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29th Aug 20231st Editorial Decision

Dear Steve, 

Thank you again for the submission of your manuscript entitled "Conserved cardiolipin-ADP/ATP carrier interactions assume 
distinct roles that are clinically relevant" (EMBOJ-2023-114977) to The EMBO Journal. Please accept my sincere apologies for 
the unusually long peer-review period take for your study. Your manuscript was sent to two reviewers for evaluation, which I 
enclose below. A third referee withdrew at a late stage, making our decision here in the editorial team a very difficult one. Whilst 
referee #2 states clearly that your work will make an important contribution to the field, referee #1 raises key concerns that we 
cannot see being easily addressed by a round of revision. We have decided, therefore that your manuscript is not currently 
suitable for publication in The EMBO Journal. 

You address the functional implications of cardiolipin binding to the ADP/ATP carrier. Using a combination of native-MS and BN-
PAGE, you demonstrate that cardiolipin binding stabilises the ADP/ATP carrier's structure and local protein environment; you 
then go on to demonstrate cardiolipin is necessary for carrier, and overall mitochondrial, function. The effect of the mutations you 
carry out are, however, wide-ranging (as seen by the destabilization of all three cardiolipin binding sites when only one is 
mutated). Reviewer 1 concludes that you therefore do not conclusively demonstrate that cardiolipin-pocket mutations are 
exclusively affecting cardiolipin binding and not other, as yet undescribed, properties of the carrier. This is also borne out by the 
changes to migration under BN-PAGE in samples prepared from cells in which cardiolipin biosynthesis is genetically inhibited. 
Therefore, we must conclude that the biological insight you report is, at this stage, not sufficiently well-defined for us to proceed 
towards publication on this occasion. 

I am sorry we cannot be more positive. I nevertheless hope that (whichever direction this work takes towards publication) you will 
find our referees' comments helpful and continue to see The EMBO Journal as a suitable location to disseminate your work. 

Best wishes, 

William 

William Teale, PhD 
Editor 
The EMBO Journal 
w.teale@embojournal.org

**************************************************** 

Referee #1: 

Senoo et al present an in-depth investigation of the association between the ADP/ATP carrier (AAC) and cardiolipin (CL) in 
yeast. It has been known for some time that AAC binds 3 CL molecules at specific sites (binding pockets). These sites were 
previously identified by crystallography. The AAC-CL interaction is deemed functionally important because it stabilizes the 
tertiary structure of the AAC, an abundant mitochondrial protein that is crucial for oxidative phosphorylation. 

In order to establish the mechanism of AAC-CL interactions, the authors created several AAC mutants by substituting amino 
acids in the 3 binding pockets. They FLAG-tagged the mutated AACs, purified them, and analyzed CL-AAC interactions by 
native mass spectrometry. This is the most interesting and innovative part of the study. As expected, mutations weakened CL-
AAC binding but the effects were not specific for the targeted pockets because most mutations (except I151E & L194E) led to 
the loss of all 3 CL molecules (Fig 2D). The authors went on to study the physiological effects of the mutations, which turned out 
to be variable. Some mutations slowed down growth. Most mutations reduced ADP/ATP exchange, oxygen consumption, and 
respiratory control ratios (RCRs). The mutations also altered AAC migration in BN-PAGE from a distinct band to a smear and 
reduced the amount of AAC that co-migrated with respiratory supercomplexes. Finally, the authors modeled a myopathy-causing 
mutation of the human adenine nucleotide carrier in yeast and in 293 cells. They found similar effects of this mutation as 
described for the "binding pocket mutants". Molecular dynamics simulations suggested that the human mutation altered the 
structure of binding pocket 2, which reduced the likelihood of CL to reach the binding pocket (on-rate) but did not cause the loss 
of CL that was already in the pocket (off-rate). 

The paper describes an impressive body of work but the key conclusions are not supported by the data. In my mind, it will be 
difficult to develop a clear-cut mechanistic interpretation because of the intricate relation between CL binding and protein 
conformation. This leaves us with a mostly descriptive set of data. 

MAJOR CRITIQUE 



1. The main problem of the manuscript is that it is difficult, if not impossible, to separate local effects on CL binding from distant 
effects on secondary and tertiary structure. Each mutation probably altered the local environment, which may have caused the 
loss of the local CL resident, but in addition, each mutation clearly had long-range effects, which destabilized the binding of 
distant CL molecules and possibly altered other aspects of the protein structure. Therefore, one cannot associate specific 
functional defects with the loss of distinct CL molecules. Unfortunately, this undermines the main conclusions of the paper, such 
as "...that the three buried CLs are functionally distinct..." (results) or that "... transport activity was impaired in a binding site-
specific manner" (abstract). For any of the mutations, it is not clear whether the loss of CL is the actual cause of protein 
dysfunction or merely an associated phenomenon. This raises the question of whether or not mutations outside the binding 
pockets also affect CL binding. Furthermore, different mutations in the same pocket did not always show the same effect, which 
further discredits the idea of "pocket-specific functions".
2. Interpretation of the BN-PAGE data is problematic. Conventionally, one thinks of the migration behavior of a protein in a BN-
PAGE experiment to either reflect its size and charge or that of complexes it binds to. Based on their BN-PAGE data, the 
authors concluded that AAC mutants are properly folded in the IMM (correctly I believe) but that the mutations changed the
"tertiary fold" of the AAC under BN-PAGE conditions. What does that mean? How can a protein be properly folded but at the 
same time have the wrong tertiary fold? Similarly confusing is the term "monomeric folding structure". Is this supposed to say the 
protein is a monomer? My interpretation of the BN-PAGE data is that the mutations make the AAC prone to aberrant interactions 
with other proteins. This may or may not have anything to do with CL. 

MINOR ISSUES 
3. The abstract does not project a clear message and does not capture the content of the work very well.
4. Fig 2D is very important. Therefore, individual data should be presented in addition to means and standard deviations.
5. The sentence "The respiratory growth capacity of crd1Δ and some of the Aac2 mutants was exacerbated at elevated 
temperature" is probably trying to say that the growth defect was exacerbated at elevated temperature.
6. In the title, the expression "clinically relevant" is odd because the work is scientifically relevant but has no obvious practical 
implications for the management of patients with AAC mutations. Perhaps "disease-causing" would be better. 

Referee #2: 

This is an interesting and well-written manuscript. The flow of the experiments is logical, and the experiments ate solid. It will 
make an important contribution to the field. 

1) How do different CL species affect the function of the AAC? What is the effect of ALCAT and Delta6 desaturase, which were 
shown to be changed in metabolic disease, affecting respiratory function? I do not ask for additional experiments but to make 
this study relevant to disease, it will be valuable to consider the different perturbations to CLs.

2) Experimentally, the main shortcoming of the approach is the lack of consideration of ATP synthase. How do the authors 
differentiate effects on CV (ATP synthase) vs. effects on AAC

3) Is the effect of CL on monomerization specific to CL?

4) In Figure 3, I still do not understand how the authors can conclude that the effect of the mutations on the tertiary structure is 
contributed exclusively and entirely by the CL interaction capacity.

5) Figure 4. Did the authors consider the possibility that the mutants that had reduced exchange velocities changed confirmation 
to become an uncoupling channel, as described by Bertholet et al.? Bertholet et al. indeed find a reciprocal relationship between 
exchange and uncoupling

6) In Figure S4, what is the explanation for the high level of variability in this mutant?

7) In Figure 4, the authors test the effect of energized as compared to non-energized mitochondria, which is expected to affect 
membrane potential. However, the uncoupling ability of the AAC is also expected to change membrane potential. Should the 
study compare membrane potential and uncoupling in the different mutants?

8) The statement that ADP-stimulated respiration is a reflection of AAC activity is incorrect. A linear relationship between 
respiration and ADP availability is limited to a situation where respiration is not limited by the respiratory chain complexes or 
substrate.

9) Fig S5 indicates that similar trends of mutant effects were found with CCCP. However, in the presence of CCCP, the AAC 
does not play any role in determining respiratory rate. Isn't that an indication that the mutants affect the respiratory chain 
independent of ADP/ATP transport?

10) Authors should at least mention previous studies demonstrating the activity of AAC as a proton transport channel, as 
shown 



by Berthollet et al. If authors consider that H+ is also transported by AAC, it will be very interesting to measure or discuss the 
implications of this activity in their system with their mutants. This could also affect the interpretation of the respiratory 
experiment, as shown in Figure 6F. 

** As a service to authors, EMBO Press provides authors with the possibility to transfer a manuscript that one journal cannot 
offer to publish to another EMBO publication or the open access journal Life Science Alliance launched in partnership between 
EMBO Press, Rockefeller University Press and Cold Spring Harbor Laboratory Press. The full manuscript and if applicable, 
reviewers' reports, are automatically sent to the receiving journal to allow for fast handling and a prompt decision on your 
manuscript. For more details of this service, and to transfer your manuscript please click on Link Not Available. ** 

Please do not share this URL as it will give anyone who clicks it access to your account. 



Revision plan for EMBOJ-2023-114977R 

Rev 1 Point 1 and Rev 2 Point 4: Are there long-range structural impacts of mutations beyond intended 

short-range perturbation of CL-binding?  

We plan to address this important point in 3 manners: 

1. We will analyze 1-microsecond equilibrium MD simulations of WT and mutant (L141F and L141E)

ANT1 conducted in a CL containing bilayer. We will compare metrics of global stability (RMSD)

and local structural features (secondary structure, local RMSD) between WT and mutants to observe

if mutations induce significant structural perturbations.

2. We will analyze cardiolipin binding propensity at non-mutated pocket sites (pocket 1 and pocket 3) in

WT and mutant equilibrium simulations. The analyses will encompass lipid binding density and

protein-lipid contact probabilities to observe if mutations at pocket 2 (L141F/E) have long range

effects on distal CL binding sites.

3. Since the charge state of a protein in a mass spectrum is related to the exposed surface area of a

protein it is an exquisitely sensitive proxy for the overall fold of the protein.  There are many

references to support this statement. It is evident therefore that when there is a particularly large shift

in a charge state distribution (CSD) the protein is unfolded. A minor perturbation in folded structure

may result in a slight shift in the CSD of one protonation site. With this in mind, we re-analyzed the

charge state distributions obtained in native mass spec experiments. We determined that four mutants

have slight perturbations to the CSD which we interpret to reflect small changes to their surface area.

The remaining six mutants displayed wild type-like charge states. These results will be used to

stratify the mutants and contextualize our results.

Rev 1, Point 1: Do mutations outside the binding pockets also affect CL binding?  

This is an important point. To test this, we plan to fully characterize 2-3 additional Aac2 mutants that do 

not target any of the CL-binding pockets. The additional mutants planned include a pathogenic variant, 

A137D that lacks transport activity but interacts with respiratory complex subunits similar to wild type 

Aac2 (PMID: 29688796) and two residues, K112D and K215D, that participate in salt-bridge networks in 

the matrix-open conformational state (these residues are on the cytoplasmic side of the transport pathway; 

PMIDs: 26453935, 30611538, 24474793). 

Rev 1, Point 2: Do the Aac2 mutants engage in aberrant interactions with other proteins?  

To test this, we will perform FLAG immunoprecipitations of WT and mutant Aac2s, untreated or 

pretreated with CATR, and determine if novel protein bands are co-purified for untreated mutant Aac2s. 

Based on the co-IPs already performed (fig. S8), CATR-treated Aac2 mutants should co-purify complex 

III and IV subunits in amounts similar to or less than wild type Aac2 (untreated or CATR-bound). Note 

that this strategy also addresses Rev 1 Point 1 and Rev 2 Point 4. 

Rev 2, Point 2: What about the ATP synthase? 

We will determine ATP synthase activity in mitochondria expressing wild type Aac2 versus Aac2 

mutants. In addition, we will explicitly discuss the limitations of our functional assays which cannot 

disentangle whether any defects observed are directly tied to a mutant Aac2, as targeted, versus an 

unexpected impact on the ATP synthase. Long term, we hope to establish an in vitro liposome 

reconstitution work flow to measure the transport activity of Aac2/ANT1 mutants in isolation; however, 

this is beyond the scope of the current study. 

Rev 2, Points 7, 8 and 9: Is the respiratory chain damaged in Aac2 mutants?  

We will assess respiratory chain activities. The results will be interpreted in the context of the following 

results already included in the original submission: 

30th Aug 2023Appeal



• yAac2 mutants: We already show that the respiratory chain is damaged to some extent, 
particularly for pocket 2 mutants which had low CCCP respiration and CIV expression. 

• hANT1 mutants: Their lower maximal (FCCP) respiration is suggestive of a damaged respiratory 

chain. To augment this observation, we will assess respiratory chain subunit expression. 



30th Sep 2023Appeal - Editorial Decision

Dear Steve, 

I have now shared you proposed revision plan with both referees. In each case, they encouraged the work to proceed along the
proposed lines. I have therefore re-opened your submission and would like to invite you to submit a revised version of the
manuscript. 

I would also like to point out that as a matter of policy, competing manuscripts published during this period will not be taken into
consideration in our assessment of the novelty presented by your study ("scooping" protection). We have extended this
'scooping protection policy' beyond the usual 3 month revision timeline to cover the period required for a full revision to address
the essential experimental issues. Please contact me if you see a paper with related content published elsewhere to discuss the
appropriate course of action. 

When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review
Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess  

Again, please contact me at any time during revision if you need any help or have further questions. 

Thank you very much again for the opportunity to consider your work for publication. I look forward to your revision. 

Best regards, 

William 

------------------------------ 
William Teale, Ph.D. 
Editor 
The EMBO Journal 

When submitting your revised manuscript, please carefully review the instructions below and include the following items: 

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make sure
that the changes are highlighted to be clearly visible.

2) individual production quality figure files as .eps, .tif, .jpg (one file per figure).

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point response to their comments. As
part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
which will be published alongside your paper.

4) a complete author checklist, which you can download from our author guidelines (https://wol-prod-cdn.literatumonline.com/pb-
assets/embo-site/Author Checklist%20-%20EMBO%20J-1561436015657.xlsx). Please insert information in the checklist that is
also reflected in the manuscript. The completed author checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript.

6) We require a 'Data Availability' section after the Materials and Methods. Before submitting your revision, primary datasets
produced in this study need to be deposited in an appropriate public database, and the accession numbers and database listed
under 'Data Availability'. Please remember to provide a reviewer password if the datasets are not yet public (see
https://www.embopress.org/page/journal/14602075/authorguide#datadeposition). If no data deposition in external databases is
needed for this paper, please then state in this section: This study includes no data deposited in external repositories. Note that
the Data Availability Section is restricted to new primary data that are part of this study.

Note - All links should resolve to a page where the data can be accessed. 

7) When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:
http://bit.ly/EMBOPressFigurePreparationGuideline

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and



conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure. 

8) For data quantification: please specify the name of the statistical test used to generate error bars and P values, the number
(n) of independent experiments (specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. The figure legends should contain a basic description of n, P and the test applied.
Graphs must include a description of the bars and the error bars (s.d., s.e.m.).

9) We would also encourage you to include the source data for figure panels that show essential data. Numerical data can be
provided as individual .xls or .csv files (including a tab describing the data). For 'blots' or microscopy, uncropped images should
be submitted (using a zip archive or a single pdf per main figure if multiple images need to be supplied for one panel). Additional
information on source data and instruction on how to label the files are available at .

10) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable
online (see examples in https://www.embopress.org/doi/10.15252/embj.201695874). A maximum of 5 EV Figures can be
typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc. in the text and their respective legends should be included
in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be bundled together with their legends
in a single PDF file called *Appendix*, which should start with a short Table of Content. Appendix figures should be referred to in
the main text as: "Appendix Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here: .

- Additional Tables/Datasets should be labelled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in
a separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

11) At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will
contact you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to
upload and organize the files. 

12) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and
obtained from public databases. Data citations in the article text are distinct from normal bibliographical citations and should
directly link to the database records from which the data can be accessed. In the main text, data citations are formatted as
follows: "Data ref: Smith et al, 2001" or "Data ref: NCBI Sequence Read Archive PRJNA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database name, accession
number/identifiers and a resolvable link to the landing page from which the data can be accessed at the end of the reference.
Further instructions are available at .

Further instructions for preparing your revised manuscript: 

Please make sure you upload a letter of response to the referees' comments together with the revised manuscript. 

Please also check that the title and abstract of the manuscript are brief, yet explicit, even to non-specialists. 

When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability in
print as well as on screen: 
https://bit.ly/EMBOPressFigurePreparationGuideline 
See also guidelines for figure legends: https://www.embopress.org/page/journal/14602075/authorguide#figureformat 

At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will contact
you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload
and organize the files.  

IMPORTANT: When you send the revision we will require 
- a point-by-point response to the referees' comments, with a detailed description of the changes made (as a word file).
- a word file of the manuscript text.
- individual production quality figure files (one file per figure)
- a complete author checklist, which you can download from our author guidelines
(https://www.embopress.org/page/journal/14602075/authorguide).
- Expanded View files (replacing Supplementary Information)
Please see out instructions to authors
https://www.embopress.org/page/journal/14602075/authorguide#expandedview



Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure. 

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide 

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (29th Dec 2023). Please discuss the revision progress ahead of this time with
the editor if you require more time to complete the revisions. Use the link below to submit your revision: 

https://emboj.msubmit.net/cgi-bin/main.plex 

------------------------------------------------



We are sincerely grateful for the insightful comments and critiques provided by Referee #1 and 

Referee #2. Their invaluable feedback has significantly enhanced the quality and clarity of our 

manuscript. In this revised version, we have addressed each point raised by the Referees 

(Referee points are italicized). We have included additional experimental data and detailed 

explanations and made necessary modifications throughout the manuscript (highlighted in 

blue). We have also added new figures and updated figure numbers accordingly. 

Referee #1: 

Senoo et al present an in-depth investigation of the association between the ADP/ATP carrier 

(AAC) and cardiolipin (CL) in yeast. It has been known for some time that AAC binds 3 CL 

molecules at specific sites (binding pockets). These sites were previously identified by 

crystallography. The AAC-CL interaction is deemed functionally important because it stabilizes 

the tertiary structure of the AAC, an abundant mitochondrial protein that is crucial for oxidative 

phosphorylation.  

In order to establish the mechanism of AAC-CL interactions, the authors created several AAC 

mutants by substituting amino acids in the 3 binding pockets. They FLAG-tagged the mutated 

AACs, purified them, and analyzed CL-AAC interactions by native mass spectrometry. This is 

the most interesting and innovative part of the study. As expected, mutations weakened CL-

AAC binding but the effects were not specific for the targeted pockets because most mutations 

(except I151E & L194E) led to the loss of all 3 CL molecules (Fig 2D). The authors went on to 

study the physiological effects of the mutations, which turned out to be variable. Some 

mutations slowed down growth. Most mutations reduced ADP/ATP exchange, oxygen 

consumption, and respiratory control ratios (RCRs). The mutations also altered AAC migration 

in BN-PAGE from a distinct band to a smear and reduced the amount of AAC that co-migrated 

with respiratory supercomplexes. Finally, the authors modeled a myopathy-causing mutation of 

the human adenine nucleotide carrier in yeast and in 293 cells. They found similar effects of 

this mutation as described for the "binding pocket mutants". Molecular dynamics simulations 

suggested that the human mutation altered the structure of binding pocket 2, which reduced 

the likelihood of CL to reach the binding pocket (on-rate) but did not cause the loss of CL that 

was already in the pocket (off-rate).  

The paper describes an impressive body of work but the key conclusions are not supported by 

the data. In my mind, it will be difficult to develop a clear-cut mechanistic interpretation 

because of the intricate relation between CL binding and protein conformation. This leaves us 

with a mostly descriptive set of data. 

We thank the reviewer for acknowledging the volume of work performed related to the original 

submission. In fact, this was a project started in 2010 when my (Steven Claypool) first 

graduate student (Matt Baile) took a structural modeling class in which he designed a 

mutagenic strategy to “individually” disrupt the three Aac2-CL interactions revealed in the 

crystal structures available at that time. Also, we thank the reviewer for challenging us to 

21st Mar 20241st Authors' Response to Reviewers



overcome the limitations tied to the original submission. We strongly feel that the additional 

native mass spectrometry and MD analyses performed, and the new characterization of 3 

additional transport-impaired Aac2 mutants unrelated to CL binding, transform this study from 

descriptive to mechanistic and provide the missing elements needed to support its key 

conclusions. We hope that Referee 1 agrees. 

MAJOR CRITIQUE 

1. The main problem of the manuscript is that it is difficult, if not impossible, to separate local

effects on CL binding from distant effects on secondary and tertiary structure. Each mutation

probably altered the local environment, which may have caused the loss of the local CL

resident, but in addition, each mutation clearly had long-range effects, which destabilized the

binding of distant CL molecules and possibly altered other aspects of the protein structure.

Therefore, one cannot associate specific functional defects with the loss of distinct CL

molecules. Unfortunately, this undermines the main conclusions of the paper, such as "...that

the three buried CLs are functionally distinct..." (results) or that "... transport activity was

impaired in a binding site-specific manner" (abstract). For any of the mutations, it is not clear

whether the loss of CL is the actual cause of protein dysfunction or merely an associated

phenomenon. This raises the question of whether or not mutations outside the binding pockets

also affect CL binding. Furthermore, different mutations in the same pocket did not always

show the same effect, which further discredits the idea of "pocket-specific functions".

We thank the reviewer for their thoughtful evaluation of our work. The central issue raised here 

appears to be one of specificity: do the mutations specifically disrupt CL-binding in the targeted 

pocket or instead have off-target structural effects? In an effort to tackle this important but 

challenging issue, we implemented a multi-pronged strategy as outlined below: 

a. Do the CL-binding mutations secondarily impact Aac2 protein structure? Based on the

following analyses, we consider the impact of the CL-disrupting mutations on protein

folding to be minimal.

 In the original submission, we presented biochemical data, including the mutant’s

topology in the IMM (Fig. 1E in the revised manuscript) and blue-native PAGE run

with CATR and BKA pre-treatments (Fig. 3). These data strongly suggest that the

mutants are properly folded with the correct IMM topology prior to detergent

extraction and further downstream biochemical analyses (native mass spec, BN-

PAGE, or co-IP).

 We have re-analyzed the MS spectra of the mutants to assess their charge states

because charge state perturbations can indicate folded or unfolded states of proteins

(Hanauer et al, Nano Lett 2007; Clemmer & Jarrold, J Mass Spectrom 1997). We did

not observe a charge state alteration for any of the mutants that was sufficient to

consider that its secondary structure was significantly changed relative to wild type



Aac2. Minor structural perturbations, potentially reflecting modest changes to their 

surface area, were noted for select mutants. We have included representative 

spectra of each mutant in Appendix fig. S4 and S8 and added these analyses and 

their discussion to the Results section, “Specific lipid-protein interactions are 

disrupted in CL-binding Aac2 mutants”, as shown below: 

“Since the charge state series of a protein in a mass spectrum is related to the 

exposed surface area of the protein, it is an exquisitely sensitive proxy for the overall 

fold of the protein (Hall & Robinson, 2012). Evidence for this relationship comes from 

ion mobility experiments which show that in the gas phase, higher charge states 

correspond to more unfolded proteins while lower charge states represent more 

compact structures. It is also evident when there is a particularly large shift in charge 

state when a protein is unfolded. A minor perturbation in folded structure may result 

in a slight shift in charge state distribution of one protonation site (Hanauer et al, 

2007; Clemmer & Jarrold, 1997). With this in mind, we compared the most abundant 

charge state 8+ in each case (representative spectra are shown in Appendix fig. S4). 

In comparison to the WT charge state distribution, there was no large shift in the 

charge state for all of the mutants investigated, indicating that all the mutants are 

folded. Several mutants, including L155E, N90E, G172E, R191D, had slight 

perturbation of their charge states, implying small changes to their surface area may 

have occurred; however, these changes are not sufficient for the protein to be 

considered unfolded.” 

 To independently see if mutations induce significant structural perturbations, we

have conducted 1-microsecond equilibrium MD simulations of hANT1 WT and

mutants (L141E and L141F). The results are illustrated in Appendix figs 13-14 in the

revised manuscript. The global stability analyses using RMSD (fig. S13A) and alpha- 

helical content (fig. S14A-B) do not indicate unfolding or large-scale conformational

changes in the WT or mutant simulations. Examination of local structural features

around pocket 1 and pocket 3, which are distal to the L141 site, indicate high

stability, with slight increases in structural fluctuations in the mutated systems. We

have added this latter new analysis (fig. S14) and its discussion to the Results

section, “Disturbed CL-ANT1 binding underpins an uncharacterized pathogenic

mutation”, as shown below:

“However, the mutations at pocket 2 do not appear to cause large scale

destabilization to the overall protein fold as shown by RMSD analysis (Appendix fig.

S13A) or by alpha-helical content (Appendix fig. S14A). Furthermore, the local

disruption caused by L141 mutations at pocket 2 does not appear to have significant

structural effects on pocket 1 or 3, as analyzed by local RMSD calculations

(Appendix fig. S14C-F). In unbound simulations the L141E mutant does display

some larger structural fluctuations at both pocket 1 and pocket 3, compared to other



systems, but the increased RMSD is not sustained and at the end of the simulations 

the RMSD value returns to a value consistent with WT and L141F simulations.” 

b. Do mutations outside the binding pockets also affect CL binding? We have

characterized three additional yeast Aac2 mutants, which include a pathogenic variant,

A137D (Ogunbona et al, Mol Biol Cell, 2018; PMCID: PMC6014099), and two that

participate in a transport-related salt-bridge network on the cytoplasmic side, K112D

and K215D (PMIDs: 26453935, 30611538, 24474793). These mutations are located

outside of CL-binding sites but do impact transport activity. We found that these mutants

are functionally compromised, as expected. Critically, each mutant retained CL bindings

(native mass spec) and assembly/folding (blue native-PAGE) comparable to WT.

Combined, these new results, which are outlined in Fig. 8 and discussed in the newly

added “The ability of CL to stabilize Aac2 tertiary structure is specific” Results

section (attached below), demonstrate that mutations that impact Aac2 transport activity

do not necessarily compromise CL binding.

“The ability of CL to stabilize Aac2 tertiary structure is specific.

Finally, to clarify the causal relationship between disturbed CL binding and AAC

dysfunction, we investigated additional yeast Aac2 mutations with documented transport

defects (Ogunbona et al, 2018; Palmieri et al, 2005; Ruprecht et al, 2014, 2019; King et

al, 2016). Given their location within Aac2 (Fig. 8A), these additional transport-defective

mutants are not expected to impact CL bindings which occur at the matrix side (Fig. 2B).

We focused on three residues and replaced them with Asp: a previously characterized

transport-null pathogenic mutation A137D located in the transmembrane region

(Ogunbona et al, 2018; Palmieri et al, 2005) and two transport hypomorphic mutations

that disrupt a salt-bridge network on the cytoplasmic side, K112D and K215D (Ruprecht

et al, 2014, 2019; King et al, 2016) (Fig. 8A). As expected, the A137D mutant failed to

support respiratory growth (Fig. 8B) and was largely devoid of transport activity (Fig.

8C). In contrast, the two salt-bridge mutants retained some, albeit less than WT,

respiratory growth (Fig. 8B) and had approximately 50% reduced transport capacity

compared to WT (Fig. 8C). Native MS analysis showed that A137D, K112D, and K215D

mutants quantitatively associated with 2- or 3- CLs the same as WT (Fig. 8D). This

result indicates that these mutations had no impact on CL bindings, in turn

demonstrating that CL binding disruption is not attributed to nonspecific or secondary

effects of AAC transport dysfunction. Blue-native analysis illustrated that A137D, K112D,

and K215D mutants migrated like WT, demonstrating that their tertiary structure is intact

(Fig. 8E). Based on these results, we conclude that the ability to stabilize AAC/ANT

tertiary structure is a specific function of three evolutionarily conserved CL binding

events.”



c. Why do different mutations in the same pocket not always show the same effect? For

the functional analyses, we performed two-way ANOVA analyses, and the results 

statistically demonstrated pocket-specific differences in ADP/ATP exchange and ADP-

stimulated respiration and RCR (Fig. 4E). Yet, these results also depicted that several 

mutations (N90E for pocket 2, R191D and L194E for pocket 3) presented a slightly 

different behavior than the others. Among them, N90E and R191D are close to several 

residues involved in the AAC transport cycle, which was only reported while we 

conducted this work (PMID: 35739110). We interpret our results as N90E and R191D 

may exert additional non-CL binding related effects, which we described in the original 

submission. We have revised the result section “Engineered CL-binding Aac2 

mutant” which now includes a more thorough discussion of our design rationale, 

identifies residues that target similar regions of each CL-binding pocket, and clearly 

distinguishes those that could influence transport-related substrate binding (attached 

below). Newly added Fig. 1B highlights the placement of each mutation in Aac2. 

“The mutations were designed at symmetrically related locations per pocket. One type 

of mutation is on even-numbered transmembrane helices (I51 for pocket 1, L155 for 

pocket 2, M255 for pocket 3) and another is on the matrix loops immediately preceding 

matrix helices (G69 for pocket 1, G172 for pocket 2, G267 for pocket 3) (Fig. 1B). 

Additional mutations were designed for pocket 2 (N90) and pocket 3 (R191, L194) in a 

contiguous region of the matrix helices and even-numbered transmembrane helices 

(Fig. 1B). Predicted to prevent the engagement of the associated CL phosphates like 

the other mutants, it is of note that N90 and R191 are close to several residues involved 

in substrate binding related to the AAC transport cycle as recently shown (Mavridou et 

al, 2022).” 

2. Interpretation of the BN-PAGE data is problematic. Conventionally, one thinks of the

migration behavior of a protein in a BN-PAGE experiment to either reflect its size and charge

or that of complexes it binds to. Based on their BN-PAGE data, the authors concluded that

AAC mutants are properly folded in the IMM (correctly I believe) but that the mutations

changed the "tertiary fold" of the AAC under BN-PAGE conditions. What does that mean? How

can a protein be properly folded but at the same time have the wrong tertiary fold? Similarly

confusing is the term "monomeric folding structure". Is this supposed to say the protein is a

monomer? My interpretation of the BN-PAGE data is that the mutations make the AAC prone

to aberrant interactions with other proteins. This may or may not have anything to do with CL.

The reviewer is absolutely correct in terms of how BN-PAGE data has been traditionally 

interpreted. However, using Aac2 as a model, we recently established that BN-PAGE can, on a 

case-by-case basis, additionally report on a protein’s tertiary stability and conformation (Senoo 

et al, Sci Adv 2020, PMID: 32923632). As this was only recently reported, in the revised 



manuscript we have clarified our interpretation of the BN-PAGE results and included a 

discussion of the points outlined below. 

 The BN-PAGE migration of Aac2 has been previously discussed extensively in two prior

studies from our group (Senoo et al, Sci Adv 2020, PMID: 32923632; Claypool et al, J

Cell Biol 2008, PMID: 18779372). Our observations collectively indicate that the

migration of AAC at low molecular weight (<67 – 140 kDa) detected following blue

native-PAGE reports on the stability of the AAC tertiary structure: in the presence of CL,

wild type Aac2 migrates as a properly folded monomer of ~140 kDa; in the absence of

CL, the tertiary structure of Aac2 is weakened such that post-solubilization and BN-

PAGE resolution, it instead migrates in an unfolded/partially unfolded state. This

unfolded/partially unfolded smear can be “rescued/prevented” by pre-incubating CL-

lacking mitochondria with AAC inhibitors that only engage properly folded AAC. Our

interpretation is that the smear in the low molecular weight range (~60-100 kDa)

includes the monomeric Aac2, whose tertiary stability is compromised, likely with lipids

and/or Coomassie blue randomly engaged.

 For CL-lacking mitochondria, we previously demonstrated via co-affinity purification that

the smear section of Aac2 in the low molecular weight range on blue native-PAGE does

not correlate with the accumulation of aberrant interactions between Aac2 and other

proteins (Claypool et al, J Cell Biol 2008, PMID: 18779372).  Instead of an accumulation

of aberrant associations minus CL, the interactions between Aac2 and other

mitochondrial proteins detected in the context of CL-containing mitochondria are

drastically destabilized in the absence of this mitochondrial phospholipid.

 To expand this prior finding to the panel of CL-binding mutants studied here, we

conducted FLAG immunoprecipitation of the CL-binding mutants to experimentally

determine their interaction status. Sypro Ruby staining following SDS-PAGE separation

of the purified eluates show that the mutants retained identical protein interaction

patterns to WT (EV fig. 1), indicating that CL-binding mutants do not robustly engage in

aberrant protein interactions. The following paragraph was added to the “CLs directly

bound to Aac2 stabilize its tertiary structure” Results section:

“To rule out the possibility of aberrant interactions contributing to the smear seen in the

CL-binding mutants, we performed FLAG immunoprecipitation and analyzed the pattern

of protein interactions by SDS-PAGE (EV fig. 1). The results showed that WT Aac2 was

co-detected with multiple bands, with those ranging from 10 to 40 kDa estimated to be

the interaction with respiratory complex subunits, as per our previous study (Claypool et

al, 2008). The mutants retained identical protein interaction patterns to WT, although

N90E displayed relatively weaker interactions, particularly evident in the 20-30 kDa

range. These results strongly suggest that mutants do not engage in aberrant protein

interactions. This further underscores our interpretation that the low molecular weight



smear detected following blue native-PAGE reflects the compromised tertiary stability of 

each CL-binding mutant.” 

 Additionally, we conducted blue native-PAGE analyses for the three additional Aac2

mutants described above (A137D, K112D, K215D). The migration pattern of the three

mutants indicates that their tertiary structure is stable just like WT Aac2 (Fig. 8). Given

that their CL-bindings were indistinguishable from WT Aac2, as mentioned in point 1

above, this result emphasizes that the ability to stabilize Aac2 tertiary structure is

specific to the binding of CL.

MINOR ISSUES 

3. The abstract does not project a clear message and does not capture the content of the work

very well.

We have revised the abstract with the goal of enhancing its clarity and to more accurately 

reflect the work. We are always open to suggestions on how to improve in this regard. 

4. Fig 2D is very important. Therefore, individual data should be presented in addition to

means and standard deviations.

We agree that this data is very important and appreciate that the reviewer acknowledges this 

fact! We have now included individual data points in the bar graph shown in Fig. 2D, as 

suggested. 

5. The sentence "The respiratory growth capacity of crd1Δ and some of the Aac2 mutants was

exacerbated at elevated temperature" is probably trying to say that the growth defect was

exacerbated at elevated temperature.

That is absolutely correct. We have revised as suggested. 

6. In the title, the expression “clinically relevant” is odd because the work is scientifically

relevant but has no obvious practical implications for the management of patients with AAC

mutations. Perhaps “disease-causing” would be better.

We have revised the title but due to character restrictions, had to remove clinically relevant 

altogether. Thank you for the “disease-causing” suggestion. We would have used it if space 

allowed! 



Referee #2: 

This is an interesting and well-written manuscript. The flow of the experiments is logical, and 

the experiments are solid. It will make an important contribution to the field. 

We thank the reviewer for their supportive view of our work and its potential importance to the 

field. 

1) How do different CL species affect the function of the AAC? What is the effect of ALCAT and

Delta6 desaturase, which were shown to be changed in metabolic disease, affecting

respiratory function? I do not ask for additional experiments but to make this study relevant to

disease, it will be valuable to consider the different perturbations to CLs.

This is a great question and one we have thought about extensively. A classic study from the 

Klingenberg Lab focused on the association between cardiolipin and cow AAC1 concluded that 

the acyl chain composition of CL, including its saturation status, does not impact its ability to 

strongly engage the carrier (PMID: 1649052). In support of this conclusion, we showed that 

yeast Aac2 assembly and function is the same in mitochondria with unremodeled CL (lacking 

the CL deacylase, Cld1) as with fully remodeled CL (wild type; Baile et al, J Biol Chem, 2014; 

PMID: 24285538). Interestingly, we did note that in the absence of the monolyso-CL 

transacylase, TAFAZZIN, the amount of Aac2 associated with respiratory supercomplexes is 

decreased (Baile et al, J Biol Chem, 2014; PMID: 24285538). This observation suggests that 

Aac2 quaternary assembly either requires a certain threshold of CL or is destabilized by the 

accumulation of monolyso-CL that occurs when TAFAZZIN function is missing. To our 

knowledge, the effect of ALCAT1, shown by Roger Shi’s lab to drive the accumulation of 

polyunsaturated fatty acid (PUFA)-containing CL species associated with impaired metabolism 

(PMID: 20674860), and Delta6 desaturase, the rate limiting enzyme in generating long-chain 

PUFAs which can modulate CL acylation (PMID: 24418793), on mammalian ANT structure and 

function has not been tested. As both enzymes result in the generation of CL that is more 

susceptible to oxidative damage, this line of inquiry will be an important goal of our ongoing 

work in this arena. We appreciate the reviewer’s stance that additional experiments are not 

required to address this point and have attempted to broaden the disease-relevance of our 

work in the context of the following new paragraph added to the Discussion: 

“Moving forward, there are several important avenues to pursue based on our present 

findings. While the current study focuses on the roles of CL in AAC/ANT's ADP/ATP 

exchange function, it is worth noting mammalian ANTs have recently been shown to also 

mediate  proton translocation (Bertholet et al, 2019). Given that there appears to be a 

reciprocal relationship between ADP/ATP exchange and proton leak, it will be important in 

the future to determine the proton transport capacity of human CL-binding ANT1 mutants. 

Another avenue of future investigation should focus on if and how different CL species differ 

in their ability to support AAC/ANT structure and activity. A classic study from the Klingenberg 



Lab focused on the association between cardiolipin and bovine ANT1 concluded that the acyl 

chain composition of CL, including its saturation status, does not impact its ability to strongly 

engage the carrier (Schlame et al, 1991). In support of this conclusion, we previously showed 

that yeast Aac2 assembly and function is the same in mitochondria with unremodeled CL 

(lacking the CL deacylase, Cld1) as with fully remodeled CL (wild type; (Baile et al, 2014)). 

Interestingly, we did note that in the absence of the monolyso-CL transacylase, TAFAZZIN 

(Schlame & Xu, 2020), the amount of Aac2 associated with respiratory supercomplexes is 

decreased (Baile et al, 2014). As TAFAZZIN is mutated in Barth syndrome, a X-linked cardio- 

and skeletal myopathy, this implicates potential defects in ANT assembly and function in this 

disease (Barth et al, 2004; Clarke et al, 2013). Still, the acyl chain complexity of CL in 

mammals relative to laboratory yeast is vast and includes tissue-specific differences in the 

final predominant molecular forms of CL and the incorporation of polyunsaturated fatty acids 

(PUFA) of various lengths (Oemer et al, 2020). Incorporation of PUFAs into CL are influenced 

by the activities of delta 6 desaturase, the rate-limiting enzyme in generating long-chain 

PUFAs (Mulligan et al, 2014), and ALCAT1, an endoplasmic reticulum-resident monolyso-CL 

acyltransferase (Li et al, 2010). PUFA-containing CL species are intrinsically more 

susceptible to oxidative damage and tied to impaired metabolism (Li et al, 2010) and aging 

(Mulligan et al, 2014). To our knowledge, the ability of long-chain PUFA-containing CLs to 

fully support the structure and function of mammalian ANT, and whether these roles are 

altered in a meaningful way upon CL peroxidation (Kagan et al, 2023),  have not been tested 

and such insight could provide a more detailed understanding of how perturbed CL 

metabolism contributes to disease pathogenesis.”  

2) Experimentally, the main shortcoming of the approach is the lack of consideration of ATP

synthase. How do the authors differentiate effects on CV (ATP synthase) vs. effects on AAC

The reviewer is absolutely correct that it is difficult to differentiate between unexpected effects 

on complex V activity versus anticipated effects on AAC structure and function stemming from 

the mutations inserted into AAC. In the context of an intact mitochondrial inner membrane, 

their activities are intimately intertwined! In an effort to begin to disentangle predicted 

consequences of the mutations in terms of AAC function from potential off-target effects on the 

ATP synthase, we performed in-gel-activity assays for complex V following detergent 

solubilization and BN-PAGE separation. These analyses strongly suggest that complex V 

function, at least in reverse (the assay measures hydrolysis and not synthesis) is not changed 

in the context of any of the CL-binding Aac2 mutants (new EV fig. 4C and Appendix fig S9C). 

While this new dataset supports the conclusion that the defects observed using functional 

assays and intact mitochondria reflect changes in mutant Aac2 transport activity, they don’t 

allow us to place the nail in the coffin. As such, in addition to the complex V in-gel-activity 

assays, we have added a frank discussion outlining the difficulty in cleanly separating the 

activities of AAC from ATP synthase to the “limitations of this study” section (attached below). 

In future work that is beyond the scope of the current study, we will be attempting to 



reconstitute Aac2 (wild type and mutant forms) in liposomes to isolate AAC function from the 

influence of ATP synthase or the electron transport chain.  

“Limitations of this study 

In mitochondria, AAC/ANT-mediated exchange of ADP and ATP, respiratory complex 

function, and ATP synthesis are intimately integrated in the IMM. Due to this necessary 

functional coupling, it is challenging to isolate AAC/ANT function from unexpected impacts on 

respiratory complexes and ATP synthase using intact and thus active mitochondria. As 

described earlier, AAC transport function is essential for complex IV expression and activity 

(Ogunbona et al, 2018), and AAC transport-related conformational changes affect protein-

protein interactions between Aac2 and respiratory complexes (Senoo et al, 2020). Indeed, we 

observed measurable respiratory complex defects in Aac2 CL-binding mutants that 

correlated with the severity of their transport dysfunction, based on the results of complex IV 

subunit expression (EV fig. 3) and activity (EV fig. 4), Aac2-RSC interactions (Appendix figs. 

S6, 7), and CCCP-induced respiration rates (i.e. uncoupled respiration from ADP 

phosphorylation) (EV fig. 2). In accounting for ATP synthesis, a technical limitation is that 

commonly used methods using mitochondria rely heavily on an exchange of ADP and ATP; 

for example, the reaction is initiated by adding exogenous ADP to mitochondria and tracked 

by measuring the produced ATP by luminescence detection (Lanza & Nair, 2009). To isolate 

complex V function independent of the IMM, we performed complex V in-gel activity assays 

(EV fig. 4C). While our data indicate that complex V activity of Aac2 CL-binding mutants was 

intact and therefore unlikely to contribute to the decreases observed in AAC transport activity, 

this assay detects ATP hydrolysis and not synthesis (Zerbetto et al, 1997). Ultimately, in vitro 

reconstitution into liposomes in the presence or absence of pharmacologically generated 

membrane potentials are needed to clarify the transport activity intrinsic to each AAC/ANT 

CL-binding mutant in isolation, an important future goal.”

3) Is the effect of CL on monomerization specific to CL?

As commented in response to referee #1’s point 1, we have characterized three additional 

mutants (A137D, K112D, K215D) in which Aac2 transport activity is compromised while CL 

binding is not. The blue native-PAGE results for these mutants clearly show that their tertiary 

structure is stable (Fig. 8), which emphasizes that the ability to stabilize Aac2 tertiary structure 

is specific to the binding of CL. 

4) In Figure 3, I still do not understand how the authors can conclude that the effect of the

mutations on the tertiary structure is contributed exclusively and entirely by the CL interaction

capacity.

Related to the reviewer’s prior concern (point 3), we investigated three additional Aac2 

mutants and provided evidence that Aac2 tertiary structure is not generally impacted by the 



insertion of negatively charged amino acids into its sequence. These newly analyzed 

mutations completely (A137D) or partially (K112D and K215D) disrupt ADP/ATP exchange and 

yet reside in completely distinct regions of Aac2 relative to its CL-binding pockets. In contrast 

to the behavior of the three newly analyzed mutants as assessed by BN-PAGE, every single 

engineered CL-binding Aac2 mutant was structurally destabilized under BN-PAGE conditions 

unless mitochondria were pre-incubated with AAC inhibitors prior to detergent solubilization. In 

the net, we feel that our results strongly support the conclusion that disrupting any of the three 

tightly bound CL molecules weakens, but does not destroy, the tertiary structure of Aac2. 

5) Figure 4. Did the authors consider the possibility that the mutants that had reduced

exchange velocities changed confirmation to become an uncoupling channel, as described by

Bertholet et al.? Bertholet et al. indeed find a reciprocal relationship between exchange and

uncoupling

This is a very interesting idea and one we have considered. The potential impacts of our 

mutations on AAC’s uncoupling channel function is indeed an exciting possibility. However, it 

must be noted that Bertholet et al have only shown uncoupling activity for mammalian ANTs. 

Due to the scope of our current work, which focused primarily on AAC’s ADP/ATP transport 

function, we did not design our experiments to address its uncoupling channel activity. Thus, 

we have not tested the possibility that any of the mutations analyzed altered the reciprocal 

nucleotide exchange/proton coupling relationship. As this is an interesting and important point, 

the CL-AAC interactions and their possible significance for the uncoupling function of AAC has 

been added to the Discussion section (see Referee 2’s point 1).  

6) In Figure S4, what is the explanation for the high level of variability in this mutant?

Unfortunately, we do not have a definitive explanation for this variability; however, we can offer 

some observations. The unenergized (-Mal/Pyr) condition required a higher [ADP] range for 

the reaction, suggesting slower kinetics compared to the energized condition. We speculate 

that measurements are more variable in this dynamic range.  

7) In Figure 4, the authors test the effect of energized as compared to non-energized

mitochondria, which is expected to affect membrane potential. However, the uncoupling ability

of the AAC is also expected to change membrane potential. Should the study compare

membrane potential and uncoupling in the different mutants?

We recognize that the close relationship between AAC/ANT, complex V, and the respiratory 

chain makes it difficult to separate their contributions definitively. We have included a 

discussion about these limitations in the revised manuscript. For the points regarding 

AAC/ANT versus respiratory complexes, we have clarified several points as described below: 



 We have investigated complexes III and IV activities in our CL-binding mutants. The

results show that in particular, complex IV activity is impaired in several mutants, which

nicely correlates to the extent of their transport defects (Fig. 4 and Appendix figs S5-6).

This is in line with our prior determination that AAC transport supports complex IV

expression via modulating translation of its mitochondrial DNA-encoded subunits

(PMCID: PMC6014099).

 Given the results of complexes III and IV activities, we have extended our interpretation

of the CCCP-induced respiration and complex IV expression results presented in the

original manuscript. For yeast Aac2, the results suggest measurable respiratory chain

damage for pocket 2 mutants in particular. Based on our previous study showing that

Aac2 transport dysfunction compromises complex IV expression (PMCID:

PMC6014099), we interpret these findings as evidence that Aac2 transport dysfunction

can contribute to respiratory chain damage.

These new complex III, IV and V results are now discussed in the “Disturbed CL-Aac2

interaction attenuates respiratory complex expression, activity, and assembly”

Results section as follows:

“We found that the activity of complex III was mostly unaffected in Aac2 CL-binding

mutants, with the exception of pocket 2 mutants, which showed slightly decreased

activity (EV fig. 4A). In contrast, complex IV activity was impaired and correlated with

the mutants' transport ability (EV fig. 4B). Consistent with our previous finding

(Ogunbona et al, 2018), these results indicate that AAC transport dysfunction

diminishes the expression and activity of respiratory complexes, particularly complex IV;

this likely accounts for the reduced CCCP-induced respiration for CL-binding mutants

with AAC transport dysfunction (EV fig. 2A-B). The results reinforce our conclusion that

interactions between CL and Aac2 are crucial for AAC transport function. The mutants

still maintained the expression of nuclear genome-encoded subunits of respiratory

complexes (complex III, complex IV, and complex V) and the mitochondrial DNA-

encoded subunit of complex V, Atp6 (EV fig. 3), as well as complex V activity (EV fig.

4C).”

 For human ANT1 mutants, we showed in the original submission that maximal

respiration of the L141E mutant induced by FCCP (Fig. 6F) was reduced compared to

WT or the L141F mutant. In search of a mechanism, we investigated the steady-state

expression of respiratory complex subunits; however, we only observed a decrease in a

complex I subunit in the L141F mutant. Thus, in contrast to yeast mutants, a correlation

between ANT function and respiratory complex damage was unclear in the human cell

model. Clarifying potential species-specific effects would require further investigation.



As mentioned in point 5 above, the experimental systems employed in the current study do not 

allow us to draw any conclusions related to the uncoupling function of AAC. If and how ANT1-

CL binding disruption impacts proton translocation is an important line of investigation, but one 

that is beyond the scope of the current study.  

8) The statement that ADP-stimulated respiration is a reflection of AAC activity is incorrect. A

linear relationship between respiration and ADP availability is limited to a situation where

respiration is not limited by the respiratory chain complexes or substrate.

Thanks for this correction. As mentioned in response to point 7, our results in yeast indicate 

that the transport dysfunction in our CL-binding mutants is linked to changes in the expression 

and function of respiratory complexes, in particular at the level of complex IV. This limitation of 

the current study is included in the revised manuscript. Worth considering is that a correlation 

between reduced mutant ANT transport and impaired respiratory complex expression and 

function was not observed suggesting that the same might be true for the yeast mutants if 

Aac2 transport and complex IV expression could be cleanly separated. Future in vitro 

reconstitution studies are being pursued to overcome this current limitation. 

9) Fig S5 indicates that similar trends of mutant effects were found with CCCP. However, in the

presence of CCCP, the AAC does not play any role in determining respiratory rate. Isn't that an

indication that the mutants affect the respiratory chain independent of ADP/ATP transport?

Similar to the above points 7 and 8, our results indicate that AAC transport dysfunction in our 

CL-binding mutants is linked to changes in the expression and function of respiratory

complexes, in particular at the level of complex IV.  Based on these results, we have

contextualized our interpretation of the CCCP-induced respiration presented in the original

manuscript.

10) Authors should at least mention previous studies demonstrating the activity of AAC as a

proton transport channel, as shown by Berthollet et al. If authors consider that H+ is also

transported by AAC, it will be very interesting to measure or discuss the implications of this

activity in their system with their mutants. This could also affect the interpretation of the

respiratory experiment, as shown in Figure 6F.

Similar to the response to point 5, although we acknowledge the multifaceted function of 

AAC/ANT, our current study did not address the proton transport activity or uncoupling function 

of AAC due to its scope. The possible contribution of CL-AAC interactions on AAC proton 

transport has been added to the Discussion section. And future work is being planned to 

directly measure proton flux mediated by the CL-binding mutants, potentially in collaboration 

with the Bertholet Lab. 
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figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure. 

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide 

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (22nd Jul 2024). Please discuss the revision progress ahead of this time with
the editor if you require more time to complete the revisions. Use the link below to submit your revision: 

https://emboj.msubmit.net/cgi-bin/main.plex 

------------------------------------------------ 

Referee #1: 

The authors produced another revision, in which they addressed the criticism of two reviewers. The revision is an honest attempt
to tackle the complicated issue of how bound lipids affect protein structure and vice versa. Overall, the manuscript contains a
wealth of information and has pushed this topic as far as one can go with the available technologies. While the paper may
provoke controversial discussions, I believe those discussions should be held within the scientific community rather than
between authors and reviewers. I therefore recommend to publish this work without further changes. 

Referee #2: 

The manuscript has been significantly improved. 
My comments were addressed. 
I have no further comments. 



 rename the Conflict of Interest statement the 'Disclosure and Competing Interests

Statement'.

 Done.

 remove the author credit section from the manuscript.

 Removed “Author contributions” section.

 rename the callouts for EV figures as Figure EV1-EV5, instead of EV fig. 1-5. when

unzipped, figure files 1, 2 and 4 are more that 300MB and should be resized

 Corrected the callouts for EV figures.

 Figures 1, 2 and 4 have been resized.

 upload the appendix file in PDF format, the title should be stated on the first (table of

contents) page of the appendix

 Done.

 save Source Data in a scheme of one figure per folder and then uploaded as .zip files;

i.e. all the Source Data files for figure 1 need to be saved in a single folder and this

needs to be zipped and then uploaded as "SD figure 1.zip" file

 Done.

 consider including a separate 'Data Information' section in the legends of figures 2a-b;

4a-b, e-f,

 We were unsure exactly how to do this. If this is deemed important, some

guidance as to what you are envisioning would be welcome.

 define the annotated p values ****/††††/***/†††/**/††/*/† in the legend of figure 5b and

8g as appropriate

 Corrected for 5b and 8g

 define box-plot in terms of minima, maxima, centre, bounds of box and whiskers in the

legend of figure 1c

 Done.

 define error bars in the legends of figures 2d, 5b, 7e and 8f-g

 2d, 8f: nothing has changed since they were already indicated or not applicable.

 5b, 7e, 8g: Corrected.

 define n in the legends of figures 2d, 5b, 7e and 8f-g

 2d, 8f: nothing has changed since they were already indicated.

 5b, 7e, 8g: Corrected.

 check the give email address for co-author Teona Munteanu

 tmunteanu27@gmail.com

3rd May 20242nd Authors' Response to Reviewers

mailto:tmunteanu27@gmail.com


 correct section order as follows: title page with complete author information, abstract,

keywords, introduction, results, discussion, materials & methods, data availability

section, acknowledgements, disclosure and competing interests statement, references,

main figure legends, tables, expanded figure legends

 Corrected.

 indicate the statistical test used for data analysis in the legends of figures 5b and 8g

 Included.

 in figures 2d, 5f-g and 8d-e there is a mismatch between the annotated p values in the

figure legend and the annotated p values in the figure file that should be corrected.

 2d: nothing has changed since there was no mismatch.

 5f-g, 8d-e: Corrected.



8th May 20242nd Revision - Editorial Decision

Dear Steve, 

I am pleased to inform you that your manuscript has been accepted for publication in the EMBO Journal. 

I am really happy to see this work in The EMBO Journal. Congratulations to you and your team! 

Your manuscript will be processed for publication by EMBO Press. It will be copy edited and you will receive page proofs prior to
publication. Please note that you will be contacted by Springer Nature Author Services to complete licensing and payment
information. 

You may qualify for financial assistance for your publication charges - either via a Springer Nature fully open access agreement
or an EMBO initiative. Check your eligibility: https://www.embopress.org/page/journal/14602075/authorguide#chargesguide 

Should you be planning a Press Release on your article, please get in contact with embo_production@springernature.com as
early as possible in order to coordinate publication and release dates. 

If you have any questions, please do not hesitate to contact the Editorial Office. Thank you for your contribution to The EMBO
Journal. 

Best wishes, 

William 

William Teale, PhD 
Editor 
The EMBO Journal 
w.teale@embojournal.org

------------------------------------------------ 

>>> Please note that it is The EMBO Journal policy for the transcript of the editorial process (containing referee reports and your
response letter) to be published as an online supplement to each paper. If you do NOT want this, you will need to inform the
Editorial Office via email immediately. More information is available here: https://www.embopress.org/transparent-
process#Review_Process 

** Click here to be directed to your login page: https://emboj.msubmit.net



EMBO Press Author Checklist

USEFUL LINKS FOR COMPLETING THIS FORM

The EMBO Journal - Author Guidelines

EMBO Reports - Author Guidelines

Molecular Systems Biology - Author Guidelines

EMBO Molecular Medicine - Author Guidelines

Please note that a copy of this checklist will be published alongside your article.

Abridged guidelines for figures

1. Data

The data shown in figures should satisfy the following conditions:

➡

➡

➡

➡

➡

2. Captions

➡

➡

➡

➡

➡

➡

➡

➡ definitions of statistical methods and measures:

- are tests one-sided or two-sided?

- are there adjustments for multiple comparisons?

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

- definition of ‘center values’ as median or average;

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

Materials

Newly Created Materials
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

New materials and reagents need to be available; do any restrictions 

apply?
Yes Materials and Methods, Appendix figures

Antibodies
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

For antibodies provide the following information:

- Commercial antibodies: RRID (if possible) or supplier name, catalogue 

number and or/clone number

- Non-commercial: RRID or citation

Yes Materials and Methods, Appendix tables

DNA and RNA sequences
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Short novel DNA or RNA including primers, probes: provide the 

sequences.
Yes Materials and Methods, Appendix tables

Cell materials
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Cell lines: Provide species information, strain. Provide accession number 

in repository OR supplier name, catalog number, clone number, and/OR 

RRID.

Yes Materials and Methods

Primary cultures: Provide species, strain, sex of origin, genetic 

modification status.
Not Applicable

Report if the cell lines were recently authenticated (e.g., by STR profiling) 

and tested for mycoplasma contamination.
Not Applicable

Experimental animals
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Laboratory animals or Model organisms: Provide species, strain, sex, 

age, genetic modification status. Provide accession number in repository 

OR supplier name, catalog number, clone number, OR RRID.

Not Applicable

Animal observed in or captured from the field: Provide species, sex, 

and age where possible.
Not Applicable

Please detail housing and husbandry conditions. Not Applicable

Plants and microbes
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Plants: provide species and strain, ecotype and cultivar where relevant, 

unique accession number if available, and source (including location for 

collected wild specimens).

Not Applicable

Microbes: provide species and strain, unique accession number if 

available, and source.
Yes Materials and Methods

Human research participants
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If collected and within the bounds of privacy constraints report on age, sex 

and gender or ethnicity for all study participants.
Not Applicable

Core facilities
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If your work benefited from core facilities, was their service mentioned in 

the acknowledgments section?
Not Applicable

Design

- common tests, such as t-test (please specify whether paired vs. unpaired), simple χ2 tests, Wilcoxon and Mann-Whitney tests, can be 

unambiguously identified by name only, but more complex techniques should be described in the methods section;

Please complete ALL of the questions below.

Select "Not Applicable" only when the requested information is not relevant for your study.

if n<5, the individual data points from each experiment should be plotted.  Any statistical test employed should be justified.

Source Data should be included to report the data underlying figures according to the guidelines set out in the authorship guidelines on Data 

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

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

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

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

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

ideally, figure panels should include only measurements that are directly comparable to each other and obtained with the same assay.

plots include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical 

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

a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including 

how many animals, litters, cultures, etc.).

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

Corresponding Author Name: Steven M Claypool

Journal Submitted to: The EMBO Journal

Manuscript Number: EMBOJ-2023-114977R-Q

This checklist is adapted from Materials Design Analysis Reporting (MDAR) Checklist for Authors. MDAR establishes a minimum set of requirements in 

transparent reporting in the life sciences (see Statement of Task: 10.31222/osf.io/9sm4x). Please follow the journal's guidelines in preparing your 

the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the experiments in an accurate 

and unbiased manner.
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Study protocol
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If study protocol has been pre-registered, provide DOI in the 

manuscript. For clinical trials, provide the trial registration number OR 

cite DOI.

Not Applicable

Report the clinical trial registration number (at ClinicalTrials.gov or 

equivalent), where applicable.
Not Applicable

Laboratory protocol 
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Provide DOI OR other citation details if external detailed step-by-step 

protocols are available.
Not Applicable

Experimental study design and statistics
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Include a statement about sample size estimate even if no statistical 

methods were used.
Yes Materials and Methods, Figures

Were any steps taken to minimize the effects of subjective bias when 

allocating animals/samples to treatment (e.g. randomization 

procedure)? If yes, have they been described?

Not Applicable

Include a statement about blinding even if no blinding was done. Not Applicable

Describe inclusion/exclusion criteria if samples or animals were 

excluded from the analysis. Were the criteria pre-established?

If sample or data points were omitted from analysis, report if this was due 

to attrition or intentional exclusion and provide justification.

Not Applicable

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. Is there an estimate of variation within 

each group of data? Is the variance similar between the groups that are 

being statistically compared?

Yes Figures

Sample definition and in-laboratory replication
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

In the figure legends: state number of times the experiment was 

replicated in laboratory.
Yes Figures

In the figure legends: define whether data describe technical or 

biological replicates.
Yes Figures

Ethics

Ethics
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Studies involving human participants: State details of authority 

granting ethics approval (IRB or equivalent committee(s), provide 

reference number for approval.

Not Applicable

Studies involving human participants: Include a statement confirming 

that informed consent was obtained from all subjects and that the 

experiments conformed to the principles set out in the WMA Declaration of 

Helsinki and the Department of Health and Human Services Belmont 

Report.

Not Applicable

Studies involving human participants: For publication of patient photos, 

include a statement confirming that consent to publish was obtained.
Not Applicable

Studies involving experimental animals: State details of authority 

granting ethics approval (IRB or equivalent committee(s), provide 

reference number for approval. Include a statement of compliance with 

ethical regulations.

Not Applicable

Studies involving specimen and field samples: State if relevant permits 

obtained, provide details of authority approving study; if none were 

required, explain why.

Not Applicable

Dual Use Research of Concern (DURC)
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Could your study fall under dual use research restrictions? Please check 

biosecurity documents and list of select agents and toxins (CDC): 

https://www.selectagents.gov/sat/list.htm 

Not Applicable

If you used a select agent, is the security level of the lab appropriate and 

reported in the manuscript?
Not Applicable

If a study is subject to dual use research of concern regulations, is the 

name of the authority granting approval and reference number for the 

regulatory approval provided in the manuscript?

Not Applicable

Reporting

Adherence to community standards
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

State if relevant guidelines or checklists (e.g., ICMJE, MIBBI, ARRIVE, 

PRISMA) have been followed or provided.
Not Applicable

For tumor marker prognostic studies, we recommend that you follow 

the REMARK reporting guidelines (see link list at top right). See author 

guidelines, under ‘Reporting Guidelines’. Please confirm you have 

followed these guidelines.

Not Applicable

For phase II and III randomized controlled trials, please refer to the 

CONSORT flow diagram (see link list at top right) 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.

Not Applicable

Data Availability

Data availability
Information included in 

the manuscript?
In which section is the information available?

(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Have primary datasets been deposited according to the journal's 

guidelines (see 'Data Deposition' section) and the respective accession 

numbers provided in the Data Availability Section?

Not Applicable

Were human clinical and genomic datasets deposited in a public 

access-controlled repository in accordance to ethical obligations to the 

patients and to the applicable consent agreement?

Not Applicable

Are computational models that are central and integral to a study 

available without restrictions in a machine-readable form? Were the 

relevant accession numbers or links  provided?

Not Applicable

If publicly available data were reused, provide the respective data 

citations in the reference list. 
Not Applicable

The MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community initiatives. Journals have their own policy about 

requiring specific guidelines and recommendations to complement MDAR.
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