A novel mitochondrial outer membrane protein,

MOMA-1, that affects cristae morphology in
Caenorhabditis elegans

Brian P. Head, Miren Zulaika, Sergey Ryazantsev, and Alexander M. van der Bliek
Department of Biological Chemistry, David Geffen School of Medicine, University of California,
Los Angeles, Los Angeles, CA 90095

ABSTRACT Three proteins with similar effects on mitochondrial morphology were identified
in an RNA interference (RNAI) screen for mitochondrial abnormalities in Caenorhabditis
elegans. One of these is the novel mitochondrial outer membrane protein MOMA-1. The
second is the CHCHD3 homologue, CHCH-3, a small intermembrane space protein that may
act as a chaperone. The third is a mitofilin homologue, IMMT-1. Mitofilins are inner membrane
proteins that control the shapes of cristae. RNAi or mutations in each of these genes change
the relatively constant diameters of mitochondria into highly variable diameters, ranging
from thin tubes to localized swellings. Neither growth nor brood size of the moma-1, chch-3,
or immt-1 single mutants is affected, suggesting that their metabolic functions are normal.
However, growth of moma-1 or immt-1 mutants on chch-3(RNAi) leads to withered gonads,
a lack of mitochondrial staining, and a dramatic reduction in fecundity, while moma-1; immt-1
double mutants are indistinguishable from single mutants. Mutations in moma-1 and immt-1
also have similar effects on cristae morphology. We conclude that MOMA-1 and IMMT-1 act
in the same pathway. It is likely that the observed effects on mitochondrial diameter are an

ARTICLE

Monitoring Editor

Donald Newmeyer

La Jolla Institute for Allergy
and Immunology

Received: Jul 15, 2010
Revised: Dec 22, 2010
Accepted: Jan 10, 2011

indirect effect of disrupting cristae morphology.

INTRODUCTION

Mitochondria are tubular organelles with relatively constant diame-
ters but widely varying lengths and numbers of connections with
other mitochondria. This architecture is important for a range of cel-
lular activities such as ATP production, Ca?* buffering, biogenesis of
Fe-S clusters, synaptic function, and apoptosis (Tsang and Lemire,
2003; Mannella, 2008). In the past decade, many proteins that con-
trol mitochondrial shape and connectivity have been uncovered.
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Most attention on mitochondrial dynamics has been given to
proteins that regulate mitochondrial fission and fusion. Mitochon-
drial fission and fusion are mediated by specific dynamin family
members and their accessory proteins (van der Bliek, 1999;
Griparic et al., 2004; Okamoto and Shaw, 2005; Chan, 2006;
Hoppins and Nunnari, 2009). These fission and fusion processes
are the primary determinants of mitochondrial lengths; the actions
of fission proteins produce shorter mitochondria, while the actions
of fusion proteins produce longer and more interconnected
mitochondria.

In addition to fission and fusion, mitochondrial networks are in-
fluenced by connections to the cytoskeleton. Mitochondria of bud-
ding yeast are connected to the actin cytoskeleton, while mitochon-
dria of fission yeast and other organisms are often connected to
microtubules through the actions of motor proteins and their adap-
tors (Boldogh and Pon, 2006; Frederick and Shaw, 2007). Treatment
with nocodazole or fixation of cells for electron microscopy (EM),
although affecting the overall organization of the mitochondrial net-
work, does not alter the tubular shape of mitochondria (Munn, 1968;
Smirnova et al., 2001). These pieces of data suggest that the main
role for cytoskeletal-mitochondrial interactions is in mitochondrial
intracellular transport.
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Fission, fusion, and cytoskeletal attachment control the connec-
tivity and distribution of mitochondria. The other major parameter
of mitochondria, tubular shape, is predominantly specified by mito-
chondrial resident proteins. These proteins are localized to one or
more of the mitochondrial subcompartments: the outer (OM) or in-
ner membranes (IM), the intermembrane space (IMS), or the matrix
(Mannella, 2006; Zick et al., 2009). The IM is usually divided into two
subcompartments: the inner boundary membrane (IBM) and cristae.
The IBM is the region of the IM that closely opposes the mitochon-
drial OM and is separated by ~10 nm of IMS. Cristae are balloon-like
and/or sheetlike infoldings of the IM that project into the matrix
space (Zick et al., 2009).

Recently, the maintenance of one of these mitochondrial sub-
compartments, the IM, has become an area of active research. Un-
like bacteria, mitochondria lack actin- or tubulin-like molecules that
could provide the necessary rigidity or scaffolding that might regu-
late IM morphology (Margolin, 2009). Instead, a handful of eukary-
otic specific IM and IMS proteins have been implicated in the main-
tenance of IM morphology. Mitofilin has been characterized in
mammalian cells and, more recently, in the model organisms Sac-
charomyces cerevisiae and Caenorhabditis elegans (John et al.,
2005; Rabl et al., 2009; Mun et al., 2010). In these reports, mitofilin
has been tied to maintenance of cristae morphology. A model
emerges in which the ATP synthase Fg subunit e, Fg subunit g, and
mitofilin modulate cristae curvature by antagonistically regulating
ATP synthase dimerization (Rabl et al., 2009; Velours et al., 2009). In
turn, it has recently been demonstrated that knockdown of CH-
CHD3 affects the levels of mitofilin in the IM and, correspondingly,
affects cristae morphology (Darshi et al., 2011). The number of pro-
teins that directly affect the mitochondrial IM is, nevertheless, still
limited.

In an effort to identify novel proteins that affect mitochondrial
morphology, we tested the effects of 232 mitochondrial proteins
with unknown mitochondrial functions using C. elegans feeding
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RNA interference (RNAI). We identified three genes, moma-1, chch-
3, and immt-1, that have similar effects on mitochondrial morpho-
logy. The mitochondria in these mutants show localized swellings
and constriction as if they have lost their ability to control tubular
shape. Single mutations in the corresponding genes have little to no
effect on growth or viability of the worms, suggesting that these
mutations do not severely disrupt mitochondrial function. Here we
describe genetic interactions and some initial biochemical charac-
terizations that lead us to a model in which MOMA-1 and IMMT-1
function in the control of cristae morphology and overall tubular
shape.

RESULTS

Proteins of unknown function that affect mitochondrial
morphology

We compiled a list of 232 proteins that were previously localized to
mitochondria (Da Cruz et al., 2003; Mootha et al., 2003; Sickmann
et al., 2003; Taylor et al., 2003), but with unknown or unresolved
mitochondrial functions. To analyze the effects of these proteins, C.
elegans were grown for one or two generations on bacteria that ex-
press double-stranded RNA targeting each of the 232 genes (Kamath
et al., 2003). Mitochondrial morphologies were observed by ex-
pressing matrix-targeted green fluorescent protein (GFP) in muscle
cells. RNAI that gave rise to abnormal mitochondrial morphologies
were retested with mitochondrial GFP in hypodermal cells. Our sur-
vey led to the identification of three genes with similar effects on
mitochondrial morphology (T14G11.3, M176.3, and KO02F3.10).
RNAI for these genes changes the relatively constant diameters of
mitochondria into localized swellings and thin tubular extensions
(Figure 1 and Supplemental Figure S4). Other RNAIs produced mito-
chondrial morphology aberrations that were different from these
three genes, suggesting that the morphological effects of T14G11.3,
M176.3, and KO2F3.10 knockdown were not an indirect response to
disruption of other mitochondrial processes. Results of this screen

immt-1

FIGURE 1: Three different proteins with similar effects on mitochondrial morphology. (A-D and Q-T) Effects of feeding
RNAI (A, Q, no insert; B, R, moma-1 K02F3.10; C, S, chch-3 M176.3; D, T, immt-1 T14G11.3 RNAI) on muscle and
hypodermal cell mitochondria. (E-P) Effects of chromosomal deletions (E, I, M, wild-type; F, J, N, moma-1[tm1912];

G, K, O, chch-3[tm2336]; H, L, P, immt-1[tm1730]) on muscle cell mitochondria. Muscle cell mitochondria were detected
with the matrix marker Pmyo-3::mls::CFP (red) and the outer membrane marker Pmyo-3::Tom70::YFP (green) in A-L and
with the matrix marker Pmyo-3::mls::GFP in M-P. Hypodermal cells mitochondria were detected with the matrix marker
Pcol-12::mls::GFP in Q-T. Positions of nuclei are indicated (n), and the scale bar is 10 ym, except for I-L, which show

threefold enlargements of the boxed areas in E-H.
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are summarized in Supplemental Table 1, and examples of mito-
chondrial abnormalities observed with knockdown of common mito-
chondrial proteins and with several other novel proteins identified in
this screen are shown in Supplemental Figures S1 and S2.

The T14G11.3 gene is named immt-1. This gene encodes a C.
elegans mitofilin homologue (Mun et al., 2010). In yeast and mam-
malian cells, mitofilin is anchored in the mitochondrial IM with a
large part of the protein exposed to the mitochondrial IMS (Gieffers
et al., 1997; John et al., 2005; Rabl et al., 2009). Fluorescence and
immunoelectron microscopy show staining along the rims of mito-
chondria, indicating that a substantial fraction of mitofilin is localized
to the IBM (Odgren et al., 1996; John et al., 2005). Mitofilin small
interfering RNA (siRNA) disrupts cristae in mammalian cells, sug-
gesting that mitofilin is involved in cristae formation or maintenance
(John et al., 2005). Mitochondrial cristae of a C. elegans immt-1 mu-
tant are similarly disrupted (Mun et al., 2010). A recent article showed
that yeast mitofilin is required for the formation of mitochondrial
cristae junctions, where it was proposed to promote membrane cur-
vature (Rabl et al., 2009).

The M176.3 gene encodes a homologue of the human CHCHD3
protein. CHCHD3 belongs to a family of proteins with a characteristic
coiled-coil-helix—coiled-coil-helix domain (CHCHD) (Westerman
et al., 2004). Proteins in this family lack mitochondrial leader se-
quences, but they have a twin CX¢C motif embedded in their
CHCHD. Twin CX9C motifs and CHCHDs are also presentin 10 small
yeast proteins that are imported into the mitochondrial IMS (Gabriel
et al., 2007). The fixed position of CXeC within each helix suggests
that the helices fold back to form a hairpin structure that is stabilized
by disulfide bonds (Westerman et al., 2004). This structure may me-
diate protein targeting and protein folding, or it may be a functional
domain in the IMS. The mouse CHCHD3 homologue has also been
localized to mitochondria (Schauble et al., 2007), and human
CHCHD3 is found in a complex with mitofilin, consistent with local-
ization to the mitochondrial IMS (Xie et al., 2007). The M176.3 gene
was named chch-3.

The KO2F3.10 gene is named moma-1 for Mitochondrial Outer
Membrane Abnormal. It encodes a protein that is similar to two
proteins in humans (Supplemental Figure S3). The human proteins
have alternatively been named my025 and CXORF33 or apolipo-
protein O and Apo-O-like because of weak similarity to apolipopro-
teins (Lamant et al., 2006). Yeast also has two similar proteins
(YNL100W/Aim37 and YGR235C), which were shown with GFP tags
to localize to mitochondria (Huh et al., 2003). Neither of the MOMA-1
homologues has a mitochondrial leader sequence, but each has hy-
drophobic sequences consistent with a transmembrane segment.

Chromosomal deletions in immt-1, chch-3, and moma-1 genes
were generated by S. Mitani (National BioResource Project [NBRP],
Shinjuku-ku, Japan). The mutant alleles are immt-1(tm1730), chch-
3(tm2336), and moma-1(tm1912). The mutant genes encode highly
truncated proteins and are therefore likely null alleles. Western blot
analyses show that moma-1(tm1912) animals have no MOMA-1 pro-
tein (see Figure 3M later in the paper). Morphological abnormalities
of mitochondria in the muscle cells of these strains are similar to
those obtained with feeding RNAI, confirming that the phenotypes
are due to loss of function of the intended gene and not to off-target
effects on other genes (Figure 1). These mutations had little or no
effect on growth or brood size (Supplemental Figure S4), nor were
they more sensitive to stress, as suggested by the lack of nuclear
localization of DAF-16::GFP (unpublished data), which is a reporter
for elevated levels of reactive oxygen species (ROS) in C. elegans
(Henderson and Johnson, 2001). The effects of these deletions on
growth, fecundity, and ROS production therefore appear minimal.
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C. elegans has a second mitofilin that is functionally distinct

from IMMT-1

The C. elegans WO6H3.1 gene, named immt-2, encodes a second
mitofilin homologue. Each of the two C. elegans mitofilin homo-
logues has a predicted amino terminal mitochondrial leader se-
quence, followed by a single transmembrane segment and a series
of coiled-coil segments, which are presumably exposed to the mito-
chondrial IMS, similar to yeast and mammalian mitofilin proteins. A
strain with a deletion in the immt-2 gene (tm2366) was kindly pro-
vided by S. Mitani (NBRP). The immt-2(tm2366) mutants have
smaller brood sizes than wild-type or immt-1(tm1730) animals (Sup-
plemental Figure S4). The immt-2(tm2366) deletion and immt-
2(RNAI) also severely disrupt the morphologies of mitochondria in
C. elegans hypodermal and muscle cells (Figure 2). Because immt-1
and immt-2 RNAi and mutations each cause phenotypes in the
same somatic cells, we conclude that these genes are coexpressed.
There are, however, noticeable differences between mitochondrial
morphologies observed with immt-1 and immt-2 defects, whether
introduced with RNAi or with chromosomal deletions. Defects in
immt-1 yield mitochondria with localized swellings and thin tubular
extensions, while immt-2 defects give rise to mitochondria that are
generally thinner and more connected than mitochondria in wild-
type cells or cells with immt-1 defects (Figure 2 and Supplemental
Figure S4). The immt-2 phenotype is more similar to mitochondrial
morphologies observed with RNAi for adenine nucleotide translo-
cator and Sam50 homologues (Supplemental Figure S1). Different
effects on brood size and mitochondrial morphology show that
immt-1 and immt-2 have different effects on mitochondria, even
though they are both clearly mitofilin homologues.

To further test whether IMMT-1 and IMMT-2 affect different pro-
cesses within mitochondria, we generated an immt-1(tm1730);
immt-2(tm2366) double mutant strain. This strain grows slower and
has brood sizes that are reduced when compared with mutations in
either gene alone (Supplemental Figure S4). Images of mitochon-
drial morphologies in double mutants show phenotypes that ap-
pear to be a combination of IMMT-1 and IMMT-2 defects (Figure 2).
The extent of the differences between single and double mutant
strains suggests that the effects of mutations in immt-1 and immt-2
are additive. Similar results were obtained in a recent independent
study of immt-1 and immt-2 mutants (Mun et al., 2010). We con-
clude that immt-1 and immt-2 are expressed in the same cells but
there are differences in their effects on mitochondria.

MOMA-1 is localized to the mitochondrial OM
Submitochondrial localizations of C. elegans mitofilins and of the
CHCH-3 protein are likely similar to the localizations of homologous
proteins in other organisms (IM and IMS, respectively), but the local-
ization of MOMA-1 had not been determined. To investigate this
localization, we raised polyclonal antibodies against bacterially ex-
pressed C. elegans MOMA-1 protein. These antibodies detect a
protein of the expected size (22 kDa) on Western blots of whole-
worm extracts. This band was not detected in moma-1(tm1912) ani-
mals, which have a large deletion in the moma-1 gene, confirming
that this is indeed the MOMA-1 protein (Figure 3M). Differential
centrifugation shows that MOMA-1 is present in the P2 fraction,
which contains mitochondria (Figure 3N). Immunofluorescence
shows colocalization with cytochrome c in C. elegans embryos
(Figure 3). Human and yeast homologues of MOMA-1 are also local-
ized to mitochondria, as shown with immunofluorescence and GFP-
tagged versions of these proteins (unpublished data) (Huh et al.,
2003; Barbe et al., 2008). We conclude that MOMA-1 is predomi-
nantly localized to mitochondria.
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FIGURE 2: Different effects of IMMT-1 and IMMT-2 on mitochondrial morphology. (A-C and M-O) Effects of feeding
RNAI (A, M, no insert; B, N, immt-1T14G11.3; C, O, immt-2 WO6H3.1) on the morphologies of muscle cell and
hypodermal mitochondria. (D-L and P-T) Effects of chromosomal deletions (D, G, J, wild-type; E, H, K, immt-1[tm1730};
F I, L, immt-2[tm2366]; and P-T, immt-1[tm1730]; immt-2[tm2366]) on muscle cell mitochondria. Muscle cell
mitochondria were detected with the matrix marker Pmyo-3::mls::CFP (red) and the outer membrane marker Pmyo-
3::Tom70::YFP (green) in A-l and with the matrix marker Pmyo-3::mls::GFP in J-L and P-T. Hypodermal cells
mitochondria were detected with the matrix marker Pcol-12::mls::GFP in M-O. Positions of nuclei are indicated (n), and
the scale bar is 10 um, except for G-I, which show threefold enlargements of the boxed areas in D-F.

We used two approaches to determine the submitochondrial lo-
calization of MOMA-1. In the first, we generated MOMA-1 protein
with an amino- or carboxy-terminal yellow fluorescent protein (YFP)
tag under control of the myo-3 promoter. Both MOMA-1::YFP and
YFP::MOMA-1 are able to restore normal mitochondrial morphol-
ogy in muscle cells of moma-1(tm1912) animals, showing that the
fusion proteins are functional (Supplemental Figure S5 and unpub-
lished data). Fluorescence labeling showed a pattern similar to pat-
terns observed with YFP fused to a bona fide mitochondrial OM
protein (YFP::FIS-1), suggesting that MOMA-1 is localized to the mi-
tochondrial OM (Supplemental Figure S5). We then grew wild-type
worms expressing a mitochondrial OM marker or YFP::MOMA-1 on
drp-1 RNAI bacteria. This treatment blocks mitochondrial OM fis-
sion, but IM fission and mitochondrial fusion still occur, leading to
the formation of a contiguous network with thin tubules of mito-
chondrial OM connecting blebs formed by contracted matrix com-
partments (Labrousse et al., 1999). Clear separation between mito-
chondrial OMs and matrix compartments enables unambiguous
localization of YFP::MOMA-1. In this experiment, we could detect
YFP::MOMA-1 along all of the thin tubular connections, suggesting
that the protein is anchored in the mitochondrial OM (Supplemental
Figure S5).

Submitochondrial localization was further investigated with pro-
tease protection experiments using isolated mitochondria. Mito-
chondrial proteins that are exposed to the cytosol are digested by
small amounts of protease while proteins that are protected, be-
cause they reside in an internal compartment, are digested only
when detergents are used to solubilize the membranes. We used
antibodies against a C. elegans Mff homologue, encoded by the
F55F8.6 gene, as a control for proteins exposed to the cytosol
(Gandre-Babbe and van der Bliek, 2008) and antibodies against the
C. elegans Opa’l homologue EAT-3 (Kanazawa et al., 2008) as a con-
trol for proteins exposed to the IMS, along with antibodies against
the F1B subunit of the ATP synthase complex as a control for pro-
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teins in the mitochondrial matrix. Our experiments show that
MOMA-1 is affected by proteases at concentrations similar to those
that digest the F55F8.6 protein. MOMA-1 and F55F8.6 proteins are
both much more sensitive to proteases than EAT-3, even though
EAT-3 is a much larger protein and readily digested when mem-
branes are solubilized with detergents (Figure 30). We conclude
from these experiments that MOMA-1 is more sensitive to protease
digestion than EAT-3 in intact mitochondria. We do note, however,
that a small but reproducible fraction of MOMA-1 (~10%, as deter-
mined by densitometry of four separate experiments) remained
undigested, even at the highest concentrations of proteinase K.
It therefore remains possible that a small fraction of MOMA-1 is
localized to the mitochondrial IM. Together with the differential cen-
trifugation, immunofluorescence, and GFP tagging results, these
experiments do, however, show that the bulk of MOMA-1 is embed-
ded in the mitochondrial OM with part of the protein exposed to the
cytosol.

MOMA-1 does not affect mitochondrial fission

in somatic cells

Mitochondrial abnormalities in moma-1, chch-3, and immt-1T mu-
tants resemble those observed with mitochondrial fission mutants in
C. elegans muscle cells. Both sets of mutants have mitochondria
with localized swellings and thin tubular connections. However, the
mitochondria of moma-1, chch-3, and immt-1 mutants are relatively
short, in contrast with mitochondria of drp-1 mutants, which have
very few or no loose ends and form a closed network (Figure 4A).
Strong effects on mitochondrial morphology but not increased con-
nectivity are also seen with RNAi for moma-1, chch-3, and immt-1in
an anc-1 mutant background (Supplemental Figure S6) where
mitochondria are no longer attached to the actin cytoskeleton (Starr
and Han, 2002), showing that these morphological abnormalities do
not depend on cytoskeletal attachments. There is, however, some
variability in the degree of connectivity in moma-1, chch-3, and
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FIGURE 3: Localization of MOMA-1 to the mitochondrial outer
membrane. (A-F) Staining of C. elegans gonads. (G-L) Staining of C.
elegans embryos with MOMA-1 antibody (green) and propidium
iodide (red in A, B, and G-I) or cytochrome c antibody (red in C-F and
J-L). Strains are indicated above the panels, and the combinations of
stains are shown on the left, except for F and K, which were stained
with cytochrome c antibody but not with MOMA-1 antibody to
control for bleed-through. The scale bar is 10 um for A and B, 20 pm
for C-F, and 10 pm for G-L. (M) Western blots of extracts from
wild-type (lane 1) and moma-1(tm1912) (lane 2) animals probed with
antibodies against tubulin or MOMA-1. Size markers are in kDa.

(N) Subcellular distribution of MOMA-1 determined by differential
centrifugation. Lanes were loaded with total extracts (T), with

14,000 x g pellets (P2), and with 14,000 x g supernatants (S2; P2 and
S2 fractions were volume equivalents). Blots were probed with EAT-3,
tubulin, and MOMA-1 antibodies as indicated. The distributions were
quantified with densitometry of P2 and S2 fractions: 88% of EAT-3,
12% of tubulin, and 98% of MOMA-1 is in the mitochondrial pellet.
(O) Protease protection experiment to determine the
submitochondrial localization of MOMA-1. Mitochondria were isolated
by differential centrifugation and treated with O (lanes 1 and 4),

30 (lanes 2 and 5), and 60 (lanes 3 and 6) ug/ml proteinase K, without
(lanes 1-3) or with (lanes 4-6) 1% Triton X-100. Blots were probed
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FIGURE 4: Comparison of the MOMA-1 phenotype with
mitochondrial fission and fusion defects. (A-H) C. elegans muscle cells
labeled with the mitochondrial matrix marker Pmyo-3::mls::GFP.
Wild-type animals (A, C, E, and G) or moma-1(tm1912) mutants (B, D,
F. and H) were grown on bacteria with no RNAi (A and B), with drp-1
RNAI (C and D), with fzo-1 RNAI (E and F), or with eat-3 RNAI (G and
H). The scale bar is 10 um. (I-L) M cells after their first division in L1
larvae labeled with a mitochondrial outer membrane marker (Phlh-
8::Tom70::GFP). Images show a wild-type animal (I), a moma-
1(tm1912) mutant (J), a drp-1(tm1108) mutant (K), and a wild-type
animal with the dominant negative construct Phlh-8::DRP-1(K40A) (L).
Arrows point to mitochondrial tubules connecting the two daughter
cells. These tubules persist in animals with a mitochondrial fission
defect. The scale bar is 10 pm.

immt-1 deletions strains, raising the possibility that these mutations
have a modest or incompletely penetrant effect on fission.

To test more thoroughly whether moma-1, chch-3, and immt-1
mutations affect mitochondrial fission, we knocked down mitochon-
drial fusion genes (fzo-1 and eat-3) in these backgrounds and deter-
mined their epistatic relationship. Strong defects in mitochondrial
fusion produce cells with highly fragmented mitochondria. Muta-
tions in drp-1 prevent the fragmentation of mitochondria induced
by mutations in fzo-1 or eat-3, showing that fission mutants are epi-
static to fusion mutants (Kanazawa et al., 2008). However, moma-
1(tm1912) mutant animals grown with feeding RNAI for fzo-1 and
eat-3 acquire a high percentage of cells with fragmented mitochon-
dria (100% of cells examined, n = 41) similar to the mitochondria of
fusion mutants, suggesting that fusion defects are epistatic to the
effects of moma-1 on mitochondrial morphology (Figure 4A). More-
over, the mitochondria of moma-1 mutants that were grown on drp-
1 RNAI gave rise to mitochondria that were indistinguishable from
wild-type animals grown on drp-1 RNAI. Similar results were ob-
tained with chch-3 and immt-1 mutant animals (unpublished data).

with antibodies for EAT-3 (an inner membrane marker), MOMA-1,
MFF-1 (an outer membrane marker), and F4 subunit of the ATP
synthase complex (a mitochondrial matrix marker). MOMA-1 is
digested when no detergent is added, like MFF-1, while EAT-3 and
F1B are protease protected. For unknown reasons, an intermediate
cleavage product of MFF-1 is detected when Triton is added to the
protease digestion but not when Triton is omitted.
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We conclude that moma-1, chch-3, and immt-1 mutants do not
strongly impact mitochondrial fission.

To further investigate a possible role of MOMA-1 in mitochon-
drial fission, we looked at the distribution of mitochondria during
cell division. We showed previously that defects in mitochondrial
fission are easy to detect during cell division because undivided
mitochondria form bridges between daughter cells (Labrousse
et al., 1999). The distributions of mitochondria during cell division
were observed with a mitochondrial OM marker (TOM70::GFP) ex-
pressed from the hlh-8 promoter, which is specific for the M cell lin-
eage (Harfe et al., 1998). The M cell lineage starts as a single meso-
dermalblastcellinearly L1 larvae. This M cell divides a predetermined
number of times to form body wall muscles, vulval muscles, and
coelomocytes. When DRP-1(K40A) is expressed in the first M cell,
this cell still divides, but the daughter cells remain connected by a
tubule that can be detected with the mitochondrial OM marker
(36% retain connections, SD =25, n =49), while 0% of wild-type cells
retain connections (SD =0, n = 80). This effect is also observed with
drp-1(tm1108) mutant, which has a large deletion in the drp-1 gene
(72% retain connections, SD = 22, n = 39). In contrast, only one of
the moma-1(tm1912) animals (1.3% retain connections, SD=4.8, n=
75) and none of the wild-type animals have cells that are visibly con-
nected even though moma-1 is ubiquitously expressed (see
Figure 4B for examples). We conclude that moma-1 has little or no
effect on mitochondrial fission in this assay.

Next, we tested whether moma-1(tm1912) or immt-1(tm1730)
mutations affect mitochondrial DNA (mtDNA) levels, as might be
expected from mutations that affect mitochondrial fission or fusion.
We did this with quantitative PCR (qPCR) using primers that were
designed to compare levels of mitochondrial and nuclear DNA in C.
elegans (Meyer et al., 2007). There were no statistically significant
differences between mitochondrial to nuclear DNA ratios in wild-
type (N2) and mutant animals (Student's t test, n = 3 for each
strain).

Last, we tested whether MOMA-1 affects the distributions of
other mitochondrial OM proteins. We focused on representative mi-
tochondrial fission proteins. C. elegans has two Fis1 homologues,
encoded by fis-1 and fis-2, and two Mff homologues, encoded by
mff-1(F11C1.2) and mff-2(F55F8.6). GFP-tagged versions of all four
mitochondrial fission proteins, as well as cyan fluorescent protein
(CFP)::DRP-1, were expressed in the muscle cells of moma-1(tm1912)
mutant and wild-type animals. Single cell analysis of fluorescence
intensity was used to determine whether the distributions within mi-
tochondria and the distributions between mitochondria and cytosol
were affected. Neither parameter was noticeably affected by the
moma-1 mutations (unpublished data), suggesting that there is also
no indirect effect on fission.

Synthetic interactions with chch-3, but not with each

other, suggest that moma-1 and immt-1 function in the
same pathway

Mutations in the three genes that we focus on here, immt-1, chch-3,
and moma-1, have very similar effects on mitochondrial morpho-
logy and on brood size (Figure 1 and Supplemental Figure S4), sug-
gesting that the proteins might act in the same pathway. To deter-
mine whether MOMA-1 protein levels are sensitive to loss of
CHCH-3 or IMMT-1, we blotted whole-worm extracts of chch-
3(tm2336) and immt-1(tm1730) mutant animals and processed them
with MOMA-1 antibodies. MOMA-1 protein levels were not signifi-
cantly altered in these worms nor were they altered by mutations in
mitochondrial fission or fusion proteins (unpublished data). We also
tested whether the effects of heterozygous deletions in moma-1

836 | B.P Headetal

could be enhanced by heterozygous deletions in immt-1, but the
muscle cell mitochondria in these transheterozygous animals almost
all appeared wild type (unpublished data), suggesting that these
genes are haplosufficient and therefore could not be not enhanced
in this assay.

To test more thoroughly whether IMMT-1, CHCH-3, and MOMA-1
act in the same pathway, we asked whether RNAi of chch-3 or
immt-1 could enhance the phenotypes of moma-1(tm1912) or
immt-1(tm1730) homozygous animals. If IMMT-1, CHCH-3, and
MOMA-1 are indeed components of a single pathway, then we
would expect no additional effects when these gene knockdowns or
knockouts are combined. To our surprise, the phenotypes of moma-
1; chch-3(RNAI) and of immt-1; chch-3(RNAI) were much worse than
the phenotypes of the single mutants. These animals have few or no
brood, grow poorly, and have withered gonads (Figure 5, A-D). In
contrast, moma-1(tm1912); immt-1(RNAI) animals show no addi-
tional mitochondrial abnormalities or growth defects (Figure 5,
A-D). The effects of chch-3 on moma-1 were examined in more de-
tail by dissecting the gonads of mutant animals and staining them
with a mitochondrial dye. The gonads of single mutants have mito-
chondrial distributions that are similar to wild type, but the effects of
the moma-1(tm1912); chch-3(tm2336) double mutant are as strong
or stronger than those previously observed with drp-1(RNAI)
(Labrousse et al., 1999). These gonads have very little mitochondrial
staining, and what is left appears in clumps (Figure 5, E-J). Similarly
strong effects on gonad morphology and brood size were previ-
ously observed with mutations in essential mitochondrial proteins,
such as clk-1 or subunits of complex | (Jonassen et al., 2003; Curran
et al., 2004; Grad and Lemire, 2004; Kawasaki et al., 2007). We con-
clude that IMMT-1 and MOMA-1 function in the same pathway,
while CHCH-3 may have additional functions or it acts in a different
pathway. Mutations in either pathway have relatively mild effects on
growth, brood size, and mitochondrial morphology, but the combi-
nations are lethal, suggesting that their combined actions are
essential for mitochondrial function.

EM shows similar disruptions of cristae in moma-1(tm1912)
and immt-1(tm1730) mutant animals

Due to the similarities between immt-1 and moma-1 mutants and
the known role of mitofilins in the control of cristae morphology
(Rabl et al., 2009; Mun et al., 2010), we asked whether MOMA-1 also
affects cristae  morphologies. Samples of wild-type (N2),
immt-1(tm1730), and moma-1(tm1912) animals were prepared for
EM with high-pressure freezing. Cristae are evident as thin tubules in
mitochondria of wild-type animals (Figure 6A), similar to previously
published reports (Mun et al., 2010). Cristae become distended in
immt-1(tm1730) mutant animals, consistent with the role of mitofil-
ins in maintaining cristae curvature and morphology (Figure 6, B and
C). Similarly distended cristae were invariably observed in the mito-
chondria of moma-1(tm1912) mutant animals (Figure 6, D-F; none
of the several hundred mutant mitochondria that were observed
had thin tubular cristae). We did observe a few mitochondria in
which cristae formed concentric whorls (Figure 6, G and H). Similar
concentric whorls were previously observed in the mitochondria of
mammalian cells upon transfection with mitofilin siRNA (John et al.,
2005) and in yeast (Rabl et al., 2009; Mun et al., 2010). We conclude
that moma-1(tm1912) mutant animals have disrupted mitochondrial
cristae similar to the disrupted cristae of mitofilin mutants.

DISCUSSION
Over the years a number of screens for mitochondrial morphology
defects have been performed (Hermann et al., 1997; Dimmer et al.,
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FIGURE 5: Withered gonads caused by genetic interactions between chch-3 and moma-1 or
immt-1. (A) Composite differential interference contrast images of adult worms with mutations
and RNAI treatments as indicated on the left. (B) Tracings of these animals and their gonads.
The scale bar is 100 um. (C) Lengths of adult animals with the indicated genotypes and feeding
RNA: (open bars). Closed bars show the lengths of gonads measured from the anterior bend to

the posterior bend. Mean and SD were determined with five or more animals for each condition.

P values were determined with an unpaired Student'’s t test. (D) Brood size of animals with the
indicated genotypes and feeding RNAI. Brood sizes were determined as the numbers of
progeny that survive into the L4 larval stage. Mean and SD were determined with 10 or more
animals for each condition. P values were determined with an unpaired Student'’s t test. (E-J)
Gonads of animals with the indicated genotypes and RNAi treatments. Gonads were dissected,
stained with rhodamine 6G, and photographed with a confocal microscope. Scale bar is 10 pm.

proteins are nonredundant because muta-
tions in either gene affect mitochondrial
morphologies in the same cell, as shown
here and by others (Mun et al., 2010).
The opposite could have happened with
MOMA-1. This protein may have been
missed before because of redundancy
caused by gene duplication: Mammals and
yeast each have two MOMA-1 homologues
while C. elegans has one. Knockdown of
either mammalian homologue has little or
no effect on mitochondrial morphology
(unpublished data). Deletion of the yeast
homologue Aim37/YNL10OW does slow
growth on a nonfermentable carbon source
(Hess et al., 2009), but the other yeast ho-
mologue, YGR235C, has not been found in
screens for mitochondrial defects. The ef-
fects described here for C. elegans are, nev-
ertheless, striking and robust, suggesting
that MOMA-1 plays an important and evolu-
tionarily conserved role in mitochondria.

In this article, we show that MOMA-1 is a
mitochondrial OM protein with mutant phe-
notypes that are very similar to the pheno-
types caused by mutations in the CHCHD3
homologue CHCH-3 and the mitofilin ho-
mologue IMMT-1. Mutant mitochondria
have numerous swellings or bulges, similar
to those observed in mitochondrial fission
mutants, but the mitochondria are not con-
nected like fission mutants, suggesting that
these proteins affect a different process. EM
shows that moma-1 and immt-1 mutants
both have numerous mitochondria with dis-
tended cristae. In addition, some of the
moma-1 mutant mitochondria also have
cristae in concentric whorls similar to those
previously observed in other organisms
(John et al., 2005). Genetic interactions indi-
cate that MOMA-1 and IMMT-1 act in a sin-
gle pathway that governs mitochondrial
morphology while CHCH-3 acts in a differ-
ent pathway with similar effects on mito-
chondrial morphology (Figure 7). Mutations
in either pathway have relatively benign ef-
fects on mitochondrial function, but the
combinations of moma-1 and chch-3 or
immt-1 and chch-3 defects dramatically dis-
rupt mitochondria in C. elegans gonads. It
would appear that these gonads completely
lack functional mitochondria. We conclude
that MOMA-1 and IMMT-1 on one hand and

2002; Gandre-Babbe and van der Bliek, 2008). However, new genes
are still being discovered, suggesting that this approach is not yet
exhausted. The screen described here was limited to 232 mitochon-
drial proteins, but this was enough to find several proteins that were
missed in previous screens. CHCH-3 may have been missed before
because it is not found in yeast, while the specific effects of IMMT-1
described here may have been missed because other organisms
have only one mitofilin, which could mask specialized functions
that are divided between IMMT-1 and IMMT-2 in C. elegans. These
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CHCH-3 on the other hand play separate roles governing mitochon-
drial morphology but they also play redundant roles in an essential
mitochondrial process.

CHCH-3 may contribute to protein import or assembly in the
mitochondrial IMS because the mammalian CHCH-3 homologue
CHCHD3 coimmunoprecipitates with other mitochondrial import
proteins, such as Sam50 and metaxins (Xie et al., 2007), and al-
though yeast does not have a CHCH-3 homologue, it does have
several other proteins with CXoC motifs that act like chaperones
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immt-1 and moma-1 mutant animals. (A) Mitochondria in a wild-type
(N2) animal. (B and C) Mitochondria in immt-1(tm1730) animals.

(D-H) Mitochondria in moma-1(tm1912) animals. The thin tubular
cristae of wild-type mitochondria (dashes seen in the mitochondrial
matrix in panel A) are converted to swollen cristae (B and C for
immt-1 and D-F for moma-1). Occasionally, the internal morphology
of moma-1(tm1912) mitochondria is more severely disrupted,
resulting in concentric whorls of cristae (G and H). Scale bar is 200 nm.

(Gabriel et al., 2007). In addition, a new study by Darshi et al. (2011)
shows that the levels of mammalian CHCHD3 control the levels of
mitofilin, consistent with the proposed role of CHCHD3 in mitofilin
biogenesis or stability. The synthetic effects that we observe be-
tween chch-3 and immt-T mutations suggest that CHCH-3 and
IMMT-1 do not have fully overlapping functions. They might have
additional roles in other essential pathways or, perhaps more likely,
CHCH-3 might also have other substrates that are important for mi-
tochondrial function.

How might IMMT-1 and MOMA-1 proteins affect morphology?
Previous submitochondrial localization and functional studies clearly
show that mitofilin controls the diameters of cristae junctions and
membrane curvature within cristae (Rabl et al., 2009). Effects on cris-
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FIGURE 7: Model for interactions between MOMA-1, CHCH-3, and
IMMT-1. Our genetic data show that MOMA-1 and IMMT-1 act in the
same pathway even though they are on different membranes. In
addition, mitofilin was previously shown to coimmunoprecipitate with
Sam50 and the CHCH-3 homologue CHCHD3, but our data suggest
that these proteins act in different pathways. Our data also show that
the two C. elegans mitofilins (IMMT-1 and IMMT-2) are functionally
distinct, possibly reflecting the two functions that mitofilins are known
to have in mitochondria (formation of cristae junctions and control of
membrane curvature within cristae) (Rabl et al., 2009) or a novel
function.

tae morphology are also likely to have indirect effects on the overall
diameter of mitochondria. Cristae morphologies could, for exam-
ple, alter the ability of mitochondria to sequester IM within cristae.
Cristae might also provide tensile resistance against mitochondrial
swelling, as suggested by the observation that they often traverse
the mitochondrial matrix with multiple connections to the IBM
(Mannella, 2006). Regardless of mechanism, it seems likely that the
effects of mitofilin on mitochondrial diameter are an indirect result
of effects on cristae morphology.

Does MOMA-1 also indirectly affect mitochondrial diameter
through a direct effect on cristae morphology? This would be con-
sistent with the similar phenotypes of IMMT-1 and MOMA-1 mu-
tants and their genetic interactions, but it is not immediately appar-
ent how MOMA-1 and IMMT-1 would interact when they are on
different membranes. There are a few examples of interactions be-
tween mitochondrial IM and OM proteins (Wong et al., 2003). In
addition, a small but consistent amount of MOMA-1 was protease
resistant, raising the possibility that this fraction is localized to the
mitochondrial IM. It is therefore conceivable that MOMA-1 inter-
acts directly with IMMT-1 to control cristae formation, even though
direct interactions have not yet been detected in coimmunopre-
cipitation experiments (unpublished data). It is also possible that
MOMA-1 affects IMMT-1 protein levels through effects on biogen-
esis or protein stability, similar to the effects of CHCHD3 on mitofi-
lin in mammalian cells (Darshi et al., 2011). Further characterization
of the interactions between IMMT-1 and MOMA-1 are therefore
needed to determine how these two proteins affect mitochondrial
diameter.
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In summary, our experiments show the existence of a new mito-
chondrial morphology protein, MOMA-1, and a new pathway con-
trolling mitochondrial cristae and diameter. More experiments are
needed to test potential interactions between MOMA-1 and IMMT-1
and to define their effects on mitochondrial membranes.

MATERIALS AND METHODS

Molecular cloning

Full-length moma-1 cDNA was amplified from a C. elegans cDNA
library (Invitrogen, Carlsbad, CA) and cloned into the Nhel and Xhol
sites of the pPD96.52 vector (kindly provided by A. Fire, J. Ahnn, G.
Seydoux, and S. Xu, Carnegie Institution of Washington, Baltimore,
MD). This vector has a myo-3 promoter for muscle cell-specific ex-
pression. Full-length fis-1 cDNA was similarly cloned into the Nhel
and EcoRI sites of pPD96.52. Full-length mff-1 and mff-2 cDNAs
were cloned into the Nhel and Xhol sites of pPD96.52. The fis-2
gene was amplified from C. elegans genomic DNA and cloned into
the Nhel and EcoRl sites of pPD96.52. These clones were used to
create YFP::MOMA-1, YFP::FIS-1, YFP::FIS-2, CFP::MFF-1, and
YFP::MFF-2 fusion constructs by inserting YFP or CFP coding se-
quences (Labrousse et al., 1999) into the Nhel site of the pPD96.52
expression constructs. The MOMA-1::YFP fusion construct was
made by PCR amplification of moma-1 coding sequences and clon-
ing this into the Kpnl and Agel sites of the myo3::OuterMembrane/
TOM-70::YFP plasmid (Labrousse et al., 1999). Hypodermal mito-
chondria were detected with a construct containing the 402 base
pairs immediately upstream of the ATG site of col-12 cloned into the
Hindlll and Kpnl sites of the pPD96.32 vector. This vector has a mi-
tochondrial matrix-targeting sequence fused to GFP. Constructs
were verified by sequencing. Mitochondrial OM and matrix markers
under control of the myo-3 and the hlh-8 promoters were described
previously (Labrousse et al., 1999). Feeding RNAi procedures were
as described (Timmons et al., 2001). The bacterial RNAI library was
provided by J. Ahringer (University of Cambridge, Cambridge, UK).

Worm strains

C. elegans moma-1(tm1912), chch-3(tm233¢), immt-1(tm1730),
immt-2(tm2366), and drp-1(tm1108) were provided by S. Mitani
(NBRP and Tokyo Women'’s Medical University School of Medicine,
Tokyo, Japan). These strains were backcrossed four to six times with
wild-type N2 animals to remove adventitious mutations. The C.
elegans strains CB3335 anc-1(e1802), WM27 rde-1(ne219), CB6055
bus-8(e2698), and TJ356 Is(DAF-16::GFP) were obtained from the
C. elegans stock center (Caenorhabditis Genetics Center, University
of Minnesota, Minneapolis, MN). All strains were grown at 20°C.

Antibodies and other reagents

Rabbit polyclonal antibodies were generated against polypeptide
fragments of C. elegans MOMA-1, EAT-3, and MFF-1 (F55F8.6) pro-
teins. We used pET21d Novagen (Merck, Whitehouse Station, NJ)
vectors encoding residues 1-119 of MOMA-1, 614-852 of EAT-3,
and 1-138 of MFF-1. These His-tagged fragments were expressed
in BL21 pLysS Escherichia coli, purified by column chromatography,
and sent to Robert Sargeant (Ramona, CA) for antibody production.
EAT-3 antibodies were blot purified; MOMA-1 and MFF-1 antibod-
ies were not blot purified as they showed few cross-reacting bands
on Western blots of whole-worm extracts. Cytochrome cand tubulin
antibodies were purchased from Mitosciences (Eugene, OR) and
Sigma (St. Louis, MO), respectively. Antibodies against ATP synthase
F1B subunit were a gift from Carla Koehler (University of California,
Los Angeles). Goat anti-mouse HRP- and goat anti-rabbit HRP-
conjugated secondary antibodies were purchased from Pierce
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(Thermo-Fisher, Waltham, MA). Propidium iodide and rhodamine
6G were from Sigma-Aldrich (St. Louis, MO) and Molecular Probes
(Eugene, OR), respectively.

Fluorescence microscopy and image analysis

Fluorescence images were captured using a Zeiss Axiovert 200M
equipped with 40x/NA 1.3 Plan-Neofluar, 63x/NA 1.4 Plan-
Apochromat, or 100x/NA 1.45 o-Plan-Fluar objectives and an
ORCA ER-CCD camera (Hamamatsu, Shizuoka, Japan). Young adult
worms (picked 1 d after L4) were used for imaging of muscle and
hypodermal cell mitochondria. Gonad lengths were measured using
ImageJ software (National Institutes of Health, Bethesda, MD), and
gonad tracings were made with Canvas 8 software (ACD Systems,
Victoria, BC, Canada). Embryos and gonad samples were processed
for immunofluorescence as described (Epstein and Shakes, 1995).
Rhodamine 6G-stained gonads and YFP- or CFP-tagged FIS-1,
FIS-2, MFF-1, and MFF-2 in muscle cells were imaged with a Zeiss
LSM 5 Pascal confocal microscope equipped with a T00x/NA 1.45
Plan-Fluar objective. CFP was excited with 458-nm, YFP with
514-nm, and rhodamine with 543-nm laser lines. Dissections for
staining gonads were described previously (Labrousse et al., 1999).
The degrees of colocalization of YFP and CFP labels were assessed
with the Zeiss LSM 5 Confocal software, which assigned pixels to
mitochondria in individual muscle cells. Thresholds were manually
adjusted to distinguish mitochondria from surrounding cytoplasm.

Subcellular fractionation

Hypochlorite-synchronized bus-8(e2698) animals were grown to
adulthood on nematode growth medium plates with OP50 bacteria
and harvested by flotation in M9. Pooled worms were washed six
times with M9, washed once with STEG pH 7.4 (Curran et al., 2004),
and suspended in chilled STEG pH 7.4 with a protease inhibitor
cocktail (Roche, Basel, Switzerland) and 1 mM phenylmethanesulfo-
nyl fluoride (PMSF). All subsequent fractionation steps were per-
formed on ice or at 4°C. Animals were homogenized in a Kontes
(Vineland, NJ) ground glass tissue homogenizer using 75 strokes
with a 1-min pause every 15 strokes. The resulting homogenate was
centrifuged at 2500 x g for 20 min. The supernatant was passed
through a nylon filter with 30-p pores (Spectrum, Houston, TX) and
centrifuged at 14,000 x g for 30 min. The P2 fraction (14,000 x g
pellet) was washed twice with STEG and protease inhibitors. Protein
concentrations were measured with a dye-based assay (Bio-Rad,
Hercules, CA).

Protease protection experiment

A 60-ug fresh P2 fraction was pelleted and resuspended in 100 pl
STEG or STEG with 1% Triton X-100. Proteinase K (Roche) was
added to a final concentration of 0, 30, or 60 ug/ml and incubated
for 15 min on ice. PMSF was then added to a final concentration of
2 mM, and samples were placed on ice for an additional 5 min.
Laemmli sample buffer was added, and the samples were placed in
boiling water for 8 min. Proteins were size fractionated by SDS-
PAGE and transferred to nitrocellulose membrane (GE Healthcare,
Little Chalfont, UK) by Western blotting. Membranes were probed
with the indicated primary antibodies and developed with horserad-
ish peroxidase—conjugated secondary antibodies and ECL Plus
chemiluminescence (GE Healthcare). Where indicated, relative ex-
pression levels were quantified with a Personal Densitometer Sl and
ImageQuant software (GE Healthcare).

EM
Worms were synchronized by treatment with hypochlorite and
grown to L2 or L3 larval stages. These worms were washed with M9,
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pelleted, and mixed with a concentrated suspension of E. coli OP50,
which served as a cryoprotectant. This mixture was transferred to
1.5 mm x 0.2 mm sample holders and frozen in an EM PACT2-RTS
High Pressure Freezer (Leica Microsystems, Bannockburn, IL). Fro-
zen samples were transferred to 1.0% osmium tetroxide plus 0.1%
uranyl acetate in acetone and placed in an EM AFS2 Automatic
Freeze-Sub System (Leica Microsystems). The temperature was
raised slowly from —=144°C to —90°C >96 h, and from -90°C to -25°C
>16 h, followed by more rapid warming to room temperature. Spec-
imens were removed from the freeze-sub solution, washed with ac-
etone, washed with propylene oxide, and embedded by baking in
SPURR resin (Ted Pella, Redding, CA) for 24 h at 60°C. Sections of
75 nm were made with a UCT Ultramicrotome (Leica Microsystems)
and poststained with uranyl acetate and lead citrate. Sections were
examined using Titan S/TEM (FEl) and JEM1200-EX (JEOL, Tokyo,
Japan) electron microscopes at 80 kV.

qPCR

L4 stage larvae were transferred to lysis buffer (1x thermophilus
buffer [New England Biolabs, Ipswich, MA] with 1.2 pg/ml protei-
nase K [Roche]), frozen at —20°C, and incubated for 1 h at 65°C and
for 15 min at 95°C. Each qPCR contained 2 pl lysate corresponding
to two L4 worms. gPCR was performed with SYBR Green reagent,
as recommended by the manufacturer (Invitrogen), with annealing
and extension at 63°C in a Mx3000P Thermal Cycler (Agilent,
Santa Clara, CA) followed by analysis with MxPro Software (Agilent).
Primers to amplify a 195-base pair region of mtDNA and a
225-base pair region of polymerase & subunit A in nuclear DNA
were previously described (Meyer et al., 2007). Dissociation curves
confirmed individual PCR products for mtDNA and two PCR prod-
ucts for nuclear DNA (nDNA). Ct values were converted to per-
centages, and mtDNA:nDNA ratios were calculated from these
percentages.
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