrial O2 consumption
�20% in a Complex I-dependent manner, supporting a func-
tional link between hNOA1 and Complex I. Moreover, knock-
down of hNOA1 renders cells more resistant to apoptotic stim-
uli such as �-interferon and staurosporine, supporting a role for
hNOA1 in regulating apoptosis. Thus, based on its interactions
with bothComplex I andDAP3, hNOA1may play a role inmito-
chondrial respiration and apoptosis.

Emerging evidence indicates that mitochondrial metabo-
lism, apoptosis, and dynamics (fission and fusion) are closely
intertwined. Apoptosis and changes in metabolism are associ-
ated with morphological changes in mitochondria (1, 2). Con-
versely, when mitochondrial morphology is altered either by
mutations or altered expression of mitochondrial fission or

fusion proteins such as the dynamin like large G proteins Drp1
and Opa1, the cell’s susceptibility to apoptotic agents (3) or
ability to generate ATP (4, 5) is altered.
Apoptosis is controlled by a diverse range of cell signals,

which may originate either extracellularly (extrinsic inducers)
or intracellularly (intrinsic inducers), and mitochondria play
central roles in both pathways (6). The apoptotic pathways
involve a growing list of mitochondria-associated proteins,
such as Bad, cytochrome c, Smac, AIF, Bcl-2, and others, most
of which are located either on the outer mitochondrial mem-
brane (OMM)3 or in the intermembrane space (IMS) (7).
Recently, proteins of the mitochondrial matrix such as DAP3,
have also been shown to be involved in apoptosis (8). DAP3 has
been reported to be involved in both �-interferon- (9) and
tumor necrosis factor-�-induced (10) apoptosis as well as stau-
rosporine-induced mitochondrial fragmentation (11), but the
detailed mechanisms involved remain to be elucidated.
Besides their role in apoptosis, much more is known about

the functions of mitochondria in respiration and generation of
ATP. The electron transport chain in the inner mitochondrial
membrane (IMM) contains four major enzyme complexes
(Complexes I, II, III, and IV) that are involved in transferring
electrons from NADH (Complex I-linked) or FADH2 (Com-
plex II-linked) to O2 and in pumping protons out of the matrix
to create an electrochemical proton gradient, which is har-
nessed by ATP synthase to make ATP (12).
Despite the accumulating evidence showing intercommuni-

cation between mitochondrial metabolism, apoptosis, and
dynamics, how these processes are coordinated remains to be
elucidated. In this study we characterize hNOA1, the human
homologue of Arabidopsis thaliana nitric oxide-associated
protein, 1 (AtNOA1) (13). hNOA1 is a large G protein closely
related to dynamin that is associated with the IMM. Perturba-
tion of hNOA1 affects mitochondrial morphology, Complex
I-linked O2 consumption, and the cell’s susceptibility to apo-
ptotic stimuli, possibly through interactions with proteins such
as Complex I and DAP3.
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EXPERIMENTAL PROCEDURES

Vectors—Human hNOA1 (NP_115689) and human DAP3
(NP_004623) in pOTB7 cloning vector were purchased from
Open Biosystems (Huntsville, AL). hNOA1 or its truncation
mutants were subcloned by PCR using pOTB7-hNOA1 as a
template into pET28a(�) (Novagen), pGEX-KG (GE), and
pcDNA3.1/zeo(�) (Invitrogen) vectors. DAP3 was subcloned
by PCR into pcDNA3.1/zeo(�) and pET28a(�) vectors.
Sequences were verified by sequencing (DNA Sequencing
Shared Resource, University of California at SanDiego,Moores
Cancer Center).
Antibodies—Antiserum against human hNOA1was raised in

rabbits against the purified His6-tagged C terminus (amino
acids 67–698) of human hNOA1 and affinity purified on GST-
tagged hNOA1 coupled to CNBr-Sepharose 4B (Amersham
Biosciences) as previously described (14). Bound anti-hNOA1
IgG was eluted with 0.2 M glycine, HCl, pH 2.5, and neutralized
immediately with 1 M Tris. Other antibodies were obtained
from the following sources: monoclonal antibodies against
actin (Sigma-Aldrich), DAP3, and cytochrome c (BD Bio-
sciences), ATP synthase and Complex I (Invitrogen), PDI
(StressGen, MI), COX I (Mitosciences, OR), and mtHSP70
(Affinity BioReagents, CO). Polyclonal anti-PMP70 and Mrp-
S27 IgG were purchased from Zymed Laboratories Inc. (South
San Francisco, CA) and Novus Biologicals (Littleton, CO).
RNA Interference—The following small interfering RNA

(siRNA) oligonucleotides synthesized by Sigma-Aldrich were
used for RNAi knockdown of hNOA1: hNOA1-sense, 5�-GCA
UGG UUA UGU CGU AGG AdTdT-3�; hNOA1-antisense,
5�-UCC UAC GAC AUA ACC AUG CdTdT-3�; DAP3-sense,
5�-CCA GGU UCC AGU UGA GAG UdTdT-3�; DAP3-anti-
sense, 5�-ACU CUC AAC UGG AAC CUG GdTdT-3�. All oli-
gonucleotides were designed based on human sequences.
Scrambled RNA oligonucleotides (scramble II duplex, Dhar-
macon Research, CO) were used as controls. �25,000 HeLa
cells per well were seeded in 12-well plates. 24 h later, cells were
transfected with 2 �l of 50 �M siRNA duplex and 3 �l of Oligo-
fectamine (Invitrogen) per well. 72 h after transfection, cells
were either fixed in 2% paraformaldehyde (PFA) for immuno-
fluorescence or lysed directly on the plates with 2� Laemmli
sample buffer for SDS-PAGE followed by immunoblotting.
Preparation of Tissue Lysates for Immunoblotting—Rat tissue

fragments were minced into small pieces and homogenized
with a Dounce homogenizer in homogenization buffer (PBS
containing Complete protease inhibitor (Roche Applied Sci-
ence)). Homogenates were solubilized in 1% Triton X-100 at
4 °C for 1 hwith gentle rotation. Tissue lysateswere prepared by
centrifugation at 15,000� g for 30min (15). Protein concentra-
tions were determined by BCA assay (Pierce). Proteins (�120
�g) from each tissue lysate were resolved by 10% SDS-PAGE,
followed by immunoblotting with anti-hNOA1 IgG (15, 16).
Immunoblotting—Protein samples were resolved by 10% or

12% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Millipore). Membranes were blocked with 5%
nonfat milk in TBST (20 mM Tris-HCl, pH 7.5, 500 mM NaCl,
0.1%Tween 20) for 1 h at room temperature and incubatedwith
0.8 �g/ml affinity purified anti-hNOA1 IgG or other primary

antibodies for 2 h at room temperature or overnight at 4 °C,
followed by incubation with horseradish peroxidase-conju-
gated goat anti-rabbit IgG (Biodesign, 1:5000 in TBST contain-
ing 5% milk) or anti-mouse IgG (Bio-Rad, 1:3000 in TBST) for
1 h and detection by enhanced chemiluminescence (ECL)
(Pierce).
[�-32P]GTP Binding Assay—hNOA1 (amino acids 67–698)

and full-length G�i3 were amplified by PCR and subcloned into
pET28a(�) vector (Novagen). His6-G�i3 and His6-hNOA1-
(67–698) fusion proteins were expressed in Escherichia coli
BL21(DE3) (Stratagene), purified on nickel-nitrilotriacetic acid
beads (Qiagen), and eluted with 75 mM imidazole according to
the manufacturer’s instructions. The protein concentration for
each proteinwas determined by Bradford assay. Approximately
1.5 �g of the above fusion proteins and 1.5 �g of BSA were
suspended in 17 �l of binding buffer (25 mM HEPES, 25 mM
PIPES, pH 7.0, 2 mM MgCl2, 90 mM NaCl), respectively. The
reaction was started by adding 3 �l of 0.5�M [�-32P]GTP (3000
Ci/mmol, Amersham Biosciences) and incubated at room tem-
perature for 5 min. The reaction mixture was subsequently
placed on pre-chilled parafilm and irradiated in a UV Spec-
tralinkerTM 1800 (Spectrontics Corp.) at 254 nm for 5min with
samples 10 cm away from the UV lamp. After cross-linking,
samples were resolved by SDS-PAGE, and the gel was stained
with Coomassie Brilliant Blue (Sigma-Aldrich), destained and
dried, followed by autoradiography on BioMax MR film (East-
man Kodak) (17, 18).
Cell Culture and Transfection—HEK293, COS7, and HeLa

cells were maintained in Dulbecco’s modified Eagle’s high glu-
cose medium (DMEM, Invitrogen) containing 10% fetal bovine
serum (HyClone), penicillin, streptomycin, and glutamine
(Invitrogen). COS7 and HeLa cells were transfected using
FuGENE 6 (Roche Applied Science) according to the manufac-
turer’s instructions.
Immunofluorescence—COS7 or HeLa cells were fixed in 2%

PFA in 100mMphosphate buffer, pH 7.4, for 40min, permeabi-
lized with 0.1% Triton X-100 for 10 min, and incubated with
primary antibodies in 2% BSA for 1 h at room temperature,
followed by Alexa Fluor 594-conjugated goat anti-mouse
and/or Alexa 488 goat anti-rabbit F(ab�)2 (Molecular Probes)
for 1 h. Specimens were analyzed using a Zeiss Axio ImagerM1
equipped with a Hamamatsu Orca ER charge-coupled device
(16). Images were processed as tiff files using Adobe Photoshop
(Adobe Systems, San Jose, CA).
Immunogold Labeling—Rat kidneys were fixed overnight in

4% PFA/0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4,
pelleted in 10% gelatin in phosphate buffer, cryoprotected, and
snap frozen in liquid nitrogen. Ultrathin cryosections (70–90
nm) were cut at �100 °C on a Leica Ultracut UCT with an EM
FCS cryoattachment (Leica, IL) using a glass knife (Diatome
US), picked up with a 1:1 mixture of 2.3 M sucrose and 2%
methyl cellulose (15 cp), and transferred onto Formvar- and
carbon-coated copper grids. Sections were blocked and incu-
bated with primary antibodies for 2 h at room temperature,
followed by 5- or 10-nmgold conjugated to goat anti-rabbit IgG
(Amersham Biosciences) for 1 h. Sections were contrasted in
uranyl acetate in 1.8% methyl cellulose on ice. Grids were
viewed and photographed using a Philips CM-10 transmission
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electronmicroscope (FEI) equippedwith a 794Multiscan char-
ge-coupled device camera (Gatan) (19).
Preparation of Rat Liver Mitochondria—Mitochondria were

purified as described (20) with minor modifications. Fresh rat
liver was minced, washed, and homogenized with 30–40
strokes of a tight-fitting Potter-Elvehjem homogenizer in 15ml
of ice-cold MSHE plus BSA buffer (210 mM mannitol, 70 mM
sucrose, 5 mM HEPES, pH 7.4, with KOH, 2 mM EGTA, with
0.5% fatty-acid free BSA and Complete protease inhibitor
(RocheApplied Science)). The homogenatewas centrifuged (10
min at 600 � g) to remove nuclei and unbroken cells. The
supernatant was collected and centrifuged again at 15,000 � g
for 10min to pellet the crudemitochondrial fraction,whichwas
subsequently placed on top of a gradient of 35%Histodenz (Sig-
ma-Aldrich), 17.5% Histodenz, and 6% Percoll (Sigma-Al-
drich), followed by centrifugation at 19,000 rpm in an SW40 Ti
rotor (Beckman) for 1 h. The purified mitochondrial fraction
was collected from the 35% and 17.5%Histodenz interface, cen-
trifuged at 15,000 � g for 15 min, and resuspended in a small
volume of MSHE buffer.
Preparation of Mitochondria from HEK293 Cells—Prepara-

tion of mitochondria fromHEK293 cells was similar to that for
rat liver mitochondria with modifications. Briefly, cell pellets
from 35 15-cm dishes of HEK293 cells were washed (2�) with
MSHE plus BSA buffer and Complete protease inhibitor and
suspended in 20ml of the same buffer. Cells were homogenized
with 10 strokes of a zero-clearance homogenizer (Kontes Glass
Co.). The postnuclear supernatant was collected by centrifuga-
tion and centrifuged at 11,200 rpm to prepare a crude mito-
chondrial fraction. The pellet was washed twice with MSHE
plus BSA buffer and once with MSHE buffer, and suspended in
�500 �l of MSHE buffer. Protein concentration was deter-
mined by Bradford assay, and the fractions were kept on ice
until further use.
Mitochondrial Subfractionation—Approximately 150 �g of

mitochondria freshly isolated from HEK293 cells was resus-
pended in 100 �l of hypotonic medium (10 mM KCl, 2 mM
HEPES, pH 7.2) for 20 min on ice to swell mitochondria and
break the OMM, thereby releasing the proteins from the IMS
(21). The swollen mitochondria were subsequently centrifuged
at 11,200 rpm to collect the supernatant (which contains the
soluble IMS proteins) and the pellet, which was suspended in
the same volume as the supernatant. Equal volumes of super-
natant and pellet were separated by 12% SDS-PAGE, followed
by immunoblotting with anti-hNOA1, anti-cytochrome c, anti-
DAP3, and anti-Opa1 IgG.
For the trypsin digestion assay (22), trypsin (final concentra-

tion, 25 �g/ml) was added to swollen mitochondria for 20 min
at room temperature. Digestionwas stopped by adding soybean
trypsin inhibitor (100 �g/ml), and the samples were immedi-
ately boiled for 5min and separated by 12% SDS-PAGE. For the
high salt or alkaline washes (22), a swollenmitochondrial pellet
prepared as above was washed with either high salt buffer (200
mM KCl, 2 mM HEPES, pH 7.2) or alkaline solution (0.1 M
Na2CO3, pH 11.5) for 10 min on ice. After washing, samples
were centrifuged at 11,200 rpm. The supernatant and pellets
were collected, and the pellet was resuspended in the same vol-
ume (100 �l) of MSHE. Laemmli sample buffer was added to

the fractions, samples were boiled for 5 min, and the proteins
were separated by 12% SDS-PAGE for immunoblotting.
hNOA1 Tet-on Inducible Stable COS7 Cells—Tet-on-induc-

ible stable COS7 cells overexpressing hNOA1weremade using
the RevTet System (Clontech) according to the manufacturer’s
instructions. Cells stably expressing hNOA1 were cultured in
the presence or absence of 1 �g/ml doxycycline (Clontech) for
4 days to induce the expression of hNOA1. The induced cells
were identified by immunostaining with anti-hNOA1 IgG, and
mitochondria were immunostained with anti-cytochrome c
IgG. In each experiment, 12 fields were randomly selected, and
among the induced cells those with small, round mitochondria
versus normal filamentous mitochondria were counted. Statis-
tical analysis was performed by two-tailed Student’s t test.
Immunoprecipitation and Mass Spectrometry—Approxi-

mately 1 mg of mitochondria prepared from HEK293 cells was
lysed in 1% Triton X-100 in PBS containing Complete protease
inhibitors for 30 min. After centrifugation at 13,000 � g, the
supernatant was incubated with anti-hNOA1 or preimmune
IgG (40 �g) for 4 h at 4 °C, followed by incubation with 30 �l of
protein A-Sepharose CL-4B (Amersham Biosciences) for an
additional 1 h at 4 °C. The beads were washed (3�) with lysis
buffer and boiled in Laemmli sample buffer, and bound
immune complexes were analyzed by 10% SDS-PAGE (19),
stainedwith silver (QuestTM silver staining kit, Invitrogen), and
the bands obtained in the hNOA1 immunoprecipitates were
processed for protein identification by mass spectrometry as
described previously (23, 24).
Co-Immunoprecipitation—HEK293 cell lysates were pre-

pared as above in 1% Triton X-100 in PBS containing protease
inhibitors (0.12mg/ml phenylmethylsulfonyl fluoride, 2 mg/ml
leupeptin, and 1 mg/ml aprotinin). Cell lysates were incubated
with primary antibodies overnight at 4 °C, followed by incuba-
tion with protein A- or G-Sepharose (Calbiochem, San Diego,
CA) for an additional 1 h at 4 °C. Beads were washed (3�) with
lysis buffer and boiled in Laemmli sample buffer, and bound
immune complexeswere analyzed by SDS-PAGE and immuno-
blotting (19).
In Vitro Pulldown Assays—GST-hNOA1-(67–698) or GST

fusion proteins were purified on glutathione-Sepharose 4B
(Amersham Biosciences) as above. HEK293 cell lysates were
prepared from a 10-cm confluent plate with 1% Triton X-100
in PBS, plus Complete protease inhibitor. [35S]Met-labeled,
in vitro translation products of DAP3 were prepared using
the TNT T7 rabbit reticulocyte Quick Coupled Transcrip-
tion/Translation system (Promega, Madison, WI) in the
presence of [35S]Met (�1000 Ci/mmol, PerkinElmer Life
Sciences). His6-DAP3 was expressed in BL21(DE3) cells
(Stratagene) and purified on nickel-nitrilotriacetic acid-aga-
rose affinity resin (Qiagen) according to the manufacturer’s
instructions. His6-DAP3 fusion protein was eluted with 250
mM imidazole (Sigma-Aldrich). For pulldown assays, GST or
GST-hNOA1-(67–698) fusion proteins (�2 �g) immobi-
lized on beads were incubated with HEK293 cell lysate, in
vitro-translated DAP3 or 200 ng of purified His6-DAP3 in
PBS with 1% Triton X-100 in the presence of Complete pro-
tease inhibitor for 3 h at 4 °C, and washed (3�) with the same
buffer. Bound proteins were eluted with Laemmli sample
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buffer and resolved by SDS-PAGE. For the in vitro [35S]Met-
labeled DAP3 pulldown assay, the gel was stained with Coo-
massie Brilliant Blue, destained, and dried, followed by auto-
radiography on Kodak BioMax MR film (19). For the
HEK293 cell lysate and His6-DAP3 pulldown assays, bound
proteins were transferred to polyvinylidene difluoride mem-
branes followed by immunoblotting with anti-Mrp-S27 and
DAP3 IgG.

Measurement of O2 Consumption
on Digitonin-permeabilized Cells—
HeLa cells were treated with con-
trol or hNOA1-specific siRNA for
3 days and then trypsinized and
collected in DMEM. For measure-
ment of respiration in permeabi-
lized cells, 1.0 � 107 cells were
centrifuged, resuspended in 0.6 ml
of KCl medium (125 mM KCl, 2
mM K2HPO4, 20 mM HEPES, 1 mM
MgCl2, pH 7.0), transferred to the
Hansatech Oxytherm electrode
chamber (Hansatech Instruments,
PP Systems, Amesbury, MA), and
then permeabilized with 0.01% dig-
itonin in the presence of 5 mM glu-
tamate and 5 mM malate (Complex
I-linked) or 5 mM succinate (Com-
plex II-linked) in the presence of 2
�M rotenone as oxidizable sub-
strates. After addition of 10 �g/�l
oligomycin, maximal rates of elec-
tron flow through the electron
transport chain (state 3u) were sub-
sequently measured by titration
with the uncoupler carbonyl cya-
nide p-trifluoromethoxyphenylhy-
drazone (80 nM, Calbiochem) (25).
Cell Viability Assay—25,000 HeLa

cells per well were plated in
12-well plates. 24 h after plating
cells were transfected with con-
trol, hNOA1-specific, or DAP3-
specific siRNAwith Oligofectamine
(Invitrogen). 12 h after transfection,
the cell culture medium was
changed to fresh DMEM with 1000
units/ml of �-interferon for an addi-
tional 60 h. Cells were then
trypsinized, collected in 1 ml of
DMEM, and counted using a
Vi-Cell cell counter (Beckman
Coulter).
In Situ Cell Death Detection

(TUNEL Staining)—HeLa cells trans-
fected with control or hNOA1-spe-
cific siRNA for 3 days were treated
with 2 �M staurosporine (Sigma-Al-
drich) for different times. Cells were

fixed in 2% PFA for 40 min, and TUNEL staining was carried
out using the In Situ Cell Death Detection Kit TMR red (Roche
Applied Science), followed by 4�,6-diamidino-2-phenylindole
staining of nuclei.

RESULTS

hNOA1 Is a Large GTP-binding Protein—hNOA1, the
human homologue of A. thaliana AtNOA1, is 698 amino acids

FIGURE 1. hNOA1 is a large GTP-binding protein. A, domain organization of human hNOA1. MTS, mitochon-
drial targeting sequence; CC, coiled coil; LZ, leucine zipper; GTPase, GTPase domain. B, immunoblot showing
the expression of hNOA1 in rat tissues. hNOA1 is ubiquitously expressed in all tissues tested with slightly higher
expression in heart (H), kidney (K), and lung (Lu) followed by skeletal muscle (SM) and liver (Li), and the lowest
expression in pancreas (P) and spleen (Sp). In brain (B), a slightly higher band was detected. Equal aliquots
(�120 �g of protein) of each tissue lysate were separated by 10% SDS-PAGE, transferred to polyvinylidene
difluoride membranes, and immunoblotted with anti-hNOA1 IgG. C: Upper panel, hNOA1 binds [�-32P]GTP in
vitro. [�-32P]GTP binds to His6-G�i3 (lane 1) and His6-hNOA1 (lane 2), but not BSA (lane 3). The �40-kDa band in
lane 2 is most likely a degradation product of His6-hNOA1. Equal amounts (1.5 �g) of His6-G�i3, His6-hNOA1,
and BSA shown by Coomassie Blue staining (lower panel) were incubated with [�-32P]GTP (upper panel), fol-
lowed by UV cross-linking, SDS-PAGE, and autoradiography.

FIGURE 2. Endogenous hNOA1 is localized on mitochondrial cristae. A–C, immunofluorescence showing
endogenous hNOA1 colocalizes with the mitochondrial marker cytochrome c (Cyt C) in COS7 cells (yellow in
merge image). D–F, endogenous hNOA1 does not colocalize with the Golgi marker ERGIC-53. COS7 cells were
fixed in 2% PFA and incubated with affinity-purified rabbit anti-hNOA1 IgG (1:500) and mouse anti-cytochrome
c (1:1000) or anti-ERGIC-53 (1:250) IgG, followed by goat anti-rabbit Alexa Fluor-594 (1:500) and anti-mouse
Alexa Fluor-488 (1:500) F(ab�)2, and examined by immunofluorescence. G, immunogold labeling demonstrat-
ing that hNOA1 is associated largely with the cristae (arrows) but not the OMM (arrowheads). Ultrathin cryo-
sections of rat kidney were prepared as described under “Experimental Procedures” and labeled with anti-
hNOA1 IgG followed by 10 nm gold, goat anti-rabbit IgG conjugates. Bar � 1 �m.
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with a predicted molecular mass of 78 kDa. hNOA1 contains a
mitochondrial targeting sequence, two coiled-coil regions, a
leucine zipper, and a GTPase domain (Fig. 1A). hNOA1 is
highly conserved through evolution from prokaryotes to
eukaryotes, especially within the GTP-binding domain (18).
The Arabidopsis homologue of hNOA1 was originally identi-
fied as amitochondrial NOS (nitric-oxide synthase) and named

AtNOS1 based on its sequence
homology to Helix pomatia NOS
(26, 27). Although the Arabidopsis
NOS1 mutant was shown to be
impaired in NO (nitric oxide) syn-
thesis, it has been controversial
whether the recombinant AtNOS1
protein or its ortholog purified from
Escherichia coli are able to catalyze
NOS reactions in vitro (28, 29).
Consequently, it was suggested that
AtNOS1 be renamed to AtNOA1
for NO associated protein in A.
thaliana (30).
To examine the tissue distribu-

tion of hNOA1, we generated an
affinity-purified rabbit polyclonal
antibody against hNOA1 and per-
formed immunoblotting on rat tis-
sue lysates. As shown in Fig. 1B, we
found that hNOA1 is ubiquitously
expressed in all tissues tested, with
slightly higher expression in heart,
kidney, and lung, lower expression
in brain, liver, and skeletal muscle,
and lowest expression in pancreas
and spleen. In brain, a slightly
higher molecular weight band was
observed than in other tissues.
To testwhetherhNOA1 is indeeda

GTP-binding protein, we performed
an [�-32P]GTP binding assay and
found that both His6-hNOA1 and
His6-G�i3 (used as a positive control)
bind [�-32P]GTP (Fig. 1C), whereas
BSA (negative control) did not bind
under the same conditions, suggest-
ing that hNOA1 is a bona fide GTP-
binding protein.
Endogenous hNOA1 Is Localized in

Mitochondria—TheV5-taggedmouse
homologue of hNOA1 was shown
previously to be localized in mito-
chondria when expressed in COS1
cells (30). To examine the localiza-
tion of endogenous hNOA1, we
used affinity-purified anti-hNOA1
IgG and performed double labeling
for hNOA1 and cytochrome c, a
mitochondrial marker, ERGIC 53, a
cis-Golgi marker (31), and LAMP2,

a lysosomal marker (32). We found that staining for endoge-
nous hNOA1 overlapped with cytochrome c (Fig. 2, A–C) but
not with ERGIC 53 (Fig. 2, D–F) or LAMP2 (data not shown).
We confirmed themitochondrial localization of hNOA1 by co-
immunostaining with two additional mitochondrial markers
(ATP synthase and Complex I) in HeLa, Clone 9, and HEK293
cells (data not shown).

FIGURE 3. hNOA1 is peripherally associated with the IMM facing the matrix. A, hNOA1 and ATP synthase
(mitochondrial marker) are enriched in purified rat liver mitochondria (lane 1), which lack PMP70 (peroxisome
marker) and protein disulfide isomerase (PDI) (ER marker). PMP70 and PDI are detected in a crude mitochon-
drial fraction (lane 2). Mitochondria were prepared from rat liver by differential centrifugation and further
enriched by Histodenz gradient centrifugation. �20 �g of the crude (lane 2) and purified (lane 1) fractions were
separated by 10% SDS-PAGE and immunoblotted for hNOA1, ATP synthase, PMP70, or PDI. B, hNOA1 is not
released by mitochondrial swelling. hNOA1, Opa1, and DAP3 are found exclusively in the pellet (P) (lane 3),
which contains proteins on or associated with the IMM and matrix. A fraction of the cytochrome c was released
into the supernatant (S) with the soluble IMS proteins (lane 2) as expected. �150 �g of mitochondria prepared
from HEK293 cells by differential centrifugation were swollen with hypotonic medium to break the OMM,
keeping the IMM intact. The swollen mitochondria were pelleted by centrifugation, the supernatant (S) con-
taining the soluble proteins released from the IMS was collected, and the pellet (P) was suspended in the same
volume as the supernatant. Equal volumes of supernatant and pellet were separated by 12% SDS-PAGE, fol-
lowed by immunoblotting for hNOA1, cytochrome c, DAP3, and Opa1. C, hNOA1 and DAP3 are resistant to
trypsin digestion, whereas Opa1 is susceptible to trypsin digestion of swollen mitochondria (lane 2). Digestion
of Opa1 is expected based on its localization on the IMM facing the intermembrane space. After adding 1%
Triton X-100, hNOA1, Opa1, and DAP3 are digested by trypsin (lane 3). Mitochondria, prepared and swollen as
in B, were incubated with or without 25 �g/ml trypsin and/or 1% Triton X-100 for 20 min. After incubation, the
trypsin activity was stopped by addition of soybean trypsin inhibitor, and samples were immunoblotted for
hNOA1, DAP3, and Opa1. D, hNOA1 is extracted by sodium carbonate (pH 11.5), but not by high salt (KCl).
hNOA1, Opa1, and DAP3 remain in the pellet (P) after the high salt (KCl) wash (lane 2), but are extracted and
released into the supernatant (S) after sodium carbonate treatment (pH 11.5, lane 3). As a control, cytochrome
c can be extracted by both high salt (KCl) and sodium carbonate (pH 11.5) treatment (compare lanes 4 and 5
with lanes 2 and 3). COX I, an integral membrane protein, remains in the pellet after high salt or sodium
carbonate (pH 11.5) treatment (lanes 2 and 3). A swollen mitochondrial pellet prepared as in B, was suspended
and washed in either high salt or sodium carbonate (200 mM KCl) as described under “Experimental Proce-
dures.” After extraction, the suspension was centrifuged to yield the supernatant (S) and pellet (P), which was
suspended in the same volume as the supernatant. An equal volume of each fraction was immunoblotted for
hNOA1, Opa1, DAP3, Cox I, and cytochrome c.
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To investigate the mitochondrial localization of hNOA1 at
higher resolution, we carried out immunogold labeling of
endogenous hNOA1 using affinity-purified anti-hNOA1 IgG
on ultrathin cryosections of rat kidney tissue. By electron
microscopy, gold particles were found predominantly inside
mitochondria where they were closely associated with the
mitochondrial cristae, but few or no gold particles were seen on
the OMM (Fig. 2G). These results confirm the localization of
hNOA1 in mitochondria and suggest its association with the
IMM, IMS, or mitochondrial matrix, but not the OMM.
hNOA1 Is Enriched in Purified Rat Liver Mitochondria—To

obtain biochemical confirmation of the distribution of hNOA1
inmitochondria, we preparedmitochondrial fractions from rat
liver by differential centrifugation followed by Histodenz gra-
dient centrifugation. The purity of mitochondria was moni-
tored by enrichment of ATP synthase and absence of peroxiso-
mal (PMP70) and ER (PDI) markers. hNOA1 as well as ATP
synthase were found to be enriched (2- to 3-fold) in the purified
mitochondrial fraction compared with fractions prepared by
differential centrifugation (Fig. 3A). Collectively, the results

obtained by immunofluorescence,
immunoelectron microscopy, and
cell fractionation establish that
endogenous hNOA1 is a bona fide
mitochondrial protein.
hNOA1 Is Localized on theMatrix

Side of the IMM—To pinpoint the
specificmitochondrial subcompart-
ment in which hNOA1 is located,
we carried out mitochondrial sub-
fractionation. Mitochondrial frac-
tions prepared from HEK293 cells
by differential centrifugation were
swollen in hypotonic medium,
which releases the content of the
IMS.We found that a fraction of the
cytochrome c (which is present both
in the IMS and on the IMM facing
the IMS (33, 34)) was released into
the supernatant by this treatment
(Fig. 3B). hNOA1, together with
DAP3 (located on the matrix side of
the IMM (8)) and Opa1 (a periph-
eral membrane protein associated
with the IMM facing the IMS (35))
remained in the pellet (Fig. 3B). To
further investigate the topology
of hNOA1, we carried out trypsin
digestion on swollen mitochondria.
We found that, as expected, Opa1
(located on the IMM facing the
IMS) was completely digested when
trypsin was added to the swollen
mitochondria, whereas hNOA1 and
DAP3 (located on the IMM facing
the matrix) were protected from
trypsin digestion (Fig. 3C). These
data indicate that hNOA1 is associ-

ated either with the inner surface of the IMM facing the matrix
or the mitochondrial matrix.
To determine which is the case, we performed high salt (200

mMKCl) or high pH (sodium carbonate, pH 11.5) extraction on
a swollen mitochondrial pellet and found that hNOA1, Opa1,
andDAP3were extracted by sodium carbonate, but not by high
salt (Fig. 3D). Cytochrome cwas extracted by both high salt and
sodium carbonate (21). The integral membrane protein COX I
(cytochrome c oxidase, subunit 1), remained in the pellet after
high salt or sodium carbonate extraction as expected. From
these results we conclude that hNOA1 is a peripheral mem-
brane protein that is tightly bound to the IMM. This is consist-
ent with the fact that it lacks a putative transmembrane domain
based on amino acid sequence. From these data together with
the results from trypsin digestion, we conclude that hNOA1 is
peripherally anchored to the IMM facing the matrix.
Overexpression or Depletion of hNOA1 AffectsMitochondrial

Morphology—To further investigate the role of hNOA1 in
mitochondria, we generated Tet-on-inducible COS7 cells sta-
bly expressing hNOA1. We found that, after inducing expres-

FIGURE 4. Changes in hNOA expression affect mitochondrial dynamics. A–C, in COS7 cells with high levels
of hNOA1 expression (asterisk), mitochondria as marked by cytochrome c (Cyt C) staining often become
small and round. D–F, in uninduced cells (triangles) mitochondria are more filamentous (see also Fig. 2, A–C).
Tet-on hNOA1-inducible stable COS7 cells were treated or not with 1 �g/ml doxycycline for 4 days, followed by
fixation and immunofluorescence as in Fig. 2, A–C. G, in control COS7 cells (�DOX), �95% of the cells show
normal filamentous mitochondria and �5% have small round mitochondria. After induction of hNOA1 expres-
sion (�DOX), �41% of the cells show small round mitochondria. 20,000 Tet-on hNOA1-inducible stable COS7
cells were plated per well in 12-well plates with or without 1 �g/ml doxycycline for 4 days. Cells were fixed and
processed for immunofluorescence with anti-hNOA1 and anti-cytochrome c IgG. The total number of cells in 12
randomly selected fields (250 for �Dox; 338 for �Dox) were counted based on 4�,6-diamidino-2-phenylindole
nuclear staining, and those with small and round mitochondria were counted. H, immunoblot showing that
hNOA1 is efficiently induced after addition of 1 �g/ml doxycycline (�Dox) for 4 days. hNOA1 Tet-on-inducible
COS7 cells plated in 12-well plates were treated with (�Dox) (lane 2) or without (�Dox) (lane 1) doxycycline for
4 days. After induction, cells were lysed directly on the plate with 2� sample buffer followed by 10% SDS-PAGE
and immunoblotting with anti-hNOA1 and anti-actin IgG. I, immunoblot showing that hNOA1 is efficiently
depleted by siRNA specific for hNOA1. COS7 cells were transfected with control (lane 1) or hNOA1-specific
siRNA (lane 2) using Oligofectamine. After 3 days of transfection, cells were lysed directly in sample buffer,
followed by immunoblotting with anti-hNOA1 and anti-actin IgG. J and K, COS7 cells were similarly transfected
with control (J) or hNOA1-specific (K) siRNA and examined by electron microscopy. In cells transfected with
hNOA1 siRNA, the mitochondria (m) appear larger, and the mitochondrial matrix has a lower density than in
controls. Bar � 1 �m.
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sion of hNOA1 with doxycycline, mitochondria became small
and round inmany of the induced cells (Fig. 4,A–C), whereas in
uninduced cells mostly filamentous mitochondria were seen
(Fig. 4,D–F). Quantification revealed that�40% of the induced
cells showed small roundmitochondria versus�5%of the unin-
duced cells (Fig. 4G). No cytochrome c release into the cytosol
was observed when hNOA1 was induced by addition of doxy-
cycline (Fig. 4, A–C). By immunoblotting hNOA1 expression
was increased �3-fold in cells induced with doxycycline
compared with those incubated in the absence of doxycy-
cline (Fig. 4H).

Next we investigated the effects
of depleting hNOA1 on mitochon-
drial morphology. Transfection of
hNOA1 siRNA into COS7 cells led
to a decrease of �90% in the level of
hNOA1 expression (Fig. 4I). Strik-
ingly, many of the mitochondria in
hNOA1 siRNA-transfected cells
appeared larger and more swollen
(Fig. 4K) than mitochondria in con-
trol siRNA-transfected cells (Fig.
4J). Electron microscopic analysis
revealed dramatic changes in the
internal organization of the mito-
chondria especially in the arrange-
ment of the cristae and the density
of the mitochondrial matrix when
hNOA1 was depleted (Fig. 4, J–K).
Many of themitochondria showed a
matrix with lower density and sim-
plified, more vesicular cristae than
in controls.
Identification of hNOA1 Inter-

action Partners through IP-MS
Analysis—To identify the interact-
ing partners of hNOA1 and gain
insights into itsmitochondrial func-
tions, we carried out immunopre-
cipitation with anti-hNOA1 or
preimmune IgG on enriched mito-
chondrial fractions prepared from
HEK293 cells. Silver staining of
immunoprecipitates revealed that
the anti-hNOA1 IgG specifically co-
immunoprecipitated four protein
bands that were not observed in
immunoprecipitates obtained with
preimmune serum. By tandemmass
spectrometry analysis (Fig. 5A), the
�75-kDa band was identified as
consisting of both hNOA1 and the
75-kDa subunit of Complex I. Com-
plex I is the first complex of the elec-
tron transport chain and spans the
IMMwith some subunits facing the
matrix (36). The two bands at �40
kDa were identified as DAP3 (also

known as Mrp-S29) and Mrp-S27 (mitochondrial ribosomal
protein, S27), both of which are localized to the matrix side
of the cristae (8, 37). The band at �17 kDa was identified as
Mrp-L12.
hNOA1 Interacts with Complex I and Affects O2 Consump-

tion in aComplex I-dependentManner—To confirm the inter-
action between hNOA1 and Complex I, we performed
immunoprecipitation with anti-hNOA1 IgG followed by
immunoblotting with antibodies that recognize the 30- and
39-kDa subunits of Complex I. Immunoprecipitated hNOA1
was able to precipitate the 30- and 39-kDa subunits of Complex

FIGURE 5. hNOA1 interacts with Complex I of the electron transport chain and regulates NADH-linked
mitochondrial O2 consumption. A, silver-stained gel of immunoprecipitates obtained with anti-hNOA1 or
preimmune (Pre) IgG. Bands present only in the hNOA1 immunoprecipitates (arrows) were identified by mass
spectrometry as hNOA1, Complex I, 75 kDa (CI-75 kDa), DAP3/Mrp S29, Mrp S27, and Mrp L12. �1 mg of
enriched mitochondria prepared from HEK293 cells by differential centrifugation were incubated with 40 �g of
anti-hNOA1 or preimmune IgG. Immune complexes were bound to 30 �l of protein A-Sepharose beads and
separated by 10% SDS-PAGE, followed by silver staining. B, hNOA1 coimmunoprecipitates with the 39 kDa
(CI-39kD) and 30 kDa (CI-30kD) subunits of Complex I, but not subunit IV of Complex IV. Immunoprecipitates
obtained with anti-hNOA1 and preimmune (Pre) IgG were separated by SDS-PAGE and immunoblotted for
hNOA1, CI-39 kDa, CI-30 kDa and subunit IV of Complex IV. C, GST-hNOA1 interacts with the 39-kDa subunit of
Complex I in GST-pulldown (PD) assays. Immobilized recombinant GST or GST-hNOA1 (�2 �g each) were
incubated with HEK293 cell lysates for 4 h, followed by washing with lysis buffer. Upper panel, proteins bound
to immobilized fusion proteins were eluted with 2� sample buffer for SDS-PAGE and immunoblotted with
anti-CI-39 kDa IgG. Lower panel, Coomassie Blue staining showing the amount of GST or GST-hNOA1 fusion
proteins used for the pulldown assay. D, duplicate experiments validating knockdown of hNOA1 expression by
hNOA1 siRNA. hNOA1 is depleted �90% (lanes 2 and 4) compared with controls (lanes 1 and 3). The amounts of
other mitochondrial proteins, such as mtHSP70, DAP3 and cytochrome c are similar in control and hNOA1
siRNA-treated samples. HeLa cells (160,000) from control or hNOA1 siRNA-treated samples were lysed directly
in 2� sample buffer, followed by SDS-PAGE, and immunoblotting for mitochondrial markers. E, knockdown of
hNOA1 leads to decreased O2 consumption in a manner dependent on Complex I, but not Complex II-linked
substrates. The rate of O2 consumption is similar between control and hNOA1 siRNA-treated samples when the
cells are either intact or digitonin-permeabilized and supplemented with succinate (plus rotenone). In con-
trast, the O2 consumption is reduced �20% in hNOA1 depleted cells versus controls when cells are supple-
mented with the Complex I-linked substrates, glutamate and malate. 1.0 � 107 intact or digitonin-permeabi-
lized HeLa cells transfected with control or hNOA1 siRNA were suspended in 0.6 ml of KCl medium in the
presence of 5 mM glutamate and malate or 5 mM succinate and 2 �M rotenone. The maximal O2 consumption
rates (state 3u) were measured with a Hansatech Oxytherm electrode by titration with the uncoupler 80 nM

carbonyl cyanide p-trifluoromethoxyphenylhydrazone.
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I, but not subunit IV of Complex IV (Fig. 5B). We were not able
to test the association between hNOA1 and the 75-kDa subunit
of Complex I in co-immunoprecipitation experiments due to
the lack of availability of antibodies commercially.We also con-
firmed the interaction betweenhNOA1and the 39-kDa subunit
of Complex I in an in vitroGST-hNOA1 pulldown assay. GST-
hNOA1, but not GST alone, was able to pull down the 39-kDa
subunit of Complex I from HEK293 cell lysates (Fig. 5C).

Complex I is the first element of the electron transport chain.
It, together with Complex II, receives electrons fromNADH or
FADH2, respectively, and passes them along the electron trans-
port chain. When ATP is generated by ATP synthase, O2 is
consumed to react with protons and electrons to form H2O
(38). To explore the biological functions of the interaction
between hNOA1 and Complex I, we depleted endogenous
hNOA1 by siRNA (Fig. 5D) and measured O2 consumption in
digitonin-permeabilized HeLa cells (Fig. 5E). Glutamate and
malate or succinate (plus rotenone) were added to the perme-
abilized cells as substrates to drive theComplex I- or II-depend-
ent O2 consumption, respectively (25). After incubation, max-
imal O2 consumption rates weremeasured by titration with the
mitochondrial uncoupler carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone with a Hansatech Oxytherm electrode
(25). We found that when glutamate and malate were used as
substrates the maximal rate of O2 consumption was reduced
�20% in cells in which hNOA1 was depleted compared with
controls (Fig. 5E). However, no difference in O2 consumption
was observed between control and hNOA1-depleted cells when
cells were intact or supplemented with the Complex II-linked
oxidizable substrate, succinate (plus rotenone) (Fig. 5E), indi-
cating that hNOA1 regulates the activity of Complex I, but not
succinate-dependent respiration. However, succinate-depend-
ent rates or respiration in HeLa cells are uncharacteristically
lower than glutamate/malate-dependent rates (39), suggesting
rate limitation by other than oxidation at the electron transport
chain.
hNOA1 Directly Interacts with DAP3 and Regulates the Cel-

lular Apoptotic Response—In addition to Complex I, we also
identified DAP3 as a putative hNOA1 interacting protein from
our IP-MS analysis (Fig. 5A). We validated the interaction
between hNOA1 and DAP3 by co-immunoprecipitation and
GST-hNOA1 pulldown assays in which we found that hNOA1
IgG was able to coimmunoprecipitate endogenous DAP3 (Fig.
6A), andGST-hNOA1but notGSTalone,was able to pull down
DAP3 from HEK293 cell lysates (Fig. 6B).
To test whether hNOA1 is able to directly interact with

DAP3 we performed pulldown assays with purified recombi-
nant GST-hNOA1 or GST and in vitro translated [35S]Met-
labeled DAP3 or purified recombinant His6-tagged DAP3. We
found that GST-hNOA1was able to specifically pull down both
[35S]Met-DAP3 (Fig. 6C) and His6-DAP3 (Fig. 6D). Collec-
tively, these results indicate that hNOA1 is able to directly
interact with DAP3.
DAP3 was first identified as a positive regulator for �-inter-

feron-mediated apoptosis, because inactivation of DAP3 by
antisense RNA protected cells from �-interferon-induced cell
death (10). To determine whether knockdown of hNOA1 has a
similar effect we carried out a cell viability assay in the presence

of �-interferon.We found that twice asmany hNOA1-depleted
HeLa cells survived than controls in the presence of �-inter-
feron and more survived compared with DAP3-depleted cells
(Fig. 6E), suggesting depletion of hNOA1 protects cells from
�-interferon-mediated apoptosis.
hNOA1 Knockdown Protects Cells from Staurosporine-in-

duced Apoptosis—DAP3 was also reported to be involved in
staurosporine-induced mitochondrial fragmentation (11),
which leads to apoptosis, and recently it was also found that
overexpression of the mouse homologue of hNOA1,
mAtNOS1, leads to apoptosis in human neuroblastoma cells
and humanmammary adenocarcinoma cells (40, 41). To exam-
ine whether hNOA1 affects staurosporine-induced apoptosis,
HeLa cells transfected with control or hNOA1 siRNA were
treated with staurosporine (for 5 h), followed by detection of in
situ cell death by TUNEL staining. We found that cells trans-
fected with hNOA1 siRNA (Fig. 7, C andD) showed less prom-
inentTUNEL staining after staurosporine treatment than those
transfectedwith control siRNA (Fig. 7,A andB). Quantification
revealed that 45%of the hNOA1-depleted cells showedTUNEL
staining compared with 72% of controls (Fig. 7E). Besides
TUNEL staining, we also examined cytochrome c release, a
hallmark of staurosporine-induced apoptosis. Without stauro-

FIGURE 6. hNOA1 directly interacts with DAP3 and regulates �-interferon
induced apoptosis. A, hNOA1 coimmunoprecipitates with endogenous
DAP3. Immunoprecipitates obtained from equal aliquots of HEK293 cell
lysates with anti-hNOA1 and preimmune (Pre) IgG were separated by SDS-
PAGE and immunoblotted with antibodies against hNOA1 and DAP3. B, GST-
hNOA1 but not GST alone specifically interacts with endogenous DAP3 from
HEK293 cells in GST-pulldown assays. Pulldown assays were carried out as in
Fig. 5C. C, in vitro translated, [35S]Met-labeled DAP3 binds to GST-hNOA1, but
not GST alone. GST-hNOA1 and GST alone (�2 �g each) immobilized on glu-
tathione beads were incubated with in vitro translated DAP3. Bound proteins
were separated by SDS-PAGE and detected by autoradiography. D, GST-
hNOA1 but not GST alone, interacts with purified His6-DAP3. GST-hNOA1 and
GST alone (�2 �g each) immobilized on glutathione beads were incubated
with �200 ng of recombinant His6-DAP3 purified from E. coli. Bound proteins
were separated by SDS-PAGE, followed by immunoblotting with anti-DAP3
IgG. E, depletion of hNOA1 or DAP3 renders cells more resistant to �-interfer-
on-induced apoptosis. HeLa cells were plated and transfected with control,
hNOA1, or DAP3 siRNA and placed in fresh DMEM containing 1000 units/ml
�-interferon. 2.5 days later, cells were trypsinized and collected in 1 ml of fresh
DMEM and counted using a Vi-Cell cell counter (Beckman Coulter).
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sporine treatment, no release of cytochrome c was observed by
immunofluorescence in either controls (Fig. 7, F–H) or hNOA1
(Fig. 7, I–K)-depleted cells. By contrast, after staurosporine

treatment �37% of the control
siRNA-transfected cells showed
cytochrome c release into the cyto-
plasm (Fig. 7, L–N), whereas�7% of
hNOA1 siRNA-transfected cells
showed cytochrome c release (Fig. 7,
O–R). Furthermore, we observed
that mitochondria became small
and round in control siRNA-trans-
fected cells upon staurosporine
treatment as previously reported by
others (42). Interestingly, when
hNOA1 was down-regulated by
siRNA this morphological change
was delayed compared with that in
control siRNA-transfected cells.
After prolonged treatment (�6 h)
the mitochondria became small and
round, released cytochrome c and
became apoptotic. We conclude
that depletion of hNOA1 partially
protects cells from staurosporine-
induced apoptosis.

DISCUSSION

In this study we localized endog-
enous hNOA1 by immunoelectron
microscopy andmitochondrial sub-
fractionation, established its pres-
ence in mitochondria, and demon-
strated that it is peripherally
associated with the IMM facing the
matrix.We also identified two novel
interacting partners of hNOA1
through IP-MS analysis. Endoge-
nous hNOA1 was found to interact
with both Complex I of the electron
transport chain andDAP3, a protein
involved in apoptosis. siRNA deple-
tion of hNOA1 led to a decrease in
mitochondrial O2 consumption in a
Complex I-dependent manner and
made cells less susceptible to �-in-
terferon and staurosporine-induced
apoptosis, suggesting a functional
link between hNOA1, Complex I,
and DAP3. Thus hNOA1 plays a
role in regulating both mitochon-
drial respiration and apoptosis.
The Arabidopsis homologue of

hNOA1 was first identified as a
putative mitochondrial nitric-oxide
synthase (NOS) (26), but neither the
AtNOS1/AtNOA1 fusion protein
or its homologues were found to

have NOS activity (28). Based on the finding that the AtNOA1
mutant showed impaired NO synthesis (26), it is possible that
AtNOA1 might associate with other unknown proteins to reg-

FIGURE 7. hNOA1 knockdown protects cells from staurosporine-induced apoptosis. HeLa cells transfected
with control siRNA (A and B) or hNOA1 siRNA (C and D) for 3 days were treated with 2 �M staurosporine for 5 h
after which cells were fixed in 2% PFA, followed by TUNEL staining (red nuclear staining in A and C) to detect
apoptotic cells and 4�,6-diamidino-2-phenylindole staining (DAPI) (B and D). Fewer cells show TUNEL staining
in hNOA1-depleted cells then in controls (compare A and C). E, quantification reveals that cells transfected with
hNOA1 siRNA (hNOA1 RNAi) show �30% less TUNEL staining than those transfected with control siRNA. For
either control or hNOA1 siRNA transfected samples total cells (595 for ctrl RNAi; 493 for hNOA1 RNAi), and
apoptotic cells were counted in eight randomly selected fields based on 4�,6-diamidino-2-phenylindole and
TUNEL staining, respectively. F–K, cytochrome c release is not observed in HeLa cells transfected with either
control or hNOA1 siRNA in the absence of staurosporine. L–Q, in control siRNA-transfected samples treated
with staurosporine more cells in which cytochrome c has been released (asterisk in L) are observed than in
hNOA1 siRNA-transfected samples (O). HeLa cells transfected with control (L–N) or hNOA1 (O and P) siRNA for
3 days were treated or not with staurosporine as above and processed for double immunofluorescence with
anti-Cyt C (L and O) and anti-hNOA1 (M and P) IgG. R, quantification reveals that only �7% of the cells trans-
fected with hNOA1 siRNA (hNOA1 RNAi) showed cytochrome c release, whereas �37% of the cells transfected
with control siRNA (ctrl RNAi) showed cytochrome c release. For either control or hNOA1 siRNA-transfected
samples, eight fields were randomly selected, and the total number of cells (420 for ctrl RNAi; 316 for hNOA1
RNAi), and the percentage of the total with released cytochrome c was counted.
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ulate NO production. It was speculated that one of the candi-
dates could be a component of the mitochondrial electron
transport system (30).More recently, activation ofComplex I of
the electron transport chain by NADH or its inactivation by
rotenone has been suggested to regulate mitochondrial NOS
activity (43, 44); however, this point has proved to be contro-
versial (45). It is conceivable that Complex I might couple to
NAD(P)H to accept electrons that can be used for mitochon-
drial NOS to produce NO. Our findings, showing that hNOA1
is in the same complex with Complex I, raise the interesting
possibility that Complex I activity might affect NO production
through hNOA1. Alternatively, hNOA1 might regulate Com-
plex I activity. Indeed, we obtained evidence showing that
depletion of hNOA1 leads to decreased Complex I-dependent
O2 consumption.

Overexpression of hNOA1 led to the formation of small,
round mitochondria, whereas depletion of hNOA1 led to
enlarged mitochondria with abnormal cristae. The effects of
hNOA1 overexpression and depletion on mitochondrial
morphology are similar to those observed when mitochon-
drial fission proteins such as Drp1 or Fis1 are perturbed (46,
47), suggesting that hNOA1 might play a role in mitochon-
drial fission. Two other large G proteins, Mfn1(2)/fuzzy
onions 1 and 2, are responsible for the fusion of the OMM
(48), and Opa1/Mgm1P is responsible for the fusion of the
IMM (49). Drp1/Dnm1 is responsible for the fission of the
OMM (33, 50), but no large G protein has yet been identified
that is involved in fission of the IMM. It is possible that
hNOA1might be the large G protein that facilitates fission of
the IMM. Our finding that depletion of hNOA1 also makes
cells less susceptible to apoptotic stimuli, such as staurospo-
rine, is consistent with results obtained after knockdown of
other fission proteins, such as Drp1 or Fis1 (42).
In addition to its interaction with Complex I, we demon-

strated that hNOA1 directly interacts with DAP3, and deple-
tion of hNOA1 protects cells from apoptosis. Whether the
interaction is sufficient to mediate the role of hNOA1 in apo-
ptosis remains to be elucidated. Besides its role in apoptosis, we
also showed that depletion of hNOA1 affects mitochondrial
respiration in a Complex I-dependent manner. One explana-
tion for hNOA1’s dual roles in both respiration and apoptosis is
its interactionwithDAP3. Interestingly, DAP3was identified as
a component of mitochondrial ribosomes (37, 51, 52), which
are responsible for synthesis of the 13 proteins encoded by the
mitochondrial genome (53). 7 of the 13 proteins synthesized by
mitochondrial ribosomes are Complex I subunits of the elec-
tron transport chain (53), andwe identified not only Complex I,
but also two additional ribosome proteins, Mrp-S27 and Mrp-
L12, as interacting partners of hNOA1 by IP-MS. We con-
firmed the interaction of NOA1 with endogenous Mrp-S27 in
co-immunoprecipitation and pull-down assays onHEK293 cell
lysates (supplemental Fig. S1, A and B). It will be interesting to
determine if hNOA1 can regulate ribosomal functions in syn-
thesizing mitochondrial encoded proteins either through its
interaction with DAP3 or other mitochondrial ribosomal pro-
teins such asMrp-S27 andMrp-L12, identified fromour IP-MS
analysis. This will provide additional information on how

hNOA1 affects these processes, and how different mitochon-
drial functions coordinate with each other overall.
It is of interest that point mutations in the seven mitochon-

drial encoded Complex I genes have been shown to cause
defects in Complex I assembly and activity (54), which leads to
serious diseases, such as Leber hereditary optic neuropathy (55)
or mitochondrial encephalopathy (56). Defects in Complex I
assembly and activity can also lead to alterations in mitochon-
drial morphology (57).
Mitochondrial respiration, apoptosis, and dynamics are inti-

mately intertwined (2). It is conceivable that proteins involved
in these three different mitochondrial processes communicate
with each other to maintain the multiple functions of this
important organelle. Our characterization of the multifunc-
tional roles of hNOA1 and its interaction with both Complex I
and DAP3 suggest that hNOA1 could play a role in coordinat-
ing these processes. Further investigations are needed to better
understand how hNOA1 is involved in each process mechanis-
tically, how GTP binding affects these processes, and how dif-
ferent mitochondrial functions coordinate with each other
overall.
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