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ABSTRACT Tail-anchored (TA) proteins have a single C-terminal transmembrane domain, 
making their biogenesis dependent on posttranslational translocation. Despite their impor-
tance, no dedicated insertion machinery has been uncovered for mitochondrial outer mem-
brane (MOM) TA proteins. To decipher the molecular mechanisms guiding MOM TA protein 
insertion, we performed two independent systematic microscopic screens in which we visual-
ized the localization of model MOM TA proteins on the background of mutants in all yeast 
genes. We could find no mutant in which insertion was completely blocked. However, both 
screens demonstrated that MOM TA proteins were partially localized to the endoplasmic re-
ticulum (ER) in ∆spf1 cells. Spf1, an ER ATPase with unknown function, is the first protein 
shown to affect MOM TA protein insertion. We found that ER membranes in ∆spf1 cells be-
come similar in their ergosterol content to mitochondrial membranes. Indeed, when we visu-
alized MOM TA protein distribution in yeast strains with reduced ergosterol content, they 
phenocopied the loss of Spf1. We therefore suggest that the inherent differences in mem-
brane composition between organelle membranes are sufficient to determine membrane 
integration specificity in a eukaryotic cell.

INTRODUCTION
Tail-anchored (TA) proteins are a group of proteins characterized by 
a single transmembrane domain (TMD) at their C-termini that teth-
ers them to intracellular membranes with their N-termini facing the 
cytosol. The signal that allows them to be targeted to membranes 
of various cellular compartments is encoded within the TMD 

(Borgese et al., 2003b). All TA proteins are translated in the cytosol 
and inserted posttranslationally into their corresponding mem-
branes (Borgese et al., 2007; Rabu et al., 2009). Despite the fact that 
TA proteins can be found on all organelles, their insertion into mem-
branes seems to occur into either the mitochondrial outer mem-
brane (MOM) or the endoplasmic reticulum (ER), which serve as the 
first station for TA proteins of all other compartments of the secre-
tory pathway (Schuldiner et al., 2008, 2010).

Understanding the biogenesis of mitochondrial TA proteins is 
important, due to their essential roles in basic cellular functions and 
in the progression of diseases. For example, in yeast, TA proteins 
are required for mitochondrial fission (Fis1; Mozdy et al., 2000), for 
inheritance and motility (Gem1; Frederick et al., 2004) and for the 
functioning of the translocase of the outer membrane (TOM) com-
plex (Tom5, Tom6, and Tom7; Walther and Rapaport, 2009). In mam-
mals, Bcl2, and other BCL family members that are well-studied 
oncogenes are also mitochondrial TA proteins (Chipuk et al., 2010).

The structural characteristics that differentiate a mitochondrial 
targeting TA from an ER one are well characterized and include a 
relatively short TMD with moderate hydrophobicity and positively 
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RESULTS
A screen for proteins affecting the localization of GFP-
Gem1 reveals that Spf1 is required for correct membrane 
targeting of MOM TA proteins
To visually screen for factors influencing the insertion of yeast MOM 
TA proteins in vivo, we first created a yeast strain (based on the yeast 
S288C background; Brachmann et al., 1998) expressing a fluores-
cently tagged version of the model MOM TA protein, Gem1. The 
reporter was constructed by introducing a galactose-inducible pro-
moter (GAL1p) driving an N-terminally fused GFP at the endoge-
nous GEM1 coding region. This created an N-terminal GFP fusion 
protein (GFP-Gem1) whose expression is controlled by an inducible 
promoter. Indeed, when induced by growth in galactose-containing 
medium, GFP-Gem1 localized correctly to mitochondria, as could 
be seen by its colocalization with an mCherry protein fused to a 
mitochondrial targeting sequence (MTS; Figure 1A, top row).

We used this strain to explore which cellular factors influence 
mitochondrial TA protein insertion in vivo. Using synthetic genetic 
array (SGA) methodology (Tong et al., 2001; Tong and Boone, 2006; 
Cohen and Schuldiner, 2011), we crossed this strain against two li-
braries that together encompass mutations in every yeast gene. The 
first library was the yeast deletion library (Giaever et al., 2002), which 
consists of ∼5000 strains, each harboring a deletion in one nones-
sential gene. The second was a decreased abundance by mRNA 
perturbation (DAmP) library, which consists of ∼1000 strains, each 
expressing a hypomorphic allele of an essential gene (Schuldiner 
et al., 2005; Breslow et al., 2008). This procedure allowed us to cre-
ate a library of nearly 6000 haploid cells, each expressing the GFP-
Gem1 fusion protein on the background of a mutation in a single 
gene (Supplemental Figure S1).

We then visualized the cellular localization of GFP-Gem1 in each 
of these mutated strains using a high-throughput microscopy setup 
(Cohen and Schuldiner, 2011). Microscopy was performed during 
post–logarithmic growth in the semifermentable carbon source ga-
lactose to induce maximal expression of GFP-Gem1. Under these 
conditions, the majority of the strains showed normal mitochondrial 
localization. Remarkably, solely in one strain, ∆spf1, we found a dra-
matic mislocalization of GFP-Gem1 but mitochondrial morphology 
remained unchanged (Figure 1A, bottom row).

Because only a single protein came up in our screen as influenc-
ing MOM TA protein distribution, we decided to verify our results by 
performing an additional screen based on a different query strain. 
For the new query strain, we constructed a fusion protein consisting 
of a GFP moiety fused to the Gem1 TMD (aa 626–662) with a Myc 
epitope tag as a linker. This protein was expressed from an exoge-
nous locus (i.e., the endogenous coding region of GEM1 remained 
intact) under control of a constitutive promoter (TEF2p). The new 
query strain gave us three advantages: First, expression levels of the 
reporter were lower, therefore reducing the chances for mislocaliza-
tion due to overexpression. Second, only the TMD of Gem1 was 
utilized, eliminating potential localization motifs in the N-terminal 
functional region. Third, and most importantly, our strain had normal 
mitochondrial morphology due to the normal expression of the en-
dogenous GEM1.

Following the SGA procedure, we obtained a new library, which 
was screened in mid–logarithmic growth in media containing the 
fermentable carbon source glucose. Despite the differences in the 
fluorescent construct and the screening conditions, ∆spf1 was again 
identified as the only strain with altered MOM TA protein localiza-
tion. Collectively, our microscopic screens suggested that aside 
from SPF1, there is no single gene whose loss dramatically compro-
mises the specific targeting of a MOM TA protein.

charged residues at its flanking regions (Horie et al., 2002; Beilharz 
et al., 2003; Borgese et al., 2003a,b; Habib et al., 2003). In fact, 
these exact features have been shown to reduce the affinity by 
which TA proteins bind to the chaperone Sgt2 (Wang et al., 2010). 
Sgt2 therefore associates with high-affinity only with ER-bound TA 
proteins and relays them to a dedicated and conserved insertion 
pathway: the Guided Entry of TA proteins (GET) complex in yeast 
(Schuldiner et al., 2005, 2008; Jonikas et al., 2009) and the Trans-
membrane domain Recognition Complex (TRC40) chaperone com-
plex in mammals (Stefanovic and Hegde, 2007; Favaloro et al., 
2008, 2010). However, it is still unknown whether dedicated protein 
machinery exists to recognize MOM TA proteins and selectively in-
sert them into their target membranes or whether the mitochondrial 
insertion pathway occurs as a default for those proteins that do not 
bind Sgt2 (Rapaport, 2003; Setoguchi et al., 2006; Borgese et al., 
2007; Kemper et al., 2008).

We, and others, have previously shown that mitochondria iso-
lated from cells mutated in known outer membrane import compo-
nents are not compromised in their TA insertion capacity. This im-
plies that MOM TA proteins are inserted by other mechanisms 
(Setoguchi et al., 2006; Kemper et al., 2008). Moreover, recent evi-
dence suggests that these proteins may not require any proteina-
ceous receptor component, as mitochondrial TA proteins insert in 
vitro into protease-treated mitochondrial membranes with the same 
efficiency as they insert into untreated ones (Kemper et al., 2008). 
Interestingly, in vitro insertion efficiency of MOM TA proteins into 
pure lipid vesicles is highly dependent on the composition of the 
receiving membrane, since efficiency decreases as ergosterol levels 
increase (Kemper et al., 2008). Because the MOM in yeast cells has 
the lowest sterol content among all membranes that face the cyto-
sol (Zinser et al., 1991; Schneiter et al., 1999), such low ergosterol 
content could explain why MOM TA proteins do not require assis-
tance for insertion. In support of this, we have previously shown that 
in the absence of the GET pathway, ER-destined TA proteins are 
wrongly inserted into mitochondria (Schuldiner et al., 2008). This 
would suggest that mitochondrial membranes in yeast cells serve as 
a “default” target for “unguided” TA protein insertion.

However, the ability to insert in vitro in the absence of protein 
machinery does not necessarily indicate lack of such machinery in 
vivo. Hence, in this study, we explored whether there are cellular 
factors influencing mitochondrial TA protein insertion in vivo. To 
identify such proteins, we took a novel approach in the study of 
MOM TA protein insertion and performed two high-throughput mi-
croscopy screens using the budding yeast Saccharomyces cerevi-
siae as a model system. We inspected the cellular localization of a 
model MOM TA protein (green fluorescent protein-Gem1 [GFP-
Gem1]) on the background of strains harboring mutations in each 
yeast gene. This screen uncovered a single gene, SPF1, whose dele-
tion causes mislocalization of GFP-Gem1 to the ER.

Spf1 is an ER localized P-type ATPase whose deletion causes a 
variety of severe phenotypes in relation to ER homeostasis but has 
no defined function (Cronin et al., 2000, 2002; Tipper and Harley, 
2002; Vashist et al., 2002; Ando and Suzuki, 2005). We show here 
that in addition to the GFP-Gem1 ER mislocalization, the ∆spf1 
strain exhibited a redistribution of additional MOM single-span pro-
teins into ER membranes concomitant with changes in ergosterol 
distribution between ER and mitochondrial membranes. We thus 
uncovered a role for Spf1 in determining the lipid and protein com-
position of organelles’ membranes. Moreover, we suggest that the 
inherent unique lipid composition of the MOM, rather than dedi-
cated insertion machinery, is sufficient to determine membrane-
integration specificity in a living cell.
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Spf1 is a multiple-pass transmembrane protein that resides in 
the ER membranes and has been predicted to function as a P-type 
ATPase, although its substrates have not been identified (Cronin 
et al., 2000, 2002; Tipper and Harley, 2002; Vashist et al., 2002; Ando 
and Suzuki, 2005). Because Spf1 is not a mitochondrial protein, it has 
little chance of being part of the MOM TA protein insertion machin-
ery. Therefore our findings suggest that its loss has an indirect effect 
on Gem1 biogenesis. To uncover whether the defect of ∆spf1 is spe-
cific only to Gem1 insertion, we transformed control and ∆spf1 cells 
with a plasmid encoding mCherry-Fis1 (another MOM TA protein; 
Mozdy et al., 2000). Indeed, mCherry-Fis1 mislocalized in the mutant 
cells in a manner similar to GFP-Gem1 (Figure 1B).

To confirm that the phenotype was not the result of the fluoro-
phore tagging at the N-terminus of the TA proteins, we purified 
mitochondria from control and ∆spf1 cells during post–logarithmic 
growth. Using a specific antibody, we confirmed that endogenous 
Fis1 levels are dramatically reduced in mutant mitochondria (Figure 
1C). Interestingly, we found that the levels of the signal-anchored 
protein OM45, which appears to follow the same insertion pathway 
as MOM TA proteins (Meineke et al., 2008; Walther and Rapaport, 
2009), were also reduced in mutant mitochondria (Figure 1C). In-
deed, OM45 tagged with a fluorophore on the background of ∆spf1 
displayed the same phenotype as the MOM TA proteins and was 
also observed in nonmitochondrial membranes (Figure S2). Of note, 
staining mitochondria in the mutant cells with MTS-mCherry re-
vealed normal mitochondrial morphology (Figure 1A) and the 
steady-state levels of other mitochondrial proteins were not altered 
in the ∆spf1 strain (Figure 1C). Hence, it seems that overall organelle 
biogenesis, structure, and dynamics were not altered in the mutant 
background.

To validate that the SPF1 deletion is causal for the MOM TA pro-
tein mislocalization phenotype, we replaced the endogenous pro-
moter of SPF1 with an inducible one (GAL1p) and tagged the pro-
tein at its C-terminus with GFP to visualize its expression. By 
coexpressing the MOM TA protein mCherry-Fis1, we could see that 
in glucose-containing medium, cells did not express Spf1-GFP and 
mCherry-Fis1 was mislocalized (Figure 1D, top row). However, when 
cells were grown on galactose, Spf1-GFP expression was induced, 
causing a complete rescue back to the mitochondria-restricted lo-
calization of mCherry-Fis1 (Figure 1D, bottom row). As the geno-
type was unaltered between the two conditions and galactose as a 
carbon source does not cause redirection of TA protein insertion, we 

FIGURE 1: Deletion of SPF1 causes mislocalization of MOM TA 
proteins. (A) GFP-Gem1 was visualized in control or ∆spf1 cells 
expressing a mitochondria-targeted mCherry (MTS-mCherry). 
(B) mCherry-Fis1 was visualized in control or ∆spf1 cells. 
(C) Mitochondria were isolated from control and ∆spf1 cells grown 
to stationary phase at 30°C. The indicated amounts of mitochondrial 
proteins were analyzed by SDS–PAGE and immunodecorated with 
antibodies against various mitochondrial proteins. The intensity of 
the bands in three independent experiments was quantified and the 
average amount (± SD) of proteins in mutant mitochondria is 
expressed as percent of their level in the control organelle. (D) Cells 
expressing Spf1 under control of a galactose-inducible promoter 
were transformed with a plasmid encoding mCherry-Fis1. Cells were 
grown on synthetic selective medium containing either glucose 
(SD-Ura) or galactose (SG-Ura) and visualized using fluorescence 
microscopy. (E) mCherry-Fis1 was visualized in ∆spf1 cells either 
without any plasmid, with a plasmid containing full-length SPF1 
gene, or with plasmids containing the full-length gene carrying one 
of two ATPase-dead mutations.
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Mislocalization of MOM TA proteins in ∆spf1 cells is not 
caused by an overactive GET pathway
The aforementioned results suggest that neither efficiency of inser-
tion into MOM nor overall Fis1 levels were changed in ∆spf1 cells. 
Therefore the change in distribution observed in vivo is most likely 
a result of overinsertion into the ER membranes. Such an increase in 
ER insertion could, in theory, stem from up-regulation or loss of 

conclude that loss of Spf1 is the direct cause for MOM TA protein 
mislocalization in vivo.

To ascertain whether the role of Spf1 in correct MOM TA protein 
localization depends on its ATPase activity, we created two plasmids 
encoding for ATPase-dead Spf1 mutants (Suzuki and Shimma, 1999; 
Suzuki, 2001) and assayed their ability to rescue the ∆spf1 mislocaliza-
tion phenotype. We found that neither of the mutants could rescue 
the phenotype, but a control plasmid carrying a wild-type copy of the 
gene could (Figure 1E). This observation suggests that the enzymatic 
activity of Spf1 is essential for its role in TA protein localization.

Deletion of SPF1 causes MOM TA proteins to accumulate 
in ER membranes
The new target membranes for MOM TA proteins in ∆spf1 cells 
displayed a pattern that is similar to that of the ER. To determine 
whether ER membranes do indeed become the target for MOM 
TA proteins when Spf1 is absent, we coexpressed an ER-localized 
red fluorescent protein (RFP; SS-RFP-HDEL) in ∆spf1 cells ex-
pressing GFP-Gem1. Under these conditions, substantial colocal-
ization of the two fluorescent proteins was observed, indicating 
the nonmitochondrial membranes are, indeed, ER membranes 
(Figure 2A).

To confirm this point, we performed Western analysis on en-
dogenous Fis1 in either whole-cell lysates or fractionated sam-
ples. We found that in ∆spf1 cells, the overall Fis1 levels were not 
altered nor was the protein enriched in the cytosolic fraction 
(Figure 2B). However, when we analyzed ER-derived microsomes 
isolated from either control or ∆spf1 cells, we observed that Fis1 
molecules could be detected in the ER fraction of ∆spf1, but not 
in the ER fraction of control cells (Figure 2C). The absence of the 
abundant mitochondrial marker protein Porin (Por1) in the ER 
fraction excludes the possibility that microsomes from the ∆spf1 
cells were contaminated by mitochondrial proteins. Interestingly, 
in ∆spf1 strains, we did not observe any mislocalization of TA pro-
teins destined to the secretory pathway, which suggests that the 
∆spf1 mutation specifically affected localization of MOM TA pro-
teins (Figure S3).

We then explored whether the MOM TA proteins truly insert 
into the ER membranes in the absence of Spf1 or whether they are 
merely attached to the cytosolic surface. Using carbonate extrac-
tion experiments, we could demonstrate that the MOM TA proteins 
of both the ER and mitochondrial membranes resisted this treat-
ment as expected from bona fide membrane-embedded proteins 
(Figure 2D). Thus the phenotype we observed in ∆spf1 cells is in-
deed indicative of a change in membrane specificity.

Mitochondria from ∆spf1 strains do not display reduced 
insertion efficiency of Fis1
To better understand the effects of deleting SPF1 on MOM TA pro-
tein insertion, we first tested whether the absence of Spf1 directly 
affects the insertion efficiency of TA proteins into MOMs. To this 
end, we used an established in vitro insertion assay based on puri-
fied mitochondria and a Fis1 construct that contains a cysteine resi-
due in its TMD (Fis1-TMC). Because the cysteine residue can be 
modified only if it is exposed due to improper insertion of the TMD, 
this assay allowed us to assess the fraction of correctly inserted Fis1 
molecules into MOMs (Kemper et al., 2008). To our surprise, we 
found that mitochondria isolated from ∆spf1 cells could import Fis1 
to the same extent and at the same rate as mitochondria isolated 
from control cells (Figure 3, see both at 15 and at 30 min). It there-
fore appears that the absence of Spf1 does not affect the import 
capacity or fidelity of mitochondria.

FIGURE 2: Loss of Spf1 results in insertion of MOM TA proteins into 
ER membranes. (A) GFP-Gem1 was visualized by fluorescence 
microscopy in control or ∆spf1 cells expressing an ER-localized RFP 
(SS-dsRED-HDEL). (B) Whole-cell lysates (WCL, 100 μg) and cytosol 
(Cyt, 50 μg) were isolated from control and ∆spf1 cells grown at 30°C 
to mid–log phase. Proteins were analyzed by SDS–PAGE and 
immunodecorated with antibodies against Hxk1 (cytosolic marker), 
Tom40 (MOM marker), and Fis1. (C) Mitochondrial and ER fractions 
were isolated from control and ∆spf1 cells grown at 30°C to mid–log 
phase. The indicated amounts of proteins were analyzed by SDS–
PAGE and immunodecorated with antibodies against Erv2 (ER 
marker), Por1 (MOM marker), and Fis1. (D) Mitochondria and ER 
fractions were isolated from ∆spf1 (T = total) cells grown at 30°C to 
mid–log phase. All samples were subjected to carbonate extraction, in 
which membrane proteins are recovered in the pellet (P) and soluble 
proteins are found in the supernatant (S). Proteins were analyzed by 
SDS–PAGE and immunodecorated with the indicated antibodies.
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altered Ca2+ levels are not the direct cause for mislocalization of 
MOM TA proteins.

We therefore wondered what other effects ∆spf1 could have on 
organelle membranes. We have previously shown in vitro that trans-
location of both MOM TA proteins and signal-anchored proteins is 
influenced by ergosterol levels (Kemper et al., 2008; Merklinger 
et al., 2012). We therefore monitored ergosterol levels in mitochon-
dria and ER-derived microsomes from both control and ∆spf1 cells. 
In agreement with previous reports (Zinser et al., 1991; Schneiter 
et al., 1999), we found that mitochondrial ergosterol levels in control 
cells were lower than those in the ER (p value = 0.04). Remarkably, in 
∆spf1 cells, ergosterol content of both compartments did not show 
any significant difference (Figure 5A). These results suggest that the 
equal sterol content in the membranes of both compartments may 
underlie the nonspecific targeting of MOM TA proteins.

To test whether ergosterol levels are a major determinant of 
membrane targeting specificity in vivo, we used two approaches. 
First, we utilized a set of engineered strains harboring various alleles 
of the essential ERG9 gene. These strains express an increasingly 
enhanced RNA degradation signal, causing correlated reduction in 
the levels of ERG9 that in turn cause an associated reduction in cel-
lular amounts of ergosterol (Babiskin and Smolke, 2011). We used 
these strains to test the effects of dialing down sterols on MOM TA 
protein insertion. When we visualized the localization of Fis1 on the 
entire spectrum of mutants, we saw that only in the strain with the 
lowest relative ergosterol values (REV; CSY693; Babiskin and Smolke, 
2011) was there a major shift in the distribution of the protein to ER 
membranes (representative strains are shown in Figure 5B). Second, 
we created a strain expressing GFP-Gem1 under control of a galac-
tose-inducible promoter (GAL1p-GFP-GEM1) on the background of 
a strain carrying a repressible promoter (TEToff) driving expression 
of the first enzyme in sterol biosynthesis, the essential ERG10 gene 
(Mnaimneh et al., 2004). Turning on expression of GFP-GEM1after 
having shut down expression of ERG10 caused relocalization of the 
MOM TA protein to ER membranes (Figure 5C). Taken together, 
these experiments support the notion that severe reduction in er-
gosterol levels is sufficient to cause a shift in membrane targeting. 
Based on our findings, we propose that Spf1 is required to maintain 
the normal lipid composition of intracellular compartments and that 
in its absence, mistargeting of MOM TA proteins may occur by 
spontaneous insertion into the ER.

DISCUSSION
TA proteins form a unique group of membrane proteins that com-
pletely rely on posttranslational import for their insertion into either 

specificity of the GET pathway, which is responsible for insertion of 
secretory pathway TA proteins into the ER membranes (Schuldiner 
et al., 2008; Jonikas et al., 2009). However, we found that Get3 
steady-state levels were not altered in ∆spf1 cells (Figure 4A). More-
over, overexpression of GET3 in control cells did not cause mislocal-
ization of mCherry-Fis1 into ER membranes (Figure 4B). Most impor-
tantly, deletion of GET3 on the background of ∆spf1 did not suppress 
the mislocalization of MOM TA proteins to the ER (Figure 4C). We 
conclude that the insertion of MOM TA proteins into ER membranes 
in ∆spf1 cells is independent of the GET machinery.

Reduced ergosterol levels in ∆spf1 cells are sufficient 
to cause ER localization of MOM TA proteins
We next tested whether deletion of SPF1 caused other cellular 
changes that could account for the difference in MOM TA protein 
targeting. Even though Spf1 has no known cellular function, it has 
been previously shown that its deletion causes severe misregulation 
of cellular Ca2+ homeostasis that activates the calcineurin pathway 
(Cronin et al., 2002). However, we found that TA protein insertion 
into the MOM was not affected by extracellular calcium levels, the 
pH of the medium, or constitutive activation of the calcineurin path-
way (Figure S4). Along the same line, deleting the major Golgi 
membrane Ca2+ P-type ATPase PMR1 did not cause any mislocaliza-
tion of mCherry-Fis1 (unpublished data). It therefore appears that 

FIGURE 3: Fis1 is imported with equal efficiency into ∆spf1 and 
control mitochondria. Radiolabeled Fis1 carrying a cysteine in its 
transmembrane domain (Fis1-TMC; see Kemper et al., 2008) was 
incubated at 25°C for 15 or 30 min with mitochondria isolated from 
either control or ∆spf1 cells. Mitochondria were reisolated by 
centrifugation and resuspended in labeling buffer containing the 
labeling reagent 4-acetamido-4’-[(iodoacetyl)amino]stilbene-2,2’-
disulfonic acid in the presence or absence of the detergent Triton 
(TX-100). Mitochondrial proteins were analyzed by SDS–PAGE and 
autoradiography. Bands corresponding to the protected (correctly 
inserted) protein are indicated with asterisks.

FIGURE 4: The mislocalization of MOM TA proteins in ∆spf1 cells is not caused by the GET pathway. (A) A plasmid 
encoding mCherry-Fis1 was introduced into control, ∆spf1, and control overexpressing Get-3 hemagglutinin (Get3HA↑) 
cells. Whole-cell lysates were analyzed by SDS–PAGE and immunodecoration with antibodies against Get3 and Hxk1 (as 
a loading control). The bands corresponding to Get3 and Get3-HA are indicated. (B) All three cell types were grown at 
30°C to mid–log phase and analyzed by fluorescence microscopy. Arrowheads indicate ER structures stained in ∆spf1 
cells. (C) A plasmid encoding GFP-Gem1 was introduced into either ∆spf1 or ∆spf∆get3 cells. Transformed cells were 
grown at 30°C to mid–log phase and analyzed by fluorescence microscopy.
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mitochondrial or ER membranes. This is a result of their single TMD 
existing at the most C-terminal region, the TA leaving the ribosome 
only upon completion of translation (Borgese et al., 2003b). Recently, 
the cellular machinery that inserts most of the ER-bound TA proteins 
has been discovered in both yeast and mammals (Stefanovic and 
Hegde, 2007; Schuldiner et al., 2008; Jonikas et al., 2009; Favaloro 
et al., 2010). However, dedicated machinery for the biogenesis of 
mitochondrial TA proteins has not been identified.

By systematically screening for genes that take part in the bio-
genesis of the MOM TA protein Gem1, we could not find a single 
deletion strain that displayed accumulation of the protein in a cyto-
solic form or in which the protein could not be detected. These 
would be the phenotypes expected from mutants of dedicated 
insertion machinery, in which a preinserted form either accumulates 
in the cytosol or is rapidly degraded. Genetic screens have their 
limitations and, at least hypothetically, our results do not necessarily 
imply that no such factors exist. Our inability to find such a factor 
could potentially stem from a redundancy of the protein required for 
insertion (a single mutation would not demonstrate a phenotype 
robust enough to be detected). Another theoretical explanation is 
that if such machinery is essential (although none of the mitochon-
drial TA proteins is an essential one, and the dedicated ER machin-
ery is also not essential), then the hypomorphic alleles of essential 
genes used in the screen might not have been compromised enough 
to induce a detectable phenotype. Finally, the mutant might not 
have been represented in our library, or we might not have screened 
under conditions that require such protein machinery (for example, 
GET complex–dependent insertion of ER TA proteins seems to be 
required only following the diauxic shift; Schuldiner et al., 2008). To 
rule out these concerns, increase our coverage, and verify our 
results, we performed our screen twice with two different types of 
reporter proteins (either the TMD of Gem1 alone or the entire 
protein). Moreover, to minimize loss of strains due to the handling 
history of the library, we carried out the two screens with yeast dele-
tion libraries taken from different sources. Finally, the screens were 
performed under two very different growth conditions, either on a 
semifermentable carbon source (galactose) in non–logarithmic 
growth phase or on a fully fermentable carbon source (glucose) dur-
ing mid–logarithmic growth. Taking into consideration our extensive 
screens and the fact that previous work in vitro did not identify a 
proteinaceous component essential for TA protein insertion into the 
MOM (Setoguchi et al., 2006; Kemper et al., 2008), we suggest that 
MOM TA protein insertion in yeast most probably does not require 
dedicated proteins. It may be that in higher eukaryotes, in which 
many more mitochondrial TA proteins exist (Kalbfleisch et al., 2007), 
a dedicated system might have evolved, but it has eluded identifica-
tion to date (Setoguchi et al., 2006).

FIGURE 5: Reduced ergosterol levels in ∆spf1 cells are sufficient to 
cause ER localization of MOM TA proteins. (A) Lipids were extracted 
from mitochondria and microsomes isolated from control and ∆spf1 
cells. Equal amounts of lipids (according to phospholipid 

determination) were analyzed for their ergosterol levels by gas 
chromatography/mass spectrometry. The results represent six 
independent experiments. The asterisk represents statistical 
significance (p < 0.05). (B) mCherry-Fis1–expressing strains 
engineered to have reduced REV (REV as measured by Babiskin and 
Smolke [2011]) denoted as “Ergosterol values”) were grown for 36 h 
and analyzed by fluorescence microscopy. Cells (n = 100) were 
monitored and scored as having either mitochondrial or ER signal, 
depending on the most abundant signal. (C) Strains with a TEToff-
repressible promoter driving ERG10 and expressing a galactose-
inducible GFP-GEM1 were visualized following 5 h of doxycycline-
mediated repression of ERG10 expression, which was followed by an 
additional 6 h in both doxycycline and galactose to induce expression 
of GFP-GEM1.
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visualized Fis1 insertion on a highly compromised ERG9 mutant 
(Babiskin and Smolke, 2011) or Gem1 insertion on a strongly re-
pressed ERG10 strain did we find that they phenocopied the mislo-
calization observed in ∆spf1 cells.

The idea that sterol levels have such a strong regulatory role in 
protein insertion raises new questions of how TA protein insertion 
efficiency, membrane specificity, and regulation of targeting can be 
achieved. One way to achieve both efficiency and specificity would 
be to target the mRNA encoding TA proteins before translation to 
mitochondrial membranes. Indeed, it has been shown that the 
mRNA of mitochondrial proteins is often localized to the surface of 
mitochondria (Marc et al., 2002; Haim et al., 2007; Saint-Georges 
et al., 2008; Eliyahu et al., 2010). Another pathway to achieve speci-
ficity would be selective degradation of proteins inserted into the 
wrong target membranes; however, there is no evidence in support 
of this. Finally, regulation of insertion could simply be dependent on 
the membrane composition of different organelles, which would im-
ply that a regulatory network of proteins exists to maintain accurate 
levels of sterols in each membrane. Future investigations can ad-
dress the mechanism of such a network.

Organization of eukaryotic cells into intracellular organelles al-
lows the creation of distinct biochemical environments. By control-
ling the characteristics (e.g., fluidity, thickness, and charge) of their 
membranes, cells can create unique environments into which pro-
teins can insert or bind. Indeed, understanding how the composi-
tion of boundary membranes controls the shape, size, and activity of 
the respective organelles is still a major question in cell biology. Our 
work demonstrates an important aspect of how organelle identity 
and function can be affected by changes in the lipid composition of 
its membranes.

MATERIALS AND METHODS
Media and growth conditions
Yeast cells were grown on regular yeast media (either synthetic 
media with dextrose [SD] or yeast extract, peptone, and dextrose 
[YEPD]) plates supplemented with hygromycin (300 μg/ml; AG 
Scientific, San Diego, CA), G418 (200 μg/ml; Calbiochem, San 
Diego, CA), or nourseothricin (200 μg/ml; Werner BioAgents, Jena, 
Germany) when needed for selection. In cases in which G418 was 
required in an SD-based medium, yeast nitrogen base without am-
monium sulfate (Conda Pronadisa, Madrid, Spain) was added 
and supplemented with monosodium glutamate (Sigma-Aldrich, 
St. Louis, MO). When necessary, dextrose was replaced by galac-
tose (2%; Amresco, Solon, OH) or raffinose (2%; Amresco) as a car-
bon source. For the TETOff experiments, doxycycline (Sigma-
Aldrich) was used at 15 μg/ml in YEP-based medium.

SGA
SGA was performed as previously described (Tong et al., 2001, 
2004; Tong and Boone, 2006; Cohen and Schuldiner, 2011). For 
more details, see the Supplemental Material.

Fluorescence microscopy
High-throughput microscopy. High-throughput screens were 
performed with a previously described system (Cohen and 
Schuldiner, 2011). For more details, see the Supplemental Material.

Manual microscopy. The microscopy for follow-up analysis was 
performed using an Olympus IX71 microscope controlled by 
DeltaVision SoftWoRx 3.5.1 software with either 60× or 100× oil-
immersion lenses. Images were captured by a Photometrics (Tucson, 
AZ) Coolsnap HQ camera with excitation at 490/20 nm and emission 

Our screens did uncover a single protein, Spf1, that affects inser-
tion of MOM TA proteins that are not subunits of the TOM complex, 
namely Gem1 and Fis1. It is currently unclear whether Spf1 plays a 
similarly important role in the biogenesis of Tom5, Tom6, and Tom7. 
The latter proteins may follow a different import pathway as several 
MOM proteins such as Mim1, Mas37/Sam37 and the Tom receptors 
were reported to be involved in their biogenesis (Dietmeier et al., 
1997; Stojanovski et al., 2007; Thornton et al., 2010). However, co-
factors for correct biogenesis do not exclude a universal mechanism 
for the membrane insertion process. It could be that the small TOM 
components simply require additional proteins for downstream 
steps, such as assembly into the TOM complex. Although triple de-
letion in Neurospora crassa of TOM5, TOM6, and TOM7 and double 
deletion in yeast of TOM5 and additional TOM components were 
reported to be lethal (Dietmeier et al., 1997; Sherman et al., 2005), 
the lack of obvious growth and morphology phenotypes in ∆spf1 
cells does not contradict a potential requirement for functional Spf1 
in the biogenesis of these proteins. Under logarithmic growth condi-
tions, ∆spf1 mitochondria still display about half the normal Fis1 lev-
els. Hence, these cells most likely still harbor adequate amounts of 
any TA protein that is affected in this background. It is anticipated 
that even reduced mitochondrial amounts of small TOM proteins are 
sufficient to maintain normal function of the TOM complex, which in 
turn can support normal growth and mitochondrial morphology.

Spf1 is the first yeast protein ever shown to affect insertion of 
MOM TA proteins. However, since the exact biochemical role of 
Spf1 is not yet known, it is currently impossible to determine the 
precise mechanism by which its deletion affects insertion. The fact 
that Spf1 resides in ER membranes suggests that its effect is indi-
rect. Because ∆spf1 cells display loss of differential sterol levels be-
tween MOM and ER membranes, and reduced ergosterol levels 
caused mistargeting in vivo, our findings strongly support the notion 
that Spf1, either directly or indirectly, regulates ergosterol levels and 
this in turn affects MOM TA protein insertion.

It is well documented that the ergosterol content of cellular 
membranes is tightly regulated, and even minor changes can result 
in major effects on cellular processes (Stuven et al., 2003). Ergosterol 
levels in the ER are usually higher than those in mitochondria, and it 
was shown that ergosterol increases the rigidity of a membrane. The 
ER membrane should therefore consistently be an unfavorable tar-
get for spontaneous insertion of MOM TA proteins. In support of the 
role of sterols in insertion of TA proteins into membranes, it has 
been shown that insertion of MOM TA proteins into liposomes is 
inhibited by increased levels of sterols in the membrane (Kemper 
et al., 2008). This is also the case for mitochondrial signal-anchored 
proteins, such as OM45 (Merklinger et al., 2012). Conversely, when 
ER-derived microsomes were depleted of sterols, they became 
more rapidly targeted by the ER TA protein cytB5 in a manner that 
did not require protein factors nor energy (Brambillasca et al., 2005). 
Taken together, the inability to identify a proteinaceous component 
as being required for MOM TA protein insertion and the idea that 
sterol levels have a major role in determining insertion specificity 
strongly suggest that the lipid composition of a membrane can be 
the determinant guiding MOM TA protein distribution in yeast.

The hypothesis that sterol levels themselves are responsible for 
insertion specificity raises the question of why none of the mutants 
in the biosynthetic pathway of ergosterol came up in our screen as 
affecting MOM TA proteins insertion. One possible answer is that 
the majority of proteins in this pathway are essential, and it may be 
that their DAmP alleles did not cause a reduction in sterol levels 
considerable enough to cause mislocalization that could pass our 
threshold of detection. In support of this assumption, only when we 
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at 528/38 nm (GFP) or excitation at 555/28 nm and emission at 
617/73 nm (mCherry). Images were transferred to Adobe Photoshop 
CS2 for slight contrast and brightness adjustments (San Jose, CA).

Purification of mitochondria and microsomes
Mitochondria were isolated from yeast cells grown on lactate-contain-
ing medium by differential centrifugation as previously described 
(Daum et al., 1982). For highly pure mitochondria, a Percoll gradient 
purification was performed. Isolated mitochondria were layered 
on top of a self-forming gradient (25% Percoll in an SEM buffer 
[250 mM sucrose, 1 mM EDTA, and 10 mM MOPS, pH 7.2]) and cen-
trifuged (80,000 × g, 45 min, 4°C). The mitochondrial fraction from the 
lower third of the gradient was collected, resuspended in 30 ml SEM 
buffer, and reisolated by centrifugation (15,000 × g, 15 min, 4°C).

Microsomes were isolated from yeast cells by differential centrif-
ugation. After the first mitochondrial pellet was obtained, the super-
natant was centrifuged again (15,000 × g, 15 min, 4°C) to avoid 
contamination with mitochondrial elements. The postmitochondrial 
fraction was subjected to centrifugation (100,000 × g, 1 h, 4°C), and 
the pelleted microsomes were resuspended in SEM buffer.

Isolation and measurement of lipids
Mitochondrial and microsomal lipids were extracted and subjected 
to phosphate analysis as previously described (Brugger et al., 2000). 
Mass spectrometry analysis was performed in positive-ion mode on 
a quadrupole time-of-flight mass spectrometer (QStar Elite; Applied 
Biosystems, Bedford, MA). Ergosterol quantification was performed 
as previously described (Ejsing et al., 2009). Prior to extraction, stig-
masta-5,7,22-trienol was added as a standard. Each sample was 
normalized by total phospholipid content. For each strain, ergos-
terol/phospholipid content in microsomes was denoted as 100%, 
and values for mitochondria from the same strain are given as per-
cent relative to microsomes.

In vitro protein import and membrane insertion assay
Radiolabeled precursor proteins were synthesized in rabbit reticulo-
cyte lysate in the presence of [35S]methionine (Perkin Elmer-Cetus, 
Waltham, MA) after in vitro transcription by SP6 polymerase from 
pGEM4 vectors (Promega, Madison, WI) encoding Fis1. In vitro im-
port experiments were performed as previously reported (Kemper 
et al., 2008).
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