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The multi-factor modulated biogenesis of the
mitochondrial multi-span protein Om14

Jialin Zhou?, Martin Jung?®, Kai S. Dimmer'@®, and Doron Rapaport'®

The mitochondrial outer membrane (MOM) harbors proteins that traverse the membrane via several helical segments and are
called multi-span proteins. To obtain new insights into the biogenesis of these proteins, we utilized yeast mitochondria and the
multi-span protein Om14. Testing different truncation variants, we show that while only the full-length protein contains all
the information that assures perfect targeting specificity, shorter variants are targeted to mitochondria with compromised
fidelity. Employing a specific insertion assay and various deletion strains, we show that proteins exposed to the cytosol do not

contribute significantly to the biogenesis process. We further demonstrate that Mim1 and Porin support optimal membrane
integration of Om14 but none of them are absolutely required. Unfolding of newly synthesized Om14, its optimal
hydrophobicity, and higher fluidity of the membrane enhanced the import capacity of Om14. Collectively, these findings
suggest that MOM multi-span proteins follow different biogenesis pathways in which proteinaceous elements and
membrane behavior contribute to a variable extent to the combined efficiency.

Introduction

Mitochondria are double-membrane organelles, which, accord-
ing to the endosymbiotic hypothesis, descended from engulfed
aerobic prokaryotes. As the main powerhouse of eukaryotic
cells, mitochondria possess about 800 proteins in yeast and 1,500
in humans, of which 99% are encoded in the nucleus, synthesized
by cytosolic ribosomes, and then directed to their specific mi-
tochondrial sub-compartment (Neupert and Herrmann, 2007;
Walther and Rapaport, 2009; Drwesh and Rapaport, 2020;
Pfanner et al., 2019).

While the mitochondrial inner membrane sets a border be-
tween the intermembrane space and the matrix, the mito-
chondrial outer membrane (MOM) constitutes a barrier to
separate the organelle from the rest of the cellular environment.
Transmembrane proteins residing in the MOM play a critical
role in many mitochondrial activities such as protein biogenesis,
the formation of contact sites with other organelles, mainte-
nance of mitochondrial morphology, as well as modulation of
mitochondrial motility (Friedman et al., 2011; Hermann et al.,
1998; Cohen et al., 2008; Sogo and Yaffe 1994). Dysfunction of
these proteins may lead to failure in the aforementioned pro-
cesses and even to severe human diseases such as neuro-
developmental disorders (Ghosh et al., 2019; Wei et al., 2020).
Considering their importance, it is critical to understand the
biogenesis of MOM proteins, including their targeting to the

organelle, membrane integration, and final maturation into a
stable and functional form.

In the past decades, some insights into targeting and inte-
gration of multi-span helical MOM proteins have been obtained
(Becker et al., 2011; Sauerwald et al., 2015; Vogtle et al., 2015;
Papic et al., 2011; Coonrod et al., 2007; Doan et al., 2020; Sinzel
et al,, 2017). The mitochondrial outer membrane receptor
Tom?70 has been found to support the targeting process by either
directly recognizing the precursors of multi-span proteins or
indirectly by serving as a docking site for chaperones that bind
to and stabilize such newly synthesized proteins (Backes et al.,
2021; Doan et al., 2020; Kreimendahl et al., 2020; Otera et al.,
2007; Papi¢ et al., 2011; Becker et al., 2011). In yeast, two addi-
tional MOM proteins, Mim1 and Mim?2, are also involved in the
biogenesis of multi-span proteins before and during their inte-
gration into the MOM (Becker et al., 2011; Papi¢ et al., 201];
Dimmer et al., 2012). However, the exact role of Mim1/2 is yet to
be elucidated as it was reported that newly synthesized Ugol, a
multi-span MOM protein, can be inserted in vitro into pure lipid
vesicles in a process that was enhanced by elevated levels of
phosphatidic acid within the lipid bilayers (Vogtle et al., 2015).
Similarly unclear are the initial cytosolic steps in the biogenesis
of such multi-span proteins as well as the targeting signals that
assure their specific sorting to the organelle.
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To shed light on these understudied processes, we decided to
use the multi-span MOM protein Om14 as a model protein. Om14
is one of the most abundant MOM proteins and it contains three
predicted a-helical transmembrane domains (TMDs), exposing
the N-terminus toward the cytosol and the C-terminus toward
the intermembrane space (Burri et al., 2006). The function of
Om14 is not resolved yet. It was reported to form a complex with
the MOM proteins VDAC (Porin in yeast) and Om45 and be in-
volved in the import of metabolites (Lauffer et al., 2012). In
addition, Om14 was suggested to function as a receptor for cy-
tosolic ribosomes (Lesnik et al., 2014). Although it is still unclear
whether the targeting of Oml4 is promoted by the Tom70 re-
ceptor, an interaction of newly synthesized Om14 molecules and
cytosolic chaperones such as Hsp70, Hsp90, and Hsp40 and
cochaperones such as Ydjl and Sisl was reported (Jores et al.,
2018). Similar to Ugol, the biogenesis of Oml4 has been sug-
gested to be dependent on Miml (Becker et al., 2011). Addi-
tionally, the cardiolipin level in the mitochondria affects the
biogenesis of Oml4 (Sauerwald et al., 2015). Although some
common factors such as Tom70 and the MIM complex seem to
support the biogenesis of both Om14 and Ugol, it is currently
unclear what are the contributions of other features such as
folding of the protein, its hydrophobicity, and the behavior of
the lipid phase. It might well be that, similarly to the variety of
pathways described for single-span proteins (Vitali et al., 2020),
multi-span proteins follow rather individual routes.

To address these issues, we investigated cis and trans ele-
ments that might impact Om14 biogenesis. Our findings indicate
that the targeting and membrane integration of Om14 involve cis
elements such as hydrophobicity of the putative TMDs and an
unfolded state as well as multiple trans factors, such as Tom?70,
Miml, and Porin, together with the fluidity of the membrane.
The comprehensive evaluation of the modulatory effects of all
these factors provides a new concept for our understanding of
the biogenesis of MOM proteins.

Results

Multiple targeting signals within Om14 collectively contribute
to its mitochondrial location

As the initial step of our efforts to dissect the biogenesis pathway
of Oml14, we asked which parts of the molecule serve as a mi-
tochondrial targeting signal. To address this question, we fused
GFP to full-length OM14 or three segments including each one of
the three putative TMDs of Om14 and its flanking regions (Fig. 1
A). To minimize interference from the GFP module, the fusion
proteins were constructed according to a suggested topology
model such that the GFP moiety does not have to cross the
membrane (Burri et al., 2006). Next, we investigated whether
one of the individual TMDs or a truncated protein containing
two of them is sufficient for mitochondrial targeting. To this
end, we examined the localization of these truncated variants by
fluorescence microscopy (Fig. 1 B). As expected, the full-length
Oml4 showed a clear co-localization with mitochondrial-
targeted RFP (Mito-RFP). While all the truncated constructs
display clear mitochondrial signal, all three constructs with a
single TMD displayed also some GFP stain in the cytosol (Fig. 1 B).
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This cytosolic signal can result, at least partially, from proteolytic
cleavage of the OM14 portion and a cytosolic location of the re-
maining GFP moiety. We also observed a possible ER localization
of the construct GFP-Om14(1-62) as indicated by the peri-nuclear
fluorescent signal (Fig. 1 B, marked with an arrow).

To further study the intracellular location of the GFP-tagged
fragments, we performed a subcellular fractionation procedure
and analyzed the localization of the different constructs via
immunodecoration with anti-GFP antibody (Fig. 1 C). In line
with our fluorescence microscopic findings, the full-length
Oml4 was detected solely in the mitochondrial fraction, while
all the truncated constructs were detected primarily in the mi-
tochondrial fraction with a variable subpopulation mislocalized
to the ER. In addition, a band slightly smaller than the intact
GFP-Om14(1-62) construct, which is caused probably by cleav-
age of several amino acids at the C-terminus of this variant, was
observed in the whole cell lysate and cytosol fractions but not in
the mitochondrial one (Fig. 1 C). This indicates that amino acid
residues at the C-terminus of this construct are important for
mitochondrial targeting. In two cases (GFP-Oml14(1-62) and
GFP-Om14(96-134)), a clear band in the cytosolic fraction at the
expected size of GFP alone could be detected (Fig. 1 C, asterisk).
This observation supports our proposal that a major portion of
the cytosolic GFP fluorescence signal might be related to deg-
radation products.

The capacity of the single TMDs to associate with mito-
chondria was supported by in vitro import assays where radi-
olabeled constructs containing the single TMD were imported
into isolated mitochondria (Fig. S1). Interestingly, this import
was hardly dependent on the presence of Miml, pointing to the
possibility that a complete Om14 is required for optimal inter-
action with Miml. The compromised organelle specificity in the
targeting of the truncated constructs might be explained by the
absence of a clear involvement of Miml. Of note, a construct
containing the first two TMDs (GFP-Om14(1-95)) was targeted to
mitochondria to a higher extent as compared to the constructs
harboring single TMDs (Fig. 1, B and C). We conclude that each
one of the putative TMDs and its flanking region is sufficient for
mitochondrial targeting, although with compromised specific-
ity. An improved specificity is achieved with a protein fragment
with two TMDs, but only the combination of all three segments
in one protein assures the high mitochondrial specificity ob-
served for native Om14.

Tom70 plays only a minor role in the biogenesis of Om14

Obtaining this insight on the mitochondrial targeting informa-
tion, we next aimed to understand how these signals are rec-
ognized at the organelle surface. An obvious candidate to
function as an import receptor for Om14 is Tom70, which was
reported to contribute to the biogenesis of multi-span MOM
proteins in both yeast and human cells (Papi¢ et al., 2011; Becker
etal,, 2011; Otera et al., 2007). To investigate the involvement of
Tom?70 in the biogenesis of Oml4, we first characterized the
interaction interface between Tom70 and Oml4 using a peptide
scan blot assay. Peptides of 20 amino acid residues with a shift of
3 amino acids covering the whole sequence of Om14 were syn-
thesized as spots on a cellulose membrane. This membrane was
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Figure 1.

Om14 harbors multiple mitochondrial targeting signals. (A) Schematic representation of GFP fusion proteins of full-length Om14 and its

truncated variants. (B) Localization of Om14 constructs as visualized by fluorescence microscopy. RFP targeted to mitochondria (Mito-RFP) was used as a
marker for mitochondrial structures. (C) Cells expressing the various Om14 variants were subjected to sub-cellular fractionation. Fractions corresponding to
whole cell lysate (WCL), cytosol (Cyto), microsomes (ER), and mitochondria (Mito) were analyzed by SDS-PAGE and immunodecoration with the indicated
antibodies. Tom70, Hexokinase, and Erv2 were used as markers for mitochondria, cytosol, and microsomes, respectively. Asterisk marks the GFP moiety alone,

whereas an arrow indicates a slightly processed form of GFP-Om14(1-62). Source data are available for this figure: SourceData F1.

incubated with GST-tagged cytosolic domain of Tom70 ex-
pressed recombinantly in Escherichia coli cells. We initially ver-
ified that GST alone does not bind in this assay (data not shown).
Using GST-Tom70, we observed that the strongest interaction
occurred to peptides representing the C-terminal region of
Om14, whereas moderate binding was detected with peptides
residing inside or close to the first two predicted TMDs of the
protein (Fig. 2 A). These findings clearly indicate that Tom70
does not bind to only a single well-defined segment of Om14 and
are in line with previously reported peptide scan of Tom70 and
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carrier substrate protein that also failed to detect a clear single
Tom?70-binding domain in this substrate (Brix et al., 1999).

To elaborate the physiological relevance of Tom70 for the
biogenesis of Oml4, we conducted an in vitro import assay in
which newly synthesized radiolabeled Om14 was incubated with
mitochondria isolated from either WT cells or from cells of a
strain where TOM?70 and its paralog TOM71 were deleted (tom70/
71A). As a read-out for the correct membrane integration of
Oml4, we utilized the formation of a characteristic 13 kD frag-
ment (F') upon addition of external trypsin (Fig. S2 A; Burri
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et al., 2006). As is common for many mitochondrial precursor
proteins, the overall efficiency of import into control organelles,
in terms of imported fraction out of the added radiolabeled
protein, was in the range of 2 to 15% (Fig. 2 B). We observed a
reduction of ~10 to 15% in the integration capacity of Om14 into
organelles lacking both Tom70 and Tom71 (Fig. 2 B). We there-
fore conclude that while Tom70/71 contributes to the biogenesis
of Oml4, a large portion of newly synthesized Om14 molecules
can be integrated into the MOM also in the absence of Tom70/71.
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Figure 2. Loss of Tom70 has a minor impact
on the biogenesis of Om14. (A) Nitrocellulose
membrane containing 20-mer peptides covering
the sequence of Om14 was incubated with the
recombinant fusion protein GST-Tom70 (cyto-
solic domain). After incubation, the interaction
was visualized by immunodecoration using an
antibody against GST (top). The numbers flank-
ing the panel reflect the serial numbers of the
peptides. Bottom: The intensity of each dot was
quantified and the average quantification of
three independent experiments was plotted. The
dot with the strongest intensity was set as
100%. The numbers on the x-axis reflect the
central amino acid residue of each peptide.
(B) Radiolabeled Om14 was imported into mi-
tochondria isolated from either WT or tom70/71A
cells. After import, samples were treated with
trypsin and were further analyzed by SDS-PAGE
and autoradiography. FL, full length input; F, the
trypsin-related proteolytic fragment of Oml4.
Right: The intensity of the trypsin-related frag-
ment (F') was quantified and the average in-
tensity of three independent experiments is
shown. The band representing import for 20 min
into control organelles was set to 100%. Error
bars represent + SD. (C) Mitochondria isolated
from either WT or mim1A cells were left intact
(-Tryp) or were pre-treated with trypsin
(+Tryp). Radiolabeled Om14 was then added to
the isolated organelles for the indicated periods.
After import, samples were again trypsinized
and analyzed by SDS-PAGE and autoradiogra-
phy. Bottom: Quantification of three indepen-
dent experiments was performed as described in
B. Error bars represent + SD. (D) Mitochondria
isolated from WT cells were either left intact or
treated with trypsin. Both samples were ana-
lyzed by SDS-PAGE and immunodecoration us-
ing the indicated antibodies. Source data are
available for this figure: SourceData F2.

To study whether the involvement of Tom70 is evolutionarily
conserved, we performed the same import assay using mito-
chondria isolated from human cells depleted of TOM70. Inter-
estingly, although no homolog of Om14 was found in the human
genome, Oml4 was still able to be inserted into mammalian
organelles in a correct topology (Fig. S2 B). Compared to yeast
mitochondria, Oml4 showed a slightly higher dependence on
Tom?70 in human mitochondria as reflected by a 30% import
reduction upon knocking down TOM70 (Fig. S2 B). Thus, in
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agreement with a previous report on the importance of TOM70
for the biogenesis of mammalian multi-span MOM proteins
(Otera et al., 2007), Oml4 can be integrated into mammalian
MOM in a TOM70-dependent manner.

The rather minor import reduction of Om14 in the absence of
Tom?70/71 might suggest that other cytosol-exposed proteins
such as Tom20 can take over the receptor function in the ab-
sence of Tom70/71. To abolish simultaneously the receptor
function of Tom20 and Tom70, we pre-treated isolated mito-
chondria with trypsin before the import reaction. Although this
treatment completely removed the cytosolic domains of both
receptors (Fig. 2 D), we observed only a minor reduction in
Oml4 import into mitochondria treated in this way (Fig. 2 C).
Hence, it appears that both Tom70 and Tom20, or any other
MOM proteins exposed to the cytosol, play only a subordinate
role in the biogenesis of Oml4. These findings are in sharp
contrast to the behavior of other types of mitochondrial pre-
cursor proteins. Tryptic removal of exposed receptors resulted
in a dramatic decrease of 70-95% in the import efficiency of
presequence-containing or B-barrel precursor proteins (Pfaller
et al., 1989). Of note, Miml was not affected by the addition of
trypsin (Fig. 2 D). Hence, we next wanted to investigate the
involvement of Miml in the membrane integration of Om14. In
line with a previous publication (Becker et al., 2011), the import
of Oml4 into mimlA mitochondria was significantly impaired
(Fig. 2 D). However, even in the absence of Miml, the removal of
exposed proteins by pre-treatment with trypsin did not cause
further reduction in the import capacity of these mitochondria
(Fig. 2 D). Hence, it seems that the general import receptors
Tom20 and Tom70/71 do not contribute to the remaining 60%
import capacity in the absence of Miml.

Next, we asked whether the cytosolic domain of Mim1 might
function as a receptor for Om14 substrate molecules. To that end,
we introduced into mimlA cells plasmid-encoded constructs
representing either native Miml or a variant lacking the puta-
tive cytosol-exposed region and harboring only the central TMD
of Mim1 (residues 35-75, Mim1-TMD). We previously demon-
strated that over-expression of this variant can rescue the
growth phenotype in the absence of native Miml (Popov-
Celeketi¢ et al., 2008). Importantly, the presence of this trun-
cated construct could rescue the steady-state levels of known
MIM1 substrates, including Om14, to the same extent as native
Miml1 (Fig. S3 A). Furthermore, organelles harboring this variant
could facilitate the assembly of newly synthesized Oml14 mole-
cules as good as native Miml (Fig. S3 B). Collectively, these re-
sults demonstrate that Tom70, Tom20, or the cytosolic region of
Miml do not play a decisive role in the biogenesis of Om14.

Hydrophobicity of the second TMD influences the membrane
integration capacity of Om14

Whereas the membrane integration of Omil4 is promoted by
Miml, we wondered whether we could identify cis-elements
that affect this process. Thus, we had a closer look at the hy-
drophobicity of the three putative TMDs. Using the Wimley and
White Hydrophobicity Scale (Wimley and White, 1996), we no-
ticed that the first TMD of Oml4 displays the lowest hydro-
phobicity (1.0), whereas the other two TMDs have a similar
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value of 1.5. To determine how the hydrophobicity of TMDs
affects the biogenesis of Oml4, we analyzed the membrane in-
tegration capacity of two constructs that exhibit either an in-
creased hydrophobicity of the first TMD (Omi4-3I) or a
decreased hydrophobicity of the second TMD (Om14-4A; Figs. S4
A and 3 A, respectively). Om14-31 showed a similar topology and
membrane integration capacity as the native protein (Fig. S4 B),
suggesting that the hydrophobicity of the first TMD does not
affect the overall biogenesis of the protein. In contrast, replacing
four hydrophobic residues of TMD2 by alanine, as in Om14-4A,
caused a dramatic reduction in both the steady-state levels and
the integration capacity of the protein (Fig. 3, B and C). Notably,
although Oml4 contains three putative transmembrane seg-
ments, previous reports and our current experiments find a sub-
population of Om14 in the supernatant fraction (Fig. 3 B; Burri
et al., 2006; Sauerwald et al., 2015). Approximately 70% of the
OM14-4A molecules, as compared to ~30% of the native protein,
were found in the supernatant fraction. This altered membrane
integration points to the possibility that the mutated variant is
less stable and accordingly, the reduced steady-state levels might
result from enhanced turn-over.

To address the question which stage of Om14-4A biogenesis
was compromised and whether the obstruction was Miml-
dependent, we imported in vitro radiolabeled Oml4-4A into
organelles isolated from either control or mimiA cells. As re-
vealed in Fig. 3 D, the in vitro import efficiency of Om14-4A was
largely compromised compared to native Om14. The import of
Oml4-4A was further impaired in the absence of Miml, sug-
gesting that the loss of integration capacity was probably not
triggered by a reduced interaction of the variant with Miml.
Taken together, these results support the assumption that re-
duced hydrophobicity of TMD2 of Oml4 interferes with MIM
complex-independent membrane integration steps.

Unfolding and elevated temperature strongly accelerate the
import of Om14

Our results so far indicate that the complete length of the protein
is required for optimal biogenesis of Om14. This led us to ask
whether partial folding events are required to support the im-
port of Oml4. To address this point, we denatured in vitro
translated Om14 using 6 M urea before the import reaction.
Interestingly, this treatment enhanced fourfold the import ca-
pacity into control organelles (Fig. 4 A). Of note, such an increase
was observed also upon import into mitochondria lacking Mim1
(Fig. 4 A), suggesting that the enhanced capacity upon unfolding
is not related to a better interaction of the unfolded substrates
with the MIM complex. These observations suggest that optimal
biogenesis of Oml4 is favored by its unfolding in the initial
stages arguing against the requirement of a tertiary structural
targeting signal.

Considering that many of the effects that we detected so far
do not necessarily depend on a proteinaceous element, we
wondered whether increasing the fluidity of the membrane by
elevated temperature can also improve the biogenesis of Om14.
To test this issue, we performed the in vitro import reaction
while incubating the isolated organelles at either 25°C or 37°C.
Importantly, we observed an increased import efficiency of
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A 2" TM domain of Om14 GRAVY Figure 3. Reduced hydrophobicity of TMD2 com-
71 80 promises the import capacity of Om14. (A) Amino acid
WT ..VVLVNLLLHSSVVCYLCNGY... 1.51 sequence of the putative second TMD of both native
4A  VALVNALLHSSAVCYACNGY.. 1.07 Oml4 (WT) and a variant with reduFed hydrophobicity
due to the introduction of four Ala residues (4A). Mutated
B c residues are shown in bold. (B) Mitochondria isolated
om14A om14A Pell from om144 yeast strains expressing either native Om14
+Om14 +0Om14-4A 100 Ml Pellet or Om14-4A were subjected to alkaline extraction. Pellet
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| Aac2 a 40 periments as in B. The combined intensity of Om14 in
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% 20 set to 100%. Error bars represent + SD. (D) Radiolabeled
90 — = versions of Om14 and its Om14-4A variant were imported
70 -— . Aco1 o 0 into mitochondria isolated from either WT or mimIA cells.
Oomi4 Om14-4A At the end of the import reactions, mitochondria were
treated with trypsin and further analysis and quantifica-
D Om14 Om14-4A tion were as described in the legend to Fig. 2 B. Bottom:
. . Quantification of three independent experiments is pre-
10% Input  WT mim1A WT mim1A sented. The intensity of the band corresponding to the
WT 4A 5 20 5 20 2 5 20 2 5 20 min import of native Om14 into control organelles for 20 min
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Om14 after incubation at 37°C (Fig. 4 B). To test whether this
behavior is shared by other proteins, we also imported in vitro
other MOM proteins such as Ugol or Porin under the same con-
ditions. As shown in Fig. 4, C and D, the elevated temperature
increased the import efficiency of Ugol, although only after
20 min. In contrast, the elevated temperature resulted in a re-
duced import of the B-barrel protein Porin. Taken together, al-
though it seems that increased fluidity of the membrane supports
enhanced membrane integration of Om14, we cannot exclude the
possibility that the beneficial effect of the higher temperature is
also partially due to enhanced unfolding of the Om14 substrate.

Porin and Om4b5 regulate different stages in the biogenesis

of Oml4

The aforementioned findings imply that mitochondria lacking
Miml, Tom20, and Tom70 can still maintain more than half of
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their capacity to import Oml4. Hence, it seems that additional
proteins might be involved in this process. As interaction part-
ners of Oml4, Porin and Om45 might be such mediators. It was
previously reported that the steady-state level of Oml4 was not
notably affected in om45A mitochondria, whereas deletion of
Porin resulted in a reduction in Om14 levels (Lauffer et al., 2012).
To better understand the dependence of Oml4 on Porin and
Om45, we isolated mitochondria from WT and cells lacking ei-
ther Porin or Om45 and separated peripheral protein from in-
tegral protein by alkaline extraction. We observed a drastic
increase of Oml4 in the supernatant fraction of om45A cells,
whereas the absence of Porin did not affect the behavior of Om14
(Fig. 5, A and B). These findings indicate an altered membrane
association of Oml14 upon the loss of Om45. Furthermore, the
absence of Om45 also caused a significant shift in the migration
of Oml4-containing oligomeric structures as observed by blue
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Figure 4. Unfolding and elevated temperature facilitate the import of Om14. (A) Radiolabeled Om14 was either denatured in 6 M urea or left untreated
before its import into mitochondria isolated from either WT or mimIA strains. After the import, mitochondria were treated with trypsin, and further analysis
and quantification were done as described in the legend to Fig. 2 B. Right: Quantification of three independent experiments is presented. The intensity of the
band corresponding to the import of native Om14 into control organelles for 20 min was set to 100%. Error bars represent + SD. (B-D) Radiolabeled Om14 (B),
Ugol-2HA (C), or Porin-3HA (D) were imported at either 25°C or 37°C into mitochondria isolated from WT cells. At the end of the import reactions, mito-
chondria were treated with either trypsin (B, C) or PK (D) and further analyzed by SDS-PAGE and autoradiography. Right: Quantification of the typical
proteolytic fragments of Om14 (B) or Ugol (C) as well as the PK-protected correctly inserted Porin (D) of three independent experiments are shown. The
intensity of the band corresponding to import for 20 min at 25°C was set to 100%. Error bars represent + SD. Source data are available for this figure:
SourceData F4.

native (BN)-PAGE (Fig. 5 C). As a further approach, we im- efficiency of Om14 dropped by ~20% or 30% in mitochondria
ported in vitro radiolabeled Om14 into mitochondria isolated lacking either Om45 or Porin, respectively (Fig. 5 D). These
from WT, om45A, or porlA strains and analyzed membrane findings indicated that both Porin and Om45 contribute to the
integration of Om14 with the trypsinization assay. The import —membrane integration of Oml4, whereas Om45 seems to play
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a more important role in the downstream stages of complex
assembly.

Since a similar import reduction was observed in the absence
of either Miml1 or Porin (compared Fig. 2 C to Fig. 5 D), we
speculated that Mim1 and Porin might compensate for the loss of
each other in mediating the early biogenesis of Om14. To test this
possibility, we generated a porlAmimIA double deletion mutant
and analyzed the steady-state level of Om1l4 in these cells. We
observed that the level of Om14 in the double deletion mutant
was drastically reduced while the reduction fits the additive
effect of the single deletions (Fig. 6, A and B). Importantly, the
steady-state levels of other MIM substrates such as Tom70 and
Tom?20 were reduced upon the deletion of Miml but were not
significantly further reduced upon the co-deletion of Porin
(Fig. 6, A and B). This observation illustrates the specificity in
the contribution of Porin to the biogenesis of Om14.

To further test whether the reduction in the steady-state
levels of Omi4 in porIAmimlA cells resulted from downstream
effects such as inefficient assembly or instability of integrated
Oml4, we imported in vitro radiolabeled Om14 into organelles
isolated from porlA, mimlA, or porlAmimIA cells. Compared to the
impairment of import efficiency in the single porlA or mimiA
deletions, no further reduction in the import capacity was de-
tected upon the double deletion (Fig. 6 C). Finally, we tested
whether the absence of both Mim1l and Porin would influence
the membrane integration of Om14. To that goal, we monitored
the portion of Oml4 molecules in the supernatant fraction of
alkaline extraction and found that, although the steady-state
levels of Oml4 were dramatically reduced, the extracted
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represent = SD. Source data are available for this
figure: SourceData F5.

20

fraction was not increased in the double deletion strain
(Fig. 6 D). These results suggest that Mim!1 and Porin are sepa-
rately involved in mediating the early biogenesis steps of Om14
but, in contrast to Om45, both proteins do not contribute to the
stability of Om14 within the membrane.

Discussion

In the current study, we dissected the biogenesis pathways of
the MOM multi-span protein Oml4. Initially, we asked which
segment(s) provide the mitochondrial targeting information
within this protein. It is known that mitochondrial targeting of
such proteins is not mediated by a canonical N-terminal prese-
quence but rather by elements that are part of the mature form
of the protein. However, the exact signals of such proteins were
not resolved yet. We observed that truncated variants are tar-
geted to mitochondria but in addition also to extra-mitochondrial
locations. In this context, it is interesting that the removal of only
several amino acid residues at the C-terminal flanking region of
the first TMD was sufficient to compromise the mitochondrial
targeting of this construct. Collectively, these results strongly
support a model in which only the additive contribution of
several local signals assure specific mitochondrial target-
ing. Currently, it is still unclear which factors decode this
information.

A clear candidate for such a function was the import receptor
Tom?70, which appears to have a dual function: it can recognize
internal mitochondrial signals (Brix et al., 1999; Papi¢ et al.,
2011), and it serves as a docking site for cytosolic (co)
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chaperones on the mitochondrial surface (Young et al., 2003;
Opaliniski et al., 2018; Backes et al., 2021). Once Omi4 is syn-
thesized in the cytosol, co-chaperones of the Hsp40 family to-
gether with Hsp70 chaperones associate with it (Jores et al.,
2018). Although the precise physiological relevance of this as-
sociation was not studied yet, one can speculate that the (co)
chaperones shield the hydrophobic segments and help to avoid
misfolding and/or premature aggregation in the cytosol. The
reported association of Oml4 with cytosolic chaperones can
explain, at least partially, the reported contribution of Tom70
for the biogenesis of such proteins (Becker et al., 2011; Papié
et al., 2011).

Indeed, deletion of TOM70 in yeast or knock-down of the
protein in mammalian cells was found in the current study and
was reported before to cause a reduction in the import of MOM
multi-span proteins (Brix et al., 1999; Papi¢ et al., 2011; Becker
et al., 2011; Otera et al., 2007; Wan et al., 2016). However, the
absence of Tom?70 results often, including the current study, in
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only a moderate decrease in the import efficiency of these
substrates. Such a variable dependency on Tom70 might be re-
lated to the different associations of substrates with cytosolic
chaperones and/or to the capacity of the substrates to use al-
ternative routes. In addition, in the case of Om14, which is a very
abundant protein (Morgenstern et al., 2017), one can speculate
that its minor dependence on Tom70 might be a mechanism to
avoid a situation where a large portion of Tom70 molecules is
busy processing Om14 while leaving a limited capacity for other
substrates.

The mild effect of the absence of Tom70/71 suggests the ex-
istence of alternative pathways. Interestingly, Oml4 showed a
higher Tom70 dependence in human cells, maybe because it is
not a natural substrate of these cells and thus is not an optimal
substrate of alternative pathways. Considering that the current
model proposes that Tom70 relays the substrate proteins toward
the insertase, the MIM complex (Fig. 7, pathway I), alternative
routes might include direct recognition of substrates by the MIM
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Figure 7. Various potential routes for the biogenesis of Om14. Newly synthesized molecules of Om14 can follow different pathways on their way to be
integrated into the MOM. Pathway (I): The Om14 precursor is recognized by Tom70 and then relayed to the MIM insertase, which integrates it into the MOM;
Pathway (11): The newly synthesized protein is integrated into the MOM in an unassisted process; Pathways (llla and I1Ib): Om14 is not recognized by Tom70 but
rather interacts directly with MIM (llla), Porin (llib), or both. All these options can be combined with an early association of Om14 with cytosolic (co)chaperones.

See the Discussion section for more details.

complex (Fig. 7, pathway Illa). However, our previous obser-
vation that the central TMD of Miml, which lacks the putative
cytosolic part of Miml, can compensate for the growth pheno-
type in the absence of the native protein (Popov-Celeketié et al.,
2008) and our current observation that this domain supports
normal levels of MIM substrates argue against a receptor-like
function of Miml.

A further additional option is a direct recognition of Omi4
substrate by Porin (Fig. 7, pathway IIIb), as our findings indicate
a clear contribution of Porin to the correct membrane integra-
tion of Om14. However, Porin exposes only short loops toward
the cytosol, and therefore its function as a receptor is ques-
tionable. Hence, it seems that Porin promotes the correct
membrane integration of Oml4 but does not function as an
initial receptor for the recognition of substrate molecules. This
membrane-integration promoting function of Porin is yet an-
other example of its multi-functionality in the biogenesis of
other proteins. Recently, Porin was suggested to contribute to
the assembly of the TOM complex by interacting with Tom?22
(Sakaue et al., 2019) and to the import of carrier-like proteins to
the mitochondrial inner membrane (Ellenrieder et al., 2019).
The mechanism by which Porin can promote the membrane
integration of Om14 should be the topic of future studies.

Importantly, even in the combined absence of both Mim1 and
Porin, we observed that a substantial portion of the Om14 mol-
ecules could still be properly integrated both in vitro and in vivo
into the MOM. Hence it seems that either a yet unknown protein
mediates this integration in the absence of these two proteins, or
as suggested before by Vogtle et al. (2015), such multi-span
proteins can be assembled into the membrane in an unassisted
manner (Fig. 7, pathway II). Our findings that unfolding of Om14
or maintaining the hydrophobicity of its second TMD are im-
portant for the membrane integration of the protein support
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such direct substrate-lipids crosstalk. Further support for the
importance of the membrane behavior is the increased mem-
brane integration of Om1i4 at elevated temperatures. As elevated
temperature is known to enhance membrane fluidity (Kolodziej
and Zammit, 1990), it is tempting to speculate that lowering the
stiffness of the membrane increases the capacity of the hydro-
phobic segments of Om14 to integrate into the membrane. This
suggestion is also in line with the previous observations of
Végtle et al. (2015) where the anionic phospholipid phosphatidic
acid (PA), which is also known to induce curvature in mem-
branes, supported membrane integration of the multi-span
protein Ugol. Further support for the increased dependency of
Oml4 integration on the membrane properties rather than on
other proteinaceous factors is coming from the comparison to
the reduced membrane integration of Porin at a higher tem-
perature. The reduced import of this B-barrel protein reflects
most likely its high dependency on the activity of multiple
proteinaceous machineries such as the TOM and TOB/SAM
complexes.

Regardless of the precise route for the membrane integration
of Oml4, it appears that once the protein is embedded in the
membrane, its interaction partner Om45 mediates its final
maturation. The absence of Om45 resulted in an enhanced
fraction of Oml4 molecules that can be extracted from the
membrane as well as an alteration in the oligomeric structures
of Om14. Since in addition to Om45, also the hydrophobicity of
the second TMD of Om14 appears to be important for its stable
membrane integration, it might be that the second TMD of Om14
interacts with the putative N-terminal TMD of Om45.

Collectively, our findings provide a novel insight into the
diversity of parameters affecting the biogenesis of a multi-span
mitochondrial outer membrane protein. They reveal that rather
than a single determinative factor, the import of Oml4 is
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modulated by various membrane proteins and their structural
properties. Considering the outcome of a previous study sug-
gesting the existence of multiple pathways regulating the bio-
genesis of MOM single-span proteins (Vitali et al., 2020), it
seems that all the helical MOM proteins are integrated into the
membrane in a process that is affected by cis elements in the
substrate protein itself, a combination of trans proteinaceous
elements, and the behavior of the membrane.

Materials and methods

Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this study are listed
in Table S1. The porlAmimIA strain was created by mating the
single deletion strains and then performing tetrad dissection.
Yeast cells were grown at 30°C on selective media containing 2%
of either galactose or lactate.

Recombinant DNA techniques

Primers containing different restriction sites were designed to
amplify by PCR segments encoding different regions of
Oml4. The plasmid pGEM4-Oml4 was used as a template.
The PCR products were subcloned into either the plasmid
pPGEMA4 for in vitro protein translation or into the yeast ex-
pression vector pYX142-eGFP to study the in vivo behavior.
The site-directed mutagenesis within Om14 was generated
by using a pair of primers that contain a mutated sequence of
Oml4 using pGEM4-Oml4 as a template. The PCR products
were digested using Dpnl before being transformed into
E. coli cells for further selection. Full lists of all primers and
plasmids used in this study are found in Tables S2 and S3,
respectively.

Mitochondria isolation from yeast cells

Isolation of yeast mitochondria was performed by differential
centrifugation following a previously published protocol (Daum
etal., 1982). Yeast cells were grown in 2-4 liters of media at 30°C
and were harvested at OD600 of 0.8-2.0 (3,000 xg, 5 min, RT).
The cell pellets were washed with H,O and resuspended in
suspension buffer (100 mM Tris and 10 mM DTT). Suspensions
were prepared by centrifugation after 10 min incubation (30°C)
and cell pellets were washed with spheroblasting buffer (1.2 M
sorbitol and 20 mM potassium phosphate, pH 7.2). Then, the
cells were incubated with zymolyase-containing sphero-
blasting buffer (60 min, 120 rpm, 30°C). Spheroblasts were
harvested (1,100 xg, 5 min, 2°C) and resuspended in homog-
enization buffer (0.6 M sorbitol, 1 mM EDTA, 1 mM PMSF,
0.2% [w/v] fatty acid-free BSA, and 10 mM Tris, pH 7.4).
Spheroblasts were then opened by 12 times douncing on ice.
The dounced solution was clarified (2,000 xg, 5 min, 2°C) and
underwent a high-speed centrifugation (17,500 xg, 15 min,
2°C). Pellets were washed with SEM buffer (250 mM sucrose,
10 mM MOPS/KOH, and 1 mM EDTA, pH 7.2) and again
centrifuged (17,500 xg, 15 min, 2°C). The pure mitochondrial
pellets were resuspended in SEM buffer containing 2 mM
PMSF and snap-frozen in liquid nitrogen before their storage
at -80°C.
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Mitochondria isolation from mammalian cells

The mammalian HeLa cell line, which was used in this study,
was a gift from Dr. Vera Kozjak-Pavlovic, and doxycycline was
used to induce knock-down of TOM70 as described previously
(Kozjak-Pavlovic et al., 2007). For isolation of mammalian mi-
tochondria, cells were washed once with PBS buffer and col-
lected from the 150 mm tissue culture-treated dish using a
spatula. The collected cells were transferred to a test tube and
were centrifuged (300 xg, 5 min, 4°C). Afterwards, the cell pellet
was resuspended in HMS buffer (0.22 M Mannitol, 0.02 M
Hepes-KOH, pH 7.6, 1 mM EDTA, 0.07 M Sucrose, 0.1% BSA, and
1 mM PMSF). The cells were then lysed nine times through each
of the three different needles used (20G, 23G, and 27G; Sterican).
After homogenization, samples were centrifuged (900 xg, 5 min,
4°C) and the supernatant was centrifuged (9,000 xg, 15 min,
4°C). The pellet of the latter centrifugation step was washed with
HMS buffer and re-isolated (10,000 xg, 15 min, 4°C). The pellet
from the last centrifugation step represents the crude mito-
chondria and was used for further in vitro import experiments.

In vitro protein import into mitochondria

Proteins encoded in pGEM4 plasmid were transcribed in vitro by
SP6 polymerase. The acquired mRNA was then translated in
rabbit reticulocyte lysates (Promega) containing 2°S-labelled
Met and Cys. After translation, ribosomes were removed
(94,000 xg, 45 min, 4°C) and discarded. For an import reaction,
mitochondria were diluted to a concentration of 1 pug/pl with F5
import buffer (250 mM sucrose, 0.25 mg/ml BSA, 80 mM KCl,
10 mM MOPS-KOH, 5 mM MgCl,, 8 mM ATP, and 4 mM NADH,
pH 7.2). In a standard import reaction, 10% (v/v) of translated
protein was added to 50 pl of mitochondria solution and incu-
bated at 25°C for 2, 5, or 20 min. In some experiments, mito-
chondria were incubated at 37°C in total for 20 min (before and
during the import reaction). The import reactions were stopped
by adding 400 ul of SEM-K?° buffer followed by a 10 min cen-
trifugation (13,200 xg, 2°C). For further proteolytic assay, import
reactions were treated for 25 min at 4°C with 50 pg/ml of either
Proteinase K or Trypsin. The protease activity was terminated by
incubation for 10 min at 4°C with either PMSF or trypsin in-
hibitor, respectively. Afterward, samples were centrifuged
(18,000 xg 10 min, 2°C) and the supernatants were discarded. For
SDS-PAGE, the pellets were dissolved in 2x sample buffer and
then heated at 95°C for 10 min. Then, samples were loaded on
either 12.5% or 15% SDS gels and blotted onto nitrocellulose
membranes.

For analysis of import reactions with BN-PAGE, samples
were dissolved in 1% (w/v) digitonin. After a clarifying spin
(30,000 xg, 30 min, 2°C), the soluble supernatant was mixed
with 10x BN loading dye. Samples were further analyzed by
BN-PAGE and blotted onto polyvinylidene difluoride mem-
branes. The imported proteins were visualized by autoradiog-
raphy and AIDA image analyzer was used to quantify the
intensity of protein bands.

Subcellular fractionation
Different cell fractions from yeast were separated using pub-
lished subcellular fractionation protocol (Walther et al., 2009).

Journal of Cell Biology
https://doi.org/10.1083/jcb.202112030

620z Jequada( G0 U0 3sanb Aq 4pd-0£0Z1 1202 a0l/26G2E81/0£0Z | 1.20Z8/Y/ | 2Z/spd-alonie/qol/Bio-ssaidni//:dny woy pepeojumoq

110f13


https://doi.org/10.1083/jcb.202112030

To obtain pure mitochondria fraction, isolated mitochondria
were slowly layered on top of a Percoll gradient and separated by
one round of ultracentrifugation (80,000 xg, 45 min, 2°C;
Graham, 2001). The post-mitochondrial fraction was centrifuged
(130,000 xg, 1 h, 2°C) using 60 Ti fixed angle rotor (Beckman).
The pellet (ER fraction) was dissolved in 3 ml of SEM buffer
containing 2 mM of PMSF and dounced 10 times in homoge-
nizer. The dounced solution was clarified (18,000 xg, 20 min,
2°C) and microsomes/ER fraction was collected from the su-
pernatant. Proteins in whole-cell lysate, cytosol, and ER frac-
tions were precipitated by TCA and finally dissolved in 2x
sample buffer and incubated at 95°C for 10 min before SDS-PAGE
analysis. Proteins of interest were visualized by immunodecora-
tion using the indicated antibodies. Table S4 indicates the anti-
bodies used in the current study.

Alkaline extraction

Isolated mitochondria (50 pg) were resuspended in 100 pl of
0.1 M Na,COs solution and incubated for 25 min at 4°C. Samples
were centrifuged (94,000 xg, 30 min, 2°C), and the supernatant
was collected and precipitated by TCA. Both pellets and pre-
cipitated proteins from the supernatant were dissolved in 40 pl
of 2x sample buffer and heated at 95°C for 10 min before further
analysis by SDS-PAGE.

Peptide scan assay

Cellulose membranes harboring 20-mer peptides covering the
sequence of Oml4 were activated in methanol for 1 min and
washed twice with sterile water for 1 min. Then, membranes
were equilibrated at room temperature with binding buffer
(50 mM Tris-HCl and 150 mM NaCl, pH 7.5) for 2 h. After
blocking with 1 uM BSA for 1 h, membranes were incubated
overnight with 0.5 uM GST-Tom70-cytosolic domain. Next, the
membranes were washed three times with binding buffer, and
bound protein was visualized by immunodecoration using an
antibody against GST.

Fluorescence microscopy

Yeast cultures were initially grown overnight in synthetic media
with 2% galactose. Cultures were then diluted to ODggo of 0.2
and after further growth, cells were harvested at the logarithmic
phase (3,000 xg, 5 min, RT). The collected cells were mixed with
1% (w/v) low melting point agarose in a 1:1 (v/v) ratio and were
plated on a glass slide. Spinning disk microscope Zeiss Axio
Examiner Z1 equipped with a CSU-X1 real-time confocal system
(Visitron) and SPOT Flex charge-coupled device camera (Visi-
tron) was used. Samples were observed using Objective Plan-
Apochromat 63x/1.4 Oil DIC M27 (Zeiss) at room temperature.
Images from three different channels (Brightfield, GFP, and RFP)
were acquired using the AxioVision software (Visitron). Crop-
ping and merging of microscope images were done using Fiji
software.

Online supplemental material

Fig. S1 shows additional in vitro import assays of truncated
Oml4 variants. Fig. S2 shows the establishment of the proteo-
lytic assay and its usage to monitor import into isolated
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mammalian mitochondria. Fig. S3 demonstrates that the central
TMD of Miml can replace the native protein. Fig. S4 demon-
strates that increasing the hydrophobicity of TMDI does not af-
fect the membrane integration of Om14. Table S1 contains a list of
yeast strains used in this study. Table S2 contains a list of plas-
mids used in this study. Table S3 contains a list of primers used
in this study. Table S4 contains a list of antibodies used in
this study.
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Figure S1. The import of truncated Om14 variants is only mildly dependent on Mim1. (A-C) Radiolabeled truncated variants of Om14 fused to GFP were
incubated with mitochondria isolated from either WT or mimIA cells. At the end of the import reactions, samples were subjected to alkaline extraction and the
pellets fractions were analyzed by SDS-PAGE and autoradiography. Right: Quantification of three independent experiments. The intensity of the band cor-
responding to import for 20 min into control organelles was set to 100%. Source data are available for this figure: SourceData FS1.

Zhou et al. Journal of Cell Biology Sl
Biogenesis of mitochondrial multi-span proteins https://doi.org/10.1083/jcb.202112030

620z Jequada( G0 U0 3sanb Aq 4pd-0£0Z1 1202 a0l/26G2E81/0£0Z | 1.20Z8/Y/ | 2Z/spd-alonie/qol/Bio-ssaidni//:dny woy pepeojumoq


https://doi.org/10.1083/jcb.202112030

« [
5.

A - - - - - - - + 4+ + + + + Trypsin
-+ + + + + + - - - - - - PK
kD 01 2 510 50100 1 2 5 10 50 100 ug/ml
184 - -—.“"/ —F
. Om14
10_ ——
70 —| m— Tom70
25
- — Tom20
40 - ~ —"| Tom4o
B 10% —e— Control
Input WT TOM70 KD 100 - TOM70 KD

KD .5 10 20 5 10 20 min
Fl
#5-0m14

TOM70
kD WT KD

70— - Tom70

25
L | Tom20

Imported protein
(% of control)

10 15 20
Time (min)

Figure S2.  TOM70 contributes to the import of Om14 into mammalian mitochondria. (A) Isolated yeast mitochondria were treated with the indicated
concentrations of either Proteinase K (PK) or trypsin. Mitochondrial proteins were then analyzed by SDS-PAGE and immunodecoration with the indicated
antibodies. Tom20 and Tom70 are exposed on the surface of the organelle, whereas Tom40 is embedded within the membrane. (B) Radiolabeled Om14 was
imported into mitochondria isolated from either control human Hela cells or HelLa cells where Tom70 was knocked down. After the import, samples were
treated with trypsin and analyzed and quantified as described in the legend to Fig. 2 B. The lower panel shows analysis of the isolated mitochondria by
SDS-PAGE and Western blotting with the indicated antibodies. Note: TOM70 is hardly detected in the KD cells. Right: Quantification of the import efficiency
was done as described in the legend to Fig. 2 B. Source data are available for this figure: SourceData FS2.
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Figure S3. The central TMD of Mim1 can replace the native protein. (A) Mitochondria were isolated from mim1A cells harboring an empty vector () or a
plasmid encoding either native Mim1 or its central TMD. The steady-state levels of known Mim1 substrates as well as of Tom40 (for comparison) were analyzed
by SDS-PAGE and immunodecorated with the indicated antibodies. (B) Radiolabeled Om14 was imported into mitochondria isolated from the indicated cells
and further analyzed by BN-PAGE and autoradiography. Both arrows mark oligomeric species of Om14. Source data are available for this figure: SourceData
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Figure S4. Increasing the hydrophobicity of TMD1 does not affect the membrane integration of Om14. (A) Amino acid sequence of the putative first
TMD of both native Om14 (WT) and a variant with increased hydrophobicity due to the introduction of three Ile residues (31). Mutated residues are in bold.
(B) Mitochondria isolated from om14A cells expressing either native Om14 or the Om14-3I variant were subjected to Proteinase K treatment or alkaline extraction.
Samples were further analyzed by SDS-PAGE and immunodecoration with the indicated antibodies. Source data are available for this figure: SourceData FS4

Provided online are Table S1, Table S2, Table S3, and Table S4. Table S1 lists the yeast strains used in this study. Table S2 lists the
plasmids used in this study. Table S3 lists the primers used in this study. Table S4 lists the antibodies used in this study.
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