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The Biogenesis of Mitochondrial Outer
Membrane Proteins Show Variable
Dependence on Import Factors
Daniela G. Vitali,1,2 Layla Drwesh,1,2 Bogdan A. Cichocki,1,3 Antonia Kolb,1 and Doron Rapaport1,4,*

SUMMARY

Biogenesis of mitochondrial outer membrane proteins involves their integration into the lipid bilayer.

Among these proteins are those that form a single-span topology, but our understanding of their

biogenesis is scarce. In this study, we found that theMIM complex is required for themembrane inser-

tion of some single-span proteins. However, other such proteins integrate into the membrane in a

MIM-independent manner. Moreover, the biogenesis of the studied proteins was dependent to a var-

iable degree on the TOM receptors Tom20 and Tom70. We found that Atg32 C-terminal domain me-

diates dependency on Tom20, whereas the cytosolic domains of Atg32 and Gem1 facilitate MIM

involvement. Collectively, our findings (1) enlarge the repertoire of MIM substrates to include also

tail-anchored proteins, (2) provide new mechanistic insights to the functions of the MIM complex

and TOM import receptors, and (3) demonstrate that the biogenesis of MOM single-span proteins

shows variable dependence on import factors.

INTRODUCTION

Mitochondria harbor between 800 (in budding yeast) to 1,500 (in mammals) different proteins, and their outer

membrane is estimated to harbor several dozens of those proteins. Such mitochondrial outer membrane

(MOM) proteins include enzymes, components of protein import complexes, metabolites transporters, and fac-

tors that mediate mitochondrial fusion, fission, and motility. The biogenesis of the MOM requires targeting of

newly synthesized proteins to the organelle and their integration into the lipid bilayer. An important group

among MOM proteins are those that span the membrane once with a single a-helical segment. Like all other

MOM proteins, these single-span proteins are nuclear encoded and synthesized on cytosolic ribosomes (Duka-

novic and Rapaport, 2011; Endo and Yamano, 2009; Wiedemann and Pfanner, 2017). Therefore, they must bear

appropriate signals that ensure both their correct targeting to the organelle and their membrane integration by

mitochondrial import components. None of these proteins contains a canonical cleavable N-terminal prese-

quence, and instead, they carry internal targeting and sorting signals. Despite their well-recognized importance,

the diverse molecular mechanisms by which such MOM proteins are specifically targeted to the organelle and

inserted into their target membrane remain incompletely defined.

Depending on their orientation, single-spanMOMproteins can be classified into three groups: the first two

are signal- and tail-anchored proteins, which face the intermembrane space (IMS) with either the amino- or

carboxyl-terminus, respectively. These proteins typically expose the bulk of the protein to the cytosol and

only a very short segment faces the IMS. A third subclass of single-span proteins exposes soluble domains

toward both the IMS and the cytosol, with the N terminus facing the cytosol.

Mitochondrial signal-anchored proteins in fungi include, according to current knowledge, the TOM receptor

components, Tom20 and Tom70, and three additional proteins: OM45, Msp1, and the MOM isoform of Mcr1

(Mcr1mom). The targeting signal of these proteins consists of the transmembrane segment (TMS) and positively

charged flanking regions (Dukanovic and Rapaport, 2011; Ellenrieder et al., 2015). Despite the common struc-

tural characteristics, it appears as if signal-anchored proteins do not share a common pathway of targeting

and membrane integration. Mcr1mom and Msp1 follow a still uncharacterized membrane integration pathway

that seems for Mcr1mom to be recapitulated with pure lipid vesicles (Meineke et al., 2008), whereas the TOM re-

ceptors use a pathway where preexisting TOM complexes play an undefined role (Ahting et al., 2005). Further-

more, the MOM proteins, Mim1 and Mim2, that form together the MIM complex promote both insertion of

Tom20 and Tom70 into theMOM and their final assembly into the TOM core complex (Becker et al., 2008; Dim-

mer et al., 2012; Hulett et al., 2008; Ishikawa et al., 2004; Waizenegger et al., 2005). OM45, which exposes its
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soluble domain to the IMS, follows a uniquemembrane assembly pathway that involves crossing the outermem-

brane via the TOM complex and then insertion into the MOM from the IMS side with a possible contribution of

the MIM complex (Song et al., 2014; Wenz et al., 2014).

In comparison with such detailed analysis of the insertion pathway of some signal-anchored proteins, much

less is known about the mechanisms by which tail-anchored (TA) proteins are targeted to and integrated

into the MOM. As for the signal-anchored proteins, it seems that these proteins do not follow a unified

biogenesis pathway. On the one hand, the steady-state levels of yeast mitochondrial TA proteins such

as the small TOM complex subunits, Tom5, Tom6, and Tom7, were reduced upon deletion of Mim1,

Mas37/Sam37, and TOM receptors (Becker et al., 2008; Horie et al., 2002; Setoguchi et al., 2006; Stojanovski

et al., 2007; Thornton et al., 2010). On the other hand, in mammalian cells import of other TA proteins like

Omp25, Bak, and Bcl-XL was completely independent of the TOM subunits and of any protease accessible

protein on the surface of the organelle (Horie et al., 2003; Setoguchi et al., 2006). Likewise, the biogenesis of

Fis1 in yeast cells remained unchanged upon deletion of subunits of the import complexes TOM or TOB/

SAM and by digestion of any protease-accessible protein on the mitochondrial surface. Furthermore,

in vitro import assays demonstrated that Fis1 can insert into pure lipid vesicles in an unassisted manner

(Kemper et al., 2008). We previously proposed that the specificity of such an insertion could be mediated

by the low ergosterol levels of the MOM. In line with this proposal, reduction of ergosterol levels in ER

membranes resulted in mislocalization of Fis1 to the ER (Krumpe et al., 2012). Although these previous re-

sults raise doubts about the necessity of import factors for the membrane integration of Fis1, they do not

address the biogenesis pathway of other TA proteins like Gem1.

The biogenesis of single-span proteins exposing domains toward both sides of the membrane is even less

understood. Proteins belonging to this group in yeast MOM are Mim1, Mim2, Atg32, and Tom22. The only

protein from this group whosemembrane integration process was studied is Tom22, which was reported to

require TOM import receptors for its own import as well as the TOB complex and theMOMprotein Mdm10

(Court et al., 1996; Thornton et al., 2010). However, since Tom22 is a core component of the TOM complex,

its biogenesis mechanism probably reflects a specific case and does not provide a general model for other

proteins from this group.

In the current study, we addressed some of the open questions regarding the biogenesis of single-span

MOM proteins. We observed that the biogenesis of these proteins is variably dependent on import factors

like the MIM complex or the TOM receptors. Furthermore, by constructing hybrid proteins composed of

defined domains of these proteins, we could dissect the determinants that cause a variable dependency.

RESULTS

The Membrane Integration of Signal-Anchored Proteins Variably Depends on MIM

Components

To better characterize the pathways that culminate in the integration of signal-anchored proteins into the

MOM, we chose two model proteins that in contrast to the previously established MIM substrates Tom20

and Tom70 are not subunits of the TOM complex. The first is the MOM isoform of Mcr1 (Mcr1mom, Fig-

ure S1A). We monitored the levels of Mcr1mom in the crude mitochondrial fraction from the deletion strains

ofMIM1,MIM2, or the TOM receptors TOM20 and TOM70/TOM71. As we observed before (Meineke et al.,

2008), the absence of the TOM receptors did not cause a reduction in the levels of Mcr1mom. Actually, its

relative levels were even enhanced in the absence of Tom20 (Figures S1B and S1C). Similarly, the relative

amounts of Mcr1mom in cells lacking either Mim1 or Mim2 were higher than in control organelles (Figures

S1B and S1C). We suggest that this apparent increase results from loading a fixed amount of mitochondrial

proteins in each lane. Accordingly, reduction in the relative amounts of certain proteins in these altered

organelles leads to an apparent increase in the relative levels of other proteins. To substantiate our results,

we isolated mitochondria from either wild-type (WT) or cells lacking both Mim1 and Mim2 and monitored

the levels of Mcr1mom in these organelles. The levels of Mcr1mom were unaltered in the cells lacking theMIM

complex (Figures S1D and S1E). These findings demonstrate that the MOM isoform of Mcr1 can integrate

into its target membrane in a process that is independent of the MIM complex or import receptors.

Next, we turned to monitor the mitochondrial steady-state levels of the other model protein, namely, the

ATPase Msp1 (Figure 1A). Of note, the absence of the TOM receptors or of Mas37, a subunit of the TOB

complex, which mediates membrane integration of b-barrel proteins, did not cause major alterations in

2 iScience 23, 100779, January 24, 2020



the steady-state levels of Msp1, and interestingly, its relative levels were even increased in the absence of

Tom20 (Figures 1B and 1C). In contrast, Msp1 levels in the mitochondria isolated from cells deleted for

MIM1, MIM2, or both genes were highly reduced as compared with control samples. We further confirmed

A

B

C

D E

Figure 1. The MIM Complex Is Required for the Biogenesis of Msp1

(A) Schematic depiction of Msp1 topology.

(B) Mitochondria isolated from either the indicated deletion or their respective WT cells were analyzed by SDS-PAGE and

immunodecoration with antibodies against the indicated proteins. Staining with Ponceau S is shown as a loading control.

(C) Msp1 levels were quantified and normalized to the intensities of the Ponceau S staining. The values in the

corresponding WT cells were set to 100%. The bar diagram shows the average G SD of at least three independent

experiments.

(D) Radiolabeled Msp1 was imported in vitro for the indicated time periods into mitochondria isolated from either WT or

mim1/2D cells. After import, mitochondria were subjected to alkaline extraction and the pellet was analyzed by SDS-

PAGE and autoradiography.

(E) Quantification of the band corresponding to Msp1 in experiments as in (D). Import into mitochondria from WT cells after

20 min was set to 100%. The graph represents the mean valuesG SD of three independent experiments. See also Figure S1.
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the dependency on the MIM complex by importing in vitro radiolabeled Msp1 molecules into organelles

isolated from either wild-type ormim1/2D double deletion strain. The proper insertion of the newly synthe-

sized Msp1 molecules into the MOM was verified by their resistance to alkaline extraction. This assay

demonstrated that mitochondria isolated from the mutated cells had significantly lower capacity to inte-

grate Msp1 into their membrane (Figures 1D and 1E).

Since it was shown that the TMS ofMsp1mediates the intracellular targeting of the protein (Wohlever et al.,

2017), we wondered whether this part of Msp1 is responsible for the dependency on the MIM complex. To

address this point, we constructed a fusion protein composed of the TMS (a.a. residues 1–32) of Msp1 fused

N terminally to a GFP moiety (Msp1(TMS)-GFP) and introduced it into WT cells. First, we monitored the

subcellular localization of this fusion protein by fluorescence microscopy and noted its complete co-local-

ization with a mitochondrial marker protein (MTS-RFP, Figure 2A). Thus, it seems that the TMS of Msp1 is

sufficient for mitochondrial targeting.

Next, we transformed this construct into cells deleted for the singleMIM components or for both genes and

obtained from the transformed cells fractions corresponding to cytosol, ER, and mitochondria. Analysis of

these fractions by SDS-PAGE followed by immunodetection revealed that the deletion of the MIM compo-

nents caused a reduction in the levels of the fusion protein in themitochondrial fraction of themutated cells

concomitantly with appearance of Msp1(TMS)-GFP in the ER fraction (Figure 2B). Of note, the absence of a

A

B

Figure 2. The TMS of Msp1 Is Sufficient for Recognition by the MIM Complex

(A) Yeast WT cells harboring mitochondrial targeted RFP (MTS-RFP) and expressing either Msp1(TMS)-GFP or GFP alone

as a control were visualized by fluorescence microscopy.

(B) Whole-cell lysate (WCL) and fractions corresponding to cytosol (cyt), microsomes (ER), and mitochondria (mito) from

the indicated strains expressing Msp1(TMS)-GFP were analyzed by SDS-PAGE and immunodecoration. The fusion

protein was detected by an anti-GFP antibody, whereas the endogenous Msp1 protein by anti-Msp1 antibody. Tom20

and Tom70 are known MIM substrate proteins. Hexokinase (Hxk1) is a cytosolic marker, whereas Erv2 is an ER protein.

Ponceau S staining of the membrane is shown as a loading control.
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functional MIM complex resulted in the mislocalization of the known MIM substrates Tom20 and Tom70 to

the ER, whereas the b-barrel MOMprotein Tom40 or the inner membrane protein Pic2 was detected only in

the mitochondrial fraction (Figure 2B). These findings indicate that Msp1 is a new substrate of the MIM

complex and its TMS is sufficient for this reliance. Moreover, the MIM complex seems to be required for

the correct mitochondrial location of the protein.

Atg32 Is a New Substrate of the MIM Complex

Atg32 is a receptor for mitophagy factors that exposes domains to both sides of the MOM (Figure 3A). To

study the requirements for its membrane integration, we employed a functional version where an HA-tag

was placed within the cytosolic domain (Okamoto et al., 2009). We introduced this construct into WT and

various mutated strains and monitored its steady-state levels in the crude mitochondrial fractions of these

cells. We noticed that the levels of Atg32 were dramatically compromised upon the deletion of Mim1,

Mim2, and Tom20 and moderately reduced by the absence of Tom70 (Figures 3B and 3C). Atg32 has a

similar topology to the TOM component Tom22, which was reported to require the TOB/SAM complex

for its proper biogenesis (Thornton et al., 2010). To test whether Atg32 shares such TOB dependency,

we monitored its steady-state levels in a strain lacking Mas37, a non-essential component of the TOB com-

plex. As reported, the levels of Tom22 were highly reduced in crude mitochondria isolated from this strain,

but the amounts of Atg32 were unaffected, even when the cells were grown at 37�C (Figure 3D). Thus, we

concluded that Atg32 does not require the TOB complex for proper membrane integration.

Since the steady-state levels of proteins reflect the combined outcome of biogenesis and degradation, we

wondered whether the absence of the Mim proteins affects also the life span of Atg32. To this end, we add

toWT ormim single deletion strains cycloheximide (CHX), which is known to stop new synthesis of proteins,

and monitored the levels of Atg32 after different time intervals. The results of this assay revealed that the

absence of either Mim1 or Mim2 shortened significantly the life span of Atg32, whereas it did not affect the

stability of the control TA protein Fis1 (Figures 3E–3G). We propose that the absence of the MIM complex

slows down the integration of newly synthesized Atg32 molecules into the MOM. This interference in the

import process causes then accumulation of the non-imported molecules in the cytosol and subsequently

their elimination. Taken together, these findings establish Atg32 as a novel substrate of the MIM pathway.

Since Atg32 showed a dependency on both the MIM complex and Tom70/71, we wondered whether these

factors are involved in the same import pathway or in two parallel ones. To address this question, we over-

expressed Mim1 in cells lacking both Tom70 and its paralog Tom71. We observed that these elevated

amounts of Mim1 could not enhance the reduced levels of Atg32 in tom70/71D cells (Figure S2). These re-

sults might suggest that Tom70 is involved in the same pathway as the MIM complex, as already shown for

the insertion of multi-span proteins (Becker et al., 2011; Papic et al., 2011), and reduced recognition by

Tom70 cannot be compensated by more efficient MIM-mediated membrane insertion. However, this op-

tion should be taken with caution since it is not clear whether, in the absence of elevated levels of Mim2, the

excess amounts of Mim1 molecules assemble into functional complexes.

The MIM Complex Contributes to the Membrane Integration of the Tail-Anchored Protein

Gem1

Previous results suggested that Fis1 can assemble into the MOM in an unassisted manner (Kemper et al.,

2008). We next aimed to test its dependency on theMIM complex and to compare its behavior with another

TA protein, Gem1 (Figure 4A). To that goal, we monitored the steady-state levels of Fis1 and an N-termi-

nally HA-tagged version of Gem1 in crude mitochondrial fractions of various mutated cells. Of note, the

HA-tagged version of Gem1 is functional as we confirmed its ability to complement the growth defect re-

sulting from the absence of chromosomally encoded Gem1 (Figure S3A). The relative levels of Fis1 were

actually higher in the MIM mutant cells or unaffected in cells lacking the TOM receptors, whereas those

of Gem1weremoderately reduced in cells lackingMim1 orMim2 and evenmore hampered in tom20D cells

(Figures 4B and 4C). To verify that the difference in behavior of both proteins does not result from the pres-

ence of the N terminal HA-tag on one of them, we monitored the behavior of HA-tagged Fis1 and noticed

that, like the native protein, it showed independency of the examined import factors (Figures S3B and S3C).

Despite the higher relative levels of Fis1 in the crude mitochondrial fractions of cells deleted for MIM com-

ponents (Figures 4B and 4C), when we performed subcellular fractionations of these cells, we actually

observed aminor population of the Fis1 molecules in the ER (Figure 4D). Of note, this mistargeting involves

iScience 23, 100779, January 24, 2020 5



only a tiny fraction of the Fis1 molecules and is in clear contrast to the massive ER mislocalization of the

canonical MIM substrate Tom70 in these mutated cells (Figure 4D). Taken together, these results suggest

that Gem1 does not absolutely depend on the MIM pathway for correct biogenesis but might use it when it

is available. In contrast, the membrane integration of Fis1 into the MOM seems to be basically MIM inde-

pendent, although the Mim proteins might slightly contribute to the fidelity of the correct targeting.

A B C

D E

GF

Figure 3. Atg32 Biogenesis Requires the MIM Complex and the TOM Receptors

(A) Schematic representation of the topology of HA-Atg32.

(B) Crude mitochondrial fractions were obtained from mim1D, mim2D, tom20D, tom70/71D, and their respective WT

strains containing a plasmid encoding HA-Atg32. Samples were analyzed by SDS-PAGE and immunodecoration with anti-

HA and the other indicated antibodies.

(C) Quantification of the relative amounts of HA-Atg32 from at least three independent experiments as in (B). The levels

were normalized to the intensities of the Ponceau S staining and presented as percentage of the levels in the

corresponding WT samples. The graph represents average G SD.

(D) Crude mitochondrial fractions were obtained frommas37D and its respective WT strains after growth at either 24�C or

37�C. Both cell types contained a plasmid encoding HA-Atg32. Samples were analyzed by SDS-PAGE and

immunodecoration with anti-HA and the other indicated antibodies.

(E) WT, mim1D, and mim2D cells expressing HA-Atg32 were grown to logarithmic phase, treated at time = 0 with

cycloheximide (CHX), and then collected after the indicated time intervals. Crude mitochondria were isolated and

analyzed by SDS-PAGE and immunodecoration with antibodies against the HA-tag and the indicated proteins.

(F and G) Quantifications of the levels of HA-Atg32 (F) and Fis1 (G) from three independent experiments as in (E) using

Tom40 as loading control. The values at time = 0 in each strain were set to 100%. Error bars correspond to G SD.

See also Figures S2 and S4.
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Figure 4. The Biogenesis of Gem1 Depends on the MIM Complex and on Tom20

(A) Schematic representation of the topologies of HA-Gem1 and Fis1.

(B) Crude mitochondria were isolated from the indicated deletion and their respective WT strains containing a plasmid

encoding HA-Gem1. Samples were analyzed by SDS-PAGE and immunodecoration with anti-HA and the indicated

antibodies.

(C) Quantification of the relative amounts of HA-Gem1 and Fis1. The intensity of the bands from at least three

independent experiments as the one presented in (B) were quantified and normalized to the Ponceau S signal. The levels

in the corresponding WT cells were set to 100%. Error bars represent GSD.

(D) Whole-cell lysate (WCL) and fractions corresponding to cytosol (cyt), microsomes (ER), and mitochondria (mito) from

the indicated cells were analyzed by SDS-PAGE and immunodecoration. Tom20 and Tom70 are known MIM substrate

proteins. Tom40 is a mitochondrial b-barrel protein, Hexokinase (Hxk1) is a cytosolic marker, whereas Erv2 is an ER

protein. Ponceau S staining is shown as a loading control.

(E) WT, mim1D, and mim2D cells expressing HA-Gem1 were grown to logarithmic phase, treated at time = 0 with CHX,

and then collected after the indicated time intervals. Crude mitochondria were isolated and then analyzed by SDS-PAGE

and immunodecoration with anti-HA and the indicated antibodies.
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Next, we examined the life span of Gem1 in the mim single deletion strains by addition of CHX. In agree-

ment with the aforementioned experiments, the initial levels of Gem1 in the mutated cells were lower than

those in the control cells. However, the turnover of the protein was similar in all tested cells (Figures 4E and

4F). Thus, it seems that the absence of a functional MIM complex has no effect on the stability of the TA

proteins Fis1 and Gem1 (Figures 3G and 4F).

pATOM36 Can Replace the MIM Complex in Mediating the Import of MOM Proteins

We previously found that the Trypanosoma brucei protein pATOM36 can functionally compensate the

absence of the MIM complex (Vitali et al., 2018). Hence, we next aimed to test whether this protein can

also replace the MIM function in facilitating the membrane integration of the two new substrates that

we identified, Atg32 and Gem1. To that end, we compared the steady-state levels of Atg32 and Gem1

in the crude mitochondrial fraction of WT and single mim deletion strains that were transformed with an

empty vector with those transformed with a vector encoding pATOM36. The results depicted in Figure S4

illustrate that pATOM36 can indeed reverse the reduction in the steady-state levels of these MIM sub-

strates. These results further support the identification of pATOM36 as the functional equivalent of the

MIM complex.

Different Domains of Atg32 Mediate Dependency on either Tom20 or MIM Components

Our results so far indicate that different single-span proteins depend to a variable extent on the MIM com-

plex. To better understand the reason for this variability, we constructed a C-terminally truncated version of

Atg32 (HA-Atg32(DC)) and two fusion proteins that are composed of the tail-anchor segment of Fis1 fused

to the cytosolic domain of either Atg32 or Gem1 [HA-Atg32(cyt)-Fis1(TMS) or HA-Gem1(cyt)-Fis1(TMS),

respectively] (Figure 5A). Of note, the latter construct has probably native-like topology as it can rescue

the growth phenotype of cells lacking native Gem1 (Figure S3A). Next, we monitored the steady-state

levels of these proteins in the crude mitochondrial fraction of control cells or cells deleted for selected

import components. We observed that removal of the C-terminal domain of Atg32 eliminated the depen-

dency of the protein on Tom20, whereas the reduced levels in the absence of MIM components or Tom70

remained (compare Figures 5B and 5C with Figures 3B and 3C). These findings suggest that the depen-

dency on Tom20 is mediated by the IMS part of Atg32, whereas that on theMIM complex by the other parts

of the protein.

To narrow down these parts, we analyzed the fusion protein that is composed of the TMS of Fis1 and the

cytosolic domain of Atg32. Remarkably, this construct presented similar dependency on Mim1/2 and

Tom70 as the truncated version of Atg32 (Figures 5D and 5E). As the membrane integration of the TMS

segment of Fis1 appears to be independent of the MIM complex, these findings suggest the surprising

possibility that actually the cytosolic domain of Atg32 is responsible for the dependency on these proteins.

To better understand which parts of the single-span proteins facilitate reliance on the import factors, we

examined also the construct where the Fis1 TMS was fused to the cytosolic domain of Gem1. Notably,

this construct behaved similar to Gem1 and did not resemble the MIM independency of Fis1 (compare Fig-

ures 5F and 5G with Figures 4B and 4C). Thus, these results also support the assumption that the cytosolic

domain of some single-span proteins dictate largely the insertion pathway that these proteins follow.

Since we suspected that the IMS domain of Atg32 mediates Tom20-dependency, we wished to study this

possibility in more detail. To that aim, we constructed a fusion protein where the IMS domain of Atg32 is

fused C terminally to Fis1 (HA-Fis1-Atg32(IMSD)), Figure 6A. Analysis of the steady-state levels of this fusion

protein indicated that, like Fis1, it was Tom70- and MIM-independent, but similarly to Atg32 it showed de-

pendency on Tom20 (Figures 6B and 6C). Hence, these findings indicate that the IMS domain of Atg32 me-

diates the requirement for Tom20.

To further substantiate these conclusions, we fused the cytosolic domain of Fis1 to the TMS and IMS do-

mains of Atg32 (HA-Fis1(cyt)-Atg32(TMS + IMSD), Figure 6A). Importantly, this construct showed strong

Figure 4. Continued

(F) Quantifications of the levels of HA-Gem1 from three independent experiments as in (E) using Tom40 as loading

control. The values at time = 0 in each strain were set to 100%. Error bars correspond to GSD.

See also Figures S3 and S4.
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dependency on Tom20 and only moderate requirement for Mim1. No significant dependency on Mim2

or Tom70 was observed (Figures 6D and 6E). Collectively, these results support the findings that the

C-terminal domain of Atg32 mediates dependency on Tom20, whereas the cytosolic domains of

Atg32, and to a lesser extent that of Gem1, have a major contribution to the requirement of the Mim

proteins.

A

B C

D E

GF

Figure 5. The Cytosolic Domain of Atg32 and Gem1 Dictates the Dependency on the MIM Complex

(A) Schematic representation of the topology of HA-Atg32(DC), HA-Atg32(cyt)-Fis1(TMS), and HA-Gem1(cyt)-Fis1(TMS).

(B, D, and F) Crude mitochondria were extracted from the indicated strains containing a plasmid expressing HA-

Atg32(DC) (B), HA-Atg32(cyt)-Fis1(TMS) (D), or HA-Gem1(cyt)-Fis1(TMS) (F). Samples were analyzed by SDS-PAGE and

immunodecoration with anti-HA and the indicated antibodies.

(C, E, and G) The intensities of the bands corresponding to the HA signal from at least three independent experiments as

in (B), (D), or (F) were quantified and normalized with the signal of the Ponceau S staining. The relative intensity, as

compared with the corresponding WT strain, of HA-Atg32(DC) (C), HA-Atg32(cyt)-Fis1(TMS) (E), and HA-Gem1(cyt)-

Fis1(TMS) (G) are depicted. Error bars represent GSD.
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DISCUSSION

The biogenesis of newly synthesized MOM proteins involves their synthesis on cytosolic ribosomes,

possible association with cytosolic factors to maintain them in import competent conformation, targeting

to the surface of the organelle, and finally integration into the membrane. In the current study, we investi-

gated which proteins on the surface of mitochondria are involved in the targeting andmembrane assembly

of single-span proteins. Remarkably, we observed that, although these proteins share some structural fea-

tures, each one of them depends to a different extent on the presence of import receptors and an insertase

complex.

Some proteins like theMOM isoform of Mcr1 or Fis1 hardly, if at all, require the assistance of import factors.

In contrast, the signal-anchored proteins Msp1 and the single-span protein Atg32 rely heavily on the pres-

ence of theMIM subunits and the latter protein depends also on Tom20 and Tom70. Yet, other proteins like

A

B C

ED

Figure 6. Tom20 Is Required for the Biogenesis of Hybrid Proteins Containing the IMS Domain of Atg32

(A) Schematic representation of the topology of HA-Fis1-Atg32(IMSD) and HA-Fis1(cyt)-Atg32(TMS + IMSD).

(B and D) Crude mitochondrial fractions isolated from the indicated strains containing a plasmid expressing either HA-

Fis1-Atg32(IMSD) (B) or HA-Fis1(cyt)-Atg32(TMS + IMSD) (D) were analyzed by SDS-PAGE and immunodecoration with

anti-HA and the indicated antibodies.

(C and E) The intensity of the bands corresponding to HA-Fis1-Atg32(IMSD) (C) or HA-Fis1(cyt)-Atg32(TMS + IMSD) (E)

from at least three independent experiments as in (B) or (D), respectively, were quantified and normalized to the intensity

of the Ponceau S. The levels are presented as percentage of the corresponding WT samples and error bars

represent GSD.
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Gem1 are only moderately dependent on the presence of the MIM complex and appear to require Tom20.

Thus, it seems that yet undefined determinants of the substrate proteins govern their distinct requirements

for support. Such determinants can be length and/or average hydrophobicity of the TMS, net charge of its

flanking regions, the tendency of the TMS to form helical structure, the presence of a soluble domain in the

IMS, or various parameters of the cytosolic domain. Inspection of the hydrophobicity and the flanking

charges did not reveal a clear correlation between these parameters and the behavior of the proteins (Fig-

ure 7). Most likely, rather than a single parameter a combination of several of the aforementioned deter-

minants dictate the behavior of a certain protein.

A link that we could identify is a Tom20 requirement that is mediated by the IMS domain of Atg32. All fusion

proteins harboring this domain showed dependency on Tom20, and Atg32 variant lacking it lost this

requirement. Tom20 can recognize directly this domain and/or the IMS domain is associated in the cytosol

with a chaperone and Tom20 serves as the receptor for this chaperone-substrate complex. Regardless of

the correct possibility, the biogenesis pathway of Atg32 and Gem1 provides a unique example where

Figure 7. The Biogenesis of the Tested Proteins Depends on Their Domain Composition

Left: Schematic representation of the analyzed proteins. The topology of the proteins is depicted (cyt, cytosolic domain;

TMS, transmembrane segment; IMS, intermembrane space domain). In addition, the grand average of hydropathicity

(GRAVY) value of the corresponding TMS, the length of the soluble domains, and the charges of the IMS segment are

indicated.

Right: The average values of the steady-state levels measured for each protein in the indicated deletion strains is depicted

with a color-coded system, which is explained at the bottom.
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targeting to the organelle is facilitated by Tom20, whereas the membrane integration is mediated by the

MIM complex. So far, known substrates of the MIM pathway, like multi-span helical proteins, were reported

to interact with Tom70 prior to their engagement by the MIM complex (Becker et al., 2011; Papic et al.,

2011); however, Atg32 is only moderately dependent on Tom70. Hence, this study indicates a novel coop-

eration between Tom20 and the MIM complex.

Another surprising finding of our study is the contribution of the cytosolic domains of the substrate proteins

Atg32 and Gem1 to the dependency on the MIM complex. Since these domains remain in the cytosol and

do not have to cross the MOM, their effect might be via their influence on the availability of the TMS for

recognition and insertion by the MIM complex. Alternatively, the MIM complex may help in obtaining

the correct conformation of the cytosolic domain by interacting with hydrophobic segments, which in

the final conformation will be buried within this domain. A third possibility is that, as discussed above

for the involvement of Tom20, the cytosolic domain of Atg32 or Gem1 is stabilized by cytosolic factor(s)

and the MIM complex functions as a receptor for such factors. Actually, a study by Vögtle et al. support

the latter option as it suggested that, at least for the multi-span protein Ugo1, the MIM complex functions

more as a receptor than as an insertase (Vogtle et al., 2015).

The results of the current study substantiate that the membrane integration of the MOM proteins Fis1 and

Mcr1 is basically MIM independent. Of note, although theMIM complex does not appear to affect themito-

chondrial levels of Fis1, it seems that in its absence more Fis1 molecules are mis-targeted to the ER. One

explanation for this observation is a potential involvement of the MIM complex in a quality control process

that re-targets mitochondrial proteins, which were wrongly associated with the ER, to the mitochondria. It

might be that the MIM complex is not required for the direct insertion of newly synthesized Fis1 molecules

from the cytosol, but, due to unclear reason, it does facilitate the re-targeting of those molecules that were

initially associated with the ER. Such an ER surface retrieval pathway was described recently for several

mitochondrial proteins (Hansen et al., 2018).

Our findings also establish Atg32, Msp1, and Gem1 as novel substrates of the MIM pathway. However, also

for these clear substrates, MIM deletion reduces the extent of membrane integration but still allows a

considerable portion of these newly synthesized proteins to associate with the MOM. Thus, it is quite

obvious that an alternative membrane insertion pathwaymust exist. Such an alternative route might involve

a yet unknown protein factor or the lipid core of the membrane as it was reported that the optimal integra-

tion of helical proteins into the MOM requires low ergosterol content and the presence of cardiolipin and

phosphatidic acid (Kemper et al., 2008; Sauerwald et al., 2015; Vogtle et al., 2015). A similar multi pathway

scenario is also discussed for the membrane integration of TA proteins into the ER membrane where at

least four, partially overlapping, potential pathways are postulated (Borgese et al., 2019).

Collectively, our results could be explained by a variable dependency on the MIM complex that is dictated

by yet undefined combination of determinants. At one edge of the spectrum are proteins like Fis1 andMcr1

that can be inserted into the MOM in an unassisted manner. On the other side are those proteins like Msp1

and Atg32 that heavily rely on the help of the MIM insertase, and in between these poles are substrates like

Gem1 that are not absolutely dependent on the MIM machinery but probably can utilize it when it is pre-

sent. Moreover, the import of single-span MOM proteins is further influenced by cytosolic factors and the

lipid composition of themembrane. This collection of, partially unknown, parameters makes any attempt to

predict which pathway a certain protein will follow a very demanding task.

Limitations of the Study

This study used Baker’s yeast as a model organism. Higher eukaryotes do not have a MIM complex but

rather, yet unidentified, equivalent factors. Hence, is unclear whether the various import requirements

that were identified for the different utilized substrate proteins are valid also in higher eukaryotes.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Related to Figure 1. Mcr1 levels are not affected by deletions of MOM 
import factors.
(A) Schematic representation of the topology of Mcr1mom. IMS: intermembrane space. 
(B) Crude mitochondrial fractions of mim1Δ, mim2Δ, tom20Δ, tom70/71Δ, and their 
respective WT strains were analysed by SDS-PAGE and immunodecoration with the 
indicated antibodies. The outer membrane (Mcr1mom) and IMS (Mcr1ims) isoforms of Mcr1 
are indicated.  
(C) Quantification of the band corresponding to Mcr1mom in experiments as in (B). The 
levels were normalized with the Ponceau S signal and presented as percentage of the 
amounts in the corresponding WT samples. The graph represents the average of at least 
three independent experiments ± standard deviation (SD). 
(D) Isolated mitochondria were obtained from WT and mim1/2Δ strains and analysed by 
SDS-PAGE and immunodecoration with the indicated antibodies. 
(E) Mcr1mom levels from three independent experiment as in (D) were quantified and 
normalized to the intensities of the Ponceau S staining. The values are presented as 
percentage of the amounts in WT cells. Error bars represent ± SD.
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Figure S4. Related to Figures 3 and 4. The reduced levels of HA-Atg32 and HA-Gem1 
in the absence of the MIM complex can be complemented by pATOM36.
(A and C) Crude mitochondrial fractions were obtained from WT, mim1Δ, and mim2Δ cells 
transformed with a plasmid encoding HA-Atg32 (A) or HA-Gem1 (C) and with either an 
empty plasmid (Ø) or a plasmid overexpressing pATOM36. Samples were analysed by 
SDS-PAGE and immunodecoration with anti-HA and the indicated antibodies. 
(B and D) The intensity of the bands corresponding to HA-Atg32 (B) or HA-Gem1 (D) from 
at least three independent experiments as in (A) or (C), respectively, were quantified and 
normalized to the Ponceau S signal. The levels are presented as percentage of the levels 
in WT cells transformed with the empty plasmid. Error bars represent ± SD.
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Transparent Methods 

 
Yeast strains and growth conditions 

Yeast strains used in the study were isogenic to Saccharomyces cerevisiae strain W303a, 

W303α, YPH499, or JSY7452. All strains used in this study are listed in Table S1. Standard 

genetic techniques were used for growth and manipulation of yeast strains. Yeast cells were 

grown in either rich medium YP (2% [w/v] bacto peptone, 1% [w/v] yeast extract) or synthetic 

medium S (0.67% [w/v] bacto-yeast nitrogen base without amino acids). Glucose (2% [w/v]), 

galactose (2% [w/v]), sucrose (2% [w/v]), or lactate (2% [w/v]) were used as carbon source. 

Transformation of yeast cells was performed by the lithium acetate method. For drop-dilution 

assay, cells were grown in a synthetic medium to logarithmic phase and diluted in fivefold 

increments followed by spotting five μl of the diluted cells on solid media. 

 

Recombinant DNA techniques 

The MSP1 open reading frame (ORF) was amplified by PCR from yeast genomic DNA with 

specific primers containing BamHI and HindIII restriction sites. The yeast Kozak sequence 

was introduced directly upstream of the start codon via a primer. The PCR product was cloned 

into the plasmid pGEM4 to obtain pGEM4-yk-Msp1. The pYX142-Msp1(TMS)-GFP plasmid 

was obtained by PCR amplification of the DNA sequence encoding amino acid residues 1-32 

of Msp1 using pYX142-Msp1-3HA as a template. Primers containing EcoRI and KpnI 

restriction sites were used and the PCR product was inserted upstream and in-frame with the 

eGFP coding region of pGEM4-eGFP plasmid. Next, the sequence encoding Msp1(TMS)-GFP 

was sub-cloned, using  EcoRI and BamHI restriction sites, from the pGEM4 plasmid to the 

yeast expression pYX142 plasmid. 

  To insert the FIS1 promotor (pr) and terminator (ter) into the pRS316 plasmid, DNA 

segments of around 500 bp upstream and downstream of the FIS1 ORF were amplified by PCR 

from genomic DNA. The promotor region was cloned between SpeI and XmaI restriction sites, 

while the terminator sequence was inserted between HindIII and SalI sites. To obtain the 

pRS316-FIS1pr-Fis1(cyt)-FIS1ter, the sequence encoding for the cytosolic domain of Fis1 

(amino acid residues 1-103) was amplified by PCR from genomic DNA and inserted with XmaI 

and NheI restriction sites between the FIS1 promotor and terminator segments. The plasmid 

pRS316-3HA-Gem1 was obtained upon amplifying by PCR the GEM1 ORF from pYX132-

GFP-Gem1 (Cichocki et al., 2018) with primers containing the XmaI and HindIII restriction 



sites. The obtained DNA fragment was inserted into the pRS316-FIS1pr-FIS1ter plasmid. The 

3xHA tag was amplified by PCR form pYX142-3HA-YadA (Müller et al., 2011) and inserted 

in-frame at the N-terminus of Gem1, between two XmaI restriction sites. 

The pRS316-FIS1pr-3HA-Fis1(cyt)-FIS1ter plasmid was obtained by amplifying the 

3xHA tag by PCR from pYX142-3HA-YadA (Müller et al., 2011) with primers containing 

XmaI and EcoRI restriction sites and inserting it into the pRS316-FIS1pr-Fis1cyt-FIS1ter 

plasmid. To obtain the plasmid pRS316-3HA-Fis1, the FIS1 ORF was amplified by PCR from 

genomic DNA with primers containing EcoRI and HindIII restriction sites and inserted into 

the pRS316-FIS1pr-3HA-FIS1ter plasmid. The pRS316-3HA-Gem1(cyt) plasmid, encoding 

the cytosolic domain of Gem1 (amino acid residues 1-634), was obtained by digesting pRS316-

HA-Gem1 with SalI and XhoI, employing the SalI restriction site present in the GEM1 ORF 

upstream the sequence coding for the TMS of the protein. To construct the plasmid pRS316-

3HA-Gem1(cyt)-Fis1(TMS), the sequence coding for Fis1 TMS (amino acid residues 129-155) 

followed by FIS1 terminator was amplified by PCR from pRS316-3HA-Fis1 with primers 

containing SalI and Xho1 restriction sites and inserted in-frame into pRS316-3HA-Gem1(cyt). 

The pRS316-3HA-Fis1-Atg32(IMSD) plasmid was obtained upon PCR amplification 

of the FIS1 ORF without the stop codon, using pRS316-3HA-Fis1 plasmid as a template, and 

inserting it into the pRS316-FIS1pr-3HA-FIS1ter between EcoRI and NheI restriction sites. 

Subsequently, the sequence coding for the IMS domain of Atg32 (amino acid residues 431-529 

aa) was amplified by PCR from the pRS316-3HAn-Atg32 plasmid (Okamoto et al., 2009) with 

primers containing the NheI and HindIII restriction sites and inserted in-frame downstream the 

FIS1 ORF. pRS316-3HA-Fis1(cyt)-Atg32(TMS+IMSD) was constructed by PCR 

amplification of the sequence coding for Atg32 TMS and IMS domain (amino acid residues 

389-529), employing pRS316-3HAn-Atg32 (Okamoto et al., 2009) as template. The PCR 

product was inserted into pRS316-FIS1pr-3HA-Fis1(cyt)-FIS1Ter between NheI and HindIII 

restriction sites. pRS316-3HAn-Atg32(ΔC) and pRS316-3HAn-Atg32(cyt)-Fis1(TMS) were 

constructed as follows, a point mutation was introduced in the pRS316-3Han-Atg32(1-388)-

TMpexo- plasmid (Kondo-Okamoto et al., 2012) to insert the NheI restriction site directly 

downstream the sequence encoding for the TMS of Pex15. Afterwards, this latter sequence, 

which was located between two NheI sites, was excised and then the sequences coding for the 

TMS of either Atg32 (a.a. residues 389-430) or of Fis1 (amino acid residues 129-155), 

amplified from pRS316-3HAn-Atg32 and pRS316-HA-Fis1 respectively, were inserted 

between the two NheI restriction sites. All constructs were confirmed by DNA sequencing. 

Tables S2 and S3 include a full list of plasmids and primers, respectively, used in this study. 



Biochemical methods 

Protein samples for immunodecoration were analysed on 12.5% SDS-PAGE and subsequently 

transferred onto nitrocellulose membranes by semi-dry Western blotting. Before loading on the 

gels, the samples were heated for 10 min at either 50°C, for samples containing variants of 

Atg32, or at 95°C, for all other samples. Proteins were detected by incubating the membranes 

first with primary antibodies and then with horseradish peroxidase-conjugates of either goat 

anti-rabbit or goat anti-rat secondary antibodies. Band intensities were quantified with AIDA 

software (Raytest). See Table S4 for a list of primary antibodies used in this study. 

Subcellular fractionation was performed as described before (Walther et al., 2009). 

Isolation of mitochondria from yeast cells was performed by differential centrifugation, as 

previously described (Daum et al., 1982). To obtain highly pure mitochondria, isolated 

organelles were layered on top of a Percoll gradient and isolated according to a published 

procedure (Graham, 2001). 

To obtain fractions of crude mitochondria, cells were ruptured with glass beads (Ø 0.25-

0.5 mm) using FastPrep-24 5G (MP Biomedicals) for 40 sec, 6.0 m/sec. The samples were then 

centrifuged (20000g, 10 min, 4°C) and the pellet was resuspended in a 2xLämmli solution.  

 

Protein stability assay 

For the protein stability assay, cells were grown to logarithmic phase and then treated with 

cycloheximide (CHX) at final concentration of 0.1 mg/ml. Samples were collected at different 

time points, crude mitochondria were obtained as described above and samples were analysed 

by SDS-PAGE and immunoblotting. 

 

In vitro synthesis and mitochondrial import of radiolabelled proteins  

Cell-free transcription was performed with SP6 polymerase from pGEM4 plasmid encoding 

MSP1. The protein was then translated in vitro from the acquired mRNA in rabbit reticulocyte 

lysate (Promega) in the presence of 35S-methionine. Protein import was performed by adding 

50 µl of the reticulocyte lysate (containing the translated protein) to 30 µg of isolated 

mitochondria diluted to a final concentration of 1 µg/µl in import buffer (250 mM sucrose, 

0.25 mg/ml BSA, 80 mM KCl, 10 mM MOPS-KOH, 5 mM MgCl2, 8 mM ATP and 4 mM 

NADH, pH 7.2). Import of Msp1 was performed at 10°C for 2, 5, 10, or 20 minutes. The import 

reactions were terminated by diluting the reaction with 400 µl SEM-K80 buffer (250 mM 

sucrose, 80 mM KCl, 10 mM MOPS, 1 mM EDTA, pH 7.2) and pelleting the mitochondria 

(13200g, 10 min, 2°C). The pellet fraction was subjected to alkaline extraction by resuspending 



it in 100 µl of 0.1 M Na2CO3 solution and incubation for 30 min on ice. Then, the membrane 

fraction was isolated by centrifugation (180000g, 30 min, 2°C). The pellet was resuspended 

with 40 µl of 2xLaemmli buffer, heated for 10 min at 95°C, and analysed by SDS-PAGE 

followed by autoradiography.  

 

Fluorescence microscopy 

Microscopy images of strains expressing Msp1(TMS)-eGFP, eGFP, and mtRFP  were acquired 

with an Axioskop 20 fluorescence microscope equipped with an Axiocam MRm camera using 

the 43 Cy3 filter set and the AxioVision software (Carl Zeiss).  

 

 

 

 

 

Table S1. Yeast strains used in this study 

Name Mating type Genetic background Source or reference 

W303a MATa 
ade2-1 can1-100 his3-11 leu2 3_112 
trp1Δ2 ura3-52 

Lab stock 

W303α MATα 
ade2-1 can1-100 his3-11 leu2 3_112 
trp1Δ2 ura3-52 

Lab stock 

YPH499 MATa 
 ura3-52 lys2-801_amber ade2-
101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 

Lab stock 

JSY7452 MATα 
ade2-1 can1-100 his3-11,15 leu2-3 trp1-
1 ura3-1  

(Kondo-Okamoto et al., 2006) 

mim1Δ MATa W303a; mim1Δ::KanMX (Dimmer et al., 2012) 
mim2Δ MATa W303a; mim2Δ::HIS3 (Dimmer et al., 2012) 
mim1/2Δ MATa W303a; mim1Δ::KanMX mim2Δ::HIS3 (Dimmer et al., 2012) 
tom20Δ MATα W303α; tom20Δ::HIS3 (Müller et al., 2011) 
tom70/71Δ MATa JSY7452; tom70Δ::TRP1 tom71Δ::HIS3 (Kondo-Okamoto et al., 2008) 
mas37Δ MATa YPH499; mas37Δ::HIS3 (Habib et al., 2005) 

 

   



Table S2. Plasmids used in this study 

Plasmid Promoter 
Coding 

sequence (aa) 
Markers Source 

pGEM4-yk-Msp1 SP6 Msp1 full length AmpR This study 

PYX142-Msp1-3HA TPI Msp1 full length 
LEU2, 
AmpR 

This study 

pGEM4-eGFP SP6 GFP AmpR Lab stock 

   PRS416-MTS-RFP  TPI MTS-RFP 
   URA3 

AmpR 
Lab stock 

pYX142-
Msp1(TMS)-eGFP 

TPI Msp1(1-32) 
LEU2, 
AmpR 

This study 

pRS316-3HAn-Atg32 
Atg32Pr 

(580 bp 5'-UTR / 744 bp 
3'-UTR from ATG32) 

Atg32 full 
length 

URA3, 
AmpR 

(Okamoto et al., 2009) 

pRS316-3HA-Gem1 
Fis1Pr 

(496 bp 5’-UTR / 408 bp 
3’-UTR from FIS1) 

Gem1 full 
length 

URA3, 
AmpR 

This study 

pYX142 TPI  
LEU2, 
AmpR 

Lab stock 

pYX142-pATOM36 TPI 
pATOM36 full 

length 
LEU2, 
AmpR 

(Vitali et al., 2018) 

pRS316-3HAn-
Atg32(ΔC) 

Atg32Pr 
(580 bp 5'-UTR / 744 bp 

3'-UTR from ATG32) 
Atg32(1-430) 

URA3, 
AmpR 

This study 

pRS316-3HAn-
Atg32(cyt)-
Fis1(TMS) 

Atg32Pr 
(580 bp 5'-UTR / 744 bp 

3'-UTR from ATG32) 

Atg32(1-388) + 
Fis1(129-155) 

URA3, 
AmpR 

This study 

pRS316-3HA-
Gem1(cyt)-
Fis1(TMS) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Gem1(1-634) + 
Fis1(129-155) 

URA3, 
AmpR 

This study 

pRS316-3HA-Fis1- 
Atg32(IMSD) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Fis1(1-155) + 
Atg32(431-529) 

URA3, 
AmpR 

This study 

pRS316-3HA-
Fis1(cyt)- 

Atg32(TMD+IMSD) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Fis1(1-103) + 
Atg32(389-529) 

URA3, 
AmpR 

This study 

pRS316-3HA-Fis1 
Fis1Pr 

(496 bp 5’-UTR / 408 bp 
3’-UTR from FIS1) 

Fis1 full length 
URA3, 
AmpR 

This study 

pYX142-Mim1 TPI 
Mim1 full 

length 
LEU2, 
AmpR 

(Dimmer et al., 2012) 

 

  



Table S3. Primers used in this study 

Primer name Sequence (5’-3’) Note 

BamHIMsp1F 
GGGGGATCCAAAAAAATGTCTCGCA
AATTTGATTTAAAAACGATTACTGA
TCTTT 

Amplification of MSP1, BamHI 
restriction site at 5’ 

HindIIIMsp1R 
GGGAAGCTTTTAATCAAGAGGTTGA
GATGACAAC 

Amplification of MSP1, HindIII 
restriction site at 5’ 

EcoRIMsp1F 
GGGGAATTCATGTCTCGCAAATTTGATT
TAAAAACGATTACTG 

Amplification of the sequence 
encoding the TMS of Msp1 (a.a. 1-
32), EcoRI restriction site at 5’ 

KpnIMsp1R 
GGGGGTACCGCCCGGGCCGTTGAGTAG
CCGACTGACCAGGTAG 

Amplification of the sequence 
encoding the TMS of Msp1 (a.a. 1-
32), KpnI restriction site at 5’ 

XmaIGem1F 
GGGCCCGGGACTAAAGAAACGATT
CGGGTAG 

Amplification of GEM1, XmaI 
restriction site at 5’ 

HindIIIGem1R 
CCCAAGCTTTTATTTTGAGAATTTTG
ATGATTTGAATAATTTCAT 

Amplification of GEM1, HindIII 
restriction site at 5’ 

XmaIHAF 
CCCCCCGGGATGTACCCATACGATG
TTCCTG 

Amplification of HA coding 
sequence, XmaI restriction site at 5’ 

XmaIHAR 
GGGCCCGGGAGCGTAATCTGGAAC
GTCAT 

Amplification of HA coding 
sequence, XmaI restriction site at 5’ 

Xma1Fis1CytF 
GGGCCCGGGATGACCAAAGTAGATT
TTTGGCC 

Amplification of sequence encoding 
the cytosolic domain of Fis1, XmaI 
restriction site at 5’ 

NheIHindIIIFis1CytR 
CCCAAGCTTGCTAGCTAAAGTGTCT
ACATATCTCTTCGCC 

Amplification of sequence encoding 
the cytosolic domain of Fis1, NheI 
and HindIII restriction site at 5’ 

mutKOB131F CTAGCGAGTATAGCTAGCTAACCTT 
Insertion of point mutation to include 
NheI restriction site in pRS316-
atg32(1-388)-TMpexo-3HAn 

mutKOB131R AAGGTTAGCTAGCTATACTCGCTAG 
Insertion of point mutation to include 
NheI restriction site in pRS316-
atg32(1-388)-TMpexo-3HAn 

NheIAtg32TMDF 
CCCGCTAGCAGCTGGTTCACTTGGG
GCATTTC 

Amplification of sequence encoding 
the TMS of Atg32, NheI restriction 
site at 5’ 

NheIAtg32TMD+R 
GGGGCTAGCCAATATGGAGGGCCG
CAAACTTAAAG 

Amplification of sequence encoding 
the TMS of Atg32, NheI restriction 
site at 5’ 

NheIFis1TMDF 
CCCGCTAGCCTCAAGGGTGTTGTCG
TCG 

Amplification of sequence encoding 
the TMS of Fis1, NheI restriction site 
at 5’ 

NheIFis1TMDR 
GGGGCTAGCTTACCTTCTCTTGTTTC
TTAAGAAGAAAC 

Amplification of sequence encoding 
the TMS of Fis1, NheI restriction site 
at 5’ 

SalIFis1TMDF 
GGGGTCGACTACAGACAAACGGCTC
TCAAGGGTGTTGTCGTCGC 

Amplification of sequence encoding 
the TMS of Fis1, SalI restriction site 
at 5’ 

XhoIFis1TerR 
CCCCTCGAGATCTCACAATACAGTA
TTACGATTTAACAATAGACTATTG 

Amplification of sequence encoding 
the TMS of Fis1, XhoI restriction site 
at 5’ 

EcoRIFis1HACytF 
GGGGAATTCATGACCAAAGTAGATT
TTTGGCC 

Amplification of FIS1 without stop 
codon, EcoRI restriction site at 5’ 

NheIFis1NOSTOPR 
CCCGCTAGCCCTTCTCTTGTTTCTTA
AGAAGAAAC 

Amplification of FIS1 without stop 
codon, NheI restriction site at 5’ 

NheIAtg32IMSDF 
GGGGCTAGCGCCTCTTTACTTTCCTT
AGATTCCTCTAG 

Amplification of sequence encoding 
the IMS domain of Atg32, NheI 
restriction site at 5’ 



HindIIIAtg32R 
CCCAAGCTTTTACAATAGAATATAA
CCCAGTGCCAAAATC 

Amplification of sequence encoding 
the IMS domain of Atg32, HindIII 
restriction site at 5’ 

5-Fis1Pr-SpeI 
AAAACTAGTTCAAATAACATGTGTC
CATTACC 

Amplification of Fis1Pr, SpeI 
restriction site at 5’ 

3-Fis1pr-SmaI AAACCCGGGGTTGTATGGCTGTG 
Amplification of Fis1Pr, SmaI 
restriction site at 5’ 

5-Fis1THindIII 
CCCAAGCTTATAAAAAATCAGCACA
TACGTACATAC 

Amplification of Fis1Term, HindIII 
restriction site at 5’ 

3-Fis1TSalI 
CCCGTCGACATCTCACAATACAGTA
TTACG 

Amplification of Fis1Term, SalI 
restriction site at 5’ 

 

 

 

 

 

Table S4. Antibodies used in this study 

Antibodies Dilution Source 

polyclonal rat anti-HA 1 : 1000 11867423001 (Roche) 

polyclonal rabbit anti-GFP   1:  2000 TP401 (Torrey Pines) 

polyclonal rabbit anti-Mcr1 1 : 2000 Lab stocks 

polyclonal rabbit anti-Tom40 1 : 4000 Lab stocks 

polyclonal rabbit anti-Tom20 1 : 5000 Lab stocks 

polyclonal rabbit anti-Fis1 1 : 1000 Lab stocks 

polyclonal rabbit anti-Tom70 1 : 5000 Lab stocks 

polyclonal rabbit anti-Mim1 1 : 500 Lab stocks 

polyclonal rabbit anti-Msp1 1 : 1000 Lab of Toshiya Endo 

polyclonal rabbit anti-Pic2 1 : 2000 Lab stocks 

polyclonal rabbit anti-Bmh1 1 : 1500 Lab stocks 

polyclonal rabbit anti-Erv2 1 : 2000 Lab of Roland Lill 
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