












μ





αPHB2

25

35

40

55

kDa

αPHB1

25

35

40

55

kDa

Figure S6, Panel B



PHB knockdown

αTubulin αTubulin

αPHB1 αPHB2

αPHB1 (greyscale)

25

35

40

55

70

kDa

40
kDa

Figure S7, Panel B





















Dear Reviewers, dear Dr. Casadio,

Thank you for your constructive comments and the positive views on our manuscript. We have 
taken the reviewers’ comments very seriously and believe that with the revised version of our 
manuscript we are able to address the raised concerns appropriately. 
We added an entirely new dataset of crosslinking mass spectrometry analysis and a new set 
of cryo electron tomography data. Thereby, we added two entirely new figures (Main Fig. 4 
and Suppl. Fig. 10), re-wrote the manuscript and made extensive adjustments and additions 
to existing figures.
We are convinced that the revised version of our manuscript is now suitable for publication in 
NCB.
Please find below a detailed point-by-point response to the referee reports. 

Yours sincerely,

Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

This is an interesting, quantitative and rigorously performed study of mammalian prohibitin 
complexes in situ. Prior work indicated ~12-20 subunits of PHB1/PHB2 dimers form a ring in 
the inner mitochondrial membrane. The current cryo ET data define a discrete 11 subunit bell 
shaped complex resembling somewhat, to my eye, half of the major vault protein complex. 
Structural studies of a distantly related bacterial protein, HflK/C, that shares some domains 
with prohibitin, also reveals a similar bell shaped structure in a cell free reconstituted system. 
What this new work also brings is the structure of mammalian prohibitin in the native 
mitochondrial context. This new structural model differs substantially from the main current 
ring centric model of prohibitin oligomers. This new cage-like dome structure is also interesting 
because the center under the dome is empty, apparently not occupied by other proteins such 
as m-ATPases, and will likely inform/transform currently quite vague models for prohibitin 
function. The authors also find the prohibitin complex concentrated in cristae in nice 
quantitative analyses – in contrast to prior reports on the distribution of prohibitin in yeast. 
Overall, this is a highly rigorous advance into our understanding of prohibitin structure that will 
likely accelerate the understanding of function. The prior related structure of the bacterial 
protein HflK/C marginally decreases the novelty.

We thank reviewer #1 for his/her positive view on our manuscript and the constructive 
comments and suggestions.

Specific comments:

On line 106 –State where the immunogold data is shown – Fig 1C-D.
Thank you for pointing to this. We corrected the text accordingly.

In Fig 2D – please denote in panel 3 which face of the prohibitin bell faces the matrix and 
which side faces the intermembrane space.

We thank the reviewer for this suggestion. We modified the respective figure panel 
(Fig. 2D3) and denoted the respective mitochondrial compartments as mitochondrial 
matrix and IMS/crista lumen, respectively.



Some of the valuable supplemental data could be incorporated into the main figures.
This is an interesting suggestion. We feel that the manuscript is concise in its current 
form and would prefer to keep it that way. It is also within the length guidelines of 
NatCellBiol. We would prefer to leave it to the discretion of the journal editors to decide 
whether further supplementary data should be included in the main figures.

Reviewer #2:

Remarks to the Author:

The manuscript by Lange et al has a lot of qualities: the authors use state of the arts methods 
and quantitative calculations to design a project in which they can pursue the in situ structure 
of the elusive prohibitin complexes.

I really enjoyed following through the path of calculating the feasibility of the data acquisition 
by calculating mitochondrial surfaces, location of the complexes and endogenous copy 
numbers in cells, etc. I could only hope on a slam-dunk example like this when we wrote a 
recent Annual Reviews trying to make this very point.

The authors do everything I woudl have imagined that could be done for this project, and take 
advantage of AlphaFold to produce a model of the complex. The result is satisfying, and the 
first molecular model of prohibitin complexes. I think this is a fine example of the application 
of the cryo-tomography in situ (in cell) workflow, and it was fun to review. On the other hand, 
the project doesn’t offer a mechanism or describes the context of prohibitins while performing 
their function. Nevertheless, I think this work is very well executed and I recommend it for 
publication in NCB.

We thank reviewer #2 for her positive view on our manuscript and the constructive 
comments and suggestions.

I have a few minor and not-so minor comments that in my opinion will make the project more 
well rounded and will hopefully finish convincing a skeptical reviewer/reader.

Major:

- On lines 176-178, the authors should try to assign the MW to the DK densities. If you have 
5-6, you would have 150KDa, does this approach the extra density they are seeing? Is it 
present in the terminus they tagged the protein with? From the nomenclature it shoudl be the 
C-terminus, at the top of the bell shape, but the authors should specify. A schematic in the 
supplementary would be needed to rationalize this finding.

As suggested by the reviewer, we added a schematic in the supplementary to 
rationalize the orientation of the prohibitins in the inner membrane (Fig. S7E). This 
figure highlights that DK fused to the C-terminus of PHB1 or PHB 2 is located in the 
inter membrane space.

The question on how many DKs we do see in the densities is a difficult one: Because 
both tagged cell lines (PHB1-DK and PHB2-DK were heterozygous, we expect various 
numbers of DK molecules in the single complexes. Indeed, in the tomograms we could 
distinguish 1, 2 and 3 DK molecules and the maximum we were able to see was 5
molecules on top of a complex.
This is now explained in the revised version of the manuscript. It reads: 



“We also observed one to three additional densities at most (> 90%) convex structures 
identified in the tomograms of U2OS PHB1-DK and PHB2-DK cells (Fig. S7E-H). 
These extra densities sat at the top of the convex structure but were absent in wildtype 
cells, thereby indicating that they originate from the DK fluorescent protein fused to the 
C-termini of the PHB1 and PHB2 proteins.” (page 5)

- While their KD data strongly suggests that the complex is not formed in the absence of one 
of the proteins, it is also common that knockdowns have other effects on protein complexes 
that do not contain the KD protein. The putative presence of DK densities is also somewhat 
satisfying, but a confidential discussion in my lab left some wanting clearer evidence. Some 
suggestions include:

- Would it be possible to predict a mutation at the interface between PHB1 and PHB2 and look 
for the complex not being present, or not pulled down?

We thank the reviewer for this interesting idea. To the best of our knowledge no 
mutations to that effect have been described. We are not able to make a prediction for 
such a mutation based on the structure. For these reasons we could not follow this 
suggestion.

- Is there an anti-DK nanobody that could be used to increase the size of the DK density? (I 
am not sure if the nano body would enter the mitochondria though). 

We thank the reviewer for this interesting idea. We thought about it carefully. Several 
studies address the live cell delivery of binding molecules (e.g. antibodies) as 
demonstrated in Kai W. Teng et al.; eLife 2016 or pre-embedding labelling of 
cytoplasmic targets as demonstrated in Elena V. Polishchuk et al.; Tissue and Cell 
2019. While the former would technically be compatible with vitrification and near-
native structural preservation the latter is likely not. These techniques have in common 
that they work on cytoplasmic proteins and studies showing this principle within 
mitochondria are lacking. To the best of our knowledge there are currently no tools 
available to facilitate temporary permeabilization or other micropores of the 
mitochondrial membranes in live cells. We therefore are not able to pursue this idea. 

- Alternative, can a larger tag be added?
We thank the reviewer also for this interesting suggestion. Indeed, the identification of 
novel protein complexes poses a challenge for in-situ structural biology studies.
Recent developments to identify proteins of interest in cryo electron tomograms 
include the GEM tag from the Mahamid lab (Herman K. H. Fung et al. 2023; Nature 
Methods) and the FerriTag from the Royle lab (Nicholas I. Clarke et al. 2018; Nature 
Communications). As of now, none of these tags were shown to work in mitochondria. 
Further, both tags require a substantial number of monomers (60 monomers for GEM, 
24 monomers for ferritin). Hence, it remains unclear whether such a large particle (>15 
nm in diameter) could be assembled within the narrow space of the crista lumen or the 
intermembrane space of mitochondria. Hence, we doubt that this approach would work 
with the prohibitin complex. As described in the manuscript, we decided instead to tag 
also PHB1 in order to provide additional proof that the observed complexes are indeed 
prohibitin complexes.

- Can tags be added to both monomers?
For the revised version of the manuscript, we tagged both prohibitins (PHB1 and 
PHB2) individually with DK. For the revision, we also imaged PHB1-DK and found extra 
densities on top of the prohibitin complexes. Comparable to the complexes in PHB2-
DK cells, we recorded populations of the complexes showing 1, 2 or 3 densities that 
represent individual DK molecules (of about 3 nm size). This data is now included in 
Figure S7F.



- The confidence of the AlphaFold models should be included, and if not high in any area, the 
ability to use it should be justified. Molecular dynamics simulations from models typically have 
lower confidence that those from structural biology data.

We thank the reviewer for this comment. We added additional panels to Figure S9A to 
highlight the AlphaFold-predicted structures of PHB1 and PHB2 colored according to 
the pLDDT. Due to the structural similarities among SPFH protein family members and 
the availability of in-vitro structures for the bacterial homolog HflK/C, the pLDDT scores 
are high for the majority of the two prohibitins. . pLDDT values < 50 are only present 
in the flexible part of the C-terminus. To our understanding, the current state of 
subtomogram averaging approaches is insufficient in capturing small, unstructured 
and potentially very flexible peptides of a protein and therefore we did not draw any 
conclusions for this part of the PHB complex.

- It was not clear to me how the authors decide on which of PHB1 or PHB2 should have 5 vs 
6 monomers. Is this based on the copy numbers found in Figure 3? If so, it shoudl be specified 
in the text.

We believe that both options (5 PHB1 vs 6 PHB2, or 6 PHB1 vs 5 PHB2) exist. This is 
now clearly stated in the manuscript and shown in the new figures Figure 3A and 
Figure S10B This is also stated in the text. It reads: 
“The final molecular model comprises 11 monomeric PHB molecules forming a bell-
shaped assembly (Fig. 3A1, 2, Fig. S9B, C). Obviously, the uneven symmetry implies 
that one pair of adjacent subunits comprises a repeat of the same molecule (PHB1-
PHB1 or PHB2-PHB2).“ (page 7)

- How do the authors reconcile the positive/negative alternating monomers with the C11 
symmetry? How does the negative-negative or positive-positive interaction work? Why do the 
authors think about a mismatch from 11 to 12 compared to the bacterial system?

We thank the reviewer for this comment. 
To address the question on how the negative-negative or positive-positive interactions
work, we analysed for the revised version crosslinking mass spectrometry data (new 
Fig. 4 and Fig. S10A). The data demonstrate that PHB1-PHB1 as well as PHB2-PHB2 
interactions exist, although PHB1-PHB2 interactions are much more abundant, fully 
supporting the proposed model of a prohibitin structure consisting of an 11-mer of 
alternating PHB1 and PHB2 molecules. 
The C11 symmetry comes out of the data and has not been imposed by us. 
This is stated in the revised manuscript:
“We proceeded to extract the CTF corrected subtomograms in Warp for subsequent 
automated 3D refinement in Relion4.0 with no initial symmetry implied25, 26. Initially, we 
aligned all particles at 5 Å pixel size. The resulting cryo EM map revealed 11 densities 
in the top view likely representing subunits of the prohibitin complex (Fig. S8C).” (page 
6)

And 

“Pose-optimized particles were extracted in Warp at a 5 Å pixel size and aligned in
Relion4.0 through 3D auto-refinement, revealing an 11-fold symmetry of the prohibitin 
complex.” (page 30)

In fact, we do not consider the stoichiometry of the complex to be a mismatch to the 
bacterial homologue: While the monomers of the SPFH members share substantial 
structural similarities their multimeric complexes show strikingly different dimensions. 
The RNA-vault for example comprises of 39 molecules, the bacterial HflK/C contains
24 molecules and two recent studies addressing the structure of flotillin in-vitro and in-
situ suggested a range of 42 to 44 molecules per complex. All of these examples result 
in protein complexes that are substantially larger compared to the PHB complex. 



Therefore, the stoichiometry and dimension of the complex is possibly be dictated by 
the specific function as well as the available space, which is limited in the case of 
prohibitins compared to cytoplasmic complexes such as the RNA-vault and flotillin.
Because this is rather speculative, we prefer not to address this issue in the 
manuscript.

- It seems like the molecular dynamics model was membrane anchored at the bottom as it 
exists in the mitochondria, but this is only briefly described in the methods section but not on 
the figures. The termini needed to be contained in z, the authors shoudl explain if the model
is not enough to remain tethered to the membrane.

We thank the reviewer for this suggestion. The molecular dynamics simulation did not 
include any restraints or anchoring. The restraints on the N-termini position in the Z-
axis were only applied during the initial modelling phase, prior to embedding the protein 
complex in the membrane and preparing it for molecular dynamics. These initial 
restraints were used to ensure that the newly modelled N-termini were not positioned 
in the region where the lipid bilayer would later be constructed. Indeed, the model by 
itself remained in the lipid bilayer during the MD simulation without any enforcements.
These points are now explained in the manuscript:
“Ultimately, because biochemical evidence suggests a complex assembly with 
alternating PHB1 and PHB2 molecules3, successive PHB1 and PHB2 molecules were 
fitted into the cryo-EM map with the N-terminal transmembrane domains embedded in 
the lipid bilayer3 and the PHB domains perpendicular to the lipid bilayer.” (page 7)

- Also, no information of on the reported stability of the molecular dynamics simulation is 
described. How was it assessed a feasible model?

The reviewer is right. In the initial submission we only touched on the stability briefly. 
We added the missing information to the manuscript in Figure S9F and modified the 
text accordingly. It now reads: 
“The molecular model remained stable over 100 ns of MD simulation without major 
alterations, suggesting that it represents a plausible model for the molecular structure 
of the prohibitin complex in human cells.” (page 8)

Minor:

- Fluorescence images should be color-blind friendly
The reviewer is right. To aid readability of the manuscript and figures we changed the 
lookup tables of the dual-color fluorescence microscopy images to green/magenta.

- For figure 1C, I would recommend that the squares around the gold labels are colored 
whether the gold is localized in the CM or IBM, preferably matching the colors of the bars in 
Fig. 1D.

Done. We applied this change and the boxes in Figure 1 C now match the color of the 
bars shown in Figure 1D.

- In line 122, is it 3.1x 10^6 PHB1 and 9.8 x 10^6 PHB2 molecules per cell ? The way it is 
written is confusing.

The reviewer is right. We clarified this statement. It now reads:
“To this end, recombinant His-tagged PHB1 and PHB2 proteins were purified from 
Escherichia coli and used as a reference in quantitative Western blotting (Fig. S6B). It 
was determined that on average each U2OS cell contains approximately 3.38 ± 0.23 
106 molecules of PHB1 and 3.46 ± 0.15 106 molecules of PHB2. These numbers are 

in good agreement with previous mass spectrometry studies using various human cell 
lines 17, 18.” (page 4)



- Fig S7 - remove imod controls in A, caption should specify how particles in D were selected
Done. In the revised manuscript we removed the IMOD controls in Fig. S7A and 
indicated the change of perspective with an arrow in Panel A2. Further, the sub-title of 
Fig. S7D now reads “Manual annotation of prohibitin complexes”.

- Fig 3. The numbers in D should have citations and original of computations in the caption.
Done. In the revised manuscript we modified the caption of Fig. 5 which now reads “B:
Mitochondrial key numbers and prohibitin abundance determined in this study. 
Mitochondrial network length determined in Fig. S6C, inter-cristae distance determined 
in Fig. S6D-F, PHB molecules per cell determined in Fig. S6B.”

Congratulations on the beautiful work, I hope our comments are helpful and constructive.

Elizabeth Villa and trainee



Reviewer #3:

Remarks to the Author:

The study by Lange, Ratz et al. reports on the first in situ cryo-EM structure of the human 
prohibitin complex. The authors use a combination of methods and an integrative structural 
approach to come up with a very interesting model on the human prohibitin complex. The data 
suggests that it forms a bell-shaped structure with around 20 nm diameter and 9 nm height 
which is consisting of 11 monomers of PHBs.

Overall this is a very interesting study and model of this complex which will be important in the 
mitochondrial field. It extends our knowledge on known 3D structures of this protein family 
considerably. I still feel that the refined 3D model after molecular modelling of 11 subunits of 
PHB into the bell-shaped complex is not substantiated sufficiently and the authors need to 
strengthen their model further.

We thank reviewer #3 for his/her positive view on our manuscript and the constructive 
comments and suggestions.

Major issues:

1. Can the authors provide additional evidence of the proposed orientation and stochiometry 
of 11 PHB subunits? Does their model fit to the density observed they claim to be caused by 
DK (Fig. S7D-E). What would MD simulations show in this case? The authors might consider 
to similar to their earlier approach also try to model the DK-containing fusion proteins into the 
observed densities.

The C11 symmetry comes out of the data and has not been imposed by us. We just 
do not see any possible way to provide additional evidence for a C11 symmetry.
In order to provide additional evidence for the proposed stoichiometry of the PHB 
subunits we analysed for the revised version crosslinking mass spectrometry data 
(new Fig. 4 and Fig. S10A). The data demonstrate that PHB1-PHB1 as well as PHB2-
PHB2 interactions exist, although PHB1-PHB2 interactions are much more abundant,
fully supporting the proposed model of a prohibitin structure consisting of an 11-mer of 
alternating PHB1 and PHB2 molecules. 

Concerning the proposed orientation in the mitochondrial inner membrane: Our initial 
model design was based on the bacterial homologue HflK/C, which demonstrated N-
terminal anchoring of the individual molecules in the lipid bilayer. Indeed, the predicted 
transmembrane domain (TMD) of prohibitins is also at the N-terminus. The final 
cryoEM-map of the prohibitin structure reveals a large domain close to the lipid bilayer 
which indicates the location of the PHB-domain. Finally, our tomography data of PHB1-
DK and PHB2-DK cells, both tagged at the C-terminus demonstrated the additional 
densities at the top of the convex structures indicating that the prohibitin C-termini form 
the top of the structures. To clarify the orientation, we added an additional panel to Fig. 
S7 (Fig. S7E) to illustrate the location of DK fused to PHB2. 

Both cell lines (PHB1-DK and PHB2-DK) were heterozygous. Therefore, we do expect
various numbers of DK molecules being present on top of the complexes. This is 
exactly what the tomograms show. We identified typically one to three extra densities 
on top of the prohibitin complexes in the PHB1-DK and PHB2-DK heterozygote cell 
lines. Due to the flexibility of the C-terminal tag (linker and DK), a sharp density is not 
expected (and not observed) upon subtomogram averaging. Consequently, the density 
achieved in the simple subtomogram averaging approach presented in Fig. S7G is 
only slightly larger than a single DK-molecule. To present this finding clearer we 



changed the simple subtomogram average to a transparent surface and fitted the 
structure of DK into the density (New panel in Fig. S7G).
Because of the variable number of DK-molecules and their flexibility it was possible to 
achieve a sharpened, higher-resolution cryo-EM map of the DK-PHB complexes.
Consequently, we did not consider MD simulations.
This is also better explained in the text of the revised version.
It now reads: “We also observed one to three additional densities in most (> 90%) 
convex structures identified in the tomograms of U2OS PHB1-DK and PHB2-DK cells 
(Fig. S7E-H). These extra densities sat at the top of the convex structure but were 
absent in wildtype cells, thereby indicating that they originate from the DK fluorescent 
protein fused to the C-termini of the PHB1 and PHB2 proteins.” (page 5)

2. Linked to this: Is it possible that these are actually 11 heterodimers fitting or can the authors 
exclude this with high certainty?

We can exclude with high certainty the existence of 11 heterodimers: Heterodimers 
just do not fit into the high-resolution EM-Map. To explain the conclusion on the C11 
symmetry, we also added new panels to Fig. S9 that highlight the rational of the 
stoichiometry and the initial molecule placement in more detail (Fig. S9C).
This is now clearly stated in the revised version:
“Numerous possible arrangements were tested but we found that each of the 11 
densities in the cryo-EM map can accommodate only one prohibitin molecule. 
Therefore, the entire complex consists of 11 prohibitin molecules in total.” (page 6)

3. The functionality of the DK fusion constructs needs to shown. The heterotypic interaction 
with endogenous PHBs is not sufficient in my opinion. A phenotypic rescue compared to the 
PHB knockout situation would be one possibility to show the functionality of the fusion protein.

Here we respectfully disagree with the reviewer. In this study, we did not draw any 
functional conclusions from the knock-in cell lines other than the mobility of the 
complexes (see also Figure 1E and Figure 1F). 
We use the tagged versions only as part of a line of evidence to demonstrate that the 
bell-shaped structure is indeed the prohibition complex. We believe that our line of 
evidence is exhaustive. 
We therefore argue that a more detailed functional analysis is not necessary at this 
stage of the work. 

Minor issues:

4. The authors have two arguments that the structure they observe is indeed PHB, namely the 
quantification of the PHB structures after downregulation and the additional density in the DK-
containing complex (Fig. S7D-G). The latter is more convincing as the number of bell-shaped 
structures can result from indirect effects. Can the authors discuss whether the location of DK 
fits to the prediction where DK was integrated? Where is DK actually integrated exactly? Was 
this at the N- or C-terminus or internal? Please show a scheme where DK is relative to other 
PHB domains.

We thank the reviewer for this suggestion. We agree with the reviewer that both 
experiments, PHB knock-down and cryo-ET imaging of PHB-DK complexes, are 
necessary. DK was added after a short GSGSG linker to the C-terminus of PHB1 and 
PHB2. Therefore, the location of the extra densities in cryo-ET corresponds exactly to 
the expected position, taking into account the N-terminal integration of the prohibitin 
molecules into the lipid bilayer. In the revised manuscript, we have added the panel
Fig. S7E to illustrate this rationale more clearly.

5. lines 98-101. The authors state that concentration of prohibitions is 3 to 5 times higher in 



the CM compared to the IBM. The calculation appears not to be correct when considering the 
ratio 0.64 to 1 (IBM to CM membrane length). According to my rough estimate the 
concentration (not amount) is rather 2 to 3.5 times higher.

We thank the reviewer for this comment. The analysis of immunogold EM data
presented in Fig. 1D was already adjusted for the IBM to CM ratio. Therefore, and to 
make this section clearer we rephrased the section which now reads:
“For PHB1-DK and PHB2-DK we found 84.9% and 90.6% of the gold particles at the 
crista membranes, respectively; with antibodies directed against endogenous PHB1 
and PHB2 we found 88.6% and 88.9% of the gold particles at the crista membranes, 
respectively (Fig. 1C). When considering that the ratio of IBM to CM is 0.64 to 1 in the 
U2OS cells (Fig. S6A), it can be calculated that the concentration of prohibitins is three 
to five times higher in the crista membranes than in the IBM (Fig. 1D).” (page 3)

6. lines 103-105. missing reference to Fig. 1CD. Please add.
Thank you for pointing to this. We corrected the text accordingly.

7. Fig. 2D, 3AB, and Fig. S7F. These are very nice in situ images of the putative PHB complex. 
I suggest to include scale bars/size markers here to see the dimensions also in the figure.

We thank the reviewer for this suggestion. We added scale bars to Fig. 2D1,2 and Fig. 
S7G to highlight the dimensionality of the complexes better.

8. Fig. S7C. The control with anti-PHB1 in Wt is missing. Please show
The reviewer is right. We added the missing control which is now incorporated into Fig. 
S7C. 

9. Fig S3D, right panel: mislabelling of x-axis as it should read “PHB2-DK”. Please correct
The reviewer is right. We changed the labelling of the x-axis which now reads “PHB2-
DK clone #”

10. Fig. S5. To ensure that this heterotypic interaction is indeed specific and not due to an 
unspecific “stickiness” of PHBs, it is needed to show that another inner membrane protein 
(e.g. CIV or CV subunit) is not interacting with PHB1-DK or PHB2-DK. It would further be good 
to show the fraction of unbound proteins. Please state how much was loaded of input and IP 
fractions.

The reviewer is right and we thank for this suggestion. In the revised version we shown 
two other inner membrane proteins (ATP5A und COX2) and also show the fraction of 
unbound proteins (Fig. S5B). We also state how much was loaded of input and IP 
fractions.
In the figure legend to Fig. S5 it reads: “10 µg of sample was loaded for all samples of 
Input and flow through, respectively.”



From the editor:

1- The reviewers had concerns related to the use of the fusion proteins and interpretation of 
the cryoET data that need to be addressed:

Rev#2
- On lines 176-178, the authors should try to assign the MW to the DK densities. If you have 
5-6, you would have 150KDa, does this approach the extra density they are seeing? Is it 
present in the terminus they tagged the protein with? From the nomenclature it shoudl be the 
C-terminus, at the top of the bell shape, but the authors should specify. A schematic in the 
supplementary would be needed to rationalize this finding.

As suggested by the reviewer, we added a schematic in the supplementary to 
rationalize the orientation of the prohibitins in the inner membrane (Fig. S7E).

In the revised version of the manuscript, we further modified line 174 to 178. It reads: 
“We also observed one to three additional densities at most (> 90%) convex structures 
identified in the tomograms of U2OS PHB1-DK and PHB2-DK cells (Fig. S7E-H). 
These extra densities sat at the top of the convex structure but were absent in wildtype 
cells, thereby indicating that they originate from the DK fluorescent protein fused to the 
C-termini of the PHB1 and PHB2 proteins.”

- While their KD data strongly suggests that the complex is not formed in the absence of one 
of the proteins, it is also common that knockdowns have other effects on protein complexes 
that do not contain the KD protein. The putative presence of DK densities is also somewhat 
satisfying, but a confidential discussion in my lab left some wanting clearer evidence. Some 
suggestions include:

- Would it be possible to predict a mutation at the interface between PHB1 and PHB2 and look 
for the complex not being present, or not pulled down?

To the best of our knowledge no mutations to that effect have been described. We are 
not able to make a prediction for such a mutation based on the structure. For these 
reasons we could not follow this suggestion.

- Is there an anti-DK nanobody that could be used to increase the size of the DK density? (I 
am not sure if the nano body would enter the mitochondria though). Alternative, can a larger 
tag be added? Can tags be added to both monomers?

We thought about it carefully but to the best of our knowledge there are currently no 
tools available to facilitate temporary permeabilization or other micropores of the 
mitochondrial membranes in live cells. We therefore are not able to pursue this idea.

Rev#3 points #1-2-3-4

1. Can the authors provide additional evidence of the proposed orientation and stochiometry 
of 11 PHB subunits? Does their model fit to the density observed they claim to be caused by 
DK (Fig. S7D-E). What would MD simulations show in this case? The authors might consider 
to similar to their earlier approach also try to model the DK-containing fusion proteins into the 
observed densities.

In order to provide additional evidence for the proposed stoichiometry of the PHB 
subunits, we analysed for the revised version crosslinking mass spectrometry data 
(new Fig. 4 and new Fig. S10A). The data demonstrate that PHB1-PHB1 as well as 
PHB2-PHB2 interactions exist, although PHB1-PHB2 interactions are much more 
abundant, fully supporting the proposed model of a prohibitin structure consisting of 
an 11-mer of alternating PHB1 and PHB2 molecules. 



Concerning the proposed orientation in the mitochondrial inner membrane: To clarify 
the orientation, we added an additional panel to Fig. S7 to illustrate the location of DK
fused to PHB2 (Fig S7E).

Because of the variable number of DK-molecules it is not be possible to achieve a 
sharpened, higher-resolution cryo-EM map of the DK-PHB complexes. Consequently,
we did not consider MD simulations. This is also better explained in the text of the 
revised version. It now reads: 
“We also observed one to three additional densities at most (> 90%) convex structures 
identified in the tomograms of U2OS PHB1-DK and PHB2-DK cells (Fig. S7E-H). 
These extra densities sat at the top of the convex structure but were absent in wildtype 
cells, thereby indicating that they originate from the DK fluorescent protein fused to the 
C-termini of the PHB1 and PHB2 proteins.” (Line 174 to 178)
To present this finding clearer we changed the simple subtomogram average to a 
transparent surface and fitted the structure of DK into the density (New panel in Fig. 
S7G).

2. Linked to this: Is it possible that these are actually 11 heterodimers fitting or can the authors 
exclude this with high certainty?

We can exclude with high certainty the existence of 11 heterodimers: Heterodimers 
just do not fit into the high-resolution EM-Map. To explain the conclusion on the C11 
symmetry, we also added new panels to Fig. S9 that highlight the rational of the 
stoichiometry and the initial molecule placement in more detail (Fig. S9C).
This is now clearly stated in the revised version:
“Numerous possible arrangements were tested but we found that each of the 11 
densities in the cryo-EM map can accommodate only one prohibitin molecule. 
Therefore, the entire complex consists of 11 prohibitin molecules in total.” (Line 215 to 
217)

3. The functionality of the DK fusion constructs needs to shown. The heterotypic interaction 
with endogenous PHBs is not sufficient in my opinion. A phenotypic rescue compared to the 
PHB knockout situation would be one possibility to show the functionality of the fusion protein.

In this study, we did not draw any functional conclusions from the knock-in cell lines 
other than the mobility of the complexes.
We use the tagged versions only as part of a line of evidence to demonstrate that the 
bell-shaped structure is indeed the prohibition complex. We believe that our line of 
evidence is exhaustive. We therefore argue that a more detailed functional analysis is 
not necessary at this stage of the work. 

4. The authors have two arguments that the structure they observe is indeed PHB, namely the 
quantification of the PHB structures after downregulation and the additional density in the DK-
containing complex (Fig. S7D-G). The latter is more convincing as the number of bell-shaped 
structures can result from indirect effects. Can the authors discuss whether the location of DK 
fits to the prediction where DK was integrated? Where is DK actually integrated exactly? Was 
this at the N- or C-terminus or internal? Please show a scheme where DK is relative to other 
PHB domains.

We agree with the reviewer that both experiments, PHB knock-down and cryo-ET 
imaging of PHB-DK complexes, are necessary. DK was added after a short linker to 
the C-terminus of PHB1 and PHB2. Therefore, the location of the extra densities in 
cryo-ET corresponds exactly to the expected position, taking into account the N-
terminal integration of the prohibitin molecules into the lipid bilayer. In the revised 
manuscript, we have added the panel Fig. S7E to illustrate this rationale more clearly.



2- Please also address their questions about strengthening and clarifying existing analyses, 
minor points, technical comments, requests for text/figure edits or discussion.

We are convinced that we addressed all questions appropriately.

3- Finally, please pay close attention to our guidelines on statistical and methodological 
reporting (listed below) as failure to do so may delay the reconsideration of the revised 
manuscript. In particular, please provide:

- a Supplementary Figure including unprocessed images of all gels/blots in the form of a multi-
page pdf file. Please ensure that blots/gels are labeled and the sections presented in the 
figures are clearly indicated.

Done.

- a Supplementary Table including all numerical source data in Excel format, with data for 
different figures provided as different sheets within a single Excel file. The file should include 
source data giving rise to graphical representations and statistical descriptions in the paper 
and for all instances where the figures present representative experiments of multiple 
independent repeats, the source data of all repeats should be provided.

Done.



Figure S3, Panel A and B
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