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1st Editorial Decision 7th Jan 2020

Thank you for submitting your manuscript entitled "Mitochondrial inner membrane remodeling and
crista junction redistribution drive cristae formation" [EMBOJ-2019-104105] to The EMBO Journal.
Please accept my apologies for the delay in communicat ing our decision due to the recent seasonal
holidays. Your study has been sent to three referees for evaluation, whose reviews are enclosed
below.

As you can see, the referees find your study interesting and raise a few points that have to be
addressed before they can support the publication of your work in The EMBO Journal. In particular,
referee #1 requests you to rephrase some statements and to change the title of the manuscript so
that it reflects the role of MICOS (sub)complex in cristae structure biogenesis and morphology
maintenance. Similarly, reviewer #2 gives you suggestions as to how to improve the manuscript.
Finally, referee # 3 asks you to provide co-staining of Mic60 with Cox8a, to perform immunoblot
analysis of the holo-MICOS complex and to knock down Mfnl in order to prove that fission and
fusion are not essential for the generation of lamellar cristae.

Given the overall interest of your study, | would like to invite you to revise the manuscript in
response to the referee reports. I should note that conclusively addressing these and all the other
referees' points is essential for publication in The EMBO Journal.

When preparing your letter of response to the referees' comments, bear in mind that this will form
part of the Review Process File and will be available online to the community. For more details on
our Transparent Editorial Process, please visit our website:
http//emboj.embopress.org/about#Transparent _Process.

We generally grant three months as standard revision time. As a matter of policy, competing
manuscripts published during this period will not negatively impact on our assessment of the
conceptual advance presented by your study. Nevertheless, please contact me as soon as possible
upon publication of any related work.

I thank you again for the opportunity to consider this study for publication and will be happy to
answer any questions about the submission of the revised manuscript to The EMBO Journal. I look
forward to your revision.

Referee #1:

Stephan et al., have used CRISPR/CAS 9 technology together with a range of imaging modalities
to investigate the role of the complete MICOS complex and the Mic-60,19,25,27 sub-complex in
cristae structure and biogenesis. The authors were able show quite convincingly that the complete
MICOS complex and the sub-complex had different roles in cristae biogenesis and morphology
maintenance. On the whole, the manuscript is clear and well presented but | found some of the
arguments a little difficult to follow. I think the manuscript would benefit considerably from a clear



statement at the end saying how the complete MICOS and the sub-complex differ in their roles in
cristae biogenesis and a model of their working hypothesis shown as a figure in the main article.

Point-by-point
The title needs to be more specific and reflect the manuscript is about the role of the MICOS full
and sub-complex in cristae structure.

Summary has a nice statement “"We show that the Mic60-subcomplex is sufficient for CJ
formations, whereas the Mic10-subcomplex modulates cristae shaping. OPAL stabilizes tubular CJs
and along with the F1Fo ATP synthase, fine-tunes the positioning of MICOS and of the CJs." | like
this statement but would appreciate it if it was discussed more in the conclusion section and the
authors state more clearly which experiments allowed them to draw these conclusion. E.g. an
experimental overview. T his would be in contrast to the results section which spells out each
experiment in turn.

Figure 1D/S1B. I find these figures difficult to follow. In order to conclude "the existence of Mic60
clusters in the absence of properly developed cristae”, wouldn't it be better to look at the cristae
shape as shown in 1A using Cox8A with the Mic60 imaging?

Figure 1E. It is not 100% clear what the difference between Total and Eluate is? Also why are there
double bands observed for Mic60 in the Total but not eluate? Why is the double band for Mic25
stronger for the Eluate than the Total? Why do mic19-KO mic25-KO only have a single band for
Mic25? I notice a double asterisk by the lower band in Mic257? is this because Mic25 also binds
Mic19 which is why you have the double band? The meaning of the double asterisk needs to be
stated on the figure or in the legend.

Figure 1F. A comment on the respiratory chain supercomplex assembly would be appreciated.

Figure 1G/H. What is the criteria used to determine whether something is tubular, intermediate or
fragmented. For 1G, a zoom in on one area of the mitochondria to see the different morphologies
would be appreciated.

Figure 2F, is it possible to provide zoomed in pictures of the cristae junctions, specifically for Mic10-
KO.

Page 8, line 3 of new section. "opposing" what do the authors mean when they say opposing? This
phrase is also used on page 10, 4th line from page end.

Page 9 and figure 4C-D. The authors state that they want to answer the question as to whether
cristae in Mic60-KO cells are converted to the WT morphology or whether they are replaced by
newly formed cristae. To answer this question they used electron tomography. Electron
tomography just provides a snap shot of the state of the cristae at a specific time point. It can only
give one time point per mitochondria as the sample has to be dead when imaged. Thus, you can't
assess whether new cristae are formed or existing cristae are remodeled using this technique. You
could do it with live cell imaging e.g. PMID 31337683. Please can the authors rephrase the
paragraph to reflect that electron tomography gives insight into a single time point and each image
is from a different cell and the changes which happen to a single cristae can not be followed by this
technique. Alternatively, please add live cell imaging data of the quality presented in PMID
31337683.



Figure 4F, page 10. How do the authors determine that "a substantial part of the CJs induced by
Mic60 expression was found on aberrant or intermediately shaped cristae" especially as
tomography gives only a single insight into a cell?

Please add a schematic figure to the main article describing how the MICOS sub-complex and halo-
complex function in cristae biogenesis. Specifically, the location of the sub complex and whole
complex should be added to the images on the right hand panel of figure S8. For the left side of
figure S8, how are we looking at the cristae? is it a longitudinal section through the cristae?

Spelling errors/suggestions.

Page 4: 1st paragraph of results section, line 9. Iwould change ‘length’to 'long'.

Page 7: Second paragraph, line 4. Please change 'und' to 'and'.

Page 8:line 5. Please add two commas: “In such mitochondria, we recorded, only occasionally, very
few CJs" Alternatively rephrase to make sentence clearer.

Page 11: 3rd paragraph, line 2: please change "FIB-SEB" to "FIB-SEM"

Figure 5C. middle bottom panel. Please remove "s" from "(high exspression)".

Figure 7D.please change orange label from "versicular" to "vesicular"

Referee #2:

In this manuscript, Stephan and colleagues elegantly dissected the requirements for MICOS
complexes using KO lines coupled with exquisite image analysis. This included super-resolution
approaches, FIB-SEM and reconstruction of cristae junctions and cristae lamellae within
mitochondrial sections.

The authors establish that the Mic60-subcomplex, which is stable in the absence of the Mic10-
subcomplex, is essential for the maintenance of CJs and the stability of the holo-MICOS complex.
The Mic10-subcomplex is essential for lamellar cristae formation. Through knockdown studies, the
authors established an important role of OPAL1 for stabilizing the presence of tubular cristae
junctions in mitochondrial lacking Mic10. T his suggests that both Mic10 subcomplexes and Opal
play complementary roles in cristae junction stability.

Their findings lead to a new model for the formation of cristae in higher eukaryotes that is nicely
depicted in Fig. S8.

Overall this is an excellent study and am happy to see it published soon and in its current form.
Suggestions below are worth consideration by the authors but in my opinion, they are not essential.
This was a pleasure to read and will be highly values by the community.

Comments

1. Given the lack of a complete Mic60-KO, the authors could provide a table noting the genotype
results of indels in the alleles targeted in each knockout clone and the region targeted.

2. The authors conclude that OXPHOS assembly is largely independent from MICOS formation (Fig
1F) yet the supercomplex is impaired in the Mic60-KO line. The authors have not addressed



complexes land lland this could be performed since it is not entirely convincing.
3. Zoomed images of mitochondrial morphology changes in Fig 1G would be useful.

4.Drpl essentiality has been shown by groups while Fonseca et al. refers to the fact that dynamin-
2 is not required so this cite is inappropriate.

5. Given that changes in cristae/Mic60 location following loss of ATP5ME mirrors that of Mic10 KO
cells the authors could confirm that the Mic10 subcomplex components are still stably expressed in
these cells.

6. Fig S8 is a nice depiction of the cristae assembly model. T his would be nicely placed in the main
body of the article (or alternately as part of a N&V piece).

Referee #3:

This paper investigates the relationship between MICOS subcomplexes, Opal, and ATP synthase
dimers in cristae formation and stability. The beautiful superresolution images and electron
tomographic reconstructions are in line with several other previously published reports,
acknowledged by the authors, dissecting the effect of the regulatory cristae biogenesis proteins in
mammalian cells. As a matter of fact, the manuscript does not contain a formal epistatic analysis
and hence it is falling short of reaching the level of definition of the previous papers cited by the
authors. This shortcoming is however greatly compensated by the technical tour de force and by
the detailed analysis of the role of each MICOS subunit, as well as by the novelty of the message
on the role of Mic10.

Authors show that upon Mic10 ablation the Mic10 but not the Mic60 MICOS subcomplex is lost,
whereas Mic60 ablation leads to the loss of all MICOS subunits. They also show that the Mic10
subcomplex is recruited to Mic60 subcomplex, and that the Mic60 subunits bind to Mic60
independently of Mic10 subcomplex. This system allows them to separate the role of Mic10
subcomplex from holo-MOCOS complex. They characterise the phenotype of each KO and show
that Mic60 and Mic10 display the strongest phenotypes compared to Mic13 and Mic19. They nicely
show that rescue of Mic10 leads to an intermediate phenotype, suggesting remodelling of aberrant
cristae rather that biogenesis of new cristae. All in all, their results demonstrate that MICOS seems
to not be required for cristae formation, but that Mic60 is critical for CJ formation and/or
maintenance, and Mic10 is required for cristae organisation.

In the last part of the manuscript, authors investigate the relationship between MICOS, Opal and
ATP synthase dimers in the organization of the cristae. They conclude that Opal regulates Mic60
oligomers assembly/stability and hence stability of the CJ, similar to the effect recorded upon
disruption of dimers of the ATP synthase. The following points must be addressed.

Major concerns

1.Fig .1C, D; The authors conclude that Mic60 clusters can be found in cristae-free voids. The
images show costaining of Cox8A with DNA, and of Mic60 with DNA. To conclude that Mic60
clusters can be found in cristae-free voids, a costaining of Mic60 with Cox8A is required.

2. Fig. 2F. Here authors show tomograms of WT, Mic10-KO and Mic60-KO mitochondria. The
chosen mitochondria from Mic10-KO seems a "2 membranes" or an "arc-shaped"” mitochondria
whereas the one of Mic60-KO seems to be an "onion-shaped" mitochondria, according to fig.2C. It
would be interesting to add similar reconstruction of the same type of architecture for both genetic



background: e.g. one "arc-shaped" Mic60-KO and one "onion-shaped" Mic10-KO. T his would allow
to compare the difference of Mic10 vs Mic60 knockouts regardless the architecture of the
mitochondria, and demonstrate that the differences in CJs observed here is not specific to a
mitochondrial architecture.

3. The authors conclude that Mic60 is differently distributed in Mic10-KO cells compared to WT. In
addition, a different distribution of Mic60 in different conditions is shown multiple times. However,
these results are not very informative. Indeed, it is difficult to understand if this distribution is a
consequence of the aberrant mitochondrial architecture of Mic10-KO cells, or it is due to anormal
location of Mic60. Mic10-KO cristae are indeed close to and parallel to the OM, with tubular CJs
connecting them to the IBM. Thus, it is not clear if Mic60 is mislocated within mitochondria (e.g. on
the IBM) or if this staining pattern is due to the aberrant architecture, with no difference of
localisation compared to the WT.

4.1t is not clear if Mic10 can influence MICOS localisation. Perhaps Mic60 staining in e.g. Mic19-KO
that still express Mic10 could answer if the different distribution is a consequence of the aberrant
architecture of Mic10-KO cells, or if Mic10 directly regulates MICOS localisation. Similarly, distribution
of Mic60 is affected by OPA1-KD, Mic60 distribution is differently regulated upon OPA1-KD in WT
and Mic10-KO cells.

Fig.S5. Authors conclude that upon re-expression of Mic10 the Mic60-IP show that "the Mic10-
subcomplex proteins bind to the pre-existing Mic60-subcomplex to form the holo-MICOS complex”.
However, immunoblotting of Mic25 and Mic27 are missing to show the holo-MICOS complex. In
addition, no blue native gel proving holo-MICOS complex assembly is shown.

FigS7. Upon DRP1 KD authors conclude that both fission and fusion are not essential for lamellar
cristae generation. KD of e.g. Mfn1 is required to support this conclusion.

Minor concerns

There is a mistake in Fig.S1C:the 2 first lanes are "Mic10-KO" and no WT is indicated as in the
legend. In addition, levels of Mic10 in the first lane is OK, so I guess this is the WT lane.

The authors show that OPA1-KD in Mic10-KO cells reduce the number of CJ. It would be
interesting to check the size of the remaining CJ. It would be also interesting to check if OPA1
distribution is changing in Mic10-KO and Mic60-KO cells.

It would be interesting to check mitochondrial function in the Mic-KO cells. Blue native for
complexes lll, IV and V has been performed, but other experiments e.g. respiration would be
interesting to correlate aberrant mitochondria ultrastructure caused by the different MICOS subunit
ablation with mitochondria dysfunction.

Videos captions and numbers are missing.



1st Authors' Response to Reviewers 17th Mar 2020

Point-by-point response
Reviewers' Comments:
Referee #1:

Stephan et al., have used CRISPR/CAS 9 technology together with a range of imaging
modalities to investigate the role of the complete MICOS complex and the Mic-60,19,25,27
sub-complex in cristae structure and biogenesis. The authors were able show quite
convincingly that the complete MICOS complex and the sub-complex had different roles in
cristae biogenesis and morphology maintenance. On the whole, the manuscript is clear and well
presented but | found some of the arguments a little difficult to follow. I think the manuscript
would benefit considerably from a clear statement at the end saying how the complete MICOS
and the sub-complex differ in their roles in cristae biogenesis and a model of their working
hypothesis shown as a figure in the main article.

We thank the referee for her/his positive view on our manuscript.

We followed the suggestion of providing a clear statement on the role of MICOS and the
two sub-complexes by rewriting the entire discussion section.

Importantly, the new main table (Fig 10D) provides a concise overview on the key
observations and the new main Fig 10A provides a model of the working hypothesis.

The title needs to be more specific and reflect the manuscript is about the role of the MICOS
full and sub-complex in cristae structure.

We carefully discussed this concern and changed the title of our manuscript
accordingly. It now reads:

“MICOS assembly controls mitochondrial inner membrane remodeling and crista
junction redistribution to mediate cristae formation. (It was: “Mitochondrial inner
membrane remodeling and crista junction redistribution drive proper cristae
formation”)

We believe that the new title reflects the content of the manuscript more appropriately.

Summary has a nice statement "We show that the Mic60-subcomplex is sufficient for CJ
formations, whereas the Micl0-subcomplex modulates cristae shaping. OPAL stabilizes
tubular CJs and along with the F1Fo ATP synthase, fine-tunes the positioning of MICOS and
of the CJs." I like this statement but would appreciate it if it was discussed more in the
conclusion section and the authors state more clearly which experiments allowed them to draw
these conclusion. E.g. an experimental overview. This would be in contrast to the results
section which spells out each experiment in turn.

We thank the referee for this suggestion. To accommodate it, we re-wrote the entire
discussion section and added the new Fig 10, which shows a summary of the
experimental findings and a cartoon depicting our model of crista biogenesis, which is based
on these findings.

We believe that this new figure clarifies our findings and benefits the readability of the
manuscript.



Figure 1D/S1B. I find these figures difficult to follow. In order to conclude "the existence of
Mic60 clusters in the absence of properly developed cristae”, wouldn't it be better to look at
the cristae shape as shown in 1A using Cox8A with the Mic60 imaging?

We followed this suggestion and performed the experiment. The new panel (Fig. 1E) shows a
dual-color staining of COX8A-SNAP and Mic60. It fully supports our initial conclusion. We
agree that this a direct way to prove "the existence of Mic60 clusters in the absence of
properly developed cristae".

Figure 1E. It is not 100% clear what the difference between Total and Eluate is? Also why are
there double bands observed for Mic60 in the Total but not eluate? Why is the double band for
Mic25 stronger for the Eluate than the Total? Why do mic19-KO mic25-KO only have a single
band for Mic25? | notice a double asterisk by the lower band in Mic25? is this because Mic25
also binds Mic19 which is why you have the double band? The meaning of the double asterisk
needs to be stated on the figure or in the legend.

We tried to clarify all these issues in the revised manuscript. We explain that the total is the
fraction of isolated and digitonin-permeabilized mitochondria that were added to the beads,
whereas the eluate is the fraction that was obtained from the beads after several washing
steps.

The double-band of Mic60 in the total fraction is due to unspecific binding of the
antibody, as it is not present in the eluate. All this should be clearer in the carefully
revised new version of the manuscript

We now explain explicitly that the double-band of Mic25 is due to the fact that the
antibody detects also Mic19:

Page 39: “** Unspecific band, due to the cross reaction of the anti-Mic25 antibody with
Mic19.”

We believe that this explanation answers all subsequent questions raised by the referee on the
two bands detected by the Mic25 antibody.

Figure 1F. A comment on the respiratory chain supercomplex assembly would be appreciated.

We added substantial new data on respiratory chain supercomplex assembly to the
revised version of the manuscript. The new Fig EV1 shows BN-PAGEs of all five
supercomplexes.

It now reads (Page 7): “Even in the absence of Mic60, virtually resulting in the absence of
MICQOS, the assembly of complexes I, Il, and V was nearly unaffected and the assembly
of complexes IIl and IV was only slightly decreased (Fig EVID).”

Figure 1G/H. What is the criteria used to determine whether something is tubular, intermediate
or fragmented. For 1G, a zoom in on one area of the mitochondria to see the different
morphologies would be appreciated.



We added a magnification to the former Fig. 1G (Fig. 2C in the revised manuscript).
Evaluation was performed manually in a double-blind approach based on pre-defined
morphology criteria.

It now reads (Page 39): “(D) Quantification of the mitochondrial networks as shown in
(C). The evaluation was performed manually in a blinded approach based on pre-
defined morphology criteria. Average and SD of 3 independent biological replicates
are shown (>170 cells per sample and replicate). Scale bar: 10 um.”

Figure 2F, is it possible to provide zoomed in pictures of the cristae junctions, specifically for
Mic10-KO.

As we already have 10 main figures with many panels, we are hesitant to add another panel.
Instead, we provide in the revised version of the manuscript Movie EV6, which provides a
detailed view on the crista junctions.

Page 8, line 3 of new section. "opposing™ what do the authors mean when they say opposing?
This phrase is also used on page 10, 4th line from page end.

We thank the reviewer for pointing us to this. Meant was “opposite”. This is changed in the
revised manuscript. Moreover, we define in the revised manuscript our definition of “opposite
distribution bands”:

It now reads (page 9):

“... localized in clearly discernibly opposite distribution bands, i.e. they exhibited a two-
sided distribution on the mitochondrial tubules (Fig 4A, Fig EV2A).”

Page 9 and figure 4C-D. The authors state that they want to answer the question as to whether
cristae in Mic60-KO cells are converted to the WT morphology or whether they are replaced
by newly formed cristae. To answer this question they used electron tomography. Electron
tomography just provides a snap shot of the state of the cristae at a specific time point. It can
only give one time point per mitochondria as the sample has to be dead when imaged. Thus,
you can't assess whether new cristae are formed or existing cristae are remodeled using this
technique. You could do it with live cell imaging e.g. PMID 31337683. Please can the authors
rephrase the paragraph to reflect that electron tomography gives insight into a single time point
and each image is from a different cell and the changes which happen to a single cristae can
not be followed by this technique. Alternatively, please add live cell imaging data of the quality
presented in PMID 31337683.

Figure 4F, page 10. How do the authors determine that "a substantial part of the CJs induced
by Mic60 expression was found on aberrant or intermediately shaped cristae” especially as
tomography gives only a single insight into a cell?

We are fully aware that all electron microscopy is performed on fixed cells and thus
provides inescapably a snapshot on the cell under investigation.

Still, our approach allows us to get insights into the sequence of events occurring during the
recovery of Mic60-TO cells upon Mic60 expression: We demonstrate in this manuscript
that upon induction of Mic60 (or Mic10) by doxycycline, the recovery of the crista
structures across the cells in a dish is largely simultaneous. Hence, by



recording EM images of many cells at different time points we can indeed follow the
recovery of the structures.

To demonstrate that the expression levels and the recovery upon induction by
doxycycline are similar from cell to cell at a given time point, we added two new figures to the
manuscript (Appendix Fig 3 and Appendix Fig 4).

Appendix Fig 3 shows the simultaneous raise of the expression levels in a cell culture.
Appendix Fig 4 shows a selection of mitochondria from cells induced for 0 h and 16 h.
Without induction, only very few CJs are present and nearly no WT-like cristae. After 16 h
of induction, the cristae are mostly of an aberrant morphology. However, the number of
ClJs is increased and the additional CJs are mostly found on cristae with the KO-phenotype.
This clearly suggests that the new CJ are secondary CJs that are formed on already existing
crista.

We took great care to explain this approach in the revised manuscript.

Please add a schematic figure to the main article describing how the MICOS sub-complex and
halo-complex function in cristae biogenesis. Specifically, the location of the sub complex and
whole complex should be added to the images on the right hand panel of figure S8. For the left
side of figure S8, how are we looking at the cristae? is it a longitudinal section through the
cristae?

We thank the reviewer for these suggestions. We added the new Fig 10 to the
manuscript that summarizes our findings and our conclusions. It also contains a model for
cristae formation and for the roles of both MICOS-subcomplexes. We took great care to
carefully explain the items shown in the figure and hope that we could address all concerns
by the reviewer on the previous Fig S8.

Spelling errors/suggestions.

Page 4: 1st paragraph of results section, line 9. I would change ‘length’ to ‘long'.

Page 7: Second paragraph, line 4. Please change 'und’ to 'and'".

Page 8: line 5. Please add two commas: "In such mitochondria, we recorded, only occasionally,
very few CJs" Alternatively rephrase to make sentence clearer.

Page 11: 3rd paragraph, line 2: please change "FIB-SEB" to "FIB-SEM"

Figure 5C. middle bottom panel. Please remove "'s" from "(high exspression)".
Figure 7D.please change orange label from "versicular” to "vesicular"”

Done. We corrected all typos.



Referee #2:

In this manuscript, Stephan and colleagues elegantly dissected the requirements for MICOS
complexes using KO lines coupled with exquisite image analysis. This included super-
resolution approaches, FIB-SEM and reconstruction of cristae junctions and cristae lamellae
within mitochondrial sections.

The authors establish that the Mic60-subcomplex, which is stable in the absence of the Mic10-
subcomplex, is essential for the maintenance of CJs and the stability of the holo-MICOS
complex. The Micl0-subcomplex is essential for lamellar cristae formation. Through
knockdown studies, the authors established an important role of OPAL for stabilizing the
presence of tubular cristae junctions in mitochondrial lacking Mic10. This suggests that both
Mic10 subcomplexes and Opal play complementary roles in cristae junction stability.

Their findings lead to a new model for the formation of cristae in higher eukaryotes that is
nicely depicted in Fig. S8.

Overall this is an excellent study and am happy to see it published soon and in its current form.
Suggestions below are worth consideration by the authors but in my opinion, they are not
essential. This was a pleasure to read and will be highly values by the community.

We thank the reviewer for his/her encouraging view on our manuscript.

Comments

1. Given the lack of a complete Mic60-KO, the authors could provide a table noting the
genotype results of indels in the alleles targeted in each knockout clone and the region targeted.

Done. We added to the revised manuscript Appendix Table S1 that summarizes the
targeted exons and shows sequencing results of about 20 subclones for each KO cell
line.

2. The authors conclude that OXPHOS assembly is largely independent from MICOS
formation (Fig 1F) yet the supercomplex is impaired in the Mic60-KO line. The authors have
not addressed complexes | and Il and this could be performed since it is not entirely convincing.

Done. The new Fig EV1D shows BN-PAGEs of all five supercomplexes. In the revised
manuscript, we also provide Seahorse data on all KO-cell lines in the new Fig 2B.

Based on these data we conclude:

Page 7: “Even in the absence of Mic60, virtually resulting in the absence of MICQOS, the
assembly of complexes I, Il, and V was nearly unaffected and the assembly of complexes
I11 and IV was only slightly decreased (Fig EV1D). In Mic60-KO cells, the oxygen
consumption rate was reduced, but not abolished; all other MICOS-KO cell lines exhibited
oxygen consumption rates close to the WT (Fig 2B). We conclude that the deletion of
MICOS subunits has only modest influence on OXPHOS assembly.”



3. Zoomed images of mitochondrial morphology changes in Fig 1G would be useful.

Done. We added a magnification to the former Fig. 1G (Fig. 2C in the revised
manuscript).

4. Drpl essentiality has been shown by groups while Fonseca et al. refers to the fact that
dynamin-2 is not required so this cite is inappropriate.

The reviewer is correct. We corrected our mistake and no longer cite Fonseca et al.

5. Given that changes in cristae/Mic60 location following loss of ATPSME mirrors that of
Mic10 KO cells the authors could confirm that the Mic10 subcomplex components are still
stably expressed in these cells.

We thank the reviewer for suggesting this experiment. The data is shown in the new Fig
EV5B. The western blot shows that the levels of Mic10, Mic13, Mic26, Mic27 and Mic60 are
not affected upon depletion of ATP5ME.

6. Fig S8 is a nice depiction of the cristae assembly model. This would be nicely placed in the
main body of the article (or alternately as part of a N&V piece).

We thank the reviewer for suggesting this. We included the model into the entirely new main
Fig 10 that also summarizes our results and our conclusions.
We would be happy to see our manuscript discussed in a N&V piece.



Referee #3:

This paper investigates the relationship between MICOS subcomplexes, Opal, and ATP
synthase dimers in cristae formation and stability. The beautiful superresolution images and
electron tomographic reconstructions are in line with several other previously published
reports, acknowledged by the authors, dissecting the effect of the regulatory cristae biogenesis
proteins in mammalian cells.

As a matter of fact, the manuscript does not contain a formal epistatic analysis and hence it is
falling short of reaching the level of definition of the previous papers cited by the authors. This
shortcoming is however greatly compensated by the technical tour de force and by the detailed
analysis of the role of each MICOS subunit, as well as by the novelty of the message on the
role of Mic10.

Authors show that upon Mic10 ablation the Mic10 but not the Mic60 MICOS subcomplex is
lost, whereas Mic60 ablation leads to the loss of all MICOS subunits. They also show that the
Mic10 subcomplex is recruited to Mic60 subcomplex, and that the Mic60 subunits bind to
Mic60 independently of Mic10 subcomplex. This system allows them to separate the role of
Mic10 subcomplex from holo-MOCQOS complex. They characterise the phenotype of each KO
and show that Mic60 and Micl10 display the strongest phenotypes compared to Micl3 and
Mic19. They nicely show that rescue of Mic10 leads to an intermediate phenotype, suggesting
remodelling of aberrant cristae rather that biogenesis of new cristae. All in all, their results
demonstrate that MICOS seems to not be required for cristae formation, but that Mic60 is
critical for CJ formation and/or maintenance, and Mic10 is required for cristae organisation.

In the last part of the manuscript, authors investigate the relationship between MICOS, Opal
and ATP synthase dimers in the organization of the cristae. They conclude that Opal regulates
Mic60 oligomers assembly/stability and hence stability of the CJ, similar to the effect recorded
upon disruption of dimers of the ATP synthase. The following points must be addressed.

We thank this referee for his/her expert review and the positive assessment of our
manuscript.

Major concerns

1. Fig .1C, D; The authors conclude that Mic60 clusters can be found in cristae-free voids. The
images show costaining of Cox8A with DNA, and of Mic60 with DNA. To conclude that
Mic60 clusters can be found in cristae-free voids, a costaining of Mic60 with Cox8A is
required.

We thank the reviewer for suggesting this. We followed this suggestion and performed the
experiment. The new panel (Fig. 1E) shows a dual-color staining of COX8A-SNAP and
Mic60. It fully supports our initial conclusion. We agree that this a direct way to prove the
existence of Mic60 clusters in the absence of properly developed cristae.

2. Fig. 2F. Here authors show tomograms of WT, Mic10-KO and Mic60-KO mitochondria.
The chosen mitochondria from Micl10-KO seems a "2 membranes” or an "arc-shaped"
mitochondria whereas the one of Mic60-KO seems to be an "onion-shaped” mitochondria,
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according to fig.2C. It would be interesting to add similar reconstruction of the same type of
architecture for both genetic background: e.g. one "arc-shaped” Mic60-KO and one "onion-
shaped™ Mic10-KO. This would allow to compare the difference of Mic10 vs Mic60 knockouts
regardless the architecture of the mitochondria, and demonstrate that the differences in CJs
observed here is not specific to a mitochondrial architecture.

To address this concern, we show in the revised version of the manuscript the requested
tomograms: Movie EV7 shows an "onion-shaped” Micl10-KO mitochondrion and Movie
EV4 an "arc-shaped™ Mic60-KO mitochondrion.

The tomograms evidence that irrespective of the cristae architecture, CJs are missing in
Mic60-KO mitochondria, whereas they can be observed in Mic10-KO cells. Hence, these
new data sets demonstrate that differences in CJs are indeed due to the KO and not to a
specific mitochondrial architecture.

3. The authors conclude that Mic60 is differently distributed in Mic10-KO cells compared to
WT. In addition, a different distribution of Mic60 in different conditions is shown multiple
times. However, these results are not very informative. Indeed, it is difficult to understand if
this distribution is a consequence of the aberrant mitochondrial architecture of Mic10-KO cells,
or it is due to anormal location of Mic60. Mic10-KO cristae are indeed close to and parallel to
the OM, with tubular CJs connecting them to the IBM. Thus, it is not clear if Mic60 is
mislocated within mitochondria (e.g. on the IBM) or if this staining pattern is due to the
aberrant architecture, with no difference of localisation compared to the WT.

In the revised manuscript, we took great care to clarify the line of argumentation.

It now reads:

(Page 10): “The ET, FIB-SEM and super-resolution data conclusively demonstrate that in
Mic10-KO cells the CMs form generally single-layered hollow tubes. It is difficult to reconcile
the formation of the opposite distribution bands with a large tube-like CM that evenly lines
the mitochondrial tubule. We thus conclude that the distribution of the F1Fo-ATP synthase
and of the Mic60 clusters in opposite bands is not primarily determined by the shape of
the tube-like CM, but predict that the abundance of Mic10 controls the distribution of Mic60.
To test this prediction further, ... .”

4. 1t is not clear if Mic10 can influence MICOS localisation. Perhaps Mic60 staining in e.g.
Mic19-KO that still express Mic10 could answer if the different distribution is a consequence
of the aberrant architecture of Micl0-KO cells, or if Micl0 directly regulates MICOS
localisation. Similarly, distribution of Mic60 is affected by OPA1-KD, Mic60 distribution is
differently regulated upon OPA1-KD in WT and Mic10-KO cells.

We thank the referee for this insightful suggestion, which helped to significantly
improve the manuscript.

As suggested, we determined the sub-mitochondrial distribution of Mic60 in Mic19-KO
cells with different expression levels of Mic10 (new Fig 4F and new Fig EV2F). We found
that depending on the Micl0 levels, Mic60 exhibits different sub-mitochondrial
distributions in Mic19-KO cells. At low Mic10 levels, Mic60 is scattered in clusters over the
inner boundary membrane. Upon Mic10 overexpression in Mic19-KO cells, Mic60 forms
assemblies (new Fig 4F and new Fig 2F). Remarkably, Mic10 overexpression also stabilized
the Mic60 levels in Mic19-KO cells. Interestingly, also
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in OPAL1-depleted cells, the formation of the Mic60 assemblies is Micl0-dependent (Fig
EV4F). The data thus conclusively show that Mic10 regulates the size of Mic60 assemblies.

We write in the revised manuscript:

(Page 10): “The formation of such continuous Mic60 assemblies was strongly increased when
we overexpressed Micl0-FLAG in Micl9-KO cells (Fig 4F, Fig EV2F). In addition,
Micl0-FLAG overexpression also raised the expression level of Mic60 in Mic19-KOs (Fig
EV2F).

Altogether, these data demonstrate that the expression level of Micl10 influences the
distribution of Mic60 and also of the F1Fo-ATP synthase. In the absence of Mic10, Mic60
is found in clusters localized in opposite distribution bands, whereas at elevated Mic10 levels,
Mic60 forms extended assemblies.”

Fig.S5. Authors conclude that upon re-expression of Micl0 the Mic60-IP show that "the
Mic10-subcomplex proteins bind to the pre-existing Mic60-subcomplex to form the holo-
MICOS complex”. However, immunoblotting of Mic25 and Mic27 are missing to show the
holo-MICOS complex. In addition, no blue native gel proving holo-MICOS complex assembly
is shown.

We performed the requested experiment: The new Appendix Figure S5A shows Co-IPs
(using Mic10-FLAG and Mic60 as a bait) decorated for all MICOS subunits including Mic25
and Mic27. The blot demonstrates that the holo-MICOS complex is formed.

FigS7. Upon DRP1 KD authors conclude that both fission and fusion are not essential for
lamellar cristae generation. KD of e.g. Mfn1 is required to support this conclusion.

We thank the referee for this valuable suggestion. We depleted Mfnl (and in addition also
Mfn2). TEM recordings demonstrated that in the absences of Mfnl, Mfn2, or both, the
mitochondria still exhibited lamellar cristae (new Fig EV4C-D). We therefore conclude that
fusion and fission of mitochondrial tubules is not necessary for lamellar cristae formation.

In the revised manuscript it reads:

(Page 14): ”In mammalian cells, the fusion of the mitochondrial OM is regulated by the two
mitofusins MFN1 and MFN2, two highly conserved dynamin-related GTPases, which
exhibit distinguishable functions (Giacomello, Pyakurel et al., 2020, Ishihara, Euraet al.,
2004). To investigate if OM fusion is essential for lamellar crista formation, we depleted HelLa
cells for MFN1 or MFN 2 or MFNL1 together with MFN2. Depletion of these proteins
resulted in a mild cristae phenotype, but lamellar cristae were still observed (Fig EV4C-D).
We conclude that in mammalian cells OM fission or fusion are not essential for the
development of lamellar cristae.”

Minor concerns

There is a mistake in Fig.S1C: the 2 first lanes are "Mic10-KO" and no WT is indicated as in
the legend. In addition, levels of Mic10 in the first lane is OK, so I guess this is the WT lane.
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Thanks for pointing to this error in the labeling of the figure. We corrected this mistake.

The authors show that OPA1-KD in Mic10-KO cells reduce the number of CJ. It would be
interesting to check the size of the remaining CJ. It would be also interesting to check if OPAL
distribution is changing in Mic10-KO and Mic60-KO cells.

Absolutely, this is interesting, although it is beyond the scope of this manuscript. We will
address these questions in future studies.

It would be interesting to check mitochondrial function in the Mic-KO cells. Blue native for
complexes 11, IV and V has been performed, but other experiments e.g. respiration would be
interesting to correlate aberrant mitochondria ultrastructure caused by the different MICOS
subunit ablation with mitochondria dysfunction.

We performed the requested experiments.

The new Fig EV1D shows BN-PAGEs of all five supercomplexes. In the revised
manuscript, we also provide respiration (Seahorse) data on all KO-cell lines in the new Fig
2B.

Based on these data we conclude:

(Page 7:) “Even in the absence of Mic60, virtually resulting in the absence of MICOS, the
assembly of complexes I, Il, and V was nearly unaffected and the assembly of complexes
Il and 1V was only slightly decreased (Fig EV1D). In Mic60-KO cells, the oxygen
consumption rate was reduced, but not abolished; all other MICOS-KO cell lines exhibited
oxygen consumption rates close to the WT (Fig 2B). We conclude that the deletion of
MICOS subunits has only modest influence on OXPHOS assembly.”

Videos captions and numbers are missing.

We moved the video caption from the supplement file to the manuscript file.
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2nd Editorial Decision 23rd Apr 2020

Thank you for submitting a revised version of your manuscript . Please accept my apologies for the
delay in getting back to you with our decision due to a belated report. Your study has now been
seen by the original referees whose comments are shown below.

As you will see, they find that all criticisms have been sufficiently addressed and recommend the
manuscript for publication pending text modifications. In addition, before we can officially accept
the manuscript, there are a few editorial issues concerning text and figures that I need you to
address.

REFEREE REPORTS

Referee #1:

Till et al., have made thoughtful revisions to their manuscripts and address the vast majority of my
concerns. I was disappointed not to see a sentence stating how the respiratory chain
supercomplexes LlII2,IVx and lI2/IV2 are affected by the Micos mutants. The authors did state that
complex |, land V were unaffected and complex llland IV slightly affected. They made no comment
on whether the supercomplex LII2,IVx and llI2/IV2 still exist in the crista membranes and whether
the level was similar to WT. I think this would be a very nice addition to the manuscript and make
the story complex.

There were a few minor mistakes:

Results 4th line, should the authors also refer to fig 1C?

Page 9 first line. C is missing from Mic60

Page 11 last line, "they" should be clearly stated as to what the authors mean by they.

Page 16 Discussion, 5 lines from bottom of page. The sentence should read "allow us to draw
conclusions"

Overall the manuscript is very nice and the work of exceptional high quality which should be published
in EMBO.



Referee #2:

As previously noted,lam very excited by the quality and conclusions of this manuscript.lam happy
for it accepted although Ido request a slight change:

lam not keen on the revised sentence on page 7 :

"Even in the absence of Mic60, virtually resulting in the absence of MICOS,

the assembly of complexes |,ll,and V was nearly unaffected and the assembly of complexes lland IV
was only slightly decreased (Fig EV1D)."

Rather than "nearly unaffected”,"somewhat impaired" or similar would be more appropriate.in
particular there does seem to be clear changes in the complex ll-complex IV super complex profile in
the Mic60 "knockout". T his should not be dismissed in toto.

Referee #3:

Authors performed an extensive revision of their paper and addressed experimentally and
satisfactorily allthe points raised. The only missing experiment is the BN-PAGE for the MICOS
holocomplex. From the co-IP it is impossible to conclude that the holocomplex is assembled (co-IPs
are by definition performed on solubilized material),hence Isuggest that before the paper is printed,
this conclusion is modified.



2nd Authors' Response to Reviewers 8th May 2020

Point-by-point response

Reviewers' Comments:

Referee #1:

Till et al., have made thoughtful revisions to their manuscripts and address the vast majority of
my concerns. | was disappointed not to see a sentence stating how the respiratory chain
supercomplexes I,1112,1Vx and 1112/1V2 are affected by the Micos mutants. The authors did
state that complex I, Il and V were unaffected and complex Ill and IV slightly affected. They
made no comment on whether the supercomplex I,1112,1Vx and 1112/1\V2 still exist in the crista
membranes and whether the level was similar to WT. I think this would be a very nice addition
to the manuscript and make the story complex.

We thank the reviewer for raising this issue. However, the BN-PAGE analyses used here
(Figure EV 1) do not allow us to draw conclusions on the sub-supercomplex
organization. Based on our data, we feel that any statements on the different
supercomplex forms could be questioned for its validity. Such types of analyses would
require the use of low pore BN-PAGE analyses. However, this would be well beyond the
scope and the aims of this study.

To address the point raised by the reviewer 1 and also to address reviewer 2 in an
adequate and scientifically correct manner, we altered the text.

It now reads (page 7):

“Even in the absence of Mic60, virtually resulting in the absence of MICOS, the
assembly of complexes I, 11, and V was only somewhat impaired and the assembly of
complexes Il and IV was slightly decreased. This was also apparent for the
corresponding supercomplexes (Fig EVID).”

There were a few minor mistakes:

Results 4th line, should the authors also refer to fig 1C?

Page 9 first line. C is missing from Mic60

Page 11 last line, "they" should be clearly stated as to what the authors mean by they.

Page 16 Discussion, 5 lines from bottom of page. The sentence should read "allow us to draw
conclusions™

Done. The textual changes were made accordingly.

Overall the manuscript is very nice and the work of exceptional high quality which should be
published in EMBO.

Thank you.



Referee #2:

As previously noted, | am very excited by the quality and conclusions of this manuscript. | am
happy for it accepted although | do request a slight change:

| am not keen on the revised sentence on page 7 :

"Even in the absence of Mic60, virtually resulting in the absence of MICOS,the assembly of
complexes I, 11, and V was nearly unaffected and the assembly of complexes Ill and IV was
only slightly decreased (Fig EV1D)."

Rather than "nearly unaffected”, "somewhat impaired" or similar would be more appropriate.
In particular there does seem to be clear changes in the complex I11-complex IV super complex
profile in the Mic60 "knockout". This should not be dismissed in toto.

The textual changes were made accordingly.

It now reads (page 7):

“Even in the absence of Mic60, virtually resulting in the absence of MICOS, the
assembly of complexes I, 11, and V was only somewhat impaired and the assembly of
complexes 11l and IV was slightly decreased. This was also apparent for the
corresponding supercomplexes (Fig EVID).”

Referee #3:

Authors performed an extensive revision of their paper and addressed experimentally and
satisfactorily all the points raised.

Thank you.

The only missing experiment is the BN-PAGE for the MICOS holocomplex. From the co-IP it
is impossible to conclude that the holocomplex is assembled (co-IPs are by definition
performed on solubilized material), hence | suggest that before the paper is printed, this
conclusion is modified.

Here, we disagree with the referee. BN-PAGE analyses represent a much harsher mode of
analyses than immunoisolations. They are carried out at exactly the same detergent
concentrations as used for the immunoisolation. However, work by Schagger and von Jagow
has shown that in the presence of Coomassie, non-ionic detergents display the properties of
ionic detergents, thereby affecting complex integrity. Ample studies on mitochondrial
protein complexes have shown that protein complexes are maintained by immunoisolation
but destroyed by BN-PAGE. We would also claim that no study has demonstrated that any of
the MICOS complexes resolved by BN-PAGE represents the MICOS holo complex, due to
the arguments presented above.

Accepted 13th May 2020

| am pleased to inform you that your manuscript has been accepted for publication in The EMBO
Journal.
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1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

No statistical method was used to pre-determine sample size. Sample size was chosen based on
previous experience and standards in the field. For transmission electron microscopy, mitochondrial
from at least 10 randomly choosen cells were recorded. In TEM imaging, typically more than 100
mitochondria were analyzed. The exact number of analyzed mitochondria is given in the respective
figures. For super-resolution light microcopy, at least 3 biological replicates have been analyzed. At|
least 20 cells were analyzed per biological replicate. In case of confocal and wide-field imaging, at
least 150 cells were used for statistical analysis. Biochemical experiments were generally repeated
three times. For all statistical analysis, the number of repeats, the error, and the method for
analysis is given in the figure legend.

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

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

We pre-defined quality criteria (eg contrast, labeling efficiency) for images to be used for analysis.
All images that met the criteria were analyzed.

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. n.a.
randomization procedure)? If yes, please describe.
For animal studies, include a about r: evenifnor 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
(e.g. blinding of the investigator)? If yes please describe.

TEM data were analyzed in a blinded approach. STED data were manually analyzed by two
reseachers.

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

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




Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

We used statistical methods appropriate for the respective data distributions.

Is there an estimate of variation within each group of data?

. a.

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

. a.

C- Reagents

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.,
AAntibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

[Antibody information is provided in the Materials and Methods section. The specificity of the
antibodies was verified by IF and/or western blotting on KO/KD cells. Most antibodies were
previously characterized and used in Stoldt et al., 2018 and Callegari et al., 2019.

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

Hela cells were used as previousy decribed (Gruber et al., 2005). Cell lines were regulary tested
for mycoplasma contamination.

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

D- Animal Models

E- Human Subjects

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

8. Report species, strain, gender, age of animals and genetic modification status where applicable. 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), 1000412, 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 IIl 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.

F- Data Accessibility

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

A "Data Availability" statement is given at the end of the Materials and Methods section.

19. D 1 is strongly ri ded 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).

All raw data are available from the corresponding author upon reasonable request.

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).

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.

a.

G- Dual use 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.
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