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Evidence for asymmetric DNA strand inheritance in vertebrate mitochondria

A classical experiment performed by Meselson and Stahl in 1958 confirmed the semiconservative mechanism
of DNA replication in cellular organisms. According to this mechanism, following DNA replication and cell
division, each daughter cell inherits chromosomes consisting of one parental strand (W or C) and one newly
synthesized complementary strand (C’ or W’). Since each DNA strand is replicated the same number of times
during successive rounds of cell division, the W and C strands can be considered equivalent as a result of the
coupling between cell division and semiconservative DNA replication. However, some non-cellular organ-
isms, including single-stranded DNA and RNA viruses, do not conform to the concept of strand equivalence.
A key feature of vertebrate mitochondrial genomes is a highly skewed nucleotide composition between the
two complementary strands. This compositional asymmetry allows the strands to be separated by ultracentrif-
ugation in an alkaline cesium chloride density gradient, yielding a heavy (H) strand enriched in guanine and
thymine and a light (L) strand enriched in cytosine and adenine. Despite extensive research, the exact mecha-
nism of human mitochondrial DNA replication and its relationship to nucleotide compositional bias remain
unclear. In this review, we propose a conceptual model of asymmetric mitochondrial DNA strand inheritance
to account for the strand-specific mutational asymmetry characteristic of vertebrate mtDNA.

Keywords: mitochondrial DNA, DNA strand equivalence, patterns of mutation, Chargaff’s second parity rule,
DNA replication.
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Mitochondrial DNA (mtDNA) in vertebrates consists of a compact circular molecule between

16-24 kb [1, 2]. In mammals, the mitochondrial genome is a circular DNA molecule of ~16.6 kb that carries
37 genes (13 protein-coding genes, 2 ribosomal RNAs and 22 transfer RNAS). The only major non-coding
region, known as the control region or D-loop, contains key cis-acting elements essential for mtDNA tran-
scription and replication, including the light-strand promoter (LSP) and heavy-strand promoter (HSP), which
initiate transcription from the respective strands. Figure 1 presents a map of the human mitochondrial
genome [3, 4].

The mitochondrial genome comprises two strands—the heavy (H) strand, enriched in guanine (G) and

thymine (T), and the light (L) strand, enriched in cytosine (C) and adenine (A)—that exhibit marked differ-
ences in nucleotide composition. This compositional asymmetry contributes to distinct buoyant densities,
enabling physical separation of the strands by alkaline CsCl density gradient centrifugation.
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Figure 1. Structure of human mitochondrial DNA [5]

Table 1 quantifies these conserved patterns across vertebrates, illustrating how skew metrics (AT- and
GC-skew) deviate from Chargaff’s second parity rule and correlate with asymmetric replication dynamics.
The pronounced H-strand skews—particularly negative AT- and GC-skews—facilitate strand displacement
during replication and localize mutation hotspots near OriH [6, 7].

Table 1

Nucleotide composition and skews reveal conserved strand asymmetry
in vertebrate mtDNA. H-strand G+T bias (vs. L-strand C+A enrichment) violates Chargaff’s second
parity rule across species. Skew metrics: AT-skew = (A-T)/(A+T); GC-skew = (G-C)/(G+C).
Adapted from; own compilation

Species Strand A (%) C (%) G (%) T (%) AT-skew GC-skew
Human H 30.98 12.21 13.24 43,57 -0.168 -0.041
L 29.65 28.21 12.21 30.98 +0.022 +0.398
Mouse H 31.49 11.90 13.31 43.30 -0.156 -0.112
L 30.12 27.31 11.90 30.67 +0.009 +0.393
Chicken H 29.81 13.45 14.20 42.54 -0.177 -0.032
L 28.92 27.45 13.45 30.18 +0.021 +0.328

The pronounced H-strand skews (Table 1)—particularly negative AT-skew and GC-skew—facilitate
strand displacement during replication, underpin physical separation via alkaline CsCI density gradient cen-
trifugation, and localize mutation hotspots near OriH.

MtDNA is inherited strictly maternally: paternal mtDNA is diluted in the zygote and actively degrades
after fertilisation [8, 9]. Two main mechanisms are thought to underlie the absence of paternal mtDNA in the
offspring. First, the small amount of mtDNA carried by sperm is negligible compared with the large number
of maternal copies present in the oocyte and zygote, which leads to simple dilution [5, 10]. Second, an active
degradation process selectively eliminates sperm-derived mitochondria after fertilisation [11-13]. Research
revealed that a mammalian oocyte contains about 100,000 copies of mtDNA, which are distributed to daugh-
ter cells as the fertilized egg begins to divide [14]. However, mtDNA replication does not commence until
after implantation. During development, only a small fraction of maternal mtDNA is designated for the germ
line, eventually giving rise to primordial germ cells that will produce future oocytes. Despite the high muta-
tion rate of mtDNA in somatic tissues, several protective mechanisms in the germline prevent the maternal
transmission of deleterious mtDNA mutations [15]: (1) only a limited amount of the maternal mtDNA is
passed on to the next generation [16]; (2) purifying selection within the maternal germline reduces mtDNA
mutations that alter protein amino acids [17]; (3) embryos actively eliminate cells with high levels of
mtDNA mutations affecting transfer RNA (tRNA) genes [18]; and (4) women with significant mtDNA muta-
tions in their reproductive cells often face fertility problems [19].

Evidences suggest that mitochondrial DNA represent a vestigial genome of the alpha-proteobacterial
endosymbiont captured ~1.5-2 billion years ago during eukaryogenesis, retaining ~5 % of progenitor genes
while outsourcing bioenergetics to nuclear genome [20]. Remarkably conserved across Metazoa (human-
chicken 93 % identity), mtDNA exhibits clade-specific rearrangements reflecting reductive evolution [21].
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Strand asymmetry traces to ancestral displacement replication, paralleling T-odd/ssDNA bacteriophages and
supporting alpha-protecbacterial phage-endosymbiont hypothesis [22]. Maternal uniparental inheritance pre-
cludes mtDNA recombination, yielding a low nonsynonymous/synonymous substitution ratio (dN/dS ~ 0.2)
that indicates strong purifying selection. Tissue-specific mtDNA copy number variation and heteroplasmy
thresholds then determine bioenergetic capacity [5, 23].

To understand the origin and maintenance of chain asymmetry, it is necessary to consider the mecha-
nisms of mtDNA replication. Key proteins are polymerase y (POLy), TWINKLE helicase, and mitochondrial
RNA polymerase (POLRMT), which synthesises primers [24, 25]. RNase H1 removes RNA primers [26].

Factors involved in mammalian mitochondrial DNA replication

Mammalian mitochondrial DNA (mtDNA) replication uses a specialised set of proteins that is distinct
from the nuclear replication machinery [27]. DNA polymerase y (POLYy) plays a central role as the only pol-
ymerase that synthesises both the H and L strands [28]. POLy forms a heterotrimer: the catalytic subunit
POLyA (~140 kDa, family A, related to T7 DNA polymerase) has 3'—5’ exonuclease activity (error <I per
10 nt), while the two accessory subunits POLYB (~55 kDa, structurally similar to class Ila aminoacyl-
tRNAsynthetases) increase processivity and stability of binding to the template [29, 30].

TWINKLE helicase (hexameric complex, ~420 kDa; 5'—3" activity; homologous to T7 gp4) unwinds
double-stranded DNA at the replication fork, while its limited priming capacity is supported by mitochondri-
al RNA polymerase (POLRMT), which synthesizes 25-75 nt RNA primers on single-stranded DNA tem-
plates. Mitochondrial single-stranded DNA-binding protein (mtSSB; tetrameric complex, ~60 kDa) prevents
secondary structure formation, inhibits non-specific priming, and enhances the activities of both TWINKLE
and POLy [31-36]. Accessory polymerases (PrimPol, POLB, POL6, POL(L) focus on repair. TFAM
(HMG box) packs mtDNA and initiates truncated transcripts for priming [27, 29, 36].

The D-loop in the control region is a docking station for nucleoids with an R-loop (7S DNA on the non-
template strand), which ensures the organisation and separation of mtDNA [35, 37]. Depletion of MGME1
(ssDNA nuclease 5'—3'/3'—5") leads to the accumulation of 7S DNA, confirming its role in D-loop turnover
and prevention of linear fragments. MtSSB coordinates replication, increasing the efficiency of POLy [34, 37].

mtDNA replication modes

Three primary models of mtDNA replication have been proposed for vertebrates: the classical strand-
displacement model (SDM), the ribonucleotide incorporation throughout the lagging strand model
(RITOLS), and the strand-coupled model (Fig. 2). These models have been confirmed by electron microsco-
py, two-dimensional agarose gel electrophoresis (2D-AGE), atomic force microscopy, analysis of DNA-
RNA hybrids of replication intermediates, and ChIPmtSSBin vivo [38-43].

Figure 2 illustrates the topological differences: SDM features prolonged ssDNA displacement, RITOLS
provides transient RNA protection, and SCM shows coupled forks. Each contributes to strand asymmetry
maintenance.

Strand displacement model (SDM)

The classic SDM model was formulated in the early 1970s based on electron microscopic analysis of
circular mitochondrial molecules containing extended single-stranded regions corresponding to the displaced
parental strand. In these works, molecules were observed where one daughter strand was double-stranded
and the other was partially or completely single-stranded, leading to the introduction of the term “strand dis-
placement” to describe this mechanism [43, 45, 46]. Within the SDM, replication begins in the control re-
gion, near the origin of replication of the heavy chain (OriH), from where a new H chain is continuously syn-
thesised on the L chain template [46]. As the replication fork progresses, the parental H-strand is displaced
and remains in a single-stranded state, forming characteristic replication intermediates with an increasing
length of the single-stranded segment [38]. The origin of L-strand replication (OriL) lies roughly two-thirds
of the way around the circular mtDNA genome from OriH [40].

L-strand synthesis is initiated by mitochondrial RNA polymerase, which synthesises primers that are
then extended by DNA polymerase y (Pol y), resulting in the formation of a functional analogue of the lag-
ging strand, but without the classic Okazaki fragments [44, 48]. This asynchrony, as well as the prolonged
existence of the single-stranded displaced H-strand, distinguishes SDM from nuclear DNA replication and
served as the basis for the concept of “asynchronous chain synthesis” in mitochondria [47].

Later work using atomic force microscopy and 2D-AGE showed that SDM well explains the observed
replication intermediates in mouse liver mitochondria and that there are additional L-strand initiation sites
besides the classic OriL [45, 49].
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Figure 2. Schematics of the three main mtDNA replication models in vertebrates. (A) Strand-displacement model
(SDM): leading-strand synthesis initiates at OriH, displacing the parental H strand (red) to form a D-loop until OriL
activation and lagging-strand priming. (B) RITOLS model (RNA incorporation throughout the lagging strand): the

displaced H strand is initially coated with RNA transcripts synthesized on the L strand (“bootlace” mechanism, yellow),
later replaced by POLy-synthesized DNA. (C) Strand-coupled model (SCM): bidirectional replication forks with
coupled H/L-strand synthesis (Y-arc intermediates observed by 2D-AGE). Color code: black = parental strands;
green = newly synthesized DNA, yellow = RNA [43, 44]

In summary, the defining features of SDM are: (1) strictly unidirectional, continuous H-strand synthesis
initiating at OriH; (2) the displaced parental H-strand persisting as naked single-stranded DNA until OriL is
reached approximately two-thirds around the genome; (3) L-strand synthesis commencing only after OriL is
exposed, without Okazaki fragment formation; and (4) the prolonged single-stranded state of the parental H-
strand as the principal source of its mutational vulnerability [38, 45, 46]. This model is best supported by
electron microscopy and mtSSB occupancy data, and it provides the direct mechanistic basis for the replica-
tion-coupled mutational gradient that is the focus of the present work [39]. The key limitation of the pure
SDM is its prediction of extended single-stranded intermediates that, in practice, appear partly RNA-coated
in many experimental systems—a discrepancy addressed by the RITOLS model [40, 41].
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The RITOLS model and the “bootlace” mechanism

With the development of methods that allow for the preservation of fragile replication intermediates and
the analysis of DNA-RNA hybrids, it has been shown that many structures previously interpreted as extend-
ed single-stranded regions of the displaced H-strand actually contain long RNA tracts complementary to the
L-strand [41, 46, 47]. These observations led to the formulation of the RNA Incorporated ThroughOut the
Lagging Strand (RITOLS) model, according to which as the replication fork progresses, the displaced
H-strand is temporarily covered by pre-synthesized transcripts that hybridize with the template and act as a
temporary lagging strand [43, 47].

Metabolic labelling of isolated mitochondria with DNA and RNA precursors showed that RNA strands
in these intermediates are not synthesised “on the fly” at the fork, but are preformed L-strand transcripts
that are sequentially “threaded” (bootlaced) onto the displaced H-strand as the replication fork
progresses [45, 47]. In the next stage, these RNA primers are gradually displaced and replaced by DNA syn-
thesised by Pol v, leading to the formation of a complete L-strand [41].

Thus, the RITOLS model largely retains the topology of SDM (initiation in the control region, the key
role of OriH/OriL, and asynchronous strand synthesis), but radically reduces the lifetime of long single-
stranded DNA segments by replacing them with stable DNA-RNA duplexes [43, 44, 50]. This is considered
a potential adaptation necessary for maintaining mitochondrial genome integrity, given the relatively low
replication rate of mtDNA compared to nuclear and bacterial DNA, and the high sensitivity of single-
stranded DNA to breaks and deletions [44].

In summary, RITOLS shares with SDM its unidirectional initiation at OriH, its asynchronous activation
of OriL, and its overall topology of leading-strand displacement. The critical distinction is mechanistic rather
than topological: in RITOLS, the displaced parental H-strand is not naked ssDNA but is coated by preformed
L-strand RNA transcripts via the “bootlace” threading mechanism, forming transient RNA-DNA duplexes
that are subsequently matured into dsDNA by POLy-mediated RNA replacement [41, 43]. This RNA cover-
age substantially shortens the window of H-strand single-stranded exposure compared to SDM, potentially
reducing (but not eliminating) the mutational vulnerability of the H-strand [44]. Critically for the asymmetric
inheritance model, both SDM and RITOLS produce the same net outcome: leading-strand (H-strand) synthe-
sis is continuous and membrane-anchored, while lagging-strand (L-strand) synthesis is delayed and produces
a diffusible daughter molecule [40, 43, 44]. The two models therefore differ in the degree, not the existence,
of H-strand vulnerability, and both are fully compatible with the asymmetric strand inheritance model [50].

Synchronous (strand-coupled) replication

Along with SDM and RITOLS, analysis of replication intermediates using 2D-AGE revealed character-
istic Y-shaped arcs (y-arcs) corresponding to double-stranded replication forks with synchronous synthesis
of the leading and lagging strands [49]. Such structures are poorly consistent with the rigidly asymmetric
model of pure chain displacement, as they suggest the existence of classical two-strand forks in significant
portions of the mitochondrial genome [43].

However, mtSSBChIP-seq with a pronounced bias towards the displaced strand contradicts the uniform
distribution of mtSSB expected in linked forks [51]. Y-loops likely reflect transient bidirectional progress or
replication stress-induced structures rather than a dominant mechanism, as Kearns-type forms remain rare in
vertebrates [64].

Refined models integrate elements of transient ligated replication before SDM dominance, reconciling
2D-AGE observations with single-stranded DNA persistence and asynchronous origin activation. Such a hy-
brid approach preserves the primacy of SDM while acknowledging the contribution of ligated forks in physi-
ological variability [39].

In summary, the strand-coupled model (SCM) differs fundamentally from both SDM and RITOLS in its
topology: it posits bidirectional replication forks in which H- and L-strand synthesis proceed simultaneously
and in a coupled fashion, analogous to classical nuclear DNA replication [44]. The key evidence in its favour is
the detection of Y-arc intermediates by 2D-AGE, consistent with double-stranded fork progression [49, 50].

However, SCM stands in direct conflict with several lines of evidence that support asynchronous dis-
placement synthesis:

(1) mtSSBChIP-seq data show a strong bias of single-stranded DNA binding toward the displaced
strand, incompatible with the uniform distribution expected at coupled forks [39, 51];

(2) the existence of a discrete OriL site and its delayed activation are mechanistically unnecessary under
a fully coupled model [38, 40];
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(3) the compositional asymmetry and mutation gradient from OriH to OriL are not readily explained by
synchronous fork movement [50].

The current consensus therefore treats SCM not as an independent dominant mechanism but as a minor
or context-specific mode—possibly reflecting replication stress, repair synthesis, or a transitional phase pre-
ceding SDM-type displacement [39]. Unlike SDM and RITOLS, SCM does not readily account for the per-
sistent H-strand mutational bias that is the subject of the asymmetric inheritance model.

Consequences of replication asymmetry in mtDNA

The strand-specific mutational bias observed in vertebrate mtDNA arises from the interplay between
replication dynamics, nucleotide compositional asymmetry, and limited DNA repair capacity. The heavy (H)
strand, exhibiting G+T bias (~59 % G+T vs. 41 % in L-strand), remains predominantly single-stranded dur-
ing leading-strand displacement synthesis from OriH (~6500 nucleotides before OriL activation), rendering it
highly vulnerable to hydrolytic deamination of cytosine and adenine residues in DNA (C—U—T and
A—Hx—G), polymerase slippage during POLy processivity, and ROS-induced a basic sites/oxidized purine
and pyrimidine bases [51].

L-strand priming at OriL initiates bidirectional lagging-strand synthesis, but the RITOLS “bootlace”
mechanism provides only transient RNA coverage of nascent H-strand templates (~25-75 nt primers), leav-
ing the displaced parental H-strand exposed [38]. Mitochondrial SSB (mtSSB) preferentially coats this
ssSDNA, yet protection proves incomplete compared to nuclear RPA dynamics (H-strand exposure: hours vs.
nuclear replication ~minutes; replication cycle ~1 h [52]). Nucleoid architecture exacerbates asymmetry:
TFAM compaction (~1 TFAM/10 bp) and selective membrane anchoring via H-strand-transcribed oxidative
phosphorylation (OXPHOS) complexes (I, I, 1V, V; ATP6/8) restrict H-strand-enriched nucleoids to high-
replication niches near cristae, amplifying POLy infidelity (error rate 1:10* nt vs. nuclear 1:108) and replica-
tion-associated mismatches [28].

Mitochondrial base excision repair (BER) operates at reduced efficiency (~10-50 % nuclear rates) for
key lesions (8-oxoG glycosylase OGG1, AP-endonuclease APE1), with TFAM-dependent “transcription-
coupled scanning” exhibiting strand bias toward transcriptionally hyperactive H-strand regions (14/15 tran-
scripts) [53]. Replication forks frequently stall at D-loop damage hotspots, favoring mutagenic translesion
synthesis (PrimPol/TLS polymerases) over faithful repair or double-strand break resolution (absent canonical
HR/NHEJ) [54].

OXPHOS coupling imposes additional selection: H-strand anchoring facilitates rapid copy-number res-
toration post-damage but selects deletion mutants with replication advantage in aging tissues (e.g., “common
delete” AMtDNA4977 amplifies in neurons). Maternal inheritance bottlenecks (~100-1000 germline mtDNA
copies) impose purifying selection, yet somatic clonal expansion evades this filter [54-58].

Mutational bias in vertebrate mtDNA

Replication of mitochondrial DNA in vertebrates causes a strong asymmetry of mutations: in the heavy
(H) strand A>G and C>T substitutions are dominant type of mutation (about 70 % of all mutations), whereas
complementary L-strand exhibits T>C and G>A substitutions and very few A>G and C>T mutations
[19, 57]. This strand-specific mutation pattern is maintained across all vertebrate species from fish to mam-
mals, resulting in the observed nucleotide compositional bias between G+T-rich H-strand and C+A-rich
L-strand.

The mutation frequency varies along the genome: the maximum is observed at the replication origin
(OriH)—up to 10 times higher than at OriL [1]. This is directly related to the fact that the H-strand
remains in a single-stranded state longer during replication according to the SDM and RITOLS models
[42, 47, 59, 60-63].

The nucleotide compositional bias of vertebrate’s mtDNA violates Chargaff’s second parity rule: in the
H-strand, adenine exceeds thymine by 20—40 %, and guanine exceeds cytosine by 30-50 %. Such a violation
is typical for vertebrate’smtDNA and is absent in nuclear DNA [44].

In brain neurons, the asymmetry is even stronger: in the H-strand 85-90 % of somatic mutations consist
of G>A substitutions which is 4-5 times more frequent than C>T [64]. This is characteristic of aging brain
tissues—the putamen and the cortex. Main reasons: the H-strand remains longer in single-stranded form as
compared to L-strand [65] and high levels of reactive oxygen species (ROS) in neurons cause guanine oxida-
tion [66]; weak DNA repair in brain mitochondria [59]; neurons do not divide, as a result mutated mtDNA
clonally expands [67].

In the brains of patients with Alzheimer’s disease, mutations in the control region (D-loop) suppress
mtDNA replication [68]. Point mutations and large deletions in mtDNA are associated with increased inci-
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dence of age-related diseases across human and animal models. mtDNA accumulates mutations
at rates ~10—100x higher than nuclear DNA, primarily due to elevated replication frequency (~500-10000
copies/cell/day), Poly infidelity and proximity to ROS-generating ETC complexes. Somatic mutation burden
in the human prefrontal cortex increases ~5-fold by age 80, dominated by transitions (purine<>pyrimidine)
with oxidative transversions (G—T/C—A) as hallmarks of 8-oxoG lesions [69, 70]. Critically,
H- and L-strands exhibit asymmetric accumulation: young brains show C—T bias on H-strand mirroring
L-strand composition (31 %G vs. 13 %C), shifting to T,.—C,_ dominance with age [64, 71].

The conceptual framework of asymmetric DNA strand inheritance in vertebrate mitochondria, original-
ly proposed by Matkarimov and Saparbaev [72], provides a mechanistic explanation for the observed strand-
biased mutation patterns in mtDNA. According to this model, the majority of mtDNA progeny after multiple
replication rounds derives predominantly from the heavy (H) strand. This bias arises from asymmetric strand
replication, which is anchored to the inner mitochondrial membrane via the D-loop structure [56, 72].

MtDNA replication initiates in the D-loop region where the parental H-strand serves as the template for
leading-strand synthesis at OriH. This unidirectional replication displaces the parental H-strand, exposing
OriL ~2/3 genome length away to trigger lagging L-strand synthesis. The H-strand remains anchored to the
inner mitochondrial membrane via D-loop interactions and OXPHOS complexes, undergoing continuous
replication cycles. In contrast, the L-strand replicates once to generate a diffusible daughter molecule
containing the parental L-strand paired with newly synthesized H-strand (Fig. 3).

s Template H- or L-strand Mitochondrial
Nascent L-strand
Nascent H-strand matn\
Inner mem! brane
6 lI strand
II-strand
/
Membrane
attachment site
lnpn Ma

o

Figure 3. The model of asymmetrical mtDNA strand inheritance [71]

This asymmetric segregation occurs through SDM and RITOLS mechanisms [29, 73, 74] with certain
features proposed by Matkarimov and Saparbaev [71]. Premature termination of leading H-strand synthesis
creates a hemicatenane linking parental and daughter molecules [75] resolved by mitochondrial topoisomer-
ase llla into two distinct mtDNA populations [76]. The resulting molecule containing the parental H-strand
remains membrane-anchored for sustained replication, while the parental L-strand molecule diffuses freely
through the matrix and is characterized by high transcriptional activity (L-strand is the transcribed strand for
12 out 13 mitochondrial protein-coding genes) [77].

This model elegantly explains the characteristic mutational bias or asymmetry: “transitions of
T—C/G—A predominate on the L-strand template, while C—T/A—G occur on the H-strand”, contradicting
expected ROS-induced damage patterns but matching prolonged single-stranded H-strand exposure during
asynchronous replication [72]. Preferential use of H-strand as a template for replication may explain long
replication cycles (~2 hour/cycle), POLy error rate (1:10* nt), and absence of 8-0xoG derived mutational sig-
nature in mtDNA from post-mitotic tissues.

This asymmetric replication strategy appears conserved across vertebrates, paralleling single-stranded
bacteriophages (M13, ¢X174) [45, 78] and suggesting shared evolutionary origins. The model predicts testa-
ble mutation gradients peaking at OriH and requires validation through single-molecule long-read sequenc-
ing, nucleoid anchoring disruption experiments and quantitative replication dynamics modeling. Understand-
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ing this fundamental replication asymmetry illuminates mitochondrial contributions to aging,
neurodegeneration, and cancer evolution.

Alternative Hypotheses for Mutational Asymmetry

While the asymmetric strand inheritance model provides a compelling replication-centric framework, it
is important to consider alternative and complementary hypotheses that have been proposed to explain
strand-specific mutational bias in vertebrate mtDNA. A comprehensive evaluation of these alternatives pro-
vides a broader context for evaluating the asymmetric strand inheritance model and clarifies its scope and
limitations [1].

An alternative explanation for H-strand mutational bias invokes transcriptional activity rather than
replication dynamics. The L-strand serves as the template for the vast majority of mitochondrial transcripts
(14 of 15 rRNA/mRNA genes in humans), making it the predominant transcribed strand, as a consequence
during transcription H-strand remains in single-stranded form Transcription-coupled damage repair (TCR),
well established in nuclear genomes [79] (may also operate in mitochondria and remove lesions from the
template strand. Consequently, strand asymmetry in repair efficiency could amplify mutational bias even in
the absence of replication-driven strand exposure [80], although the extent of this phenomenon and its mech-
anistic basis remain incompletely understood.

Additionally, the passage of mitochondrial RNA polymerase (POLRMT) through damaged or structur-
ally unusual DNA regions may interfere with replication fork progression, giving rise to transcription—
replication conflicts that can influence strand-specific mutational patterns. Distinguishing replication-driven
from transcription-driven asymmetry requires strand-specific quantification of lesion loads and repair inter-
mediates in cells with selectively inhibited [81] transcription or replication [82].

Reactive oxygen species (ROS) generated by the electron transport chain (ETC) represent a major
source of mtDNA damage, primarily generating 8-oxodeoxyguanosine (8-0xoG) and oxidized cytosines [83].
Some authors have proposed that the spatial proximity of the H-strand, via its membrane-anchoring interac-
tions with OXPHOS complexes, leads to its preferential exposure to superoxide and hydrogen peroxide gen-
erated in complexes | and III [84]. This model predicts an excess of G—T transversions (the hallmark of
8-0x0G mispairing) on the H-strand, a prediction that has partial support in aging somatic tissues [85]. How-
ever, ROS-based models alone cannot fully account for the predominance of hydrolytic deamination prod-
ucts (C—T and A—G transitions) in the observed mutation spectrum, suggesting that oxidative damage and
replication exposure act synergistically rather than as exclusive mechanisms [7].

Structural features of mtDNA, including the D-loop and protein-binding sites, may also contribute to
local variation in mutagenesis [86]. The D-loop region, described above as a specialized nucleoprotein
structure, contains a persistently unpaired DNA segment that may increase its susceptibility to chemical
damage and mutagenesis [86]. Because this region remains locally unpaired on at least one strand, it repre-
sents a site of elevated local mutagenicity independent of active replication [72]. TFAM binding throughout
the mitochondrial nucleoid creates regions of constrained topology that may modulate polymerase slippage
rates and base-excision repair access [87]. Mutational hotspots in the control region are observed across ver-
tebrate species and correlate with D-loop boundaries, suggesting that structural rather than purely kinetic fac-
tors can concentrate damage [88]. Integrating structural mapping of protein occupancy (via ChIP-seq or
CUT&RUN adapted for mitochondria) with mutation frequency data along the genome would help distin-
guish structural from replication-kinetic contributions to asymmetry [1].

Taken together, these alternative mechanisms are not mutually exclusive with the asymmetric strand in-
heritance model [72]. Rather, the asymmetric inheritance hypothesis provides the primary replication-based
scaffold that explains the genome-wide gradient of mutation frequency from OriH to OriL, while transcrip-
tion-coupled processes, ROS proximity, and structural features of the D-loop are also likely to contribute to
the formation of local and context-dependent mutation rates [50, 85]. Future experimental designs should
aim to decompose these contributions quantitatively, for example through strand-specific single-molecule
sequencing in cells with disrupted nucleoid anchoring or selective POLRMT inhibition.

Conclusion

In conclusion, this review has examined the structural features of mtDNA, its replication mechanisms,
and patterns of somatic mutation accumulation. The proposed theory of asymmetric strand inheritance offers
a heuristic explanation for observed strand-specific mutational biases that challenge conventional replication
models coupled to segregation via cell division. According to this theory, the leading chain (H-chain) under-
goes continued DNA replication possibly via anchoring of OriH in the D-loop region to membrane, while the
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lagging chain (L-chain) undergoes only one replication cycle and then detaches from the inner mitochondrial
membrane and diffuses to matrix. The asymmetric nature of replication creates prerequisites for the accumu-
lation of different types of mutations on Watson (top) and Crick (bottom) strands. Understanding this asym-
metric strand inheritance model is crucial for elucidating mitochondrial aging, the pathogenesis of mitochon-
drial diseases, and tissue-specific mutation patterns. Consequently, further investigation into these mecha-
nisms holds promise for developing novel diagnostic and therapeutic strategies for mitochondrial disorders.
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A.b. Onikyn, JI. Manankessl, M.K. Camap6aes, C.M. TaitmakoBa

OwmbipTRansuiap mutoxonapuscoiiaarsl JIHK Tiz0exTepinin
ACMMMeETPHUSJIBIK TYKBIM KyaJiaybIHbIH JdJ1eJ1Aepi

1958 »xbutbl Mesenbcon MeH CTajb JKYPri3reH KIIACCHKAJbIK AKCIEPHUMEHT JKacyLIalbIK OpraHu3MepAeri
JIHK perutikaiusCceIHbIH KapThllaii KOHCEPBATUBTI MEXaHHM3MIiH Toyenae/i. byn mexanusmre coiikec, xa-
cyma OesliHTeHHEeH Keiin opbip eHmriiec kacyma Oip ara-aHaibeik Tizoexren (W uemece C) xome Oip
JKaHAaH CUHTe3/eNreH Komruiemenrtapisl Tizoekren (C' memece W') TypaThlH XpOMOCOMAHBI HEJIEHE.
Op6ip AHK Tizberi xacyma op OeiiHreH cailblH Oipiel yirife pelUMKanusulaHaTHHABIKTaH, W skone C
Ti30eKTepi XKapThUIail KOHCEPBATHUBTI PEILTUKALNS MEH >KacyIIAIbIK 06TiHy HOTH)KECIHJIE SKBUBAJICHTTI JIE
ecenrteneni. Anaiina, kelbip jkacymianblk emec opraHusmiep, mbicansl, 0ip Ti36ekti JHK nHemece PHK
BUPYCTapbl, OSKBHBAICHTTUIIK MNPUHUMMIH  cakramaiapl. COHBIMEH  KaTap  OMBIPTKAIbLIAP/bIH
MHUTOXOHIPHSJIBIK TCHOMBIHIAFBI €Ki Ti30SKTiH HYKJICOTHUATIK KypaMbIHBIH ailKbIH TEHCI3HIri epekiie Hazap
aynapyra TYpapiblK. Bysl TeHCI3OiK CinTini mesuid XJIOpuai rpaueHTiHAer] ynpTpaueHTpudyranay kesinae
mutoxoHapusblK JIHK-HbiH eki Tizoerinin — G+T-re 0ait aybip (H) xone C+A-ra Gaii xenin (L)
Tiz0ekTepre OeiHyiMeH KepiHic Tabaxsl. Anam mutoxoHapusuiapeHaarsl JJHK permkanusichr y3ak sKeiiaap
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00iibl 3epTTeNin Kelie jKaTKaHbIHA KapaMmacTaH, PeIUIMKalMs MEXaHH3Mi MEH Ti30eKTepIiH HYKJICOTHITIK
KYpPaMBIHJIAFBl TEHCI3AIKTIH apachbIHAAFbl BIKTUMaJ OalTaHBIC i A€ TONBIK aHBIKTAJIMAFaH *KOHE FBUIBIMH
miKipTanac TakbIpblObl Oombim  OTBIp. OchiFaH OaiimaHBICTBI Oy Makanaga OMBIPTKAIBLIAPABIH
muToxoHapusuiblK JIHK-chiHma OafikanaThlH MyTAalMsUIBIK [ATTEPHHIH KYIITI BIFBICYBIH KapamailbiM
IBPHUCTHKAIBIK >koJIMeH TyciHmipe amatsiH JIHK Ti30ekTepiHiH acHMMETpHSUIBIK TYKbIMKyalaybsl HeMece
OJIapJIBIH AKBUBAJICHTTI €MECTITi Typajbl BIKTHMAJI YITiCi YCHIHBUIFaH.

Kinm co30ep: mutoxounpusuiblk JTHK, JTHK Ti30ekrepiHiH SKBHBAICHTTLIIr, MYTaIMs 3aHIBLTBIKTAPBI,
YapradGThiH eKiHII epekeci, peruTuKanusl.

A.b. Anukyn, JI. Mananksi3el, M.K. Canap6aes, C.M. Taiinmakosa

Joka3aTesbCcTBa AaCHMMETPUYHOI0 HacaenoBanus uene JJHK
B MUTOXOHIPHSIX MO3BOHOYHBIX

Krnaccuueckuii s3xcriepumenT, npeanoxeHHsiii B 1958 rogy Mesensconom u CranieM, NOATBEpAMI HOIYKOH-
cepBaTUBHBINA MexaHusM pemukanud JJHK B ki1eTouHbIX opraHusMax, COrjacHO KOTOPOMY IOCIIE JeJIeHUs
KJIIETOK KakJiasti JOUepHsist KJIeTKa HacJelyeT XPOMOCOMY, COCTOSIIYIO U3 OHOI poanTensckoit nernn (W mm
C) n oxHOl HOBOCHHTE3MpOBaHHOIT KoMIuieMeHTapHo# neru (C' wim W'). TTockonbky kaxnas nems JJHK pe-
IUTHIHPYETCS] OANHAKOBOE KOJIMIECTBO a3 IMOCHEe KaXI0To ASNCHUSI KIETKH, MOXKHO IPEIIOI0XKHUTh, YTO IIe-
m1 W n C 5KBUBAICHTHBI KaK Pe3yJIbTaT COYECTAHMS JEICHUS KICTKU M IOJYKOHCEPBATUBHOTO MEXaHU3Ma
pemmmkanun JJHK. OxHako HEKOTOpBIE HEKIETOYHbIE opraHu3Mbl, Takue kak on/IHK- u PHK-Bupycel, urano-
PHPYIOT IPHUHIINI SKBHBAIEHTHOCTH Lemeil. Takxke CTOUT OTMETHTh HHTEPECHYI0 0COOEHHOCTh MUTOXOHPH-
IPHOTO TEHOMA ITO3BOHOYHBIX C HEOOBIYHBIM ANCOATaHCOM HYKJICOTHIHOTO COCTaBa Ha JBYX HUTSAX MHTO-
xouapuaibHoii JIHK, uro mpuBoaut k paszpenenuto Ha Tsokenyio (H) G+T-Goratyio u nérkyro (L) C+A-
6oraryto Huta JIHK npu yipTpaneHTpuyrupoBaHHuH B MIEIOYHOM I'PAIMEHTE XJIOPUCTOTO 1ie3us. HecmoTpst
Ha MHOroJjeTHue uccienoBanus perumkanuu JJHK B MUTOXOHAPUAX YenoBeka, MEXaHU3M STOHM peIUIMKaluu
U BO3MOJXKHasl CBSI3b C AMUCOAIAHCOM HYKJICOTHIHOTO COCTaBa OCTAIOTCS MPEAMETOM AHCKycCHH. B cBsizm ¢
9TUM B JJaHHOH CTaTbhe MBI MIpEJIaraéM BO3MOXKHYIO MOJENIb aCUMMETPUYHOro HacnenoBaHust Huted JJHK
M HedkBuBaneHTHOcTH HuUTel JJHK, xoTopas mpenocTapisieT mpocToe IBPUCTHIECKOE OOBSICHEHHE CHIIBHO
cMmereHHoro narrepHa myrauuit B MT/JHK no3BoHo4HBIX.

Kniouesvie cnosa: muroxonapuansHas JIHK, skBuanentHocts neneit JIHK, 3akoHoMepHOCTH MyTaluid,
BTOpOe npasuio Yapradda, permkanust.
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