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® Respiratory complex evolution is driven by mtDNA for Cl or
by nuclear genes for CIV

® Interface residues in mtDNA-
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OxPhos genetic variability

® ConScore integrates multi-scale conservation data to predict

OxPhos pathogenic variants
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In brief

Cabrera-Alarcon et al. reveal that,
contrary to prior assumptions, the
oxidative phosphorylation system
exhibits significant genetic variability
within individuals and populations. By
integrating evolutionary, structural, and
genetic analyses, they uncover
mechanisms that constrain variability and
introduce a predictive tool, offering new
perspectives on OxPhos function,
speciation, and disease.

¢ CellPress



Cell Genomics & CelPress

OPEN ACCESS

Structural diversity and evolutionary
constraints of oxidative phosphorylation

José Luis Cabrera-Alarcoén,’-? Marina Rosa-Moreno,! Lucia Sanchez-Garcia,® Pablo Hernansanz-Agustin,'-2

Maria Concepcion Jiménez-Gémez,'-2 Fernando Martinez,* Fatima Sanchez-Cabo,?*5 and José Antonio Enriquez’-2:6-*
1GENOXPHOS Lab, Centro Nacional de Investigaciones Cardiovasculares (CNIC), 28029 Madrid, Spain

2Centro de Investigaciones Biomédicas en Red en Fragilidad y Envejecimiento Saludable (CIBERFES), 28029 Madrid, Spain
3Computational Systems Biomedicine Lab, Centro Nacional de Investigaciones Cardiovasculares (CNIC), Madrid, Spain

4Bioinformatics Unit, Computational Systems Biomedicine Lab, Centro Nacional de Investigaciones Cardiovasculares (CNIC), Madrid, Spain
5Centro de Investigaciones Biomédicas en Red en Investigacion Cardiovascular (CIBER-CV), 28029 Madrid, Spain

8Lead contact

*Correspondence: jaenriquez@cnic.es

https://doi.org/10.1016/j.xgen.2025.100945

SUMMARY

The oxidative phosphorylation (OxPhos) system is central to metabolism. The more than 90 structural sub-
units are encoded by different chromosome categories (autosomal, X, and mtDNA). The system is envisioned
as an invariant structure between cells and individuals. However, a comprehensive analysis of the 1,000 Ge-
nomes Project data reveals unexpected genetic intra-individual variability resulting from the heterozygosity
of diploid autosomal genes, while diversity at the population level is generated by variability in mtDNA. We
characterized the different levels of structural constriction at evolutionary and population levels for all
OxPhos protein residues. To support this analysis, we developed ConScore, a conservation-based predictor
of variant impact within OxPhos proteins (area under the receiver operating characteristic curve [ROC-AUC] =
0.97; area under the precision-recall curve [PR-AUC] = 0.94). Notably, for the nuclear-encoded subunits, we
found mechanisms limiting individual variability as allelic imbalance or homozygosity bias. Integrating struc-
tural, functional, and genetic data, we highlight the significance of each OxPhos protein position, expanding

insights into its role in speciation and disease.

INTRODUCTION

Respiratory complexes (RCs) comprise subunits originating
from mitochondrial DNA (mtDNA) and nuclear DNA (nDNA),
with 13 mtDNA-encoded and 77 nDNA-encoded subunits
across the five complexes (CI-CV)." Three nDNA subunits
(Ndufa1, Cox7b, and Ndufb11) derive from X chromosome
genes (Figures 1A-1E). Structural complexity arises from subunit
repetition (e.g., two NDUFAB1 in CI, dimeric ClIl, multiple
ATP5F1A/B copies in CV) (Figure 1F) and paralogous isoform
incorporation in CIV and CV (Figures 1G and 1H), expanding total
components to 103.

Functional assembly requires precise subunit compatibility.
Studies show mtDNA haplotype variations paired with identical
nDNA alter RC composition, supercomplex formation, and
metabolic output, indicating adaptable OxPhos performance
within healthy ranges.? However, coexisting mtDNA haplotypes
disrupt OxPhos efficiency, suggesting excessive heterogeneity
is detrimental.® Such mitonuclear incompatibilities, particularly
in allopatric populations, contribute to speciation by impairing
hybrid viability. Incompatibilities operate at multiple levels,
including pre-copulatory mechanisms.* Mitonuclear incompati-
bilities are not limited to OxPhos system components.® Howev-
er, the OxPhos system remains the most direct manifestation of
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mitonuclear incompatibility. This concept is the foundational ba-
sis for our work, analyzing at the level of residue the evolutionary
strategies within the OxPhos system subunits and how genetic
diversity is regulated in the diploid nuclear-encoded OxPhos
genes. To address this question, we analyzed the scope of Ox-
Phos variability in the individuals included in the 1000 Genomes
Project.® We specifically quantify the significance of heterozy-
gosity on individual structural variability. Our investigation
unearths significant interindividual diversity in normal human
populations based on genotype arising from the biallelic auto-
somal-encoded subunits. We also found that variability arising
from diploidy might also be controlled by mechanisms regulating
the differential expression of heterozygote alleles.

We explore how genetic evolution and variability in the Ox-
Phos system are integrated in a functional and structural context
to understand the adaptive forces that have shaped mitonuclear
evolutionary dynamics and also how evolutionary strategies
have diversified from vertebrates to current human populations
according to the different RCs or interaction between autosomal,
mtDNA, or X-linked genes, recognizing that evolution can act
with fine granularity at the level of individual residues.

To address such questions, this study examines population
variability in OxPhos genes from the 1000 Genomes Project®
and gnomAD-v.3,” together with multiple sequence alignments

Cell Genomics 5, 100945, September 10, 2025 © 2025 The Authors. Published by Elsevier Inc. 1
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(MSAs) from vertebrate, mammal, and primate species. The
analysis focused on the potential for the assembly of alternative
versions of RCs, the degree of mutability at individual protein po-
sitions, and the implications of these findings for proteins en-
coded by distinct chromosome types. We also explored the
role of allelic imbalance in shaping the OxPhos landscape. In
RCs, as in any other protein, function is determined by structure.
Therefore, the importance of variability at any specific position
relies on the three-dimensional (3D) structure. Thus, our study
defines a 3D map of the relative importance of all individual
amino acid residues in RCs based on evolutionary and popula-
tion information embedded in RC structures. The integration of
population genetics, structural biology, and evolutionary anal-
ysis provides a comprehensive view of how this essential meta-
bolic system has evolved and adapted across different species
while maintaining functional integrity.

RESULTS

Structural development and high-throughput

refinement of human OxPhos RCs

The 3D protein structures allow mapping the location of muta-
tions and assessing their impact on the function of the OxPhos
system, considering aspects such as structural resilience and
functional compatibility. Thus, mapping the subsequent ana-
lyses onto reliable structures will enable the creation of a four-
dimensional framework (with evolution as the fourth dimension),
allowing for multi-level analysis from residue to RC, including
protein positions, subunits, subunit types, and the entire RC.
This approach requires well-curated structural models, the cre-
ation of new models, and the refinement of existing ones. For
Cll and CV, we had to develop models based on existing struc-
tures from other species using the Rosetta in silico modeling tool
suite.®'° For ClI, Clll, and CIV, the published structures for hu-
mans needed to be substantially refined to resolve missing frag-
ments and to eliminate steric clashes. We achieved this refine-
ment through energy minimization, which in several instances
resulted in a fine-tuning of the backbone positioning.

Genotype data retrieved from a large database reveal
great heterogeneity in the landscape of RCs at the
individual level

To determine how many different OxPhos complexes an individ-
ual can assemble, we analyzed the extent of individual genetic
diversity of the OxPhos system subunits in all the 2,504 individ-
ualized genotypes included in the 1000 Genomes Project,
considering the alleles that differ by one or more amino acids
(Figure 2). The variability due to diploidy + heterozygosity corre-
lates with the number of subunits in each complex. Thus, more
than 90% of individuals had the potential to assemble at least
two versions of Cl, and, while most had only one possible version
of Cll (70%) and CllI (53%), a significant number of individuals
could potentially form multiple subunit combinations for these
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RCs. For CIV and CV, the existence of paralog genes encoding
alternative subunit isoforms increases the number of possible
configurations, and no individual was able to form only one,
underscoring the way in which alternative isoforms enlarge the
base pool of possible versions of these RCs (Figure 2).

In CIV, the potential for additional variability due to diploidy is
marginal compared with the other complexes, indicating that a
unique adaptive strategy holds for the oxygen consuming RC.
Nevertheless, heterozygosity of CIV subunits increased the num-
ber of possible CIV versions in about 33% of individuals.

Our analysis underscores the complexity and adaptability of
human biochemistry at the molecular level and reveals that het-
erozygosity in nuclear OxPhos subunits serves as a significant
source of intra-individual variability. However, for CIV, while
this factor is present, most variability arises from the utilization
of isoforms encoded by paralogous genes.

Evolutionary strategies for each OxPhos complex

We next inquire which residues are free to vary and whether this
reflects a specific evolutionary trajectory that has shaped Ox-
Phos system. Thus, we investigated the evolutionary trajectory
of OxPhos components’ positions to find evolutionary dynamics
conditioned by the class of the coding chromosome (MtDNA, X,
or autosomal) and to identify which RCs are more involved in the
speciation process. The residue conservation rate of OxPhos
proteins was determined in nested phylogenetic groups, verte-
brates, mammals, and primates using MSA. Then, from these
MSAs, a conservation score at each position (each column in
the MSA) was determined by Shannon entropy position variation
(SEPV). In addition, residue conservation among human popula-
tions (conservation at intraspecific level, as current step of evo-
lution process) was also calculated as SEPV, using the aggre-
gated genome information from more than 76,000 individuals
in gnomAD-v3 frequency database. Next, SEPV values were
minimum-maximum (min-max) normalized in each evolutionary
point to transform data to the same scale. In this common scale,
the closer SEPV to 0 the more conserved, while the closer to 1
the more variable. In consequence, SEPV analysis at these
four groups will allow us to uncover patterns linked to purifying
selection, local adaptation, and genetic equilibrium. This anal-
ysis was performed for all OxPhos subunits, and an SEPV con-
servation score was calculated for each position in each RC,
considering the stoichiometric composition in each case.
Conservation study by RC

First, we explored the conservation differences between RCs
across these four phylogenetic groups (Figure 3A). CV and ClI
were the most conserved RCs in all groups. CV has the highest
number of repeated subunits (Figure 1), increasing their selective
pressure, since incompatibilities are difficult to compensate by
neighbors. Cll is likely conserved due to its small size and the
lack of mtDNA-encoded subunits. Cl and CIV are the most vari-
able between species. However, their evolution varies in the
different groups. CllIl is the main source of variation between

Figure 1. The structural complexity of OxPhos multimeric complexes

(A-E) Structural representation of OxPhos proteins according to coding chromosomes (autosomal, mtDNA, or X).
(F) Repeated subunits within the minimum complexity conformations of Cl, Clll, and CIV.
(G and H) Positions occupied by isoforms encoded by paralog genes in CIV (G) and CV (H).
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vertebrates, while Cl and CIV become the main evolutionary
drivers from mammals onward. Notice that ClI, Clll, and CIV
are responsible for pumping protons across the inner mitochon-
drial membrane, a function in which the subunits encoded by the
mtDNA play a key role. Moreover, these three RCs are involved in
the formation of supercomplexes.

Conservation assessment by subunit inheritance type
Considering the whole OxPhos system in vertebrates, mammals,
and primates, the mtDNA and X-linked subunits are the main
source of variation. Conversely the X-linked subunits are the
most conserved in humans, aligning with the Haldane effect
(Figure 3B). Considering the accumulation of incompatibilities a
process that drives speciation, X-linked genes become very rele-
vant because of hemizygosity and monoallelic expression. Inter-
estingly, within vertebrates and in some mammals, human
X-encoded OxPhos genes lose their X-linked condition. More-
over, X-linked subunits are less conserved than mtDNA-
encoded subunits in vertebrates, mammals, and primates. In
addition, mtDNA-encoded subunits represent 4,169 positions
versus 303 for X-linked subunits. Altogether, with the higher mu-
tation rate of mtDNA, this maintains its role as a source of vari-
ability in humans as the main evolutionary drivers of the OxPhos
system.

The RCs constitute independent entities despite being part of
the same system. Each one will have its own particularities, repe-
tition of subunits in its elementary structure, dimeric presentation
as basic structural form, alternative isoforms encoded by
different genes, have or not have subunits encoded by the

4 Cell Genomics 5, 100945, September 10, 2025

mtDNA, representing different proportions within the RC, or
contain X-linked subunits in its structure. Therefore, each RC is
unique and may have adopted a particular evolutionary strategy.
Therefore, we next analyze the conservation of the different Ox-
Phos subunit types (autosomal, X-linked, and mtDNA-encoded
subunits) by RC.

Conservation based on subunit inheritance type in CI

Cl is one of the main electron inputs to the ETC, as well as one of
the main players involved in both physiological and pathological
production of reactive oxygen species (ROS), and is directly
involved in the maintenance of membrane potential through H*
pumping and as Na*/H* antiporter.”"' In addition, it is the RC
that contains the highest number of mtDNA-encoded subunits
(7 MT-ND1-6 and MT-ND4L) and the highest number of
X-linked subunits (NDUFA1 and NDUFB11). Consequently,
both mtDNA-encoded and X-linked subunits constitute the
main sources of evolutionary change in vertebrates, mammals,
and primates (Figure 3C). However, as previously mentioned,
the X-linked subunits among human populations are more
conserved in response to the Haldane effect, leaving the seven
mtDNA-encoded subunits as the main source of variation be-
tween individuals for Cl (Figure 3C right panel).

Conservation by subunit inheritance type in Clll

ClIl, the other major player in ROS production, is naturally found
as a constituent of the OxPhos system forming dimers.' MT-CYB
is the only CllI subunit encoded by the mtDNA, which is involved
in both the Q-cycle and coupled proton pumping.'® In Clll, MT-
CYB represents the main source of change at all evolutionary



Cell Genomics ¢ CellP’ress

OPEN ACCESS

SEPV SEPV SEPV SEPV
vertebrates ! mammals primates human

Conservation

A *r ’I" ’i E C : : :*T* **I'* *r* *I** :*T* T
*kk *k*k I *%% *k*k bxx *x*%x% % Bexx %%
1 1 1
(] * I okgex Likd sk Veks sk
o I | I PRt | : |
" ¥ = '
clcv ‘: on  Cmoow ciicneve cl cv:i cvei ¢ cil cv
i | - - - :
——————————————————————
B *kk Kk : el FrE : okl * : kK *kk
§m | * % % | | : I *k* I I : ! Fkk ! | : [ %%x |
= ] 5 | LT
3z A M XA M X (A M XX A M
@ | = : | :
______________________ D LSS . U
i T T
c *k %k : *k %k : *k %k :*** *kk
I %* % %k I % % % %* % % % % %
P e [l i=—
o i : |
5° A M X!A M X (A M X' X A M
S 1 1 1
2] 1T 1 j i i 1 i i
______________________ Y
D | : :
Hokok : : *kk : *kk
° | l b o
g | | I
haliry 1 1 1
EE M A'A M (A M1 A M
50 1 1 1
2 . . . . S . . . 1 . . . 1 . . . .
B . R S S
i 1 1
E 1 1 1 *
* %k %k 1 %* %k %k I*** *k %k 1
| * %k k | : | * %k % | : [ T :I * |
I I—I I—I * %k %k |
s i P | : |
‘é% M A X1 M A XM A X X A M
£ 1 1 1
Qo r r r r — | T r r r r 1 - r r T r — 1 r r T T
>
@ : : :
______________________ e
F * %k %k : % % % : * %%k : * %%k
° 1 1 1
2 I H P o
3 : | !
3° A M!A M (A M! A M
3 1 1 1
n 1 1 1
1 1 1
! ! !

Figure 3. Analysis of evolutionary strategies and population variability in OxPhos RCs

Differences in SEPV are represented in one dimension according to relative values of Kolmogorov-Smirnov distance that separates two consecutive points. In
such representation, conservation levels decrease from left to right. Panels depict, from left to right, conservation in vertebrates, mammals, primates, and
humans. One-dimensional dot plot comparing conservation by OxPhos RCs (A). Differences in conservation depending on encoding chromosome in all RCs (B),

(legend continued on next page)
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points considered except in vertebrates, where it does not differ
significantly from the autosomal subunits (Figure 3D). The verte-
brate category includes land animals as well as fish and amphib-
ians, for whom oxygen availability differ significantly. This may
imply differences in oxygen sensing and the management and
production of ROS coupled to the Q-cycle.' It is tempting to
link this with an increase in the variability associated with CIII.
Conservation by subunit inheritance type in CIV

CIV is the RC that yields electrons to O.. It is the RC with the
largest number of interchangeable isoforms whose presence
varies depending on the cell type or physiological or ontological
conditions.'® The functional core of the enzyme is constituted by
subunits encoded by the mtDNA (MT-CO1-3). In addition, CIV
contains the remaining X-linked subunit in mammals, COX7B.
Interestingly, contrary to the general trend observed, from verte-
brates to primates, the CIV subunits encoded by the mtDNA are
conserved the most, the nuclear-encoded subunits being the
main evolutionary driver (Figure 3E). However, in human popula-
tions, this trend is reversed, and mtDNA-encoded subunits are
the most variable and COX7B (X-linked) the most conserved,
likely reflecting the higher mtDNA mutation rate and the Haldane
effect, respectively (Figure 3E, right panel). In addition, in hu-
mans, no significant differences were observed between auto-
somal and mtDNA-encoded subunits. These findings, together
with the analysis from 1000 Genome Project, reinforce the idea
that the CIV presents a unique evolutionary strategy. Here, the
variability comes from the nuclear subunits, a fact that is consid-
erably enhanced by the existence of interchangeable isoforms
(Figure 2). This strategy will confer to the CIV a greater plasticity
for physiological adaptation.

Conservation based on subunit inheritance type in CV
The ATP-synthetase is not part of the ETC, being the enzyme in
charge of capitalizing on the H* gradient generated by the trans-
port of NADH/FADH, to O.. In the CV, from vertebrates to current
human populations, the variability of the subunits encoded by
the mtDNA is significantly higher (Figure 3F). Considering that
CV (and CIl) is the most conserved among the evolutionary
groups studied, this is probably due to its inherent stoichiometry.
Specifically, in its monomeric form (the structurally simplest
configuration), CV consists of eight copies of ATP5M1,
ATP5MC2, or ATP5MC3 forming the F4 particle, along with three
copies of ATP5F1A and ATP5F1B forming the Fo particle
(Figure 1). Since these subunits constitute most of the autosomal
component of GV, they are subject to stronger selective pres-
sure, making CV the most conserved complex.

In summary, RCs that participate in supercomplex formation
actively pump H* across the inner mitochondrial membrane
and have mtDNA-encoded subunits as core components that
serve as key evolutionary drivers from vertebrates to present-
day human populations, particularly Cl and CIV. However, CIV
exhibited variability largely influenced by nuclear-encoded
subunits further amplified by the incorporation of alternative iso-
forms. Conversely, CV and Cll are those under the highest selec-

Cell Genomics

tive pressure. In general, X-linked and especially mtDNA-en-
coded subunits are the evolutionary drivers in the OxPhos
system.

Evolution in action: Conservation of protein-binding
sites

Given that mitonuclear incompatibility is a well-established
speciation mechanism and that RCs consist of physically bound
proteins, we aim to explore the variability of residues at subunit
interface residues (IFRs). We aim to evaluate the evolution of
binding sites between interacting subunits in comparison to
other regions of the RCs (non-IFRs). This analysis uncovers
distinct evolutionary dynamics for IFRs compared to the rest of
the protein regions.

The analysis of all subunit types together in vertebrates, mam-
mals, and primates reveals that IFRs exhibit significantly higher
conservation than non-IFRs (SEPV levels are lower), with no sig-
nificant differences among present-day populations (Figure
S1A). This pattern of higher conservation of IFRs persists when
the analysis is restricted to autosomal subunits, extending
even to current human populations (Figure S1B). However, in
subunits encoded by mtDNA, the trend is reversed (residues
at protein interfaces are less conserved than non-IFRs)
(Figure S1C). This suggests that selective pressures on IFRs of
mtDNA-encoded subunits are relaxed at binding sites with
neighboring subunits, allowing for greater evolutionary flexibility.
Finally, when analyzing X-linked subunits, we observed the same
trend as in autosomal subunits, suggesting a pattern consistent
across all nuclear-encoded subunits, except in primates, where
the difference is not significant (Figure S1D). The absence of sig-
nificant differences in primates may indicate a relaxation of
evolutionary constraints acting on the IFRs of X-linked subunits
in this group. Note that the proportions of IFRs versus non-
IFRs were sufficiently representative, constituting more than
half of the positions of the subunits encoded by the mtDNA or
X-linked subunits, given the structural arrangement of the RCs
(Figure S1E).

Next, focusing on IFRs, we investigate whether the conserva-
tion at binding sites vary depending on the inheritance mecha-
nisms of the subunits involved. To simplify this analysis, we
summarize the evolutionary process by weighting the conser-
vation values within each group into a single novel score, here-
after ConScore (more details in STAR Methods). ConScore
gives values from ConScore = 0, non-conserved positions, to
ConScore = 1, fixed positions in the evolution; therefore, it fol-
lows a different scale than SEPV. Table S1 contains all SEPV
values for each subunit position across all phylogenetic
groups, as well as the corresponding ConScore values. In addi-
tion, ConScore values were depicted in our in silico models
(Video S1).

The analysis of IFRs by involved subunit type was performed in
comparison with AlphaMissense predictions for these positions.
AlphaMissense is a machine-learning model that predicts the

in CI (C), in CllI2 (D), in CV (E), and in CIV (F). In all cases, differences in distributions of Shannon entropy are evaluated, depending on the number of compared
categories, using the nonparametric Wilcoxon test or Kruskal-Wallis followed by Dunn’s post hoc test. False discovery rate was corrected by Benjamini-
Hochberg method in multiple testing. Comparisons between distributions were performed considering the stoichiometric representation of each subunit

within the compared groups. **p < 0.001, **p < 0.01, *p < 0.05.

6 Cell Genomics 5, 100945, September 10, 2025
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pathogenicity of missense variants in human proteins.® It uses
deep learning integrating evolutionary and structural information
to classify these mutations as benign or pathogenic, aiding in the
research of genetic diseases. Thus, it serves as a valuable func-
tional predictor, capable of identifying positions that are func-
tionally or structurally relevant.

However, before going into this analysis, and given that
AlphaMissense is a functional predictor oriented to the detec-
tion of pathogenic mutations, we compare the capability of
ConScore with AlphaMissense hotspots for this purpose,
considering the missense variants classified in ClinVar'” that
affect the OxPhos system, measured in terms of area under
the receiver operating characteristic curve (ROC-AUC) and
area under the precision-recall curve (PR-AUC) (Figures 4A
and 4B). Although AlphaMissense was trained on a dataset
that included these variants, our ConScore outperformed
AlphaMissense hotspot results in the detection of pathogenic
mutations, presenting an ROC-AUC = 0.97 and AUC-PR =
0.94. Consequently, ConScore was shown to be an efficient
measure for weighting the relevance of the OxPhos system po-
sitions. Nevertheless, there is a direct strong correlation be-
tween ConScore and AlphaMissense hotspots, Spearman’s
p = 0.726 (p < 0.001) among all OxPhos subunit positions.
Table S2 includes the labeled ClinVar dataset used for bench-
marking ConScore.

Considering the types of subunits that define the binding site,
A-A homologous interfaces are the most conserved. In contrast,
the heterologous IFRs of mtDNA-encoded subunits interacting
with nuclear subunits (and especially those binding to X-linked
subunits) exhibit the highest variability. This suggests that the
relaxation of selective pressures on IFRs of mtDNA-encoded
subunits primarily occurs at heterologous junctions (M-A and
M-X), enhancing their adaptability to nuclear partners (Figure
4C). Following the same reasoning, selective pressures on
IFRs in autosomal subunits are also relaxed when they form het-
erologous binding sites, interacting with X-linked or mtDNA-
encoded subunits. Although it does not directly measure conser-
vation, AlphaMissense hotspot perfectly captures homologous/
heterologous divergence of residues involved in autosomal sub-
unit binding (except against binding sites between mtDNA-en-
coded subunits, M-M) (Figure 4D).

In summary, IFRs are more conserved than non-IFRs, except
in mtDNA-encoded subunits, where the opposite pattern is
observed. Considering the potential binding partners, junctions
between autosomal subunits (the most represented group with
9,417 IFRs) are also the most conserved, likely to prevent mis-
matches associated with their diploid nature. In contrast, IFRs
from mtDNA-encoded subunits involved in heterologous interac-
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tions (particularly M-A junctions, comprising 1,922 residues, the
second-largest IFR group) experience the second most relaxed
selective pressures. This relaxation may facilitate mitonuclear
compatibility, given the variability introduced by diploidy and
heterozygosity, not only in present-day human populations but
also across different evolutionary lineages.

Relationship between population variability, level of
conservation, and impact on structure

Next, we aimed to explore whether the two-conservation metrics,
ConScore (a weighted measure of conservation since vertebrates)
and human population constraints (SEPV in humans), were linked
to RCs structural impact. Here, structural impact is defined as the
resilience to energy fluctuations at each position when mutated
into any of the 19 possible amino acid alternatives, a metric we
refer to as probability of structural impact (PSI) (see STAR
Methods for details). However, since more than 25% of the posi-
tions are fixed in the evolution (ConScore = 1), the stratification of
the analysis was performed according to the conservatism score
bands defined by the first quartile (Q1; n = 5,300), the second
quartile (Q2; n = 5,302), non-fixed positions belonging to the third
quartile (Q3 non-fixed; n = 3,857), and the fixed positions in the
evolution (fixed; n = 6,739) (Figure S2A). As expected, there was
clear direct association between the degree of conservation
and the PSI. However, when we quantified these differences,
measuring the size effect as the Cohen’s d, we observed that,
although significant, they were considerably small (Q1 vs. Q2,
d = 0.09, 95% confidence interval [CI95] = [0.05-0.13]; Q2 vs.
Q3 non-fixed, d = 0.19, CI95 = [0.15-0.23]; and Q3 non-fixed vs.
fixed, d = 0.12, CI95 = [0.08-0.16]). This makes sense if we
consider that the relevance of a residue in a protein is not always
structural and, on the contrary, depending on where a mutation
occurs, it can have a high structural impact without affecting the
function of the complex.

Regarding human populations, approximately 68% of OxPhos
positions are fixed, making it impossible to analyze structural
impact by quartiles of SEPV. Instead, we categorized positions
based on whether they were fixed (SEPV = 0, n = 14,527) or var-
iable (SEPV > 0, n = 6,671) (Figure S2B). Although we found sig-
nificant differences in PSI between fixed and non-fixed positions,
the effect size was minimal (d = 0.07, CI95 [0.04-0.10]). These re-
sults likely reflect two key aspects of our data: first, that, while
gnomAD V3 is one of the largest human-variability databases,
it does not comprehensively capture all variation; second, as
previously discussed, residue relevance does not necessarily
correlate with structural impact.

Since evolutionary differences were observed depending on
the RC and subunit type, as discussed in previous sections,

Figure 4. Evaluation of ConScore and applied analysis of binding-site conservation based on the combination of subunit types

(A and B) Comparison of ConScore benchmarking with AlphaMissense hotspots, assessed based on performance in the ROC curve (A) and the PR curve (B).
(C and D) Boxplot depicting differences between binding sites depending on the subunit types involved in the junction for ConScore values (C) and AlphaMissene
values (D). Precision-recall curves for ConScore and AlphaMissense. Note that the ConScore curve starts at a recall of approximately 0.5 because a large
proportion of variants receive the same maximum score of 1.0, leading to a "tie" at the top of the ranked list. This results in the initial retrieval of more than 50% of
the true positive variants at once. Differences in the distributions of ConScore were assessed based on the number of categories compared.

Statistical analyses were conducted using the Kruskal-Walli’s test followed by Dunn’s post hoc test. Multiple testing corrections were applied using the
Benjamini-Hochberg method to control the false discovery rate. Comparisons between distributions considered the stoichiometric representation of each

subunit within the analyzed groups. **p < 0.001, *p < 0.01, *p < 0.05.
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we aimed to further investigate whether these factors also influ-
ence structural impact. By evaluating potential variations in
structural impact across different RCs and subunit types, we
sought to determine whether the same evolutionary patterns
extend to the structural level or whether distinct trends emerge
in relation to these conditions. Considering the different types
of subunits, those encoded by mtDNA are susceptible to greater
structural impact (Figure S2C). This makes sense given that
these subunits occupy central positions in most RCs, consti-
tuting the core of the RCs (in Cl, ClIl and CIV). However, these
differences, though significant, are low between mtDNA-en-
coded and autosomal subunits (d = 0.39, CI95 = [0.35-0.42]) or
moderate between mtDNA-encoded and X-linked subunits
(d=0.48 CI95 =[0.36-0.61]). This is because the autosomal sub-
units may also constitute the core of the RCs (CIl, CV, or Nand Q
modules in Cl), whereas the X-linked subunits occupy more pe-
ripheral positions in the structures. We also found differences in
PSI among all the RCs (Figure S2D). However, the differences in
all cases were small (Cohen’s d <0.5) (Table S3). On the other
hand, presenting a low size effect that, under normal physiolog-
ical conditions, does not represent a problem, they could
become significant in extreme conditions, such as in case of in-
fections where the ability of an individual to withstand higher
levels of hyperthermia may be associated with small differences
in structural stability. Table S4 contains all PSI values for each
subunit position regarding our in silico models.

In summary, we observed a direct association between con-
servation, including human population, and structural resilience,
but this association is weak. These findings apply also to differ-
ential levels of conservation as RCs or subunit types. Thus,
sequence conservation is primarily associated with the specific
functional roles of a protein region, such as active sites or
ligand-binding domains, whereas structural stability is influ-
enced by broader, global interactions between residues. In
consequence, in RCs, regions with lower sequence conservation
can still harbor low structural resilience even if they are not
directly essential for function.

Extreme constriction of genetic variability in OxPhos
structural proteins

Thus far, we have attempted to define the landscape of OxPhos
variability through vertebrate evolution to the present day. How-
ever, this map would be incomplete without the analysis of
extreme strategies for shaping human population constraints in
OxPhos system. Here, we aim to determine two extreme strate-
gies that influence variability by directly impacting the heterozy-
gous state of autosomal genes, namely homozygosity bias
and its most extreme manifestation, the fixation of a residue
(SEPV = 0) within the structure through human populations.
The primary goal of this analysis is to identify sites where selec-
tive pressures vary in intensity, allowing us to define the most
constrained positions based on human population data.

We first explore, in those cases where population variability is
allowed, whether the heterozygosity frequency is tolerated or
penalized. We found 11 homozygous biased positions (Table
S5). These positions indicate a layer of population-level restric-
tion less stringent than absolute residue fixation for autosomal
subunits despite its diploid condition. Perhaps, in a larger sam-
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ple of human variability, it would be possible to detect a larger
number of constrained positions by this mechanism. However,
these findings are relevant because they show that, at least for
these 11 positions, there is a sweeping against variability at indi-
vidual level.

When we analyzed completely restricted positions, we esti-
mate that, of the 26,623 residue positions in all the human Ox-
Phos complexes, 18,208 have no described amino acid vari-
ability, representing 64.5%-74% of residues depending on the
RC and thus revealing high conservation of the OxPhos system
in humans. First, we examined whether fixed positions were
randomly distributed across RCs. Our analysis revealed that
CV and ClI, the most evolutionarily conserved RCs, were signif-
icantly enriched in fixed positions. In contrast, Cl, Clll, and CIV
exhibited an underrepresentation of them, aligning with previ-
ously observed trends (Table S6). Cll was the only RC without
a biased distribution of fixed positions. Fixed positions were pro-
jected in our 3D structures by RC and subunit type (Video S1).

Next, we conducted an enrichment analysis of fixed positions
within OxPhos subunits (Figure 5; Table S7). Interestingly,
despite mtDNA-encoded subunits being the most variable,
some (MT-ND4, MT-NDA4L, and MT-CO1) showed a significant
enrichment of fixed positions. As expected, the X-linked sub-
units NDUFA1 and NDUFB11 were also enriched in fixed posi-
tions. In contrast, for some of the CIV isoforms, the number
of fixed positions was lower than expected, as is the case
for COX6A1 and COX6A2 (which are mutually exclusive),
COX7A2L (a key isoform involved in the formation of the CIV-
Clll, supercomplex), and COX8C. This further supports the
idea that CIV’s major source of variability is the assembly of inter-
changeable isoforms.

Finally, it is noteworthy that subunits repeated within the struc-
ture of CV were primarily enriched in fixed positions. This rein-
forces the notion that the stoichiometric balance of CV plays a
key role in its high level of conservation.

Allelic imbalance as a downstream mechanism to limit
the potential variability in autosomal OxPhos genes
Allelic imbalance (AIM) is a phenomenon by which the two alleles
for the same gene in a heterozygotic context are expressed
differentially. This is a regulated feature in response to genetic
or epigenetic factors. In consequence, while selection and ge-
netic drift determine potential availability, AIM can reshape the
effective genetic landscape. Thus, we explore whether this
mechanism influenced the effective OxPhos variability finally
assembled. AIM can vary depending on the tissue or even at sin-
gle-cell level. In this study, we analyzed single-cell RNA-seq data
from different sources to evaluate the existence or not of AIM in
OxPhos genes at the single-cell level. We used binomial test per
gene and per cell to assess AIM (adjusted p <0.05).

We analyzed samples from two mouse models that belong to
different subspecies, the inbred strain C57BL6/J from Mus mus-
culus musculus and Mus musculus castaneus. These subspecies
separated about 300,000-500,000 years ago and consequently
have genome-wide differences in the order of millions of vari-
ants. Since these subspecies represent an evolutionary point
prior to speciation still capable of generating fertile progeny, hy-
brids from alternative crosses between them should shed light
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Figure 5. Gene-wise enrichment analysis in fixed positions

In all cases, null hypothesis of gene-wise random distribution of fixed positions was evaluated applying a binomial test. Only genes with biased distributions were
represented, considering a threshold for adjusted p < 0.05 corrected by the Benjamini-Hochberg method.

on AIM patterns in OxPhos genes. We first analyzed single-cell
RNA-seq data in adult fibroblasts from different individuals,
from different sexes and alternative crosses (Figure 6). As ex-
pected, mtDNA and X-linked OxPhos genes were found to be
monoallelic. Strikingly, AIM was observed in autosomal genes,
which were monoallelic in favor of expression of the C57 allele,
irrespective of the sex or cross of the individuals from which
the cells were coming. This was the case of the OxPhos genes
Ndufb2, Ndufs5, Ndufs6, and Ndufa12 in Cl; Sdhd in Cll; Ugcrh
and Uqcr10in Cllly; Cox5b, Cox7a2, Cox7a2l, Cox7c, and Cox6c
in CIV; Atp5fe1, and Atp5pb, Atpbmc1, Atpbpd, and Atp5mk in
CV. To our surprise, cytochrome c (Cycs), responsible for trans-
ferring electrons from Clll; to CIV, also showed AIM in favor
of C57.

We also analyzed embryonic cells from different embryonic
tissues at the E15 stage, showing AIM expression in favor of
the C57 allele for several autosomal OxPhos genes, although
the number of analyzed cells was low (four brain cells, 31 liver
cells, and 38 fibroblasts) (Figure S3A). AIM toward the C57 allele
was shown in Ndufa6, Ndufc1, Ndufs5, Ndufs6, Ndufa12, Sdha,
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Sdhd, Uqcr10, Cox5b, Cox6c, Cox7a2, Cox7a2l, Cox7c, and
Cox6b1, as well as Atp5fie, Atp5pd, Atpbmc1, Atpb5pb, AtpbSmk,
and Cycs. Except for some genes, such as Ndufc1 or Cox6b1,
most of these genes maintain the C57 AIM direction observed
in adult fibroblasts. This result suggests that AIM is established
in an early stage in development and occurs in multiple cell
and tissue types.

To determine the developmental stage at which the AIM arise,
we assessed AIM in four zygotes, 14 blastomeres obtained from
four-cell embryos, 42 blastomeres from eight-cell embryos, and
57 blastomeres from 16-cell morula stage of crosses between a
castaneous females and C57 males. As expected, the zygote
stage revealed a marked silencing of paternal alleles (Figure
S3B). From this initial situation, an early shift in allele expression
was observed at the four-cell stage for most of the autosomal
OxPhos genes that show C57-skewed AIM in adult fibroblast.
This is the case of Ndufa12, Ndufa6, Ndufv2 (without significant
AlM trend in later stages), Sdhd, Uqcr10, Cox5b, Cox6c, Cox7a2,
Cox7a2l, Atp5pb, Atpbpd, Atp5mk, and Cycs, while little infor-
mation was collected for Ndufs5. The remaining autosomal
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Figure 6. Allelic imbalance in adult fibroblasts from castaneous x C57 complementary crosses

Heatmap representing allele imbalance in OxPhos genes in adult fibroblasts from C57 vs. castaneous (Cast) strain F1 hybrids. Rows represent different cells,
clustered by cross type and sex; columns reflect OxPhos genes grouped by RCs. Genes located on mtDNA are highlighted in green squares, those on the X
chromosome are highlighted by pink squares. Finally, genes with monoallelic bias toward the C57 allele are shown in red type. AIM toward specific alleles was
tested with the binomial test, with the false discovery rate corrected by the Benjamini-Hochberg method, considering a threshold for adjusted p < 0.05.

OxPhos genes showed differing degrees of paternal C57 expres-
sion, which also varied with the blastomere stage. In contrast,
Ndufa3 showed maternal (castaneous) AIM in these early stages,
losing this trend by E15. This analysis shows that, for many
genes, C57-biased expression starts very early, in the blasto-
mere stages of development. All results of AIM in OxPhos genes,
in all analyzed samples, are gathered in Tables S8-S10, while
gene-wise results are in Table S11.

Our data indicate that AIM may serve as an important modifier
of the degree of variability encoded in the genome at the individ-
ual level. This adds an additional layer of complexity to regulate
the fitness of the OxPhos system.

DISCUSSION

The evolutive forces driving the fate of mtDNA since eukaryogen-
esis are puzzling.'® In vertebrates, mtDNA still retain 13 protein-
coding genes for OxPhos subunits encoded by mtDNA. This
unigue situation necessitates a co-evolutionary relationship be-
tween the mitochondrial and nuclear genomes, incurring signifi-
cant cellular costs.'® However, the implications of this mitonu-
clear association remain incompletely understood.

Previously, other studies have detailed analysis of selective
signatures in mtDNA, examining OxPhos genes and identifying
positively selected nodal mutations in the phylogeny with impli-
cations for evolution and disease within humans.?® However,
our study explores human evolutionary constraints regarding
OxPhos proteins as the final stage of this process, offering a
3D context for all mitochondrial subunits (both mtDNA and nu-
clear encoded). To achieve this, we leverage gnomADvV3, a
comprehensive human genomic dataset that provides a broad

representation of OxPhos diversity across populations, making
it a superior resource compared to other datasets.

While mitonuclear interactions have previously been exam-
ined at the genomic level in admixed populations,” the potential
variability at the OxPhos level has yet to be quantified. Our study
provides compelling evidence that the diploid condition of auto-
somal genes, coupled with heterozygosity, represents a crucial
source of individual-level variability in the OxPhos system. The
coexistence of two mtDNA haplotypes within the same cyto-
plasm has been shown to trigger robust selection in favor of
one mtDNA variant during oogenesis and early embryonic
stages.'®?>?% After birth, some tissues systematically choose
one mtDNA haplotype, while other tissues select the other by
intracellular selection.?>° This type of mtDNA heteroplasmy
leads to continuous stress and the risk of organ failure in critical
tissues, such as the heart, skeletal muscle, and lungs, which
cannot select either mtDNA variant.® For some genes, the evolu-
tionary path selected to avoid this problem has been to limit
expression to a single allele, a pattern observed in genes en-
coded by miDNA and the X chromosome (e.g., Ndufal,
Ndufb11, and Cox7b, which are also encoded by X chromosome
in placental mammals). However, our SEPV analysis of human
populations shows that mtDNA subunit variability in human pop-
ulations far exceeds that of nuclear subunits. This suggests that
evolution has preserved a double strategy for these 13 mito-
chondrial subunits, emphasizing high population-level variability
with minimal individual-level variability.

Conversely, genes fixed on the X chromosome, which are also
monoallelicaly expressed, exhibited lower human population
variability, possibly due to selective sweeping in males (hemizy-
gotes for X-linked genes) while adhering to different rules of
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sexual transmission and sister chromatid recombination in fe-
males. These results align with previous studies showing that X
chromosome diversity is lower than that of autosomes.?®% In
addition, evolutionary findings highlighted that each chromo-
some/inheritance mode has different effects depending on
the RC.

The comparative analysis of conservation from vertebrates to
primates at single-residue resolution highlights the singular
contribution of the X-encoded subunits. Among human popula-
tions, diversity is low, being a major source of interspecies vari-
ability, because of the Haldane effect, which in the long-term
causes X-linked genes to evolve faster than autosomal genes.
This highlights the potential role of X-encoded subunits in speci-
ation by driving nucleus-mitochondria compatibility.

The higher mutational rate of mtDNA represents a constant
source of change through evolution. Preservation of these 13
genes in mtDNA, with a high mutation rate and uniparentally
transmitted, allows population-level adaptation to the high diver-
sity that autosomal genes represent at the individual level. This
would indicate that the higher mutational rate of mtDNA has
evolved to allow compatible combinations of OxPhos system
components, after passing the various selective checkpoints.
The higher mutational rate of mtDNA should then be considered
a selected feature rather than the consequence of its locationin a
mutagenic environment or due to the lack of repairing mecha-
nisms. This aligns with the Deem and Earl idea proposing evolv-
ability as an evolutionarily selectable trait.”®

The difference between interspecific conservation and that
observed among human populations arises from the general
decline in variability due to the fixation of species-specific resi-
dues. However, mtDNA, with its inherently higher mutation
rate, remains the primary source of intraspecific variability,
driving genetic diversity within the same species. This estimation
supports Wallace’s 2010 hypothesis that a high mutation rate
continually introduces nonlethal mtDNA variants into the general
population, disrupting mitochondrial bioenergetics and facili-
tating species’ adaptation to their environment.*® Interestingly,
in this study, we demonstrate that this role varies depending
on the RC.

Cl and CIV showed the greatest divergence between species.
For Cl, mtDNA is the main agent of change, whereas for CIV,
change is driven by subunits encoded in the nucleus, enhanced
by alternative isoforms. This conclusion has experimental sup-
port by the generation of interspecific xenomitochondrial cybrids
harboring human nucleus and mtDNA from non-human apes.®’
In these cells, ClI, CllI, CIV, and CV showed normal activity, while
Cl function was deficient in all interspecific crosses.®’ By the
same token, xenomitochondrial cybrids between mouse nucleus
and rat mtDNA showed concomitant impairment of Cl and CIV.*?
An additional difference between Cl and CIV variability involves
the effect of diploidy + heterozygosity. This is marginal for CIV,
which has instead evolved the ad hoc strategy of using alterna-
tive paralogous isoforms. Thus, in CIV nuclear-encoded sub-
units, autosomal and X-linked COX7B, not mtDNA, are the
main drivers of evolutionary changes. On the other side of the
scale, CV and Cll are the most conserved RCs, due to their stoi-
chiometric composition (CV) and to the lack of mtDNA-encoded
or X-linked subunits (ClI).
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Alternative to our proposal, the observed variability might
result from genetic drift after the speciation process. We found
this explanation unlikely, as evaluating the collective behavior
of a group of residues can reduce errors in interpreting their
role as drivers of speciation. We observe consistent patterns
that are non-random and concentrated within residues of CI
and CIV or mtDNA. This strongly reduces the likelihood of error
in asserting their role in driving speciation, as genetic drift would
not produce a defined pattern.

The novel conservation score, ConScore, summarizes and
weights the conservation for each subunit position in four nested
phylogenetic groups. Although this metric was not specifically
designed for clinical uses, its ability to distinguish positions asso-
ciated with pathogenic and neutral mutations in the OxPhos sys-
tem proved to be highly effective, outperforming AlphaMissense
hotspots, a tool designed to identify potentially deleterious mu-
tations. Therefore, we propose ConScore as a valuable tool for
prioritizing missense mutations in the OxPhos system for clinical
applications. Nonetheless, both tools exhibited a strong correla-
tion of their values across all OxPhos positions. ConScore is a
tool designed to account for human population constraints by
incorporating three additional nested groups, providing a
balanced measure of each position’s constraints through the
integration of evolutionary information. Consequently, it is useful
to perform functional predictions, making it possible to over-
come under-sampling among the current human population by
borrowing information from other species.

The residues that constitute the inter-subunit binding surface
(the IFR) are of particular interest and they should reflect conver-
gence between chromosomal types, especially at heterologous
binding sites. MtDNA-encoded and X-linked subunits, being the
main evolutionary sources of variability between species, have a
differential behavior regarding the residues involved in the bind-
ing sites. While IFRs from mtDNA-encoded subunits are more
variable than non-IFRs, IFRs from X-linked subunits remain sys-
tematically more conserved than non-IFRs (except in primates).
Thus, the main evolutionary drivers show divergent strategies of
interaction with neighboring subunits, being more conserved in
X-linked IFRs than mtDNA-encoded IFRs.

To understand the analysis of the binding sites according to
the type of subunits involved and to reduce the amount
of analysis needed, we used ConScore in comparison with
AlphaMissense hotspots. Again mtDNA-encoded IFRs were re-
vealed as the least conserved ones, especially when they are
involved in heterologous binding sites (M-A and M-X). Thus,
binding interfaces involving mtDNA-encoded subunits decrease
the variability constraints to adapt to their partners (autosomal or
X encoded), reinforcing the evolutionary role of mtDNA subunits.
Since diploidy plus heterozygosity could increase the level of
mismatches, binding sites between autosomal subunits (A-A)
were the most conserved ones because they seem to be under
higher selective pressures. In general, IFRs at heterologous
binding sites exhibit lower restriction levels compared to homol-
ogous ones. For instance, M-M interfaces are more conserved
than M-A or M-X, just as A-A interfaces are more conserved
than A-X or A-M. This relaxation of evolutionary constraints al-
lows adaptation to binding partners with distinct mutation rates,
expression patterns (biallelic vs. monoallelic), and inheritance
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mechanisms. X-linked IFRs, always involved in heterologous
binding sites, exhibited a conservation level like that of auto-
somal IFRs from heterologous junctions. The fact that interface
residues (IFRs) in mtDNA-encoded subunits are less conserved
than non-interface residues challenges the conventional theory
of protein evolution, which defines binding sites as more
conserved areas due to functional constraints.>® Furthermore,
we provide empirical evidence supporting how evolution has
acted at heterologous interfaces.

We found a direct, but weak, association between conser-
vation and structural resilience (PSI). This weak association
means that conservation is not only linked to structural
strength but rather to functional relevance (i.e., to the residues
involved in H* pumping). It is important to highlight that, in
previous studies, 3D structural information has been used to
identify compensatory mutations.®>* However, these assess-
ments have been limited to the MT-CO1-3 and MT-CYB pro-
teins within the OxPhos system, evaluating these proteins in
isolation without considering their core-encoded partners.
Furthermore, detailed molecular-level evolutionary strategies
have not been provided for the entire OxPhos system as a
complete entity. Our analysis represents a more comprehen-
sive assessment that considers the interplay between nuclear
and mitochondrial components as well as a more holistic
evolutionary approach.

We also assess the role of AIM as a mechanism to limit the
expression of OxPhos variability at the individual level as well
as its role in the speciation process. We provide evidence
that AIM has a significant influence on the expression of auto-
somal variants. Although monoallelic expression has been
explored in various contexts, its specific role in OxPhos genes
and potential impact on mitonuclear compatibility was unex-
plored. The main mechanism underlying allele-biased expres-
sion involves cis-trans-regulatory elements, at least in hybrids
of the mouse models considered in this study.® The existence
of AIM toward a specific allele in certain autosomal OxPhos
genes limits the expressed variability, complementing direct
residue selection. In the mouse model analyzed, F1 crosses be-
tween alternative subspecies represent a pre-speciation evolu-
tionary point. The presence of C57-biased AIM in certain Ox-
Phos genes from early developmental stages across different
cell types suggests a role for AIM in shaping the OxPhos land-
scape and speciation. Subsequent missense mutations in
monoallelic autosomal OxPhos genes could be a turning point
in evolution, leading to species separation due to OxPhos
fitness-related incompatibilities.

In summary, our study has shed light on the significant ge-
netic variability present at the individual level in the OxPhos
system, primarily due to heterozygosity in diploid genes within
the general population. This diversity prompts a significant bio-
logical inquiry concerning the possible existence of transcrip-
tional or post-transcriptional mechanisms that restrict the num-
ber of complexes variants expressed with respect to those
encoded in the genome. These mechanisms could rule gene
expression to mitigate the functional implications arising from
the significant theoretical heterogeneity observed within the
RCs due to the inherent genetic variability of the OxPhos sys-
tem among humans. However, this individual diversity is
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severely limited for the subunits encoded by the X chromosome
and the mtDNA. MtDNA-encoded subunits exhibit much higher
variability at the population level. Additionally, the variability
landscape we have defined for the OxPhos system under-
scores the special importance of the binding interfaces be-
tween subunits, especially those encoded by different chromo-
some types. This map can contribute to the understanding of
the portion of human variability associated with an increased
risk of diseases in which the OxPhos system plays a crucial
role, such as cancer, neurodegenerative diseases, and mito-
chondrial diseases, and can provide insights into infertility
and miscarriage and enhance our understanding of the mech-
anism of aging.

Limitations of the study

The interpretation obtained from the gnomAD-v3 database may
require confirmation with larger population datasets. Extensive
analysis of single-cell RNA-seq data based on full-length reads
and extensive coverage of cell types and ages will be needed
to finally define the role of AIM in shaping the expression of alter-
native OxPhos subunit alleles. Moreover, additional post-tran-
scriptional regulation mechanisms not investigated here may
contribute to reduce the complexity of the expressed RCs.
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Deposited data

Allele-sensitive single-cell
RNA-seq from primary

mouse fibroblasts

Allele-sensitive single-cell
RNA-seq from first generation
mouse strain crosses from zygote
to the cells of the late blastocyst

GEO (Gene Expression Omnibus)*®

Deng et al., 2014; GEO (Gene
Expression Omnibus)®’

GSE75659

GSE45719

5XTD RCSB PDB https://doi.org/10.2210/pdb5XTD/pdb
5XTE RCSB PDB https://doi.org/10.2210/pdb5XTE/pdb
5762 RCSB PDB https://doi.org/10.2210/pdb5Z62/pdb
1Z0Y RCSB PDB https://doi.org/10.2210/pdb1Z0Y/pdb
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6ZBB RCSB PDB https://doi.org/10.2210/pdb6ZBB/pdb
6J54 RCSB PDB https://doi.org/10.2210/pdb6J54/pdb
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6ZMR RCSB PDB https://doi.org/10.2210/pdb6ZMR/pdb
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1BMF RCSB PDB https://doi.org/10.2210/pdb1BMF/pdb
2W6E RCSB PDB https://doi.org/10.2210/pdb2W6E/pdb
2XND RCSB PDB https://doi.org/10.2210/pdb2XND/pdb
2WeH RCSB PDB https://doi.org/10.2210/pdb2W6H/pdb
1MAB RCSB PDB https://doi.org/10.2210/pdb1MAB/pdb
Other

1,000 Genomes Project database
gnomAD v3 database
AlphaMissense predictions (hotspots)
ClinVar database

SNPs from the Mouse Genome Project

The 1000 Genomes Project Consortium®
gnomAD Consortium’

AlphaMissense hotspots'®

NCBI'’

Sanger institute®®

http://www.internationalgenome.org/data/
http://gnomad.broadinstitute.org/
https://alphamissense.hegelab.org/hotspot
https://www.ncbi.nlm.nih.gov/clinvar/

https://www.sanger.ac.uk/data/
mouse-genomes-project/

Software and Algorithms

Variant Effect Predictor (VEP)

BLASTP

MUSCLE

Rosetta suit of tools
bio3d v-2.4-4
PyRosetta v4.0
PyMol

Picard tools

STAR

Ensembl, EMBL-EBI*°

NCBI*°

Robert C. Edgar”’

Baker Lab, University of Washington
R-package™”

Gray Lab, University of Washington*®
Schrédinger

Broad Institute

Dobin et al., 2013*

https://www.ensembl.org/info/
docs/tools/vep/index.html

https://blast.ncbi.nim.nih.gov/Blast.cgi
https://www.drive5.com/muscle/
https://www.rosettacommons.org/
https://doi.org/10.1093/biocinformatics/btl461
https://www.pyrosetta.org/
http://www.pymol.org/pymol
http://broadinstitute.github.io/picard
https://github.com/alexdobin/STAR
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REAGENT or RESOURCE SOURCE IDENTIFIER

R version 4.4.2 R core team https://www.r-project.org/
Rstudio RStudio https://rstudio.com

All code and analyses that This paper https://github.com/GENOXPHOS/
contributed to this work Structural_Evolution_OxPhos

METHOD DETAILS

Analysis of the potential variability of RCs in the 1000 genome project

Publicly available data from the 1,000-genome project® were analyzed to measure the potential variability in assembled RCs in a hu-
man population. Thus, third phase SNPs, that include genotype information from 2,504 individuals were annotated with variant effect
predictor VEP*° and missense variants affecting the OxPhos genes were selected (Figure S4). For this analysis we considered only
those missense variants that are going to be part of the final product, therefore we filtered out those affecting to residues that will be
removed, such as the initial methionine or the signal peptide for the mitochondrial import in some cases, following Uniprot database
annotations.*® The number of potential combinations of different subunits with respect to the amino acid point changes present per
individual was then calculated for each RC of the OxPhos system, considering the existence of repeated subunits and alternative
isoforms encoded by paralog genes. For better understanding, described OxPhos alternative paralog genes products for RCs IV
and V are schematized in Figures 1G and 1H. Then, calculation of all potential combinations for each RC depends on the number
of different subunits with alternative alleles (represented here by differences in amino acid composition), the number of times a sub-
unit is repeated in the structure and the existence of subunits encoded by alternative paralog genes.

1) For Cl and ClI:
c=2"

2) In the case of Clll,, given that complex Il is only available as a dimer:

C — 22n
3) In CIV for which different subunits have different alternative isoforms:

Subunity = 2 oxa + 2Coxar
Subunvis = 2¢oxsar + 2coxea
Subunityy, = 2¢oxent +2Coxes2

Subunituia = 2gox7a1 + 280x7a2 T 2C0x7A0L
Subunitu = 2¢ox7s + 2¢ox782
Subunityy = 2¢oxea + 2Coxsc
Subunitnouras = 2puras + 2NpurasLe
Subunitype, = 2"

C = Subunit,mer x Subunity, x Subunity, x Subunitsy,, x Subunity, x Subunityy, x Subunityy x Subunitypyuraa

4) For CV there ATP5MC1, ATP5MC2 and ATPMCS3 are interchangeable isoforms:

_ oxn 8n 8n 8n
C=2"x (2ATP5MC1 + 2apsmce + 2ATP5MCS)

being n the number of different subunits that compose the RC that has two different alleles and x the number of times a subunit is
repeated in the structure.
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With this analysis we aim to approximate the potential variability of an example human population, rather than perform an exhaus-
tive computation. Consequently, only those missense variants affecting the canonical transcript were considered. In addition, for the
ATP-synthase, the computation of possible combinations is limited to the monomer.

Analysis of population variability and conservation level at a protein residue level as SEPV
Shannon entropy is a concept from information theory is a measurement of the amount of “uncertainty” linked to the possible out-
comes of a variable. The Shannon entropy is then calculated using the probabilities of these outcomes as:

n
SEPV = - " F; x log(F;)
i=1

The Shannon entropy takes positive values, starting from 0, being the larger the higher “uncertainty”.

This concept can be transferred to the evaluation of the frequencies of the amino acids described at a particular protein position.
From here, if these frequencies come from the distinct residues observed at a particular position in a multiple alignment of sequences
(MSA) from different species, we will obtain the degree of disorder of that position, i.e. how variable that protein position is among
different species, which is a measure of conservation (Figure S5). In this study, we quantified conservation at the protein position level
using multiple sequence alignments (MSA) across three nested phylogenetic groups: vertebrates, mammals, and primates. For ver-
tebrates, we aligned protein sequences from up to 50 species per OxPhos subunit, ensuring balanced representation with approx-
imately one-fifth each from amphibians, birds, fish, reptiles, and mammals. Similarly, for mammals, we aligned sequences from 50
different species, while for primates, MSAs were constructed using protein sequences from 25 different species. Given that the use of
sequences from different species, while always within the relevant phylogenetic group, may vary across subunits, thereby artificially
introducing variability, we incorporated a correction factor into the SEPV calculation. First each species sequence is weighted
regarding the differences compared with the reference sequence, that is the human sequence for the subunit:

Number of identical items against human sequence
length of the sequence(including gaps)

Wi vs human =

Next, amino acid frequencies in the column

Z Wi vs human'I(Xi = aa)
Fi(corrected) = n

Z Wi vs human
i=1

Where aa is each of the different amino acid found in the column, being I(x;)=0 when x;#aa and I(x)=1 when x;=aa. Then corrected
Shannon Entropy Position Variability was calculated:

n
SEPV = — Z Fi(corrected) X lOg (Fi(corrected))
i=1

On the other hand, it is possible that the frequencies with which different amino acids occur at a particular protein position refer to
the frequency within a population of individuals, in which case the Shannon entropy will be a measure of the degree of variability in
that population, at that position, for that protein. In gnomAD-v3, is gathered variant information derived from the analysis of 76,156
genomes including mtDNA information (that was not included in gnomAD-v2 and has a great population bias in gnomAD-v4), allowing
the evaluation of OxPhos system. From this database we selected missense variants, that affect OxPhos subunits according to the
consequences predicted by variant effect predictor VEP,*° considering only canonical transcripts. Then, if we use the frequencies
derived from the variability collected from the thousands of individuals included in the gnomAD-v.3 database, from different popu-
lations, we will obtain an approximation to the variability existing in the human population, that here is called SEPV human.

To handle the same scale for SEPV in these four evolutionary points, min-max normalization was carried out for SEPV vertebrates,
SEPV mammals, SEPV primates and SEPV human. Then, SEPV in each evolutionary point takes values from 0 to 1, meaning when
SEPV=0, that no alternative amino-acid was found, thus this position is fixed in the group, while when SEPV=1 represents the
maximum level of variability among all OxPhos subunits.

Regarding both meanings of Shannon entropy, this measurement is going to summarize two sources of information, the number of
different amino acids described in such position and their relative frequencies. In the case of SEPVhumans will represent the degree
of variability, or alternatively, the level of constraints within the human population, serving as an intraspecific reflection of ongoing
evolution, while SEPV in vertebrates, mammals, or primates, it serves as a direct indicator of conservation, reflecting the outcomes
of selective pressures or genetic drift processes.

In the case of SEPV.gnomAD.v3, the higher the value, higher the lever of variability in human population, and in the case of SEPV.
inter-species, the larger the value the lower the position is conserved. To handle similar scales for both measurements, in both cases
a min-max normalization was performed, considering the distributions along the whole OxPhos system.

To define SEPV in vertebrates, mammals or primates, we gathered reference sequences for OxPhos subunits for ten different spe-
cies whose genomes are reasonably characterized by using blastp tool*® against refeseq database. Selected sequence ID for subunit

Cell Genomics 5, 100945, September 10, 2025 €3




¢? CellPress Cell Genomics

OPEN ACCESS

for considered species are listed in Table S12. In a second step, multiple sequence alignment (MSA) was carried out applying muscle
algorithm.*'

Determination of fixed positions and homozygous biased positions and enrichment analysis of fixed positions
OxPhos protein positions with SEPV human=0 was considered as fixed Positions, not being represented in gnomAD-v3.

To define Homozygous biased positions in autosomal encoded subunits, the observed number of homozygotes reported in gno-
mAD was compared against the expected number of homozygotes derived from amino acid change frequencies in the population
(szi), being p; the frequency of homozygous positions in the population. Therefore, this phenomenon can be tested for the discovery
of homozygous biased positions performing a binomial test to assess whether the number of observed homozygotes at a certain
protein position is larger than expected by mere allele frequency, considering as significant threshold of p<0.05 and a false discovery
rate adjusted corrected by Benjamini-Hochberg.

To explore whether the number of fixed positions was higher or lower than expected by random distribution by RC or by subunit,
binomial test was performed. False discovery rate was corrected applying Benjamini-Hochberg method. We adopted a threshold of
significance of adjusted p-value<0.05.

Development of in silico models for RCs

In silico modelling of RCs could be used to integrate population information with the physical interaction between subunits. This spe-
cific application is specially to study evolutionary interaction between subunits with different inheritance rules encoded by autosomal,
X or mitochondrial chromosome. Although the structures of most human RCs have already been published, these structures need
substantial further refinement to be used. For Complex V, no structure is yet available. For structure refinement or for whole structure
development, it was used ROSETTA biomolecular modelling suite of tools. Rosetta is a software for protein structure prediction and
functional design, that explore randomly conformational space for a protein and test the model in energy terms, using knowledge-
based energy functions. Therefore, during the modeling, Rosetta produces several models guided by energy functions, as part of the
strategy of increasing the probability of obtaining a model close to the native protein. The strategy for the development of in silico
models is necessarily different depending on the existence of available structures. In silico models for Cl, Clll and CIV, were devel-
oped by refinement of structures 5xtd, 5xte and 5262 respectively.’®*” These models were obtained by cryo-electron-microscopy
and regions with high mobility (i.e., loops) usually remains unsolved with this technique. On top of this, all these models presented
several clashes (atoms overlapping in the space), with lot of them involves atoms from the backbone, consequently, given the en-
ergetic implications, they cannot occupy those positions in space. Therefore, these models must be refined. To that end, we pro-
duced 100 models applying the Rosetta relax protocol.8 then the most representative model was selected as the lowest energy
model within the most crowded cluster. To this aim, unsolved regions of each subunit were modeled independently. In this task,
100 models were produced by Rosetta comparative modeling protocol,'® using the relaxed incomplete subunit as template.
Once again, the most representative model (lowest energy model from the most crowded cluster) of each of these subunits was
selected and placed together with the other subunits in the multimeric structure and the whole complex went through an energy mini-
mization (relax protocol) step, producing 100 models.

For complexes Cll and CV there are not resolved PDB models for human, but there are resolved structures from other species.
Then given the high degree of homology between species for OxPhos proteins, each subunit was obtained by homology modeling
(RosettaCM). Here we generated in each case 1,000 models of each subunit using PDB structures from other species as tem-
plates (Tables S13 and S14). Then, taking advantage on the high degree of homology for OxPhos subunits between species,
all subunits were aligned against most homologous template used in the homology modeling step. Composed structures were
relaxed, and the selected models were docked for their prosthetic groups using Rosetta ligand docking tool® obtaining 1,000
models for each ligand. In this step most suitable models were selected directly as the lowest energy ones at ligand-pocket
interface.

In all cases the visualization of the pdb structure and the video were performed using PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrédinger, LLC).

Conservation score ConScore calculation

For the development of the conservation score, ConScore for each position of each subunit of the OxPhos system, the conservation
level in the four groups analyzed (vertebrates, mammals, primates and humans) were weighted according to the distribution of fixed
positions and overall conservation level within the OxPhos system (Figure S6). Consequently, the conservation values measured by
SEPV in each evolutionary point were rank normalized and summarized according to the following expression:

ep =2h”:ma” rank (SEPVep)

X = N

ep = vertebrates
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where SEPV,, represents the protein position conservation values at each evolutionary point, and N denotes the total number of Ox-
Phos positions, considering all distinct compounding subunits.
Subsequently, the rank-normalized conservation values were summarized and transformed to range from 0 to 1 as follows:

X — min(x)

ConScore = 1 — ————————
max(x) — min(x)

being x the addition of rank normalized values through evolution for each protein position. In such scale ConScore=0 represent the
lowest value of conservation and ConScore=1 means that that protein position is fixed through the evolution.

Interface residues detection

Interface residues between subunits were determined using a distance threshold of 5Ain our in-silico models of the Respiratory com-
plexes, using bio3d v-2.4-4 r-package.42 All downstream analysis related to IFRs are referred to our in-silico models, that for CIV the
alternative isoform composition is limited to COX4l11, COX6A1, COX6B1, COX7A2, COX7B, COX8A and NDUFA4, while the paralo-
gous isoform included in the CV is ATP5MCA1.

The detected IFRs were further analyzed to understand their evolutionary behavior. First, their conservation levels were compared
to those of OxPhos residues not involved in binding sites, both across all subunit types and within individual subunit types, using the
Wilcoxon test (for two distributions) or the Kruskal-Walli’s test followed by Dunn’s post hoc test. Second, conservation levels were
assessed directly through ConScore values and indirectly by comparing AlphaMissense hotspot values within IFRs, depending on
the subunit types involved in the junction.

ConScore benchmarking compared with AlphaMissense hotspot

We evaluate the performance of ConScore and AlphaMissense hotspot in identifying protein regions where mutations are more likely
to be pathogenic. Their performance was measured as the area under Receiver Operating Characteristic (ROC) curve and the area
under the Precision- Recall (PR) curve. For this purpose, we used described labeled missense mutations from ClinVar database that
affect OxPhos genes. In this process of variant filter and consequence prediction bcftools version 1.20% and VEP. In this bench-
marking variants considered pathogenic and likely pathogenic were both considered pathogenic, while benign and likely benign
were considered as benign. For the area under the ROC and PR curve calculation and representation, we used ROCR version
1.0-11 and precrec version 0.14.4 R packages.*®*°

Calculation of Probability of Structural Impact

To determine the degree of resilience of each protein position to mutations, it was performed a mutability scanner using membra-
ne_predict_ddG.py tool from Pyrosetta 4.**°' This program mutates the wild-type residue of each position to the 19 alternative pos-
sibilities and calculates energy difference (ddG) for each mutation. As from a structural/functional point of view both stabilizing and
destabilizing mutations may have an effect, we considered absolute values as a measure of the size effect. Finally, for each position
we will have 19 absolute values of ddG and this measurement was performed for each protein position of all OxPhos components (not
only mtDNA), according to our in-silico models, therefore regarding the presence of membrane environment, nuclear encoded neigh-
boring subunits and prosthetic groups. Then, comparing residue specific 19 values distribution can be compared against the distri-
bution of the same residue type (e.g. Alanine) from all subunits analyzed from our RC models. To compare both distributions, we used
Kolmogorov-Smirnov non-parametric test, considering Ho of being equal or lower absolute values of ddG, the probability of having a
D statistic higher than expected is our PSI, for that position.

Assessment of the association between PSI and ConScore, human population constraints, RCs or subunit type

The study of the association between PSI and ConScore levels was performed firstly by Kruskal-Wallis test, followed by Dunn post
hot test. For the assessment of association PS| and constraints among human populations, OxPhos positions were classified in two
categories regarding whether amino-acid changes in such position were described or not as Fixed (SEPV=0) and Non-fixed positions
(SEPV>0), where pair-wise comparison of PSI values between classes performing two-sample Wilcoxon tests. Structural resilience
to amino-acid changes, measured as PSI, was also studied considering OxPhos RCs or subunit type (autosomal, mtDNA-encoded,
or X-linked) using the Kruskal-Walli’s test, followed by Dunn’s post-hoc test. Dunn’s post-hoc test was carried out using FSA R pack-
age version 0.9.6 (https://github.com/fishR-Core-Team/FSA), where FDR was corrected by Benjamini-Hochberg and a threshold of
adjusted p-value<0.05 was set.

Evaluation of allelic imbalance (AIM) in OXPHOS genes at transcriptional level

To assess the existence of constraints for the expression of potential variability in nucleus-encoded OxPhos genes (nOXPHOS)
determined by their diploid condition and heterozygosity, at transcriptional level, we analyzed single cell RNA-seq data (scRNAseq).
To this end, it was developed an ad hoc methodology (Figure S7). First, fastq reads were mapped using STAR v-2-5-1%* using refer-
ence GRCm38.91 for mouse samples. Then, duplicate reads in bam files were detected and tagged with markduplicate from Picard
tools (http://broadinstitute.github.io/picard).
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Next step mapped reads matching SNPs positions in OxPhos genes were retrieved for each cell. These SNPs information was
obtained from the Mouse Genome Project.® Finally, a binomial test was carried out by cell and gene.
scRNAseq data
We performed the assessment of allele bias profiles from publicly available sources of scRNAseq data, from mouse samples (adult
fibroblasts, embryonic neurons, and embryonic hepatocytes from different mouse F1 hybrids (males and females) from C57BL/6J x
Castaneus crosses (GSE75659, GSE45719).°%2” All these data were smartseq scRNAseq data. Regarding information needed to
perform AIM analysis (samples’ genotypes), SNPs used for allelic imbalance analysis of hybrids C57BL/6J x CAST/EiJ were acquired
from the Mouse Genome Project.®® Further details and characterization of these samples in Table S15.

AIM analysis

We designed an ad hoc strategy that needs double information from samples, genotype information to retrieve variants in heterozy-
gosity and RNAseq data from single cell. Then for each cell, reads that matches SNPs positions were retrieved and annotated with
harboring allele information, mapped gene, and cell id. From here, we used binomial test to assess allelic imbalance, considering the
null hypothesis when both alleles have the same probability of expression (biallelic gene expression) and in consequence, the prob-
ability of expression of each allele is p=0.5 (Figure S9). The alternative hypothesis is that the alleles do not have the same probability of
expression, the gene is monoallelic and hence the probability of expression of one of allele significantly higher than 0.5.

If we designate the number of reads of one specific allele as k and the total number of reads (considering both alleles) as n, then,
under the null hypothesis, the number of reads for an allele should follow a binomial distribution with parameters n trials and prob-
ability of success of 0.5.

The p-value for the binomial test is calculated as the probability of observing a value as extreme or more extreme than the observed
value of X, under the null hypothesis. It is calculated as:

n
P(X > k|Ho) = > C(n,k)-05"(1 — 0.5)"
i=k

False discovery rate was controlled adjusting p-values for multiple testing, by using the Benjamin-Hochberg method. Then only,
results with an adjusted p < 0.05 as monoallelic expressed.

Furthermore, to evaluate AIM directed at a particular allele, which is a pattern observed in most cells at the gene level, we once
again employed the binomial test. This test was applied only to genes that showed AIM results in at least 75% of the cells analyzed
in the data sets under study (adult fibroblasts, E15 embryonic cells, and cells from early developmental stages). We tested three null
hypotheses.

(1) HO: The count of cells with C57 AIM is equivalent to the count of cells without C57 AIM.
(2) HO: The count of cells with Cast AIM is equivalent to the count of cells without Cast AIM.
(3) HO: The count of biallelic cells is equivalent to the count of cells without biallelic cells.

In all these cases, under the null hypothesis (HO), the proportion of cells in the evaluated category is assumed to be p=0.5. If the
observed proportion is significantly greater than 0.5, with a significance threshold of 0.05 (p < 0.05), we can assume the alternative
hypothesis of enrichment in that category within our data set.

A caveat for this model is that relies over the assumption of single cell condition of the data, for biallelic outcomes. Nevertheless,
the existence of doublets does not affect the confidence Al events toward a specific allele (which the hypothesis that we want to test).

QUANTIFICATION AND STATISTICAL ANALYSIS

Al statistical analysis or programmatic quantitative measurement was performed in Python o R and were described in their respective
sections in method details or Figure legends.
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