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A special group of mitochondrial outer membrane (MOM) proteins spans the membrane several times via multiple helical seg-
ments. Such multispan proteins are synthesized on cytosolic ribosomes before their targeting to mitochondria and insertion into
the MOM. Previous work recognized the import receptor Tom70 and the mitochondrial import (MIM) complex, both residents
of the MOM, as required for optimal biogenesis of these proteins. However, their involvement is not sufficient to explain either
the entire import pathway or its regulation. To identify additional factors that are involved in the biogenesis of MOM multispan
proteins, we performed complementary high-throughput visual and growth screens in Saccharomyces cerevisiae. Cardiolipin
(CL) synthase (Crd1) appeared as a candidate in both screens. Our results indeed demonstrate lower steady-state levels of the
multispan proteins Ugo1, Scm4, and Om14 in mitochondria from crd1� cells. Importantly, MOM single-span proteins were not
affected by this mutation. Furthermore, organelles lacking Crd1 had a lower in vitro capacity to import newly synthesized Ugo1
and Scm4 molecules. Crd1, which is located in the mitochondrial inner membrane, condenses phosphatidylglycerol together
with CDP-diacylglycerol to obtain de novo synthesized CL molecules. Hence, our findings suggest that CL is an important com-
ponent in the biogenesis of MOM multispan proteins.

All mitochondrial outer membrane (MOM) proteins are
nuclearly encoded and synthesized on cytosolic ribosomes.

Therefore, they have to bear proper signals that ensure both their
correct import into the organelle and their ability to acquire dif-
ferent topologies in the lipid bilayer. None of the known MOM
proteins contain a canonical cleavable N-terminal presequence;
rather, they carry internal noncleavable targeting and sorting sig-
nals that are difficult to identify (1). Multispan proteins comprise
a distinct class of such proteins embedded into the lipid bilayer via
multiple �-helical transmembrane segments (TMS) that are inter-
connected by loops. Some of them, like Fzo1 in yeast (Mfn1/2 in
mammals), cross the membrane twice, exposing N- and C-termi-
nal domains toward the cytosol. Additional multispan MOM pro-
teins with three or more TMSs are, for example, Ugo1, Scm4, and
Om14 in Saccharomyces cerevisiae and the human peripheral ben-
zodiazepine receptor (PBR). Members of this group fulfil various
functions such as serving as a mitochondrial receptor for cytosolic
ribosomes (Om14) or mediating mitochondrial fusion and dy-
namics (Fzo1 and Ugo1).

Studies on the import pathway of multispan proteins suggested
that import receptors appear to play a role in the membrane inte-
gration of these proteins. For example, Fzo1 was reported to re-
quire a protease-sensitive import receptor(s) for its integration
into the MOM (2). Furthermore, import of PBR and Mfn2 into
mammalian organelles involves interactions with Tom70 and an
unknown intermembrane space (IMS) component but is inde-
pendent of other components of the translocase of the outer mem-
brane (TOM) (3). Recently, we and others reported on a unique
import pathway in yeast for MOM multispan proteins (4, 5). This
pathway involves the import receptor Tom70 but not its partner,
Tom20, in the initial recognition of the multispan precursor pro-
teins. Other TOM subunits and components residing in the mito-
chondrial IMS were not required for this process. On the other
hand, the MOM protein Mim1 was found to play a crucial role in

the membrane integration of these proteins (4, 5). In a subsequent
study, the novel protein Mim2 was demonstrated to interact with
Mim1 and to form with the latter the functional MIM insertase
complex (6).

Despite the recent progress, the full mechanism by which mul-
tispan proteins are recognized and inserted into the MOM re-
mains poorly defined. To shed new light on this process, we per-
formed two high-throughput screens covering all yeast mutants’
backgrounds using the model multispan protein Om14. The first
screen was based on the ability to visually monitor the correct
intracellular distribution of the green fluorescent protein-Om14
(GFP-Om14) fusion protein on all yeast mutant backgrounds.
The second screen included the ability of strains expressing the
chimeric protein Ura3-Om14-Degron to grow on medium lack-
ing uracil as a probe for the correct membrane topology of the
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protein. One mutated gene that was identified by both screens as
an effector of integration was the cardiolipin (CL) synthase Crd1.

CL is considered to be the signature lipid of mitochondria as it
is rarely found in any other cellular membrane whereas in mito-
chondria it compromises a large fraction, about 10% to 15%, of
total phospholipids (7–9). De novo synthesis of CL occurs within
mitochondria, and the CL synthase, Crd1, is essential for the last
reaction in this multistep pathway (10, 11). Although CL was tra-
ditionally believed to exist only in the mitochondrial inner mem-
brane, several studies demonstrated that it is also a component of
the MOM as well as of contact sites between the two membranes
(7, 9, 12). CL is essential for the function of many proteins residing
in mitochondrial membranes. It interacts with proteins in the
mitochondrial inner membrane such as the ADP/ATP carrier and
respiratory chain complexes facilitating formation of respiratory
supercomplexes that are essential for energy production by respi-
ration (13–16). However, the importance of CL extends beyond
respiration, as it also modulates the function of the general trans-
locase of the MOM, the TOM complex (12). Deficiency in CL
therefore leads to many alterations in cellular functions such as
mitochondrial dynamics, mitochondrial protein import, apopto-
sis, cell cycle, aging, mitophagy, cell wall biogenesis, and lysosome
function (17–21). The importance of this phospholipid is further

reflected by the fact that alterations in CL underlie diseases such as
Barth syndrome (22).

The results of our current study suggest yet another function
for this special phospholipid and substantiate the importance of
CL for the proper biogenesis of MOM multispan proteins.

MATERIALS AND METHODS
Construction of Om14 variants and yeast strains. Unless stated other-
wise, the yeast strains used here were based on the BY4741 background.
Strains included in this study are listed in Table 1. For cloning of URA3-
hemagglutinin (HA)-OM14-SL17 into the pYX142 plasmid, URA3 with-
out a stop codon was amplified from pYX142-URA3-SL17 and cloned
into the vector pGEM4 using EcoRI and BamHI restriction sites. Subse-
quently, OM14 without a stop codon was cloned into the same vector via
BamHI and SalI restriction sites. Additionally, an HA tag was added at the
N terminus during amplification from pGEM4-OM14 with an appropri-
ately designed forward primer. SL17, in contrast, was amplified from
pYX142-URA3-SL17 and cloned into pYX142 with flanking SalI and XhoI
restriction sites. Finally, URA3 and HA-OM14 were subcloned sequen-
tially from pGEM4-URA3-HA-OM14-“nostop” into pYX142 containing
SL17. The URA3-HA-OM14-SL17 query strain (YJS02) was created by
homologous recombination using an insertion cassette amplified from
the pYX142-URA3-HA-OM14-SL17 plasmid with homology arms for the
URA3 locus.

TABLE 1 Yeast strains used in this study

Strain Mating type Genotype Source or reference

BY4741 MATa S288C his3�1 leu2�0 met15�0 ura3�0 Euroscarf
YMS116 MATa S288C his3�1 leu2�0 met15�0 ura3�0::KANR ATCC
YMS135 MAT� S288C his3�1 leu2�0 lys2� met15�0 ura3�0 can1�::STE2pr-spHIS5 lyp1� 25
YMS721 MAT� S288C his3�1 leu2�0 met15�0ura3�0 can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU2 23
YMS1169 MAT� S288C his3�1::TEF2pr-Cherry::URA3 leu2�0 lys2� lys� met15�0 ura3�0 can1�::STE2pr-

spHIS5 lyp1�::STE3pr-LEU2
23

YMS1641 MAT� YMS1169 om14�::NatR::ADHpr-GFP-OM14 Dalia Elinger
YJS01 MAT� YMS721 ugo1�::NatR::TEF2pr-GFP-UGO1 This study
YJS02 MAT� S288C his3�1 leu2�0 lys2� met15�0 ura3�0::TPIpr-URA3-HA-OM14-SL17::LEU2

can1�::STE2pr-spHIS5 lyp1�
This study

ugo1� strain MATa BY4741 ugo1�::KANR 24
crd1� strain MATa BY4741 crd1�::KANR 24
fmp32� strain MATa BY4741 fmp32�::KANR 24
fmp33� strain MATa BY4741 fmp33�::KANR 24
hit1� strain MATa BY4741 hit1�::KANR 24
jlp2� strain MATa BY4741 jlp2�::KANR 24
ngr1� strain MATa BY4741 ngr1�::KANR 24
yfl034w� strain MATa BY4741 yfl034w2�::KANR 24
ypl067c� strain MATa BY4741 ypl067c�::KANR 24
SGA crd1� GFP-OM14

strain
MATa S288C crd1�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3

can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU2
This study

SGA fmp32� GFP-OM14
strain

MATa S288C fmp32�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA fmp33� GFP-OM14
strain

MATa S288C fmp33�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA hit1� GFP-OM14
strain

MATa S288C hit1�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA jlp2� GFP-OM14
strain

MATa S288C jlp2�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA ngr1� GFP-OM14
strain

MATa S288C ngr1�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA yfl034w� GFP-OM14
strain

MATa S288C yfl034w�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study

SGA ypl067c� GFP-OM14
strain

MATa S288C ypl067c�::KANR om14�::NatR::ADHpr GFP-OM14 his3�1::TEF2pr-Cherry::URA3
can1�::STE2pr-spHIS5 lyp1�::STE3pr-LEU

This study
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To create the query strain harboring GFP-Om14, an insertion cassette
for homologous recombination was amplified from the vector pYM-N9
natNT2-ADHpr-yEGFP (yeast-enhanced green fluorescent protein) with
homology arms for the 5= untranslated region (UTR) of OM14 and the
beginning of its coding sequence. The insertion cassette itself consisted of
a nourseothricin resistance (Natr) gene upstream of an ADHpr-yEGFP
construct. The cassette was introduced into the genome of strain
YMS1169, resulting in the generation of the GFP-Om14 query strain
(YMS1641). Hence, the endogenous OM14 gene in this strain was re-
placed by GFP-OM14 under the control of the constitutive ADH pro-
moter. The GFP-Ugo1 query strain (YJS01) was generated in a similar
way. The insertion cassette for homologous recombination was amplified
from the vector pFA6a-NatMX4-TEF2pr-EGFP-ADH1term with homol-
ogy arms for the 5= UTR of UGO1 and the onset of its coding sequence.
The insertion cassette, comprising a Natr gene upstream of a TEF2pr-
eGFP construct, was integrated into the genome of strain YMS721. Con-
sequently, the generated query strain revealed overexpression of GFP-
Ugo1 under the control of the TEF2 promoter instead of endogenously
expressed Ugo1.

Synthetic genetic array. The synthetic genetic array (SGA) procedure
was used to systematically insert GFP-OM14 and URA3-HA-OM14-SL17
into entire yeast libraries (25, 26).

Fluorescence microscopy. High-throughput screens were performed
with a system previously described (26, 27). The microscopy for follow-up
analysis was performed using an Olympus IX71 microscope controlled by
Delta Vision SoftWoRx 3.5.1 software with either 60� or 100� oil lenses.
Images were captured by a Photometrics Coolsnap HQ camera with ex-
citation at 490/20 nm and emission at 528/38 nm (GFP) or excitation at
555/28 nm and emission at 617/73 nm (mCherry). Images were trans-
ferred to Adobe Photoshop CS2 or ImageJ for slight contrast and bright-
ness adjustments.

Biochemical procedures. Mitochondria were isolated from yeast cells
by differential centrifugation as previously described (28). Subcellular
fractionation was performed according to published procedures (29). In
the carbonate extraction reaction, mitochondria were dissolved in 0.1 M
Na2CO3. After 30 min on ice, the samples were centrifuged (100,000 � g,
30 min, 2°C) and pellets as well as supernatant were analyzed. Protein
samples were analyzed by SDS-PAGE and blotting to nitrocellulose mem-
branes followed by incubation with antibodies and visualization by the
enhanced-chemoluminescence (ECL) method. The intensity of the ob-
served bands was quantified using AIDA software. Unless stated other-
wise, the data from each presented experiment represent results of at least
three independent repetitions.

In vitro protein import. Import experiments were performed with
radiolabeled precursor proteins and isolated mitochondria in an import
buffer containing 250 mM sucrose, 2.5 mg/ml bovine serum albumin
(BSA), 80 mM KCl, 5 mM MgCl2, 10 mM MOPS (morpholinepropane-
sulfonic acid)-KOH, 2 mM NADH, and 2 mM ATP [pH 7.2]. Radiola-
beled precursor proteins were synthesized in rabbit reticulocyte lysate in
the presence of [35S]methionine. Protease treatment of mitochondria was
performed by adding trypsin or proteinase K (50 �g/ml) for 30 min on ice.
The protease was then inhibited by adding for 10 min on ice either soy-
bean trypsin inhibitor (1.5 mg/ml) or phenylmethanesulfonyl fluoride
(PMSF) (4 mM), respectively.

Blue native PAGE. Mitochondria were lysed in 50 �l digitonin buffer
(1% digitonin, 20 mM Tris-HCl, 0.1 mM EDTA, 50 mM NaCl, 10%
glycerol, 1 mM PMSF, pH 7.4). After incubation for 30 min at 4°C and a
clarifying spin procedure (30,000 � g, 15 min, 2°C), 5 �l sample buffer
(5% [wt/vol] Coomassie brilliant blue G-250, 100 mM Bis-Tris, 500 mM
6-aminocaproic acid, pH 7.0) was added, and the mixture was analyzed by
electrophoresis in a blue native gel containing a 6%-to-13% gradient of
acrylamide (30). Gels were blotted onto polyvinylidene fluoride mem-
branes, and proteins were further analyzed by immunodecoration or au-
toradiography.

RESULTS
GFP-Om14 serves as a model protein for correct membrane in-
sertion of mitochondrial outer membrane multispan proteins.
To identify novel effectors of the biogenesis of MOM multispan
proteins, we set out to look for a suitable MOM multispan model
protein for a high-content screen. We hypothesized that MOM
multispan polypeptides that are not properly integrated into the
MOM are likely to be degraded or mistargeted to other organelles.
For example, we anticipated that a green fluorescent protein
(GFP)-tagged model protein on the background of mutations in
required genes would display altered localization of the fusion
proteins (altered GFP signal pattern) and/or a reduction in its
detected levels (altered GFP intensity). Accordingly, our aim was
to monitor the localization of a model protein and its levels on the
background of all deletion yeast strains (of nonessential genes) or
of strains harboring downregulation alleles (of essential genes).
Such screens would allow us to spot those proteins that support
the biogenesis of these multispan proteins.

To that end, we added a GFP tag at the N terminus of Om14
(GFP-Om14) in a query strain suitable for automated mating ap-
proaches like the use of a Synthetic Genetic Array (SGA) (see
strain YMS1641 data in Table 1 and references 25 and 26). To
validate the correct mitochondrial targeting of GFP-Om14, we
used fluorescence microscopy and observed that the GFP signal
indeed colocalizes with the mitochondrial marker protein Aco2-
Cherry (Fig. 1A). To substantiate this finding, we also monitored
the location of the protein by subcellular fractionation. Similar to
native Om14 (as observed in the wild-type [WT] strain), GFP-
Om14 was highly enriched in purified mitochondria and cofrac-
tionated with the Tom70 mitochondrial marker protein (Fig. 1B).
Next, we were interested to test whether the tagged protein is
properly embedded within the MOM or only associates with the
organelle. For this, isolated mitochondria harboring the protein
were subjected to carbonate extraction. GFP-Om14, like native
Om14, was found mainly in the pellet fraction that also contained
other MOM proteins such as Tom20 and porin. Of note, as was
previously reported (31), a small portion of GFP-Om14 and of
native Om14 is found in the supernatant fraction that harbors
peripheral and soluble proteins such as aconitase (Fig. 1C, lanes 3
and 7).

To verify that membrane integration occurred in the correct
and functional topology, we used a protease protection assay.
Since the N terminus of Om14 is known to be located in the cyto-
sol (31), the fusion protein GFP-Om14 should expose the GFP
moiety on the mitochondrial surface. To verify this assumption,
we added proteinase K to isolated mitochondria harboring the
fusion protein. As expected, this treatment resulted in a cleavage
of both the native and the GFP-tagged proteins and disappearance
of the signal (Fig. 1C, lanes 4 and 8). The matrix protein aconitase
was barely affected under these conditions, demonstrating that
the organelles were intact. Taken together, these findings indicate
that GFP-Om14 is targeted to mitochondria and can be integrated
into the MOM with a native-like conformation.

OM14 was recently demonstrated to serve as a mitochondrial
receptor for cytosolic ribosomes (32). However, since om14� cells
display neither a mitochondrial morphology phenotype nor a
growth phenotype (31, 32), the functionality of the fusion protein
was difficult to test. However, the normal behavior of GFP-Om14
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in all available assays prompted us to continue using it as a probe
for MOM protein integration in a high-throughput visual screen.

A high-content screen identifies factors involved in the bio-
genesis of multispan MOM proteins. To integrate the GFP-

Om14 into a library of deletions in all nonessential genes (24) and
a library of hypomorphic alleles of all essential genes (23), we used
SGA to attain nearly 6,000 haploid strains, with each expressing
GFP-OM14 on the background of one mutation. The strains were

FIG 1 Establishment of an in vivo visual assay to monitor the biogenesis of Om14. (A) The GFP-Om14 query strain expressing mitochondrial Aco2-Cherry was
subjected to fluorescence microscopy. DIC, differential inference contrast. (B) Subcellular fractionation of the GFP-Om14 query strain. Equal amounts of
whole-cell lysate (WCL) and of fractions corresponding to cytosol (cyt), ER, and mitochondria (mito) were analyzed by SDS-PAGE and immunodecoration. The
indicated antibodies against marker proteins for mitochondria (Om14 and Tom70), cytosol/nucleus (Bmh1), and ER (Erv2) were used. (C) Carbonate extraction
(CE) of mitochondria isolated from either the wild-type strain or the GFP-Om14 query strain was performed, and samples were separated to membrane-
embedded proteins in the pellet fraction (P) and soluble proteins in the supernatant (SN). Where indicated (lanes 4 and 8), additional mitochondrial samples
were treated with 20 �g/ml proteinase K (PK). All samples were analyzed by SDS-PAGE and immunodecoration. Porin, MOM protein resistant to PK; Tom20,
MOM protein sensitive to PK; aconitase, matrix protein resistant to PK. (D) Fluorescence microscopy of representative deletion strains expressing GFP-Om14.
(E) Cellular functions of proteins identified as hits by the visual screen. Functions have been assigned according to the Saccharomyces Genome Database.
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then visualized using a previously described high-content micros-
copy setup (27). Normal mitochondrial staining was observed in
the vast majority (97.8%) of the inspected mutated strains (see, for
example, Fig. 1D, gapdh�). In contrast, in some strains (1.5%), we
observed strong cytosolic mislocalization of GFP-Om14 (see, for
example, Fig. 1D, jlp2�), whereas the mitochondrial staining by
GFP seemed to be altered for other strains (0.7%) (see, for exam-
ple, Fig. 1D, ngr1�). In the latter cases, mitochondria were usually
aggregated, probably due to the elevated levels of GFP-Om14 in
the MOM. However, in contrast to mutants that affect targeting of
MOM single-span proteins (33, 34), none of the inspected strains
displayed mistargeting to other organelles. Manually annotating
the resulting images for changes in localization or automatically
extracting intensity data, we could find 146 strain backgrounds
with altered intensity and/or altered localization of the GFP con-
struct (see Table S1 in the supplemental material). Analyzing the
functions of these hits, it appears that the two largest groups were
of genes involved in DNA and RNA homeostasis, transcription,
and translation (Fig. 1E). In addition, genes that are involved in
protein turnover, the cytoskeleton, and ion homeostasis were also
represented.

Of note, factors with known function in the biogenesis of
MOM multispan proteins (such as Tom70, Tom71, Mim1, and
Mim2) did not appear as hits in this screen (see Table S1 in the
supplemental material). We assume that the single deletion of
either Tom70 or Tom71 did not result in a clear phenotype, since
the two receptor proteins have redundant functions and in the
absence of one of them the paralogue protein can take over its
function. In addition, both can be partially replaced by the other
import receptor, Tom20. The Mim1 gene was initially annotated
as an essential gene and therefore is not included in the deletion
collection but rather in the Decreased Abundance by mRNA Per-
turbation (DAmP) library, where the levels of depletion are not
clear. Finally, the Mim2 gene open reading frame (ORF) was first
annotated as a dubious ORF and hence is not included in any
library.

We assumed that many of the effects of the genes belonging to
the groups mentioned above (such as general effects on transcrip-
tion and/or translation of the GFP-Om14 marker) might be indi-
rect. Hence, based on their potential relevance for mitochondrial
protein biogenesis and the extent of the fluorescence alterations,
these initial 146 hits were narrowed down to 9 strains with which
we were interested in continuing to work (Table 2).

To further characterize this limited group of hits, we created
another query strain in which a GFP tag was added at the N ter-
minus of another MOM multispan protein, Ugo1 (GFP-Ugo1;
strain YJS01 in Table 1). This fusion protein was correctly local-
ized to mitochondria and inserted into the outer membrane but
was not functional, as it could not support regular mitochondrial
morphology (see Fig. S1 in the supplemental material). Crossing
this query strain with the nine deletion strains revealed an altered
biogenesis of GFP-Ugo1 in only two of those strains, the crd1�
and gim1� strains (Fig. 2 and Table 2). As Crd1 is a mitochondrial
protein, while a clear relevance of Gim1 to mitochondrial function
is not obvious, CRD1 was the most promising hit from the visual
assays.

Ura3-Om14-degron can be used to probe membrane inte-
gration of Om14 in vivo. The visual screen was aimed to uncover
proteins that are essential for targeting Om14 to the mitochon-
dria. However, fluorescence staining of mitochondria could not
monitor whether the model protein obtained its correct topology
at the MOM. Thus, as a complementary method to identify factors
that are required for the correct membrane integration of mul-
tispan outer membrane proteins, we also employed a growth
screen. As a probe, we used a fusion protein that is based on
Om14. This hybrid protein contains the Ura3 enzyme, a cytosolic
enzyme that catalyzes one of the steps in UTP synthesis, fused to
the cytosol-facing N terminus of Om14. In addition, our hybrid
protein contained the 50-amino-acid “degron” SL17 sequence,
which targets proteins for degradation by the ubiquitin-protea-
some system (35), attached to the C terminus of the protein that
should face the IMS (Fig. 3A). We have previously used a similar
method to successfully monitor the membrane insertion of the
MOM single-span protein Mim1 (34). When the Om14 fusion
protein is integrated into the MOM with its native topology (31),
Ura3 is exposed to the cytosol (where it is functional), whereas
SL17 is hidden in the IMS and is not exposed to the ubiquitin-
proteasome system (Fig. 3A). Thus, the native topology is ex-
pected to abolish the uracil auxotrophy of the yeast strains in the
collection of the mutants. However, if Om14 membrane integra-
tion is compromised, then the degron region is exposed to the
cytosol where it causes degradation of the entire hybrid protein.
Accordingly, the cells become auxotrophic for uracil.

To perform such a screen, we first constructed the Ura3-HA-
Om14-SL17 fusion protein and cloned it into a yeast expression
vector. Next, to validate its compatibility with the growth screen,

TABLE 2 The most promising hits of the visual screen performed with GFP-Om14

Systematic name Standard name Size (kDa) Description (according to the Saccharomyces Genome Database)
Hit in GFP-Ugo1
screen

YFL046W Fmp32 24 Putative protein of unknown function No
YJL161W Fmp33 20.2 Putative protein of unknown function No
YMR132C Jlp2 24.6 Protein of unknown function that contains sequence closely resembling

a J domain
No

YDL142C Crd1 32 Cardiolipin synthase produces cardiolipin Yes
YFL034W 119 Putative integral membrane protein that interacts with a component of

the ribosomal stalk
No

YJR055W Hit1 18 Protein of unknown function that is required for growth at high temp No
YGR078C Gim2 23 Part of the heteromeric cochaperone GimC/prefoldin complex that

promotes efficient protein folding
Yes

YBR212W Ngr1 75 RNA binding protein that negatively regulates growth rate No
YPL067C 23 Putative protein of unknown function No
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wild-type cells were transformed with an expression vector encod-
ing Ura3, Ura3-SL17, or Ura3-HA-Om14-SL17. Of note, the yeast
expression plasmid used in this study contains LEU2 as a selection
marker, and, as expected, all transformed cells grew equally well
on synthetic dextrose (SD)-Leu plates (Fig. 3B). In contrast, as
hypothesized, Ura3 and Ura3-HA-Om14-SL17, but not Ura3-
SL17, which is constantly degraded, also supported growth in the
absence of uracil (SD-Leu-Ura plates, Fig. 3B). These findings
demonstrate that Ura3 is functional even when localized to the
mitochondrial surface by Om14. Next, this construct was intro-
duced into the URA3 locus of a query strain, resulting in construc-
tion of the Ura3-HA-Om14-SL17 query strain (YJS02, Table 1).
This strain also contains the native endogenous Om14 protein. To
test the suitability of the generated query strain for the desired
growth screen, both the mitochondrial targeting and membrane
insertion of the hybrid protein were analyzed in more detail. The
Ura3-HA-Om14-SL17 query strain was subjected to subcellular
fractionation, and, as expected, the hybrid protein was detected
solely in the mitochondrial fraction (Fig. 3C). Next, we verified by
carbonate extraction and protease treatment that the fusion pro-
tein behaves like native Om14 and is indeed embedded correctly
within the outer membrane (Fig. 3D).

A growth screen uncovers Crd1 as an important factor for
correct membrane topology of Om14. To perform the growth
screen, we used SGA to integrate Ura3-HA-Om14-SL17 on the
background of the same mutant arrays as used for the visual
screens. We performed the growth screen by comparing the col-
ony sizes of the resulting haploids on synthetic galactose-contain-
ing medium (SGal) to the colony sizes seen on the same medium
lacking uracil (SGal-Ura). Galactose was used to allow robust
growth while avoiding the repression of mitochondrial biogenesis
that is caused by glucose. This screen uncovered many mutants in
whose absence strains grew more poorly on SGal-Ura (see Table
S2 in the supplemental material). However, among those poten-
tial candidates, only the crd1� strain also produced a hit in the
visual screen. We further verified on the single-gene level that the
crd1� strain expressing the Ura3-HA-Om14-SL17 hybrid protein
grew slower when uracil was omitted from a galactose-containing
liquid medium (Fig. 3E). In a control experiment, the deletion of
an unrelated gene, CMK2, did not show this phenotype (Fig. 3E).

We anticipated that an important protein for biogenesis of MOM
multispan proteins should affect both the association of the pro-
tein with the membrane and its correct membrane topology. As
both (visual and growth) screens identified Crd1 as a protein that
is required for optimal biogenesis of the Om14 variants, we de-
cided to focus on this protein in subsequent biochemical assays.

Mitochondria from crd1� cells display reduced insertion ef-
ficiency of multispan proteins. To confirm the outcome of the
high-throughput screens, we isolated crude mitochondria from
either control or crd1� cells overexpressing the GFP-Om14 fusion
protein and found that the fusion protein was indeed detected at
reduced levels (Fig. 4A). When we next analyzed pure organelles,
we observed that the steady-state levels of native Om14 were not
affected whereas those of two other MOM multispan proteins,
Ugo1 and Scm4, were reduced to about half of normal (Fig. 4B).
These observations suggest that Crd1 functionality is especially
required when the system is challenged with elevated amounts of
multispan proteins. Of note, neither single-span proteins such as
Mim1, Tom70, and Tom20 nor the Yah1 matrix protein was af-
fected in the mutant cells (Fig. 4A and B).

It is well-established that Mim1 and Tom70 are required for
the biogenesis of multispan proteins (4, 5). Therefore, we asked
whether the observed effect on GFP-Om14, Scm4, and Ugo1 is
secondary to reduced amounts of Tom70 and/or Mim1. However,
both proteins were detected in the mutated organelles at levels that
were not significantly altered compared to their amounts in con-
trol organelles (Fig. 4A and B). As a further control, we analyzed
both the TOM and MIM complexes by blue native PAGE. Al-
though, as previously reported (12), the TOM complex from the
mutated cells migrated at an apparently lower molecular mass, the
two complexes displayed similar levels in mutated and control
mitochondria (Fig. 4C). Hence, it appears that the absence of Crd1
can directly influence the biogenesis of multispan proteins.

To determine whether the reduced amounts of Ugo1, Scm4,
and GFP-OM14 were really a result of reduced targeting and not
of reduced production or stability, we next used established in
vitro insertion assays based on purified mitochondria and cell-free
synthesized radiolabeled Ugo1 or Scm4 molecules (4, 5). Support-
ing the aforementioned observations, we found that mitochon-
dria isolated from crd1� cells had a reduced capacity to import

FIG 2 GFP-Om14 and GFP-Ugo1 have an altered appearance in crd1� and gim2� deletion strains. Strains with BDH2 (as a control), CRD1, or GIM2 deleted,
expressing either GFP-Om14 (upper panels) or GFP-Ugo1 (lower panels), were observed by fluorescence microscopy. Selected regions from each image were
enlarged and are shown separately.
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FIG 3 Growth assay to monitor the biogenesis of Om14. (A) Schematic representation of the various fusion proteins used. The expected potential of these
proteins to support growth on synthetic medium without uracil is indicated at the bottom. (B) Yeast cells expressing the indicated constructs were analyzed at
30°C by drop-dilution assay on synthetic medium lacking either leucine only (SD-Leu) or leucine and uracil (SD-Leu-Ura). (C) Subcellular fractionation of the
Ura3-HA-Om14-SL17 query strain. Equal amounts of whole-cell lysate (WCL) and of fractions corresponding to cytosol (cyt), ER, and mitochondria (mito)
were analyzed as described in the Fig. 1B legend. (D) Mitochondria isolated from either the WT strain or the Ura3-HA-Om14-SL17 query strain were treated and
analyzed as described in the Fig. 1C legend. (E) crd1� and cmk2� (as a control) cells expressing Ura3-HA-Om14-SL17 were grown on galactose-containing liquid
medium in the presence (SGal comp.) or absence (SGal-Ura) of uracil. The optical density at 600 nm (OD600) of the cultures was measured and is depicted as a
function of incubation time.
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Ugo1 and Scm4 compared to organelles isolated from control cells
(Fig. 5A and B). In contrast, the import of the model matrix pro-
tein, pSu9-dihydrofolate reductase (pSu9-DHFR), was not ham-
pered by the deletion of Crd1 (Fig. 5C). Taking the results to-
gether, it appears that the absence of Crd1 does not affect the
general import capacity of mitochondria but instead specifically
reduces the ability of the organelle to integrate multispan proteins.

Crd1 catalyzes the last step in the biosynthesis pathway of CL.
Hence, depletion of Crd1 could affect integration of multispan
proteins due to either depletion of CL or accumulation of its pre-
cursor, phosphatidylglycerol (PG). To test this, we looked at the

effect of mutating one enzyme, Gep4, upstream in the pathway
that creates PG. First, we monitored the steady-state levels of pro-
teins in mitochondria isolated from cells lacking Gep4. Our anal-
ysis demonstrates that all three MOM multispan proteins, Ugo1,
Scm4, and Om14, are found in reduced levels in the altered organ-
elles (Fig. 6A). Importantly, the levels of Tom70 and Mim1 were
hardly affected in the mitochondria from gep4� cells. Next, we
tested the capacity of such isolated mitochondria to import in vitro
radiolabeled mitochondrial proteins. Whereas the absence of
Gep4 resulted in a slight reduction in the import of Ugo1, a sig-
nificant effect on the import of Scm4 was observed (Fig. 6B and

FIG 4 The absence of cardiolipin affects the steady-state levels of multispan proteins. (A) Steady-state levels of GFP-Om14 are decreased in crd1� mitochondria.
(Left panel) Crude mitochondria from wild-type (WT) and crd1� yeast strains were isolated and analyzed by SDS-PAGE and immunodecoration with the
indicated antibodies. (Right panel) The bands resulting from three independent experiments were quantified and normalized to the level of Tom20, and the
protein levels in the WT strain were set to 100%. Error bars represent standard deviations (n � 3). rel., relative. (B) Steady-state levels of Ugo1 and Scm4 are
decreased in crd1� organelles. Mitochondria were isolated from either WT or crd1� cells, and the indicated amounts were analyzed as described for panel A. The
resulting bands were quantified and normalized to the level of Yah1, and the protein levels in the WT strain were set to 100% (right panel). Error bars represent
standard deviations (n � 6 [3 biological experiments with 2 technical repeats each]). (C) Mitochondria isolated as described for panel B were subjected to blue
native PAGE and immunodecoration with antibodies against Mim1 or Tom40. The MIM and the TOM complexes are indicated.
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C). Of note, the import of the matrix-destined protein pSu9-
DHFR was highly reduced in the mutant mitochondria, suggest-
ing a general import defect in this strain (Fig. 6D). Such a general
biogenesis defect is in line with the severe growth phenotypes of
cells lacking Gep4 and its requirement for the stability of respira-
tory chain supercomplexes (36). Collectively, these findings dem-
onstrate that Crd1 and Gep4 are required for optimal biogenesis
of MOM multispan proteins, strongly suggesting that the lack of
CL itself is the cause for the compromised membrane integration.

DISCUSSION

In the current study, we performed visual and growth screens to
identify proteins that are required for the biogenesis of multispan
proteins residing in the MOM. We concentrated in these screens
on the model protein Om14 and its variants. In this context, we
confirmed that GFP-Om14 is targeted to mitochondria and inte-
grated into the MOM with a native-like topology. Interestingly,
our visual screen could not identify mutants that result in mistar-
geting of Om14 to the endoplasmic reticulum (ER). This is in
contrast to previous studies with MOM single-span proteins such
as Mim1 or Gem1 where deletions of DJP1 (34) or SPF1 (33),
respectively, resulted in mislocalization of the mitochondrial pro-
tein to the ER. Hence, it seems that, whereas the single-span pro-
teins can, in principle, under certain conditions, also get inte-
grated into the ER membrane, the multispan proteins lack this
capacity or else might get efficiently and rapidly degraded in the
event that they do. A speculative explanation for this difference is
the divergence in the integration pathways of single- or multispan
proteins into the ER membrane. While the membrane insertion of
single-span proteins is mediated by the guided entry of TA protein
(GET) machinery and is probably more flexible regarding sub-
strate specificity, the targeting pathways for proteins that must use
the Sec translocon for their membrane integration might be more
restrictive regarding their substrates.

The most prominent hit in our screens was Crd1, and subse-
quent biochemical assays verified its important role for optimal
biogenesis of MOM multispan proteins. The performed screens
provided, in addition to Crd1, various potential hits for proteins
that might be involved in the biogenesis of multispan proteins.
However, since Crd1 was the only gene that appeared as a hit in
both screens, we decided in the current study to concentrate on
the characterization of its contribution. Future studies can address
the relevance of the other potential hits.

Crd1 catalyzes the final step in the de novo synthesis of the CL
diphosphatidylglycerol. Due to its importance for various pro-
cesses, deficiency of and/or variations in CL result in a wide variety
of alterations in cellular functions such as the cell cycle, aging,
mitophagy, cell wall biogenesis, mitochondrial dynamics, mito-
chondrial protein import, and apoptosis (21). Our report adds
another important process in which CL is playing a central role,FIG 5 Mitochondria lacking Crd1 have a lower in vitro capacity to import

multispan proteins. (A) Radiolabeled molecules of Ugo1-2HA were incubated
with mitochondria isolated from either WT or crd1� cells for the indicated
time periods. After import, mitochondria were treated with trypsin and sub-
jected to SDS-PAGE and autoradiography. The trypsin-protected fragment is
indicated (f). (Lower panel) Bands representing this fragment were quantified,
and the intensity of the band upon import into control mitochondria for 20
min was set as 100%. Data represent averages of the results of three indepen-
dent experiments. (B) Radiolabeled molecules of Scm4 were incubated with
isolated mitochondria as described for panel A. After import, mitochondria
were solubilized by the use of digitonin and subjected to blue native PAGE and
autoradiography. The Scm4-containing band is indicated. (Lower panel)
Bands were quantified, and the intensity of the band upon import into control

mitochondria for 45 min was set as 100%. Data represent averages of the
results of three independent experiments. (C) Radiolabeled molecules of
pSu9-DHFR were incubated with isolated mitochondria as described for panel
A. After import, mitochondria were treated with proteinase K (PK) and sub-
jected to SDS-PAGE and autoradiography. The PK-protected mature form is
indicated (m). (Lower panel) Bands representing the mature form were quan-
tified, and the intensity of the band upon import into control mitochondria for
40 min was set as 100%. Data represent averages of the results of three inde-
pendent experiments.
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namely, in the membrane integration of MOM multispan pro-
teins. We observed very specific alterations in the biogenesis of
Ugo1, Scm4, and Om14 upon deletion of CRD1 but not of other
MOM or matrix proteins. Our observations are also in line with a
previous report of a study in which the absence of Crd1 caused a
reduction in the steady-state levels of the two multispan proteins
Ugo1 and Fzo1 (20). The requirement for CL in the biogenesis of

MOM multispan proteins also supports, by providing functional
relevance, the idea of the presence of CL in the MOM, as its oc-
currence in this membrane is rather controversial (12). The idea of
the importance of CL for the biogenesis process is further sup-
ported by the similar effects of deletion of Gep4, the upstream
enzyme in this pathway (36).

It is currently unclear how CL modulates all the aforemen-

FIG 6 Deletion of Gep4 causes a reduction in the biogenesis of multispan proteins. (A) Mitochondria were isolated from either WT or gep4� cells, and the
indicated amounts were analyzed as described in the Fig. 4B legend. The resulting bands were quantified and normalized to the level of fumarase (Fum1), and the
protein levels in the WT strain were set to 100% (right panel). (B to D) The indicated radiolabeled proteins were incubated with isolated organelles and further
analyzed as described in the Fig. 5 legend.
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tioned processes, specifically, the biogenesis of multispan protein.
As it has a dimeric structure and harbors a net negative charge, one
can speculate that its negative charges may contribute to this ef-
fect. However, CL forms only ca. 1% to 3% of the MOM phospho-
lipids whereas phosphatidylinositol (PI), which is also negatively
charged, is far more abundant (12% [9]). Thus, it is unlikely that
the contribution of CL is limited to electrostatic interactions with
membrane proteins, as those interactions probably could also be
facilitated by other lipid molecules in the membrane. The re-
ported observation that CL stabilizes the TOM complex (12)
could have provided another explanation of the requirement for
CL in this process. However, we disfavor this possibility, because
we and others reported that it is not the core TOM complex that is
involved in the biogenesis of multispan proteins but rather the
import receptor Tom70 and the MIM complex (4, 5), both of
which do not seem destabilized in this background. Therefore, we
favor the idea of a direct contribution of CL to unique structures
within the membrane that facilitate integration and stabilization
of multispan proteins. Such structures might be CL-rich microdo-
mains that provide a convenient insertion site for the newly syn-
thesized multispan proteins. Regardless of the actual mechanism,
the data from the current study indicate that a defined phospho-
lipid composition of the MOM modulates the capacity of this
membrane to integrate multispan proteins. As the importance of
CL is emphasized by the fact that alterations in its composition
underlie diseases such as Barth syndrome, our findings may help
also to shed light on disease progression.
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