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1st Editorial Decision 23 August 2018

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now
heard back from the three referees whom we asked to evaluate your manuscript.

You will see from the comments below that the referees find the paper interesting and carefully
performed and all provided enthusiastic reports. Ref.1 and 2 mainly have included suggestions and
questions to answer to improve conclusiveness and strengthen the paper, which we would encourage
you to address. Please also pay attention to formatting/display issues, i.e. providing an explanatory
cartoon for ex. sounds like a good idea.

We would therefore welcome the submission of a revised version within three months for further
consideration. Please note that EMBO Molecular Medicine strongly supports a single round of
revision and that, as acceptance or rejection of the manuscript may depend on another round of
review, your responses should be as complete as possible.

EMBO Molecular Medicine has a "scooping protection" policy, whereby similar findings that are
published by others during review or revision are not a criterion for rejection. Should you decide to
submit a revised version, I do ask that you get in touch after three months if you have not completed
it, to update us on the status.

Please also contact us as soon as possible if similar work is published elsewhere. If other work is
published we may not be able to extend the revision period beyond three months.

Please read below for important editorial formatting and consult our author's guidelines for proper
formatting of your revised article for EMBO Molecular Medicine.

I look forward to receiving your revised manuscript.

*EEXX Reviewer's comments *****

Referee #1 (Comments on Novelty/Model System for Author):
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The technical quality is very high. However, description of experiments and statistical analysis
needs to be strongly improved

Novelty of the latter manuscript part (Fig. 8-9) is high.
Referee #1 (Remarks for Author):

The MIA machinery for many proteins drives protein import into the mitochondrial intermembrane
space. Mohanraj and colleagues describe here the characterisation of a novel MIA40/CHCHDA4
substrate, called RESA1/COA7. In figures 1-6 the interaction with MIA40 and the oxidation of
RESAL is extensively characterized demonstrating that RESA1 indeed behaves in many aspects like
classical MIA substrates. In the last figures, an interesting RESA1 mutant that is hampered in
mitochondrial import is introduced. Cytosolic accumulation of the RESA1 mutant prompts its
proteasomal degradation. Inhibition of this degradation appeared to partially rescue both,
mitochondrial localization of RESA1 and complex IV activity (for which RESA1 is an assembly
factor).

This is a well-written and data-rich manuscript. Especially the characterisation of RESA1 as MIA40
substrate is comprehensive. However, this part is also less exciting than the findings presented later
in the manuscript. This is mainly because Petrungaro and colleagues already found RESA1 (as
Clorf163) in their interactome of MIA40 as an interaction partner that coprecipitates under
denaturing conditions indicating disulfide-linkage between MIA40 and RESA1 (Cell Metab, 2015),
and Kozjak-Pavlovic and colleagues described its function and the consequences of its absence
already in 2014 (JMB, 2014). Still, the mechanistic unravelling of the precise import and oxidation
mechanism is of high value.

The last figures present the most exciting and novel insights into the biology of MIA-dependent
import. I feel however that this part is underdeveloped, and that it would require some additional
work to render this manuscript suitable for publication.

Major points

Figure 7-9 describe a positive effect of proteasomal inhibition on mitochondrial RESA1 mutant
levels and complex IV activity. This part should be extended to better understand the underlying
mechanisms and the physiological consequences of the proteasomal inhibition. Moreover, the
experimental procedures remain at many places nebulous especially with respect to the cell lines
(transient expression, stable cell lines - single or multiple copies) used. The following points are a
list of suggestions/questions that I think are important to address to improve this part of the
manuscript

1/ Figure 7: Please provide a scheme of the RESA1 disease mutant. The patient carries both
mutations. Is there crosstalk between the two RESA1 mutants? Are experiments depicted in figure 7
performed in the presence of endogenous RESA1? Are RESA1 mutants dominant-negative, i.e. are
complex IV levels and activity changed upon mutant expression? Are the depicted experiments
performed with transient expression or with stable cell lines? If it were transient expression, how
can you be sure that you always have similar expression levels (just as an example: compare e.g.
Figures 7A and B, expression levels of the two mutants with respect to each other differ)? This point
is especially important as later experiments in the presence of MG132 indicate changes in protein
levels.

2/ Figure 8: Please provide quantifications. It remains otherwise unclear whether only the levels of
RESAL1 in both cytosol and IMS increase upon MG132 treatment or whether the ratio is tilted
towards the IMS. If at all, the ratio seems to shift towards the cytosol (8F).

3/ Figure 8D: Why does MG132 only have an effect in the absence of CHX? If the recognition for
degradation were an early event, than the authors should perform radioactive pulse-chase
experiments

4/ Figure 8D: MG132 has no effect on endogenous RESAL, yet it exerts an effect on overexpressed
wild type RESAT1 (almost as strong as with the RESA1 mutants). How high are overexpression
levels? The authors should titrate RESA1-WT levels to endogenous amounts and then confirm that
they do not observe effects of MG132 treatment.

5/ Figure 8: Does RESA1 become ubiquitinated upon MG132 treatment?

6/ Figure 9A: Why does the HSP70 signal disappear without proteasomal inhibitor treatment?
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7/ Figure 9C,D: what is the statistical reasoning for using 'standard error' and not 'standard
deviation'? On what was the normalization, i.e. how do you know that mitochondrial isolation
worked equally well? Unfortunately, the actual complex IV activity assay was described only
poorly. The description should be improved.

8/ Figure 9. Respiratory chain activity upon MG132 treatment: This part should be extended by BN-
PAGE analysis (is there more assembled complex IV present upon MG132 treatment), oxygen
consumption assays, viability assays on galactose etc.. Moreover, comparison with control
fibroblasts is missing.

9/ There appear to be certain 'redundancies' in the first figures. Many panels show in orthogonal
approaches the interaction between MIA40 and RESA1. These figures could be condensed to allow
expansion of the latter figures describing the interesting 'proteasomal effect'.

Minor points:

1/ The labelling of figures/extent of experimental description in figure legends (what has been
done?, MW marker, which kind of IP, how was MIA40 expressed in the different figures: transient,
stable cell lines, stable inducible cell lines, etc. a heavy overexpression might result in
mislocalization and influence interpretation of results etc) is underdeveloped. This has to be
improved to enable understanding of the performed experiments. Likewise, n numbers and
quantifications of experiments are missing.

2/ The nomenclature in the field is somewhat of a mess. I would ask the authors to mention that
MIAA4O0 is also referred to as CHCHDA4, and that ALR is the human homolog of the yeast Erv1.

3/ Figure 1B: Please provide additional immunoblots against more classical substrates of MIA40

4/ Figure 1A: Provide the proteomics data in full, e.g. as an excel file in the SI or as a link to a
database.

5/ Figure 2D shows a very uneven expression of MIA40 variants. Is this due to transient expression?
6/ Figure 3A: The scheme is somewhat hard to grasp. Could the authors provide a better version?

7/ Figure 4D: Isolated mitochondria are not a good model for the determination of cysteine redox
states. How can the authors ensure preservation of the endogenous redox state? Moreover, to present
the data, the exposure should be varied and quantifications of the ratio 'ox/red' should be provided.
8/ Figure 6A: Provide sequencing data for the MIA40 CRISPR clones.

9/ Figure 6B: Why is MIA40 almost completely gone if only one allele is affected?

Referee #2 (Comments on Novelty/Model System for Author):

The authors use in vitro import assays in combination with assays in cultured cells. This allows them
to tackle mechanistic and physiological questions.

Referee #2 (Remarks for Author):

This manuscript characterizes COA7 (RESAT1) as an IMS protein and a non-canonical substrate of
MIA40. Some of the authors had previously reported a matrix localization of the protein but here its
IMS residence and the involvement of MIA40 for its import are undoubtedly demonstrated. The
protein is biomedically relevant because mutations in the human gene have been associated with
mitochondrial leukoencephalopathy associated with mitochondrial respiratory chain complex IV
deficiency. The authors identified the COA7 mutations as responsible for import failure, which leads
to retention of the newly synthesized protein in the cytoplasm. However, the protein does not
accumulate in this compartment because is actively degraded by the proteasome. The authors
elegantly show that overexpression of mutant COA7 or inhibition of the proteasome with either
MG132 or other clinically approved proteasome inhibitors restores COA7 levels in mitochondria
and also its activity in complex IV assembly. Therefore, the authors suggest that proteasome
inhibition may be a new venue to combat mitochondrial diseases associated with poor mitochondrial
protein import or excessive degradation by the proteasome.

The manuscript is technically and conceptually sound, and appropriate for publication in EMBO
Molecular Medicine.

I have only two requests to improve the manuscript:

1- The experiments presented do not completely exclude the possibility that mutant RESA1 is not
degraded by mitochondrial proteases. The authors should silence some of these proteases (e.g. AAA
proteases) and test whether the protein is still degraded with a similar efficiency.
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2- The authors suggest that clinically approved proteasome inhibitors, such as bortezomib, may be
applied as therapeutic agents to combat at least a subset of mitochondrial disorders. The authors
should discuss the potential side effects on mitochondria and other organelles.

Minor points:

1- Page 10: "TIMMS8A (CX9C) and COX19 (CX3C)" should be "TIMMS8A (CX3C) and COX19
(CX90)"

2- 1 strongly suggest the authors to use COA?7 to refer to the protein. The use of alternative names
only serves to confuse the literature.

Referee #3 (Remarks for Author):

This manuscript reports a careful analysis of the biogenesis of the mitochondrial respiratory chain
assembly factor 1 (RESA1). RESAT1 has been linked to mitochondrial leukoencephalopathy and
complex IV deficiency. The authors show that RESA1, which contains 13 cysteine residues, is an
unusual substrate of the mitochondrial intermembrane space assembly (MIA) system. In a
remarkably complete characterization, they elucidated the molecular mechanisms of import of
RESA1 into the mitochondrial intermembrane space, the interaction with Mia40 and disulfide bond
formation. Importantly, the mitochondrial import of pathogenic mutant versions of RESA1 is slower
than that of wild-type RESAT1 and proteins accumulating in the cytosol are degraded by the
proteasome. Using patient-derived fibroblasts, the authors discovered that inhibition of the
proteasome rescued the localization of the mutant RESA1 to mitochondria and the activity of
complex IV.

This paper by leading experts of the field is of technically very high quality and written very well. It
provides exciting novel findings on the role of the proteasome in the pathogenesis of mitochondrial
diseases and opens the way for new therapeutic approaches by using clinically approved proteasome
inhibitors.

I have only a few minor comments on this exciting paper.

1. The authors provide a complete characterization of the biogenesis of wild-type and mutant
RESA1 with important medical implications. It would be helpful for the general readership to
present a cartoon of the import pathway of RESA1 and the role of the proteasome, e.g. in the last
figure.

2. Suggestions for corrections (indicated in CAPITAL letters):

- Page 3, middle: ... a precursor protein enters mitochondria via THE translocase of the outer
membrane ...

- Page 8, line 3 from the bottom: These observations suggest that among the 13 cysteine residues,
LIKELY 10 are involved in disulfide bonds, ...

- Page 17, middle: Treatment of patient fibroblasts with PROTEASOME inhibitors led to
approximately ...

1st Revision - authors' response 8 January 2019

Referee #1 (Remarks for Author):

The MIA machinery for many proteins drives protein import into the mitochondrial intermembrane
space. Mohanraj and colleagues describe here the characterization of a novel MIA40/CHCHD4
substrate, called RESA1/COA7. In figures 1-6 the interaction with MIA40 and the oxidation of
RESAL is extensively characterized demonstrating that RESA1 indeed behaves in many aspects like
classical MIA substrates. In the last figures, an interesting RESA1 mutant that is hampered in
mitochondrial import is introduced. Cytosolic accumulation of the RESA1 mutant prompts its
proteasomal degradation. Inhibition of this degradation appeared to partially rescue both,
mitochondrial localization of RESA1 and complex IV activity (for which RESA1 is an assembly
factor).

This is a well-written and data-rich manuscript. Especially the characterisation of RESA1 as MIA40
substrate is comprehensive. However, this part is also less exciting than the findings presented later
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in the manuscript. This is mainly because Petrungaro and colleagues already found RESA1 (as
Clorf163) in their interactome of MIA40 as an interaction partner that coprecipitates under
denaturing conditions indicating disulfide-linkage between MIA40 and RESA1 (Cell Metab, 2015),
and Kozjak-Pavlovic and colleagues described its function and the consequences of its absence
already in 2014 (JMB, 2014). Still, the mechanistic unravelling of the precise import and oxidation
mechanism is of high value.

The last figures present the most exciting and novel insights into the biology of MIA-dependent
import. I feel however that this part is underdeveloped, and that it would require some additional
work to render this manuscript suitable for publication.

Major points

Figure 7-9 describe a positive effect of proteasomal inhibition on mitochondrial RESA1 mutant
levels and complex IV activity. This part should be extended to better understand the underlying
mechanisms and the physiological consequences of the proteasomal inhibition. Moreover, the
experimental procedures remain at many places nebulous especially with respect to the cell lines
(transient expression, stable cell lines - single or multiple copies) used. The following points are a
list of suggestions/questions that I think are important to address to improve this part of the
manuscript

1/ Figure 7:

Please provide a scheme of the RESA1 disease mutant.

A: We have included a schematic presentation of mutated RESA1/COA7 in Figure 6A of the
revised manuscript.

The patient carries both mutations. Is there crosstalk between the two RESA1 mutants?

A: In patient fibroblasts we observed the decreased steady state levels of the exon2” mutant
compared to Y137C and wild-type. Similarly, in HEK293 cells when mutant versions were
overexpressed separately, the exon2” mutant was expressed to a lower level than the Y137C
mutant. Therefore we think that the observed disproportion in protein levels is unlikely to result
from a crosstalk between both mutant variants of RESA1/COA7. We have introduced this notion
in Results section when we first describe levels of RESA1/COA7 in mt4229i cells (Fig EV3).
Moreover, in response to the reviewer’s question about possible dominant-negative effects of
mutant proteins, we verified effects of mutant expression on cytochrome c oxidase in the presence
of a wild-type protein and found no influence (please see the response below).

Are experiments depicted in figure 7 performed in the presence of endogenous RESA1?

A: All the experiments presented in Figure 7 (Figure 6 in the revised manuscript) were performed
in the presence of native RESA1/COA?7. The expression of wild-type and mutant RESA1/COA7
was obtained by transient expression. We have clarified this point both in figure legends and in
the corresponding text of Results section.

Are RESA1 mutants dominant-negative, i.e. are complex IV levels and activity changed upon
mutant expression?

A: Our approach to address reviewer’s comment was to overexpress separately the mutated forms
of RESA1/COA7 in HEK293 cells carrying wild type alleles of the protein. We then verified
steady state levels of subunits of cytochrome c oxidase and the activity of the complex (new data
included in Appendix Fig S54 and B). We did not find any negative effects of mutants’
overexpression upon either composition or activity of cytochrome c oxidase. We conclude that
mutants do not impinge a dominant-negative effect in the background of wild-type protein. This
notion is further supported by the fact that both parents of the patient, who carry single alleles of
pathogenic variants of RESA1/COA7, do not present any symptoms of the disease (Martinez
Lyons et al, 2016).

Are the depicted experiments performed with transient expression or with stable cell lines? If it were
transient expression, how can you be sure that you always have similar expression levels (just as an
example: compare e.g. Figures 7A and B, expression levels of the two mutants with respect to each
other differ)? This point is especially important as later experiments in the presence of MG132
indicate changes in protein levels.
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A: In the experiments presented in the Figure 7 (Figure 6 in the revised manuscript) we used
transient transfection in order to obtain overexpression of proteins in HEK293 cells. We have
now clarified this point both in figure legends and in the Results section.

We agree with the reviewer’s remark that transient transfection induces more variable levels of
expression than those observed e.g. in stable cell lines. In order to prevent misinterpretation we
standardized transfection conditions i.e. cell densities, timing of experiments and amounts of
DNA and transfectant used. We have included the detailed description of this procedure in the
Appendix section. Our method of transfection reproducibly yielded lower levels of mutant protein
expression than the wild-type RESA1/COA7. In the majority of experiments we also observed the
lower levels of the exon2” mutant as compared with the Y137C mutant. In few experiments we
saw slight variability in the exon2® mutant expression, yet expression of the Y137C mutant was
very reproducible. The reviewer suggests that our interpretation of the apparent rescue of mutant
proteins by proteasome inhibition (Figure 7 D and F of the revised manuscript) may be hindered
by unequal transfection. In our opinion, there is a minimal chance that this may have influenced
our interpretation in this particular experimental setting. However, our conclusions are supported
by the experiments on patient fibroblasts wherein we demonstrated that proteasome inhibition
rescued also mutant proteins of physiological abundance (Figure 84 and B of the revised
manuscript).

2/ Figure 8: Please provide quantifications. It remains otherwise unclear whether only the levels of
RESAL1 in both cytosol and IMS increase upon MG132 treatment or whether the ratio is tilted
towards the IMS. If at all, the ratio seems to shift towards the cytosol (8F).

A: This comment tackles an important aspect of our discourse that obviously was inadequately
explained in the manuscript. Inhibition of the proteasome increases an overall abundance of
RESA1/COA7 mutants in the cell. In fact a substantial portion of the mutant protein, especially
during transient expression, is present in the cytosol. Our data demonstrates however that in
parallel the mitochondrial content of mutant proteins is also increased. Below we present
quantification of localization of exon 2 deletion mutant with and without treatment with MG132.
It demonstrates that indeed the protein abundance in the cytosol increases more than in
mitochondria. However, it is the mitochondrial content of mutant protein that is beneficial to
mitochondria function irrespective to changes in the ratio between cytosolic and mitochondrial
fractions. In the submitted version of the manuscript we used a phrase “... more interestingly a
larger portion of the mutant proteins was localized in mitochondria (Fig 8F, lanes 3, 7, 10, 14).”,
which could suggest that we meant “a fraction of mutant protein”. Therefore in the revised
manuscript we modified this sentence to avoid this misleading trait: “Indeed, in the presence of
MG132 mediated proteasome inhibition, the levels of RESAI mutant proteins increased in the
cytosol, which was paralleled by an increased mitochondrial content of the mutant proteins (Fig
7F, lanes 3, 7, 10, 14)”.
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[Unpublished data removed upon the authors’ request.]

3/ Figure 8D: Why does MG132 only have an effect in the absence of CHX? If the recognition for
degradation were an early event, than the authors should perform radioactive pulse-chase
experiments

A: In order to address this comment of the reviewer, we performed a pulse-chase experiment, in
which we inhibited proteasome either during the radiolabeling of newly synthesized proteins (A)
or directly after the labelling (B) or 1h after the labelling (C)(please see a scheme below). The
chase was finalized by the affinity purification of overexpressed RESA1/COA7-Y137Cyis. When
MG132 was applied 1h after the end of the labelling (C) we could not observe any increase in
RESA1/COA7 in the eluate (line 10). This is consistent with the interpretation that RESA1/COA7
is protected from proteasomal degradation shortly after the synthesis when it is efficiently
imported into mitochondria. Unfortunately, at earlier times of MG132 treatment (A and B) we
observed a significant decrease of protein labelling (load fraction), which reflected a temporal
decrease of translation caused by MG132. This side effect of proteasome inhibition has been
previously described (Jiang & Wek, 2005; Wu et al, 2009). Therefore we could not conclude
about the early effects of proteasomal inhibition on the stability of RESA1/COA7-Y137Cyjs.
Taking this result into consideration we have milden our conclusions in the Results section and
stated that: “In contrast under active translation mutant COA7 were degraded by proteasome,
while wild-type protein was only marginally affected suggesting that proteins with slower rate of
import to mitochondria were sensitive to proteasome-mediated degradation (Fig 7D, lanes 4 and
5).” We also modified the Discussion section accordingly.

4/ Figure 8D: MG132 has no effect on endogenous RESAL, yet it exerts an effect on overexpressed
wild type RESAT1 (almost as strong as with the RESA1 mutants). How high are overexpression
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levels? The authors should titrate RESA1-WT levels to endogenous amounts and then confirm that
they do not observe effects of MG132 treatment

A: In fact, we originally assumed that the influence of proteasome inhibition on the transiently
expressed wild-type RESA1/COA7 was a result of protein overproduction. In order to address this
issue we titrated down transfection by decreasing the load of DNA/trasfectant complexes on the
cells (Appendix Fig S4C). We then checked the effect of MG132 upon the overexpressed protein
and found that MG132 did not stabilize overexpressed RESA1/COA7 when the load of plasmid
DNA was decreased to 1ug per 60cm’® (Appendix Fig S4C). This is consistent with our original
assumption that proteasomal degradation of the wild-type RESA1/COA?7 results from its
overproduction and inefficiency to be imported into mitochondria. However this result does not
influence the core conclusions of the manuscript as the effect of proteasome inhibition on mutant
RESA1/COA7 was confirmed in patient fibroblasts.

5/ Figure 8: Does RESA1 become ubiquitinated upon MG132 treatment?

A: In order to verify whether RESA1/COA7 can undergo ubiquitination we overexpressed
ubiquitin tagged with His tag together with COA7pp 46 and then performed affinity purification of
ubiquitin in the presence of MG132 (Fig EV3A). We purified various species of RESA1/COA7
corresponding to the protein modified with ubiquitin chains of different lengths. At the same time
we could not co-purify the native RESA1/COA7, which is consistent with our former
interpretation that RESA1/COA7 is subject to proteasome degradation only when the efficiency of
import to mitochondria is impaired by mutation in the protein itself or by an increased protein
supply in the cytosol due to the overexpression.

6/ Figure 9A: Why does the HSP70 signal disappear without proteasomal inhibitor treatment?

A: In the figure 9A4 (figure 8A of the revised manuscript) we present changes in protein levels
following treatments with various inhibitors of proteasome. As it is mentioned in the manuscript
HSP70 is known to accumulate in response to proteotoxic stress evoked by inhibition of
proteasome, which explains a drastic difference of HSP70 levels between DMSO and inhibitor
treated samples (Kim et al, 1999; Awasthi & Wagner, 2005). We included HSP70 Western blot in
the previously submitted version of the manuscript as an additional proof that concentration of
inhibitors used were effective.

7/ Figure 9C,D: what is the statistical reasoning for using 'standard error' and not 'standard
deviation'? On what was the normalization, i.e. how do you know that mitochondrial isolation
worked equally well? Unfortunately, the actual complex IV activity assay was described only
poorly. The description should be improved.

A: We chose standard error to describe our results following general guidelines summarized in
(Sullivan et al, 2016). Standard error of the mean is used to express variability of the estimated
mean while standard deviation expresses variability in a measure among experimental unit.
Therefore standard error should be used to compare groups and standard deviation to describe
the distribution of observations measured in the study.

We apologize for the flows in the description of technical aspects of complex IV activity assay. We
introduced more elaborate description of the method in the Materials and Methods section. We
used digitonin to permeabilize fibroblasts with as described in (Tiranti et al, 1995). This
procedure is much simpler than isolation of mitochondria, which involves homogenization and
several steps of centrifugation. Based on our experience this method yields reproducible cellular
preparations. The raw activity of complex IV was recalculated in relation to protein level in the
sample. Data presented in the Figure 94, B and C are normalized to control samples obtained
from DMSO treated fibroblasts. The normalization to the DMSO treated control was necessary as
over time we observed some variability in absolute activity of complex IV. This was most probably
due to various batches of digitonin used over time. Commercially available digitonin is a natural
plant extract, which contains variable amount of impurities and therefore the activity/quality of
different batches may vary.

8/ Figure 9. Respiratory chain activity upon MG132 treatment: This part should be extended by BN-
PAGE analysis (is there more assembled complex IV present upon MG132 treatment), oxygen
consumption assays, viability assays on galactose etc.. Moreover, comparison with control
fibroblasts is missing.
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A: We have included comparison of complex IV activity in patient and control fibroblasts, which
demonstrates a significant decrease of activity in mt4229i cells (Fig 94). Following the suggestion
of the reviewer, we also analyzed assembly of respiratory chain complexes by BN-PAGE and
Western blotting. We found that the main difference between control and patient fibroblasts was
expressed in the decrease of supercomplexes as demonstrated with antibodies against complex 1
(NDUFS1), complex III (UQCR1) and complex IV (COX4 and COX6A) (Fig 9D). In order to
further explore the involvement of COA?7 in the observed phenomenon we overexpressed wildtype
and COA7-Y137C in patient fibroblasts and verified assembly of respiratory chain complexes via
BN-PAGE and Western blotting (Fig 9E). In these experiments we used DDM as a solubilizing
agent, which in our hands allowed to differentiate between two types of supercomplexes —
CI+CIII; and CI+CIII+CIV. Overexpression of wildtype and mutant COA7 resulted in an
increased levels of both types of supercomplexes. This is an interesting observation suggesting
that COA7 may in fact influence respiratory complexes beyond complex IV only. This result
parallels original report on COA7, in which authors found that RNAi against COA7 affected
multiple respiratory chain complexes (Kozjak-Pavlovic et al, 2014). We then verified how
treatment with bortezomib affects levels of supercomplexes in patient fibroblasts. We observed an
increased presence of supercomplexes in bortezomib treated samples (Fig 9F). This supports our
conclusions that mutant variants of COA7, at least COA7-Y137C, when allowed to accumulate in
mitochondria can restore biogenesis of respiratory chain .

In addition we performed the proliferation assay on patient and control fibroblasts grown in
galactose medium (Appendix Fig S5C and D). Substitution of glucose with galactose forces
mammalian cells to depend on oxidative phosphorylation as a main source of ATP. Both cell lines
grew slower in galactose medium as compared to glucose medium. We then verified how
bortezomib influenced cell proliferation in galactose medium. Concentrations of bortezomib used
to increase the assembly of respiratory supercomplexes and activity of complex IV caused a
significant decrease in growth rate (data not shown). This is in agreement with a well known role
of ubiquitin-proteasome system in the cell cycle (Bassermann et al, 2014). In order to avoid toxic
effects of bortezomib we decreased the concentration to 2,5 nM and 1 nM, which was close to the
lowest concentration of the drug that was still resulting in increased ubiquitination of proteins. In
these conditions 2,5 nM bortezomib treatment for 24 h slightly increased cell growth in patient
fibroblasts, yet the effect was statistically insignificant.

9/ There appear to be certain 'redundancies' in the first figures. Many panels show in orthogonal
approaches the interaction between MIA40 and RESA1. These figures could be condensed to allow
expansion of the latter figures describing the interesting 'proteasomal effect'.

A: In order to render the manuscript more concise we combined Figures 1 and 2. Additionally
panels that contained data obtained by orthogonal approaches were moved to Expanded View and
Appendix sections.

Minor points:

1/ The labeling of figures/extent of experimental description in figure legends (what has been done?,
MW marker, which kind of IP, how was MIA40 expressed in the different figures: transient, stable
cell lines, stable inducible cell lines, etc. a heavy overexpression might result in mislocalization and
influence interpretation of results etc) is underdeveloped. This has to be improved to enable
understanding of the performed experiments. Likewise, n numbers and quantifications of
experiments are missing.

A: We have revised figure legends to identify all the weaknesses of description of experimental
design. We introduced information requested by the reviewer.

2/ The nomenclature in the field is somewhat of a mess. I would ask the authors to mention that
MIAA4O0 is also referred to as CHCHDA4, and that ALR is the human homolog of the yeast Ervl.

A: Indeed there is a certain level of inconsistency in the nomenclature referring to the MIA
pathway. We use the term MI1A440 instead of CHCHD4 because it relates to function of the protein
rather than to its structural features and also it corresponds to the name of yeast ortholog where
the protein and the pathway was first described. We agree with the reviewer that we should
include the latter term and this has been introduced to the revised manuscript when MIA40 is
mentioned for the first time. Analogically we introduced a term GFER, which is a systematic
name for ALR, and information about homology of ALR to yeast Ervl1.
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3/ Figure 1B: Please provide additional immunoblots against more classical substrates of MIA40.
A: We were able to demonstrate interactions with TIMM13 and TIMM10B (classical CX;C
substrates of MIA pathway) and this result was incorporated into the revised manuscript as
Figure EVI1A. Interaction between MIA40 and its substrates is very transient and thus strong
antibodies are required to demonstrate it via affinity purification and Western blotting.
Unfortunately most of antibodies against MIA40 substrates in our possession are quite weak and
thus we could not demonstrate interaction of MIA40 with other precursor proteins.

4/ Figure 1A: Provide the proteomics data in full, e.g. as an excel file in the SI or as a link to a
database.
A: We have included proteomics data in excel file format in the Source Data 1.

5/ Figure 2D shows a very uneven expression of MIA40 variants. Is this due to transient expression?
A: Data presented in figure 2D (figure 1D in the revised manuscript) refer to Flp-In T-REx 293
cells. These cells carry one copy of a cassette in the genome that allows for introducing a gene of
interest, selection of stable clones and on-demand induction of expression with tetracycline. We
have generated several clones, which express wild-type or mutant MIA40 tagged with a FLAG
tag. Reproducibly C55S and SPS mutants show lower expression then wild-type and C53S
mutant. We do not fully understand the source of this phenomenon. We have added this
information in the Materials and Methods section.

6/ Figure 3A: The scheme is somewhat hard to grasp. Could the authors provide a better version?
A: We have simplified the scheme to make it more approachable (Figure 2A of the revised
manuscript).

7/ Figure 4D: Isolated mitochondria are not a good model for the determination of cysteine redox
states. How can the authors ensure preservation of the endogenous redox state? Moreover, to present
the data, the exposure should be varied and quantifications of the ratio 'ox/red' should be provided.
A: Indeed, a procedure of yeast mitochondria isolation increases average oxidation of cysteine
residues (Topf et al, 2018). In order to address this issue more accurately we performed redox
analysis in total cell extracts. In these experiments the redox state of cysteines was conserved by
trichloroacetic acid very early during the procedure. We have found that native redox state of
MIA40 was in fact more reduced than in isolated mitochondria. However the new approach did
not change our conclusion about the influence of RESA1/COA7 overexpression on MIA40 redox
state as it was equal in control cells and cells overexpressing RESA1/COA7. In the revised
manuscript we incorporated the whole cell approach as more reliable (Figure 3D of the revised
manuscript) and we moved the data obtained from the isolated mitochondria to Appendix Fig
S2D.

8/ Figure 6A: Provide sequencing data for the MIA40 CRISPR clones.
A: We included sequencing data in the Source Data 2 and 3.

9/ Figure 6B: Why is MIA40 almost completely gone if only one allele is affected?

A: The reviewer is correct to point out a decrease of wild-type MIA40 in the CRISPR clone
(figure 5D of the revised manuscript). The mutant allele of MIA40 lacks the CPC motif, which is
responsible for substrate binding and oxidation. In mammalian cells MIA40 is imported to
mitochondria via the MIA pathway. We suspect that possessing one allele of protein, which
cannot actively support MIA pathway, renders entire pathway less effective. In this sense the
mutant allele would exert a dominant negative effect. We have introduced this information in the
Results section when we refer to Figure 5D.
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Referee #2 (Remarks for Author):

This manuscript characterizes COA7 (RESAT1) as an IMS protein and a non-canonical substrate of
MIA40. Some of the authors had previously reported a matrix localization of the protein but here its
IMS residence and the involvement of MIA40 for its import are undoubtedly demonstrated. The
protein is biomedically relevant because mutations in the human gene have been associated with
mitochondrial leukoencephalopathy associated with mitochondrial respiratory chain complex IV
deficiency. The authors identified the COA7 mutations as responsible for import failure, which leads
to retention of the newly synthesized protein in the cytoplasm. However, the protein does not
accumulate in this compartment because is actively degraded by the proteasome. The authors
elegantly show that overexpression of mutant COA7 or inhibition of the proteasome with either
MG132 or other clinically approved proteasome inhibitors restores COA7 levels in mitochondria
and also its activity in complex IV assembly. Therefore, the authors suggest that proteasome
inhibition may be a new venue to combat mitochondrial diseases associated with poor mitochondrial
protein import or excessive degradation by the proteasome.

The manuscript is technically and conceptually sound, and appropriate for publication in EMBO
Molecular Medicine.

I have only two requests to improve the manuscript:

1- The experiments presented do not completely exclude the possibility that mutant RESA1 is not
degraded by mitochondrial proteases. The authors should silence some of these proteases (e.g. AAA
proteases) and test whether the protein is still degraded with a similar efficiency.

A: In original manuscript we omitted the role of mitochondrial proteases in degradation of
RESA1/COA7. In order to address this issue we performed silencing of YMEIL in patient
fibroblast. We observed a tendency towards increased levels of both mutated forms of
RESA1/COA7 whenever YMEIL was silenced (Fig EV3B). Silencing of YMEIL was only partial
so perhaps with more efficient approach we could observe more significant effects on
RESA1/COA7 mutant levels. These data suggest that YMEIL could be a protease, which degrades
RESA1/COA?7 in the IMS.

2- The authors suggest that clinically approved proteasome inhibitors, such as bortezomib, may be
applied as therapeutic agents to combat at least a subset of mitochondrial disorders. The authors
should discuss the potential side effects on mitochondria and other organelles.

A: We introduced into the discussion a comment on potential side effects of bortezomib treatment
on mitochondria.

Minor points:
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1- Page 10: "TIMMS8A (CX9C) and COX19 (CX3C)" should be "TIMMS8A (CX3C) and COX19
(CX9C)"
A: These mistakes were corrected in the revised manuscript.

2- I strongly suggest the authors to use COA?7 to refer to the protein. The use of alternative names
only serves to confuse the literature.
A: In the revised manuscript we refer to the protein as COA7.

Referee #3 (Remarks for Author):

This manuscript reports a careful analysis of the biogenesis of the mitochondrial respiratory chain
assembly factor 1 (RESA1). RESAT1 has been linked to mitochondrial leukoencephalopathy and
complex IV deficiency. The authors show that RESA1, which contains 13 cysteine residues, is an
unusual substrate of the mitochondrial intermembrane space assembly (MIA) system. In a
remarkably complete characterization, they elucidated the molecular mechanisms of import of
RESA1 into the mitochondrial intermembrane space, the interaction with Mia40 and disulfide bond
formation. Importantly, the mitochondrial import of pathogenic mutant versions of RESA1 is slower
than that of wild-type RESA1 and proteins accumulating in the cytosol are degraded by the
proteasome. Using patient-derived fibroblasts, the authors discovered that inhibition of the
proteasome rescued the localization of the mutant RESA1 to mitochondria and the activity of
complex IV.

This paper by leading experts of the field is of technically very high quality and written very well. It
provides exciting novel findings on the role of the proteasome in the pathogenesis of mitochondrial
diseases and opens the way for new therapeutic approaches by using clinically approved proteasome
inhibitors.

I have only a few minor comments on this exciting paper.

1. The authors provide a complete characterization of the biogenesis of wild-type and mutant
RESA1 with important medical implications. It would be helpful for the general readership to
present a cartoon of the import pathway of RESA1 and the role of the proteasome, e.g. in the last
figure.

A: In the revised manuscript we included a schematic representation of the role of proteasome in
mutant RESA1/COA7 degradation in Fig. 10.

2. Suggestions for corrections (indicated in CAPITAL letters):

- Page 3, middle: ... a precursor protein enters mitochondria via THE translocase of the outer
membrane ...

- Page 8, line 3 from the bottom: These observations suggest that among the 13 cysteine residues,
LIKELY 10 are involved in disulfide bonds, ...

- Page 17, middle: Treatment of patient fibroblasts with PROTEASOME inhibitors led to
approximately ...

A: Page 3, middle — This sentence was omitted in the revised manuscript for sake of necessary
manuscript shortening. We introduced other corrections in the revised manuscript.

2nd Editorial Decision 6 February 2019

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have
now received the enclosed reports from the referees that were asked to re-assess it. As you will see
the reviewers are now globally supportive and I am pleased to inform you that we will be able to
accept your manuscript pending minor editorial amendments.

I look forward to reading a new revised version of your manuscript as soon as possible.

*EEEX Reviewer's comments *****

Referee #1 (Remarks for Author):
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The authors have addressed all comments in writing or experimentally. This is an exciting study that
in my opinion is very well suited for EMBO Molecular Medicine.

Referee #2 (Remarks for Author):

The authors have now responded to all previous criticisms by this and other reviewers. The
manuscript is now suitable for publication in EMBO Mol Med.

2nd Revision - authors' response 15 February 2019

Authors made the requested editorial changes.
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http://www.antibodypedia.com

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures
1. Data

The data shown in figures should satisfy the following conditions:

> the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful way.
graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

>
>
>
>

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

L0 2 20 2 7 X

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.

B- Statistics and general methods

http://1degreebio.org
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repo

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov

http://www.consort-statement.org

http://www.consort-statement.org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting-guidelines/reporting-recommendations-for-tun
http://datadryad.org

http://figshare.com

http://www.ncbi.nlm.nih.gov/gap

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
http://www.selectagents.gov/

Please fill out these boxes W (Do not worry if you cannot see all your text once you press return)

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? We did not use any statistical test to predeterminate the sample size. The sample size was chosen
on the basis of our experience and good laboratory practice.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. N/A

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- No

established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. No

randomization procedure)? If yes, please describe.

For animal studies, include a statement about randomization even if no randomization was used. N/A

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results [No

(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done N/A

5. For every figure, are statistical tests justified as appropriate? Yes

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. Yes. The data points were subjected to fthe Shapiro-Wilk test to test if the values are normally
distributed.

Is there an estimate of variation within each group of data? Yes, we present data with the Standard Error of the Mean (SEM) or the Standard Deviation (SD).

Is the variance similar between the groups that are being statistically compared? Yes

C- Reagents



D- Animal

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

actin (Sigma A1978, 1:500), ALR (Santa-Cruz Sc-134869, 1:500), ATP5A (Abcam ab14748 1:500),
COA7 (Sigma HPA029926 1:500), COX4 (Abcam ab14744 1:500 and Cell Signaling Technology 4850
1:2000), COX5B (Santa Cruz Biotechnology sc374417 1:500), COX6A (Rabbit Serum 3282.7 1:1000),
COX6B (Abcam ab110266 1:500), COX17 (Proteintech 11464-1-AP 1:100), GAPDH (Santa-Cruz Sc-
47724 1:1000), HSP60 (Sigma H4149 1:500), MIA40 (Rabbit Serum WA136-5 1:500), MIC60 (Novus
Biologicals NB100-1919 1:1000), NDUFS1 (Santa-Cruz Sc-50132 1:1000), SDHB (Santa-Cruz Sc-
25851 1:500), TIMM9 (Abcam Ab57089 1:200), TIMM22 (Protein-tech 14927-1-AP 1:500),
[TOMM20 (Santa-Cruz Sc-11415 1:500), SDHA (Santa-Cruz Sc-166947 1:1000), YMELL (Proteintech
11510-1-AP 1:100), ubiquitin (Santa-Cruz Sc-8017 1:500), UQCR1 (Sigma HPA002815 1:500).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

The cell lines (HEK293 and Hela) were purchased from ATCC. The cell lines were periodically
checked for mycoplasma contamination.The patient and healthy fibrobalsts were obtained from
Telethon Network of Genetic Biobanks, Italy

* for all hyperlinks, please see the table at the top right of the document

E- Human Subjects

F- Data Accessibility

G- Dual u:

generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

| Models

8. Report species, strain, gender, age of animals and genetic ion status where Please detail housing  |N/A
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |N/A
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), e1000412, 2010) to ensure [N/A
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting

Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

11. Identify the committee(s) approving the study protocol. N/A
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N/A
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A
16. For phase Il and Il randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right)  |N/A
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under

‘Reporting Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N/A
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data N/A

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of
datasets in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in
unstructured repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

We have included the mass spectrometry data and MIA40 KO sequencing as Dataset EV1-3 as
suggested by reviewers.

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while
respecting ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible
with the individual consent agreement used in the study, such data should be deposited in one of the major public access-|
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

N/A

21. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized
format (SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the
MIRIAM guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list
at top right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be
deposited in a public repository or included in supplementary information.

N/A

se research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

N/A




