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Abstract—The cause of the high variability of human mitochondrial DNA (mtDNA) remains largely unknown.
Three mechanisms of mutagenesis that might account for the generation of nucleotide substitutions in mtDNA
have been analyzed: deamination of DNA nitrous bases caused by deamination agents, tautomeric proton
migration in nitrous bases, and the hydrolysis of the glycoside bond between the nitrous base and carbohydrate
residue in nucleotides against the background of the free-radical damage of DNA polymerase y. Quantum
chemical calculations demonstrated that the hydrolysis of the N-glycoside bond is the most probable mecha-
nism; it is especially prominent in the H strand, which remains free during mtDNA replication for a relatively
long time. It has also been found that hydrolytic deamination of adenine in single-stranded regions of the H
strand is a possible cause of the high frequency of T — C transitions in the mutation spectra of the L-chain

of the major mtDNA noncoding region.
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INTRODUCTION

The human mitochondrial genome is characterized
by considerable variation, its mechanisms remaining
largely unknown [1]. The nucleotide sequence varia-
tion of the major mitochondrial DNA (mtDNA) non-
coding region (or control region), which contains
hypervariable segments (HVSs) termed HVS1 and
HVS2, has been studied in most detail. The mutation
spectra of HVS1 and HVS2 are characterized by a
considerably larger number of transitions compared to
transversions, as well as a larger number of pyrimi-
dine transitions, than those of purine [2, 3]. Analysis
of the HVS1 and HVS2 mutation spectra recon-
structed with the use of phylogenetic analysis of pop-
ulation data has demonstrated that the mutation pro-
cess in human mtDNA depends on the nucleotide con-
text, and the high frequency of mutations (23.4 and
49.4% in HVS1 and HVS2, respectively) is explained
in terms of the model of mtDNA chain dislocation
during replication [3]. Analysis of mtDNA mutation
spectra has shown that oxidative damage (e.g., the for-
mation of 8-OH-dG) leading mainly to transversions
is not the main cause of mitochondrial mutations.
However, the mutagenesis mechanisms that result in
AP-sites, such as spontaneous loss of bases, base
deamination, and some types of nucleotide oxidative
damage, may be among the factors determining the
high proportion of transitions in mtDNA mutation

spectra. To date, promising approaches to revealing
the mechanisms of the high mtDNA variation rate has
been proposed [4]; however, further studies in this
important field are necessary.

We analyzed three molecular mechanisms of
mutagenesis that might be involved in the formation
of mtDNA mutations: deamination of DNA nitrous
bases caused by deamination agents, tautomeric pro-
ton migration in nitrous bases, and the hydrolysis of
the glycoside bond between the nitrous base and car-
bohydrate residue in nucleotides against the back-
ground of the free-radical damage of DNA poly-
merase 7.

EXPERIMENTAL

The rate of oxidative deamination of nitrous bases
was determined as described previously [5]. The
degree of completeness of the reaction

was estimated by o(RNH,), the molar proportion of
the compound RNH,: the more RNH, has been con-
verted into ROH, the lower the ou(R-NH,).

All nonempirical calculations included complete
optimization of geometry by the Hartree—Fock
method in the RHF/6-31G** basis [6]. Semiempirical
calculations were performed by the PM3 method
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Table 1. Distribution of point substitutions in the L strand of
the human mtDNA control region

HVS1 HVS2
mtDNA region,
nucleotide sub- | number | percent- | number | percent-
stitutions of muta- | age of | of muta- | age of
tions |mutations| tions |mutations
Transitions
C—T 944 42.7 110 22.0
T—C 638 28.8 213 42.6
G—A 188 8.5 71 14.2
A—G 294 13.3 94 18.8
Transversions
A—C 32 1.4 5 1.0
C—A 45 2.0 0 0
T—G 5 0.2 1 0.2
G—T 0 0 1 0.2
A—T 25 1.1 0 0
T—A 3 0.1 4 0.8
G—C 7 0.3 1 0.2
C—G 31 1.4 0 0

Note: The distribution of mutations is estimated from previously
published data [3].

based on neglecting two-atom differential overlapping
[7, 8]. The calculations were performed by means of a
Pentium I11-450 PC with the use of the GAMESS soft-
ware [9].

Complete optimization of the geometry of molecu-
lar structures corresponding to stationary points (min-
imums, A = 0, where A is the number of negative
eigenvalues of Hesse’s matrix at the given stationary
point) on the surface of potential energy was per-
formed to a gradient of 10° Hartry—Bohr. The calcu-
lation in the 6-31G** basis of the matrix of power
constants was performed analytically using the
GAMESS three-point method [9].

RESULTS AND DISCUSSION

Polymorphism of the mtDNA control region was
mainly accounted for by point nucleotide substitu-
tions (Table 1), transition sites being considerably
more numerous than transversion sites. This may have
resulted from, first, selective effects of mutagens on
DNA bases; second, spontaneous ketone—enol and
amine—imine tautomerism of nitrous bases; and third,
replication errors. Asynchronous replication charac-
teristic of the mitochondrial genomes of vertebrates
leads to the asymmetry of nucleotide frequencies
observed in mtDNA chains [10]. The rate of accumu-
lation of point substitutions in the mtDNA control
region is an order of magnitude higher than in the
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nuclear genome, because the mitochondrial genome
contains an “open” single-stranded region (D loop) [11].
Earlier studies using Naemophilus influenzae trans-
forming DNA demonstrated that denaturation of the
polynucleotide chain increased the mutagenic effect
of nitrous acid [12, 13]. Indeed, the H-bond rupture
during denaturing makes nitrous bases more accessi-
ble to mutagenic factors.

Modifiers of nitrous bases not causing deletions or
base crosslinking are of special interest. These are,
e.g., deamination agents, which transform purines and
pyrimidines with an exocyclic amino group according
to the formula

R-NH, —» R-OH.

This may result in point substitutions via the for-
mation of unusual H-bonds by modified bases during
DNA replication. One of the mechanisms of point
substitutions in DNA is cytosine and adenine deami-
nation caused by NO-containing agents. Nitrous acid
(HNO,) is a classic example of a mutagen of this type.
It is formed from organic precursors, e.g., nitrosoam-
ines, as well as from nitrites and nitrates. Nitrous acid
effectively removes amino groups from cytosine, ade-
nine, and guanine.

Nitrous acid transforms guanine into xanthine,
which still forms H-bonds (two instead of three) with
cytosine. Therefore, guanine deamination does not
result in point mutations but may cause inactivation
because of weakening the bonds between the nitrous
base and deoxyribose. Uracil, the product of cytosine
deamination, can form two H-bonds with adenine.
Therefore, deamination causes the substitution G-C —
A-T. Finally, adenine deamination leads to the forma-
tion of hypoxanthine, which, after tautomeric trans-
formation, forms two H-bonds with cytosine, and the
A-T pair is substituted by the G—C pair.

There are abundant but contradictory data on
deamination gene mutations, mostly on the compara-
tive HNO,-induced mutability of adenine and
cytosine. This mutability is mainly determined by the
adenine and cytosine deamination rates. For example,
some researchers believe that the deamination rate is
higher for cytosine than for adenine [14]; therefore,
the probability of substitutions of G-C by A-T is
higher than that of the reverse substitution. Other
researchers report the rate constants, indicating that
the rate increases in the order cytidine < adenosine <
guanosine [15]. Our data indicate that the adenine
deamination rate is higher than the cytosine deamina-
tion rate [5]. Table 2 shows the results of the interac-
tion of adenine and cytosine with nitrous acid.
According to these data, adenine is deaminated more
intensely than cytosine.

Our experimental data were confirmed by the
results of ab initio quantum chemical calculations in
the RHF/6-31G** basis. Indeed, electrophilic substi-
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tution reactions preferably occur at the site of the
highest electron density and the largest negative
charge. The small difference in energy between the
border orbitals of the electrophile NO* (—0.270 eV)
and the substrates (adenine and cytosine) indicates
that orbital control of the process is more preferable.
The highest occupied molecular orbital of adenine
(—0.307 eV) is lower than the highest occupied orbital
of cytosine (—0.337 eV), which affiliates electron
transfer from the highest occupied orbital of the sub-
strate to the lowest free orbital of the reagent (in the
case of adenine). Therefore, adenine must be more
prone to interact with nitrous acid.

Hydrolytic base deamination in single-stranded
DNA regions is more intense than in double-stranded
ones [16]. Therefore, adenine deamination in the
mtDNA H strand is expected to lead to substitution of
thymine by cytosine in the L strand [10]. Note that
experimental data only partly agree with these predic-
tions: indeed, many L spectra of the mtDNA HVS1
and HVS2 contain only the T — C substitutions
(Table 1). Thus, regarding single-stranded regions on
the H strand, the mechanism of HNO,-induced
mutagenesis (as well as the fact that adenine is deam-
inated more than cytosine under these conditions)
may account for the preference of T — C point sub-
stitutions compared to G — A transitions in the L
strand of the mtDNA control region. Note that the
results of our study agree with the data on the fre-
quency distribution of nucleotide substitutions as
dependent on the period of time when segments of the
mtDNA H strand remain single-stranded (D) [17].
Calculations performed in [17] demonstrate that the
frequency of only A — G transitions linearly
increase with increasing Dy, whereas the frequency
of C — T transitions rapidly reaches a plateau. As
can be seen in Table 1, the proportion of T — C tran-
sitions in the mutation L spectrum of HVS2, which
remains single-stranded during replication for a
longer time than does HVS1, was substantially higher
than in the HVS1 mutation spectrum. However, the
formation of point mutations via nitrous base deami-
nation cannot account for transversions or the larger
proportion of pyrimidine than purine transitions.

Let us consider another mechanism of point substi-
tutions, which is based on the spontaneous tautomer-
ism of nitrous bases. The transitions of protons
between nitrogen and oxygen atoms in nucleotides
determine the amine—imine and ketone—enol tauto-
merisms (Fig. 1). Available crystallographic and spec-
troscopic data conclusively demonstrate that ketone—
amine tautomers are more prevalent in water solutions
[18, 19].

The change in the position of the hydrogen atom
alters the pattern of H-bonds formed by it: the ketone
group with proton-acceptor properties in the enol
form becomes a proton donor, and the amino group
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Table 2. Molar proportion of RNH, in the system after the
reaction RNH, + HNO, — ROH + N, + H,O in 0.1 N HCl

HNO, Adenine, 5- 10*M | Cytosine, 5-10*M
concentra-

tion, M Aso o(R-NH,) | Aggs o(R-NH,)

5-107 0.66 0.82 0.53 0.91

5-107 0.64 0.78 0.52 0.90

5-1073 0.62 0.70 0.51 0.87

5-1072 0.60 0.64 0.50 0.83
Note: A7 and A,g5 are the optical densities at 270 and 285 nm,

respectively.

Table 3. Energy characteristics of the classic and tautomeric
forms of nitrous bases calculated for the gas phase by the
semiempirical PM3 method [7, 8]

Heat of the formation

’ Energy .
Nitrous keal/mol of the transi- Poter}tlal
base . : tion state barrier,
classic | tautomeric > | kcal/mol

form form kcal/mol

Adenine +57.3 +66.4 +104.3 +47.0

Cytosin -12.3 -10.7 +30.1 +42.4

Guanine +10.1 +9.9 +49.5 +39.4

Thymine -75.8 -66.4 -29.5 +46.3

giving up a proton when transiting into the substituted
imine form becomes a proton acceptor. Because of
tautomeric transformations, the enol forms of uracil
and guanine can mimic cytosine and adenine when
pairing, and the imine forms of cytosine and adenine
can mimic uracil and guanine (Fig. 1). In Watson and
Crick’s self-replicating system based on specific pair-
ing, these transformations may lead to nucleotide sub-
stitutions [20]. Since the DNA double helix consists
of base pairs, the tautomeric transition of one of the
components of this pair induces the tautomeric transi-
tion of the other component. Thus, base pairs rather
than individual nitrous bases undergo tautomeric
transformations in a DNA double helix. There are sev-
eral hypotheses concerning the mechanisms of tauto-
meric transformations leading to nucleotide substitu-
tions. In our opinion, P.O. Levdin’s hypothesis is the
most plausible (cited from [21]). According to it, it is
not necessary that a proton should change place within
a base (according to Watson and Crick’s model);
instead, proton exchange within a base pair may occur
through movement along an H-bond (Fig. 2).

The results of our quantum chemical calculations
demonstrated that, if a proton is transferred from one
atom to another within a base molecule, it must over-
come a very high potential barrier (Table 3). As we
will show below, in contrast to Watson and Crick’s
model, the potential barrier is substantially lower if
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Fig. 1. Ketone—enol and amine—imine tautomerisms of bases in nucleotides. Arrows with symbols A and D indicate the acceptor
and donor groups capable of forming H-bonds. G and U in the enol form become similar to A and C, respectively; A and C in the

imine form are equivalent to U or G and to U, respectively.

proton exchange occurs between two nitrous bases in
a pair according to Levdin (Fig. 2). Thus, Levdin’s
mechanism seems more plausible.

It has not been demonstrated conclusively that
point substitutions occur by Levdin’s mechanism. In
addition, it is unknown whether the frequency of point

substitutions depends on the type of the base pair. To
theoretically estimate the mutation frequency, we cal-
culated the height of the potential barrier for the pro-
ton exchange between two nitrogen atoms and
between a nitrogen and an oxygen atoms in pairs A—T
and G-C. For this purpose, we first determined the
mechanism of proton exchange in base pairs A-T and
No. 5
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Fig. 2. Tautomeric transition of the A-T base pair [21]:
(a) according to Watson and Crick’s model; (b) according to
Levdin’s model.

G—C and compared the potential barriers for these
pairs. We calculated the heat of the formation of the
A-T and G-C pairs and then compared the potential
barriers for different cases of proton transition
between two bases in both pairs (Fig. 3, Table 4).

Three mechanisms of proton exchange between two
bases in the A—T and G—C pairs are possible (Fig. 3).

(1) First, a proton moves from a nitrogen atom (of
adenine and cytosine) to an oxygen atom (of thymine
and guanine). Then, another proton moves from a
nitrogen atom (of thymine and guanine) to a nitrogen
atom (of adenine and cytosine).

(2) First, one proton moves from a nitrogen atom
(of thymine and guanine) to a nitrogen atom (of ade-
nine and cytosine). Then, another proton moves from
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probable (Table 4); i.e., it is most likely that a proton
first moves from a nitrogen atom (of thymine and gua-
nine) to a nitrogen atom (of adenine and cytosine).
After that, another proton moves from a nitrogen atom
(of adenine and cytosine) to an oxygen atom (of thym-
ine and guanine) (Fig. 3). As follows from Table 4, the
energy barriers of proton transition in pairs A-T and
G-C are practically the same. Thus, this mechanism
does not allow us to explain the higher frequency of
point substitutions between pyrimidine bases than
between purine bases in the mtDNA HVS1 and HVS2.
In addition, this mechanism of the formation of point
mutations cannot explain the appearance of transver-
sions.

The mechanism of point mutations in single-
stranded nucleotide fragments of the D loop is based
on the hydrolysis of the glycoside bond between
nitrous bases and the carbohydrate residue in nucle-
otides against the background of the free-radical dam-
age of DNA polymerase 7. As we will show below, this
mechanism can account for the formation of transver-
sions and predominant accumulation of transitions.

Under the conditions of local accumulation of pro-
tons in the mitochondrial matrix, nucleotides are
hydrolyzed according to the following scheme:

a nitrogen atom (of adenine and cytosine) to an oxy- I|{ lli
gen atom (of thymine and guanine). 0 0
(3) Both protons move simultaneously. H2C| o NR' H2C| o
The comparison of potential barriers for these H,O(H+) OH + R'NH,
mechanisms of proton transitions within each pair
showed that the second mechanism was the most OR" OR"
NH, NH,
N
NH-- - -
(12" JT ¢ ﬁ A
=
g N NH, O
NH, -0 - NH,
¢ JN“HJ\JT ¢ )
NN 0PN N">N">NH, 07 N
H H H H
II
NH, NH,
N~ SN HN y. NH N7
¢ A < J ]
NH O N
H 2 H
III

Fig. 3. Three possible mechanisms of proton exchange between two bases in pairs A-T and G-C.

MOLECULAR BIOLOGY  Vol. 39 No.5 2005



766

Table 4. Potential barriers of proton transitions between two
bases in pairs A—T and G—C calculated for the gas phase by
the PM3 method [7, 8]

KORNIENKO and MALYARCHUK

Table 5. Summary positive charges of the nitrogen atoms
involved in the glycoside bonds of nucleosides calculated for
the gas phase by the semiempirical PM3 method [7, 8]

Base Mechanism of | Energy of the potential barrier
pair | proton transition to overcome, kcal/mol
A-T I +33.4

A-T I +17.4

A-T I +27.9

G-C I +25.1

G-C II +19.3

G-C I +24.9

where R' is a nitrous base and R" and R"" are hydrogen
atoms or unsubstituted and substituted phosphate
groups.

Regarding the reaction mechanism, it should be
remembered that the rate of hydrolysis of these com-
pounds is determined by the positive charge of the nitro-
gen atom involved in the nucleophile attack in the glyco-
side bond: the higher the charge, the easier the hydrolysis.

The results of quantum chemical calculations dem-
onstrated that the hydrolysis of the N-glycoside bond
in purine bases was easier than in pyrimidine ones
(Table 5), which agrees with experimental data on the
hydrolysis of nucleosides and their monophosphates
[13, 15]. As can be seen from Table 5, purines rather
than pyrimidines are expected to preferably undergo
acid hydrolysis. The hydrolysis forms a gap that will
be filled by the corresponding nitrous base according
to the Watson—Crick complementary interaction. The
specificity of the formation of H-bonds between bases

Electron transport

chain
Proton release Reactive oxygen
\ species
o Loss
Local acidification of the DNA polymerase Y
of the medium 5'-3'-exonuclease
activity
Apurinization of DNA
single-stranded Errors of mtDNA
fragments replication and repair
in the D loop

Fig. 4. Mechanism of point mutation in the major mtDNA
noncoding region.

Nucleoside Charge of the nitrogen atom in-
volved in the glycoside bond
Deoxyriboadenosine +0.196
Deoxyriboguanosine +0.242
Deoxyribothymidine +0.043
Deoxyribocytidine +0.020

is largely determined by the 5'-3' exonuclease activity
of DNA polymerase.

The utilization of molecular oxygen leads to the
accumulation of reactive oxygen species in the mito-
chondria; in addition to single- and double-strand
breaks of DNA resulting from the cleavage of deox-
yribose, they may disturb chemical bonds within
nucleotides and lead to the formation of apurine and
apyrimidine sites, DNA-DNA and DNA-protein
crosslinks, as well as DNA adducts [4]. Oxidation
may also lead to complete or partial loss of the DNA
polymerase exonuclease activity, which has been
demonstrated in the cases of sequenase (a modified
bacteriophage T7 DNA polymerase) [22] and human
mitochondrial DNA polymerase 7y [23].

Thus, point mutations in the mtDNA major non-
coding region may occur as follows (Fig. 4). Single-
stranded DNA regions represented by the H strand
appear during mtDNA replication [24]. In the absence
of H-bonds between nucleotides that are characteristic
of the DNA double helix, open purines and pyrim-
idines in these single-stranded regions become more sen-
sitive to acidification of the surrounding medium [16].
DNA depurinization (loss of A and G considered
above) results in a gap that may be filled with other
nitrous bases during replication.

E.B. Freese was the first to suggest a mechanism of
the mutagenic effect of acidification [13, 25]. It fol-
lowed from the model of equiprobable filling of gaps
that two-thirds of all mutations induced by the
decrease in pH had to be transversions. However, the
analysis of mtDNA nucleotide sequences (Table 1)
demonstrated that most point substitutions were tran-
sitions rather than transversions. Let all gaps be filled
with any nucleotide with the same probability. In this
case, the DNA secondary structure may be distorted.
For example, if a purine substitutes a pyrimidine, the
geometry of the double helix will be inevitably dis-
turbed. However, substitution of a purine by a pyrim-
idine does not disturb the spatial structure of DNA
(Fig. 5). Thus, substitutions of three types are the most
probable: pyrimidine — pyrimidine, purine —
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Fig. 5. Lengths of the bonds between pyrimidines (A) in the classic B structure of the DNA double helix calculated by the PM3

method [7, 8] at fixed distances between deoxyribose C1' atoms.

purine, and purine — pyrimidine. Only these substi-
tutions will not distort the DNA secondary structure.
This mechanism may account for the preference of the
transitions T — C and C — T and the formation of
transversions. Indeed, the preferable hydrolysis of the
N-glycoside bond in deoxyadenosine and deoxygua-
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nosine in the H strand of the mtDNA noncoding
region leads predominantly to T — Cand C — T
substitutions in the complementary L strand, which
agrees with the pattern observed when analyzing the
nucleotide sequences of the HVSs of the mtDNA con-
trol region.
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