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Abstract — Mitochondrial DNA encodes 13 subunits of
mitochondrial respiratory chain complexes. There is high mtDNA
variability in human populations, and substantial part of it is
regional specific. It is hypothesized that mtDNA common variants
can be adaptive and have some effect on the mitochondrial
function. MT-ATP6 gene is particularly variable in human
populations in regard of missense polymorphisms. We have
analyzed MT-ATP6 missense substitutions in the mtDNA
haplogroups which are common for Northern Asia (Siberia).
Representatives of mitochondrial haplogroups A, D4, C4, CS5, Z,
and L (the latter as an example of a ""Southern" haplogroup) were
selected from the GenBank collection of whole human mtDNA
sequences, and amino acid sequences encoded by ATP6 were
analyzed. We show that amino acid variability in the ATP6
depends on the substitutions in the roots of these haplogroups. In
particular, AlaS9Thr in combination with His90Tyr substitution
(haplogroup A) are associated with a number of polymorphic
amino acids in the first 60 positions of ATP6, whereas ancestral
Ala59 variant (haplogroup D), either alone or in the combination
with Ala20Thr substitution (haplogroups C4, CS, and Z), seems to
have '"suppressing" effect on the variability in this region.
Comparison of the estimated "coupling values" (which reflect
associations between amino acids in the protein) between each of
these three positions and all amino acid positions in the 1-59 region
has revealed that mean coupling values were comparatively higher
for the position 20, lower for the position 59, and the lowest for the
position 90 (p=0.0002). In contrast, for the missense substitutions
which actually have occurred in these haplogroups, the mean
coupling values were close to 0 at all three positions. Our results
demonstrate possible epistatic effect of the haplogroup-defining
missense variants in the mtDNA encoded protein.
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Introduction

Mitochondrial DNA (mtDNA) is widely used in the
population and evolutionary genetics, due to its uniparental
inheritance and high mutation rate. In human populations,
mtDNA variation has been extensively studied, and detailed
intraspecific phylogeny was reconstructed and is available
online [1]. All mtDNA haplotypes can be classified as belonging
to different haplogroups which share common nucleotide
substitutions. Along with silent and non-coding substitutions,
these haplogroup-specific polymorphisms include amino acid
changes in mtDNA-encoded subunits of mitochondrial
respiratory chain complexes, as well as nucleotide substitutions
in the mitochondrial rRNA and tRNA genes. Additional
polymorphisms occur at the terminal branches of the tree.
MtDNA variation has substantial geographic differentiation, so
that main branches of the tree are continent-specific. It was
proposed that not the genetic drift alone, but natural selection as
well could contribute into the global distribution of the mtDNA
variation [2], and that some mtDNA haplogroups might have
slightly increased or decreased respiratory chain efficiency,
contributing to the adaptation to climate and/or food sources [3].
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It is possible that the sequential accumulation of mutations
along the mtDNA molecule in the course of human
microevolution is not random, because of interactive and
cumulative effects of several mutations, but such effects are
difficult to estimate. The aim of our study was to search for
possible patterns of amino acid replacements in the human
mtDNA phylogeny, using the MT-ATP6 gene as an example.

Methods

For the analysis of the intraspecific phylogeny of human
mtDNA, a data set was generated which contains all complete
human mitochondrial genome sequences (48935 sequences)
available in the NCBI Nucleotide database. These sequences
were aligned to the rCRS reference sequence using bwa bwasw,
and then a list of substitutions was obtained from the sequences.
The detected substitutions were used for verification of the
haplogroup using HaploGrep [4]. Sequences with low
confidence of haplogroup affiliation (less than 0.9) were
excluded from the analysis. Then, several haplogroups were
chosen which had experienced expansion in Northeastern
Eurasia (A, D4, C4, C5, Z), as well as one “Southern”
haplogroup L3 which had expansion in Africa. For these
haplogroups, amino acid sequences for ATP6 were translated
from the DNA sequence data. List of amino acid replacements
and their conservation indices and MutPred values were
obtained using MtPhyl program [5]. In addition, estimates of
mtDNA selection scores [6] and coupling values for amino acid
pairs [7] were analyzed. Statistical comparisons were performed
in the Statistica 8.0 package (StatSoft Inc.).

Results

ATPG6 protein consists of 226 amino acids. The number of
polymorphic amino acid positions in the studied data set was 51.
Almost all sequences in all haplogroups have the “Thr112Ala”
substitution (A8860G), where Alanine is in fact ancestral state,
because the reference sequence (rCRS) belongs to the
haplogroup H2a2a which has Alal12Thr substitution. Also, all
haplogroups except of the haplogroup A have Thr59Ala
substitution (A8701G), again with Alanine being the ancestral
allele (the Ala59Thr change had occurred in the
macrohaplogroup N, from which macrogaplogroup R
originated, including H2a2 with the rCRS). Haplogroups C4,
C5, Z, D4 belong to the macrogaplogroup M, which originated
directly from L3 (the root for non-African haplogroups), therefore
they also have this difference from the reference sequence.
Haplogroup A belongs to N, so it has threonine in this position.
However, almost all haplotypes of haplogroup A have a different
substitution in the same part of the protein sequence, His90Tyr
(C8794T). Representatives of the M branches (C4, C5, Z — all
belonging to the M8 cluster) have another replacement in the N-
terminus of ATP6 — Ala20Thr (G8584A).

The total number of polymorphic positions in each
haplogroup should depend on its age and prevalence: the



probability of amino acid change is higher in the older and more
abundant haplogroups, regardless of their adaptive significance.
In the analyzed data set, haplogroup D4 was the most variable,
with the coalescence time of about 26 thousand years, [8] and
the number of the analyzed sequences (1323) was the largest.
Analysis of the haplogroup D4 revealed 24 polymorphic amino
acids. The coalescence time of haplotypes of haplogroup L3b
was 12-15 thousands years ago [9], and for this cluster, 11
polymorphic positions were observed. The least variability in
our dataset was demonstrated for the haplogroups Z and C5,
with the coalescence time estimated as 16.5 and 20 thousand
years ago [8], and the number of analyzed haplotypes is 175 and
120, respectively. Only one polymorphic amino acid was
detected in haplogroup C5 (in addition to Ala20Thr), and in
haplogroup Z there were 7 polymorphic amino acids. From the
other side, the coalescence time for both haplogroups A (n=697)
and C4 (n=570), was estimated at about 21 thousand years [8,
10], but there was significant difference in amino acid ATP6
variability: 22 polymorphic amino acids (in addition to
His90Tyr) in the haplogroup A and only 4 (in addition to
Ala20Thr) in the haplogroup C4. So, there is decreased protein
variation in the haplogroup C4, versus the increased variability
in the haplogroup A, despite similar age and prevalence.

When considering the pattern of the ATP6 amino acid
sequence polymorphism in the studied haplogroups, it can be
noted that the presence of threonine at position 59 (haplogroup
A) compared with alanine (the remaining halpogroups) is
associated with an increase in variability in the N-terminal part
of the protein: in the region from position 1 to 59, there are 11
polymorphic amino acids in haplogroup A, compared to 6 in
haplogroup D and 3 in haplogroup C4. It should be noted,
however, that all C4 representatives in this area have a
replacement Ala20Thr (occurred at the root of M8 haplogroup
which encompasses the haplogroup C). The explanation for the
observed picture may be the adaptive effect of the Ala59Thr
substitution, which weakens the pressure of negative selection.
Another explanation could be interaction of this amino acid with
the N-terminal part of the protein, i.e. the epistatic effect of
substitution in this position. An indirect assessment of epistatic
effects can be given by the method of analysis of interactions
published in [7]. In that study, based on a comparative analysis,
data on the “coupling values” between amino acids at various
positions for several thousands known proteins, including the
sixth subunit of ATP synthase, were calculated, and the results
have been made publicly available. It was assumed that in the
absence of interaction between amino acids, the average value
of this index should be close to zero. Using these data, we
selected and compared the calculated estimates of the coupling
values of positions 20, 59, and 90 (where haplogroup-specific
amino acid substitutions occurred in the studied haplogroups)
with all amino acids in the N-terminal part of the protein where
we found haplogroup-specific variability (i.e. amino acids 16-
58). The analysis of variance revealed statistically significant
differences in the average coupling values between the three
positions (p = 0,0002). Maximum average coupling value was
estimated for the amino acid at the position 20, the intermediate
value for the position 59, and the minimum for the position 90
(Fig.1). In contrast, mean coupling values for the positions 20,
59, 90 and actually occurred polymorphic amino acids did not
differ from 0. Thus, the results suggest possible effect of the
amino acid changes at the root of a haplogroup on the further
protein variability. However, this question requires further
research - in particular, a more complete analysis of other
mtDNA haplogroups would allow to determine whether the
detected association of threonine 59 with higher variability in
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the N-terminal part of the protein is preserved in the branches of
N and R macrohaplogroups. In general, the high number of
polymorphic positions in the ATP6 gene in the “northern”
haplogroups D and A is consistent with the previously described
phenomenon of high amino acid variability of ATP6 in the
northern latitudes [2, 11]. The relatively low variability in the
haplogroups C and Z can be associated with the presumable
effect of the Ala20Thr substitution.
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Fig. 1. Mean coupling values for the amino acids 20, 59, and 90 with the
amino acids 16-58 in ATP6.
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