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Abstract Analysisof mutationsin mitochondrial DNA is
an important issue in population and evolutionary genet-
ics. To study spontaneous base substitutions in human mi-
tochondrial DNA we reconstructed the mutational spectra
of the hypervariable segments | and Il (HVS 1 and Il) us-
ing published data on polymorphisms from various hu-
man populations. An excess of pyrimidine transitions was
found both in HVS 1 and |1 regions. By means of classifi-
cation analysis numerous mutational hotspots were re-
vealed in these spectra. Context analysis of hotspots re-
vealed a complex influence of neighboring bases on mu-
tagenesis in the HVS | region. Further statistical analysis
suggested that a transient misalignment dislocation muta-
genesis operating in monotonous runs of nucleotides play
an important role for generating base substitutions in mi-
tochondrial DNA and define context properties of mtDNA.
Our results suggest that dislocation mutagenesisin HV S|
and Il is a fingerprint of errors produced by DNA poly-
merase y in the course of human mitochondrial DNA
replication.

Introduction

The haploid mitochondrial genome is represented by
1,000-10,000 DNA molecules per cell and is strictly ma-
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ternally inherited in humans (Giles et a. 1980). The mito-
chondrial DNA (mtDNA) evolvesrapidly, at arate five to
ten times higher than single-copy nuclear genes (Brown
1980). The most variable part of mtDNA is a honcoding
region (control region) which spans 1122 bases between
the tRNA genes for proline (tRNAP©°) and phenylalanine
(tRNAPe; Anderson et al. 1981). The control region of
mtDNA includes the origin of H strand replication, the
promoters for H and L strand transcription, two transcrip-
tion-factor binding sites, three conserved sequence blocks
associated with the initiation of replication (CSB-1, CSB-2,
CSB-3), and the D-loop strand-termination-associated se-
guences (TAS; Foran et al. 1988). However, despite its
functional importance this region is highly polymorphic.
The majority of mutations are concentrated in three hy-
pervariable segments, HVS | (positions 16024-16365),
HVS Il (positions 73-340), and HVS Il (positions
438-574; Lutz et al. 1998; Vigilant et al. 1991), the high-
est density of polymorphic positions was found in HVS |
and Il (Lutz et al. 1998).

Most of mtDNA variability studies have been based on
sequence variation of the rapidly evolving HVS | region.
Results of phylogenetic and statistical studies have sug-
gested that different nucleotide positions in the mtDNA
control region are characterized by unequal mutation rate
(Excoffier and Yang 1999; Hasegawa et al. 1993; Heyer et
a. 2001; Meyer et a. 1999; Wakeley 1993). Moreover, it
has been shown that variationsin HVS | do not appear to
be clustered within this region (Wakeley 1993). Richards
et al. (1998) suggested that the list of nucleotide positions
in HVS | be divided into three classes or sites with fast,
intermediate, and slow base substitution rates. The mech-
anism of the differences between rates of base substitu-
tions is still unclear, but the influence of nucleotide con-
text on the mutagenesis intensity provides a plausible ex-
planation. Length polymorphisms in the polycytosine
(poly-C) tract between nucleotide positions 16184-16193
is one of the best known case of molecular instability in
HV S| which is caused by the T - C transition at the posi-
tion 16189 (Bendall and Sykes 1995; Howell and Smejkal
2000). As a consequence of this type of instability many



distantly related sequences of HVS | may have identical
types of poly-C tract.

Parallel and reverse mutationsin HV S| sequences cre-
ate numerous problems for the classification of mtDNASs
(Macaulay et al. 1999; Malyarchuk and Derenko 1999;
Richards et al. 1998, 2000; Torroni et al. 1996). In order
to refine phylogenetic relationships between mtDNA con-
trol region sequences high-resolution restriction analysis
of coding regions was used in the mtDNA analysis. These
studies showed that mtDNASs can be classified into a num-
ber of monophyletic clusters (MtDNA haplogroups), de-
fined by one or several restriction sites, and that the ma-
ternal genealogy has a marked continent-specific features
(Chen et a. 2000; Macaulay et al. 1999; Schurr et al.
1999; Torroni et a. 1996; Wallace 1995). It was shown,
for example, that virtually al West Eurasian mtDNAS be-
long to several haplogroups of mitochondrial sequences
(H,V,HV*, U, J, T, R*, I, W, X), which are determined by
certain restriction fragment length polymorphism (RFLP)
and HVS | nucleotide motifs of cluster-diagnostic muta-
tions (Macaulay et al. 1999; Richards et al. 2000; Torroni
et al. 1996). The recent studies of the variation in com-
plete mitochondrial genomes, which have allowed the
highest possible level of phylogenetic resolution to be
reached, confirmed the previously inferred phylogenetic
relationships between haplogroups (Finnila et al. 2001;
Maca-Meyer et a. 2001). It was shown that the frequency
of parallel mutations in the control region was 31-fold
higher than in the mtDNA coding region (Finnila et al.
2001). Thelist of parallel mutationsin HVS |1 and HVSII
published by Finnila et a. (2001) isin a good agreement
with that suggested by others (Meyer et al. 1999; Richards
et al. 1998; Wakeley 1993). Therefore to date there is a
relatively large set of hypervariable positions in HVS |
and |1, which have been confirmed by several indepen-
dent studies.
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Fig.1 Two models of dislocation mutagenesis. A The primer
strand dislocation. B The template strand dislocation. Underlined

Dislocated bases; italicized polytracts
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To study spontaneous base substitutions in human
mMtDNA we reconstructed mutational spectra using pub-
lished data on polymorphisms in various human popula-
tions. Analysis of two reconstructed spectrain HVS1 and
Il regions suggested that the transient misalignment dislo-
cation mutagenesis (Fig.1l; Kunkel 1985; Kunkel and
Soni 1988) plays an important role for generating substi-
tutions in these regions.

Materials and methods
Reconstruction of mutational spectra

To determine mutations in the mtDNA control region we analyzed
different phylogenetic haplogroups of mtDNAs. We used only the
published population data comprising the HVS | and/or HVS 11
nucleotide sequences and additional RFLP or coding region infor-
mation for each haplotype. The HVS | data set was represented by
4072 West Eurasian sequences (positions 16092—16365 according
to the numbering of Anderson et al. 1981), belonging to 34 hap-
logroups and subgroups: A, B, C, D, E, F, H, HV*, |, J, K, M*,
M1, Nl1a, N1b, N1c, N*, pre-HV, R*, T, U*, U1-U8, V, W, X, Y,
Z (Richards et al. 2000). Note that according to the human mtDNA
nomenclature (Macaulay et al. 1999; Richards et al. 1998, 2000),
each major clade (or mtDNA haplogroup) and nested subclades (or
subhapl ogroups) were denoted by corresponding Roman numerals.
The HVS |1 data set was represented by 735 individual sequences
(positions 72—297) from populations of Europe and South America
(Alves-Silvaet a. 2000; Finnila et a. 2001; Helgason et a. 2000).
Mutations in HVS Il were examined among 22 mtDNA hap-
logroups and subgroups: H, pre-V, V, HV*, J, T, X, I, W, K, U*,
U2, U4-U8, A, B, C, D, Z. In al cases nuclectide positions that
show point insertions or deletions were excluded from analysis.
Similarly, transversions adjacent to the poly-C tract in positions
16184-16193, were ignored as probable artifacts of length varia-
tion in HVS | (Bendall and Sykes 1995). Parallel mutations in
mtDNA were inferred by revealing variable positions in which
identical mutations arose independently in different mitochondrial
haplogroups of the previously reconstructed mtDNA phylogenetic
tree (Finnila et al. 2001; Macaulay et al. 1999) as described by
Macaulay et al. (1999), Finnila et al. (2001), and Malyarchuk and
Derenko (2001).

Hotspot prediction

A genera principle of mutation hotspot prediction in this study
was based on athreshold (Sh) value for the number of mutationsin
amutable site. All sites with the number of mutations greater than
or equal to Sh were defined as hotspots. The threshold and result-
ing hotspot sites were defined for each mutational spectrum sepa-
rately based on results of classification analysis (Glazko et a.
1998; Rogozin et al. 2001). For this purpose the CLUSTERM pro-
gram was used (www.itbami.cnr.it/webmutation; Glazko et al.
1998). This program decomposes a mutation spectrum into several
homogeneous classes of sites; each class is approximated by a
Poisson distribution. Variations in mutation frequencies among
sites of the same class are due to random reasons (since mutation
probability is the same for all sites in one class), but differences
between mutation frequencies among sites from different classes
are statistically significant. A class, or classes, with the highest
mutation frequency is called a hotspot class. A hotspot site is de-
fined as a “permanent” member of the hotspot class C, meaning
that this site has a probability of 0.95 or greater of being assigned
to the hotspot class C [P(site in C) 20.95]. This guarantees that the
assignment is statistically significant and robust (Glazko et al. 1998;
Rogozin et al. 2001). A novel approach (Berikov 2002) confirmed
the reliability of classification results described by Glazko et al.
(1998).
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Statistical analysis of dislocation model

We analyzed a statistical significance of the dislocation mutagene-
sis (Fig. 1) using a modification of a Monte Carlo procedure (the
CONSEN program; Rogozin and Kolchanov. 1992). This approach
takes into account frequencies of substitutions in A, T, G and C
bases, a presence of several mutationsin a site and context proper-
ties of atarget sequence. A weight Wj of a site j is a number of
substitutions in this site which are compatible with a studied dislo-
cation model. The statistical weights were averaged for all sitesin
the target sequence resulting in the average weight W. A distribu-
tion of averaged statistical weights Wrandom was calculated for
10,000 groups of random sites using a computer random generator.
Each group contained a number of mutations equal to the observed
one with the same distribution of mutations throughout sites.
Based on the distribution Wrandom a probability P(W<Wrandom)
was calculated. This probability is equal to the portion of groups of
random mutations with Wrandom being the same as or higher then
W. Small values (<0.05) of the probability P(W<Wrandom) indi-
cates a significant correlation between a studied dislocation model
and mutations.

Analysis of hotspot nucleotide context

In many cases mutational hotspots emerge due to neighboring nu-
cleotides (Benzer 1961; Cooper and Y oussoufian 1988; Coulondre
et al. 1978; Horsfall et al. 1990; Krawczak et al. 1998; Rogozin
and Kolchanov 1992; Zavolan and Kepler 2001). Hotspot context
revealing in this case can be addressed using various methods. A
commonly used approach is to calculate the number of times a
given base is next to amutated base, immediately inthe 5’ or 3' di-
rection (positions—1 and +1). A significance of deviation from the
expected can be estimated by using various statistical tests
(Berikov and Rogozin 1999; Blake et al. 1992; Cariello 1994;
Krawczak et al. 1998; Pozdnyakov et al. 1997; Rogozin and
Kolchanov 1992). We used reconstruction of a hotspot consensus
sequence using the binomial test (Pozdnyakov et al. 1997). In this
method, a number N,; of a nucleotide | was calculated in each po-
sition Jin a set of M aligned hotspot sequences. The probability
P(N,;,M,F) to find N,; or more nucleotides | in a position J was
calculated taking a frequency F, of a nucleotide | in a target se-
quence as an expected number of the nucleotide | in the position J.
A nucleotide with the lowest probability P(N,;M,F) among all
possible nucleotides in a position J was accepted as a consensus
nucleotide for this position if P(N,;M,F) for this nucleotide was
below a threshold value P*. For one-letter designations of the nu-
cleotide groups that occur at the positions of aligned mutable sites,
the commonly used nomenclature was used (A, T, G, C, W=A or
T,SSGorC,R=AorG,Y=TorC,M=GorT,K=GorT, B=T or
GorC,V=AorGorC,H=AorTorC,D=AorTorG,n=AorT
or G or C). We analyzed predicted hotspotsin A, T, G and C bases
separately (below we call them A, T, G and C hotspot sites, re-
spectively). Twenty bases surrounding each hotspot position were
used for our analysis.

It isimportant to note that the estimate of P(N,;,M,F,) cannot be
used for rejecting or accepting stetistical hypothesis due to multi-
plicity of binomial tests, moreover these test were strongly inter-
dependent for each position. In order to estimate a true critical
value of the P (N,;M,F) test we developed a resampling proce-
dure. In this procedure N,; sites were randomly chosen from atar-
get sequence and the minimal value P, (N,;,M,F) was calculated
among all positions. This procedure was repeated 10,000 times, a
critical value P* that separates the right critical region of the dis-
tribution P, (N5, M,F)) at 5% level of significance was calculated.
P* was 0.005 and 0.008 for C and T sites, respectively.

We also used various implementations of regression analysis
of mutational spectra (Berikov and Rogozin 1999; Rogozin and
Kolchanov 1992) aswell asanalysis of correlations between hotspot
consensus motifs and distribution of substitutions along atarget se-
quence (Rogozin and Kolchanov 1992).

Results
Substitution frequencies and strand asymmetry

Reconstructed mutational spectrain HVS | and |1 regions
are shown in Figs.2 and 3, respectively. The first recon-
structed spectrum includes 1051 substitutions in 276 sites,
while the second spectrum was much smaller (115 substi-
tutionsin 231 sites). The frequencies of the different types
of base substitutions in both spectra were not equal, tran-
sitions constitute 93% of all mutations in the HVS | spec-
trum (Table 1). Thisresult isin good agreement with pre-
vious observations (Budowle et a. 1999; Lutz et al. 1998;
Meyer et al. 1999; Tamura 2000; Vigilant et al. 1991). A
strong strand bias is more expressed in the HVS | spec-
trum where transitions between pyrimidines constitute a
magjority of the mutations, while in the HVS Il spectrum
frequencies of G- A and C - T substitutions were almost
equal (Table 1).

Mutational hotspots

Analysis of the mutational spectrum in the HVS | region
using CLUSTERM revealed four classes of sites. Thefirst
classincludes obvious “cold” sites with number of substi-
tutions varying from 0 to 2, the second class includes sites
with the number of mutations from 0 to 10, the third class
includes sites with the number of mutations from 5 to 17,
the fourth class includes obvious hotspot sites (number of
mutations varied from 16 to 32). Differences between
the observed and the expected distributions (a mixture of
four Poisson distributions) were statistically insignificant
(P=0.63). It is important to note that hotspots are not
equivalent to a class with the highest frequency of muta-
tions even if two classes of sites are revealed. The prob-
lem of hotspot prediction becomes extremely complicated
if any other number of classesisrevealed by CLUSTERM

Table 1l Frequencies of transitiong/transversions

HVSI HVSII
Transitions
A-G 145 23
T-C 313 51
G-A 80 19
C-T 440 21
Transversions
A-C 20 1
T-G 2 —
A-T 15 -
T-A - -
G-T - -
C-A 19 -
G-C 4 -
C-G 13 -
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Fig.2 The reconstructed HVS | mutational spectrum. Underlined
Predicted hotspots; numbers above sequence number of mutations
at the position

(Glazko et a. 1998; Rogozin et al. 2001). We suggested
that the second class does not contain hotspot sites since
several sites with no mutations were included, while
hotspots may be present in the third class of sites. Resi-
dent members of the third class [P(site in 3)=0.95] were
sites with more than 10 mutations, thus 11 was chosen as
the threshold value Sh for hotspot sites, these sites are un-
derlined in Fig. 2. Of these 24 positions 20 (Table 2) were
rapidly evolving according to the other studies (Gurven
2000; Hasegawa €t a. 1993; Meyer et a. 1999; Wakeley
1993), while four remaining sites (hotspots at positions
16147, 16239, 16265, 16325) were not classified asfast in
the aforementioned studies.

Analysis of the HVS Il mutational spectrum revealed
three classes of sites, differences between observed distri-
bution and expected one (a mixture of three Poisson dis-
tributions) were statistically insignificant (P=0.34). The
first class includes “cold” sites with number of mutations
varying from 0 to 2 mutations, the second class includes
sites with the number of mutations from O to 8, while the
third class includes one obvious hotspot site with 14 mu-
tations. Presence of true hotspot sites in the second class
is problematic since one site with no mutations was in-

Table2 Positions of predicted HVS | hotspot sites

Number of mutations Nucleotide positions

22-32
1117

16093, 16129, 16189, 16311, 16362
16126, 16145, 16147, 16172, 16192,
16209, 16234, 16239, 16256, 16261,
16265, 16278, 16290, 16291, 16294,
16304, 16319, 16325, 16355
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12 11 21
70 GGTATGCACGCGATAGCATTGCGAGACGCT
1
G

100 6 G A CCGGAGCACCCTATGTCGCAGTATCT
1
2 8 7342
130 GTCTTTGATTCCTGCCTCATCCTATTATTT
1 1 4 2 14
160 ATCGCACCTACGTTCAATATTACAGGCGAR
1 271 141 14 3 21 3
190 CATACTTACTAAAGTGTGTTAATTAATTAARA
1241 1 1 1 1
220 TEGCTTGTAGGACATAARTAATAACAATTGARA
1 1 1 1 11 1
250 TGTCTGCACAGCCGCTTTCCACACAGACAT
2 1 2 1
280 CATAACAAAARAATTTCCACCA

Fig.3 Thereconstructed HVS Il mutational spectrum. Underlined
Predicted hotspots; numbers above sequence number of mutations
at the position

cluded in this class. However, we chose Sh, assuming that
the second class represents a mixture of two or more
classes which were not recovered due to the small data
volume, resident members of the second class were sites
with 3 or more mutations which was used as the hotspot
threshold (Sh=3; Fig.3). All of these sites have aready
been identified as fast sites in phylogenetic analyses of
the control region sequences and mtDNA coding region
haplogroup-specific polymorphisms (Bandelt et al. 2000;
Finnila et al. 2001; Macaulay et al. 1999). However, ac-
cording to our results, the true hotspot was found only at
the position 152, whereas other hypervariable sites were
hidden among class 2 sites, which might represent a mix-
ture of two or more mutational classes. Hotspot sites in
HVS 11 are not well defined, and results of their analysis
should be interpreted with caution. More precise picture
awaits analysis of larger HVS Il data sets.

Dislocation mutagenesis

Strand slippage in repetitive sequences (e.g., monotonous
runs of nucleotides or polytracts) may result in base sub-
stitutions by the transient misalignment dislocation mech-
anism (Fig.1). This model suggests that transient strand
dlippage in a polytract in the primer or template strand is
followed by incorporation of the next correct nucleotide
(Kunkel 1985). In previous studies of rat DNA poly-
merase 3 in vitro (Kunkel 1985; Kunkel and Soni 1988),
the template dislocation model (Fig.1B) explained a
hotspot for T - G substitutions at position 70 in the se-
guence 5'-GTITTT-3 (the hotspot is underlined). Analysis
of HVS| and |l spectrarevealed that many base substitu-
tion hotspots are consistent with the dislocation model
(Table 3). Furthermore, the primer strand dislocation model
(Fig.1A) has a statistically significant support in both
spectra [P(W<Wrandom)=0.012 and 0.006, respectively].
The template strand dislocation mutagenesis (Fig. 1B) did
not have a significant impact [P(W<Wrandom)=0.323
and 0.168]; however, this does not exclude that this type
of mutagenesis operates in sites with a specific nucleotide
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context [e.g., all four hotspot sites where the template dis-
location might operate (Table 3) have ahigh A+T content;
however, this was not implemented in our statistical test].
A strong statistical support for the primer strand disloca-
tion model suggested that several hotspots are truly
caused by dislocation mutagenesis (Table 3). Eight of 11
hotspots contain poly-C tracts (Table 3). Interestingly,

Table 3 Predicted hotspots of mutations in HVS | and |l regions
(underlined predicted hotspots, italicized polytracts)

Position Number of  Hotspot context Dislocated
mutations strand
HVSI
Dislocation mutagenesis
16189 32 CCCCC T CCCCA Primer
16362 22 TCTCG I CCCCA Primer
16172 15 CCCAA T CCACA Primer
16355 12 AATCC C TTCTC Template/
primer
16319 11 ATAAA G CCATT Primer
Other hotspot sites
16265 17 CCCTC A CCCAC —
16093 27 TGTAT I TCGTA —
16311 22 CATAG T ACATA -
16304 16 AACAG T ACATA -
16126 14 TATTG T ACGCGT -
16325 12 CCATT I ACCGr —
16209 11 GCAAG T ACAGC —
Consensus KTNCNK -
16129 24 TGTAC G GTACC -
16145 11 TACTT G ACCAC -
16294 11 ACCCA C CCTTA -
16278 17 GGATA C CAACA —
16291 16 CCTAC C CACcCC —
16256 13 CAAAG C CACCC -
16192 13 CCTCC C CATGC -
16261 12 CCACC C CTCAC -
16290 12 ACCTA C CCACC -
16239 12 CACAT C AACTG —
16234 11 TATCA C ACATC —
16147 11 CTTGA C CACCT —
Consensus ccC -
HVSII
Dislocation mutagenesis
152 14 CATCC T ATTAT Primer
146 8 CTGCC T CATCC Primer
195 7 CATAC T TACTA Template
150 7 CTCAT C CTATT Template
227 4 CTTGT A GGACA Primer
151 3 TCATC C TATTA Template
Other hotspot sites
189 4 GGCGA A CATAC -
204 4 TAAAG T GIGIT -
199 4 CTTAC T AAAGT -
217 3 TTAAT I AATGC —
185 4 TACAG G CGAAC —
207 3 AGIGT G TTAAT -

polytracts in seven dislocation hotspot sites were located
in 3' direction with respect to hotspots (underlined in
Table 3); this might reflect an early suggested strand bi-
ases of spontaneous mutations in mtDNA (Tamura 2000).

Nucleotide context of mutational hotspots

We removed all potential dislocation hotspots (Table 3)
from the datasets since this type of mutagenesis may have
distinct context features. We analyzed predicted hotspots
in A, T, G, and C bases separately. The binomia test-
based consensus approach revealed several conserved po-
sitions for substitutions in C and T sites (Table 3). A
highly conserved C was found in the position +1 for C
predicted hotspot sites from the HVS | spectrum (result-
ing consensus sequence is CC, hotspot position is under-
lined), this position in C hotspot sites has a probability
P(N,,M,F)=0.005. Three conserved bases for T hotspot
sites (K in the position —1, C in the position +2 and K in
the position +4) had P(N,,M,F) between 0.002 and
0.0007 whichislessthan P* for these sites (0.008), a con-
sensus sequence for T sites was KTNCNK.

It is important to note that both consensus sequences
are short; thus they are frequent in sequences. We found a
number of cold sites that match the CC consensus; this
suggested that some additional context factors influence
frequency of substitutions in CC sites. Regression analy-
sis confirmed that context influences may be complex and
isnot described by CC and KTNCNK consensus sequences
only (results not shown). Furthermore, no significant cor-
relation has been revealed between CC and KTNCNK
consensus sequences and the distribution of substitutions
inthe HVS 11 region.

Discussion

The existence of hypervariable sitesin the human mtDNA
HVS | and Il regions is a well-established phenomenon
that has been revealed by various analyses of mtDNA
variability (for example, Excoffier and Yang 1999; Gurven
2000; Hasegawa €t al. 1993; Heyer et al. 2001; Meyer et
al. 1999; Stoneking 2000; Wakeley 1993). Based on dif-
ferent approaches, several discrete classes of HVS| and |1
sites were revealed; as many as eight (Meyer et al. 1999)
and as few as three (Richards et al. 1998) classes. The list
of HVS| mutational hotspots found in the present study is
in agood concordance with nucleotide positions that have
been described as rapidly evolving in the previous studies.
The obtained mutational spectrafor HVS | and |1 regions
could contain rare errors due to unforeseen problems with
the methodology for reconstructing mutations (e.g., unde-
tectable multiple substitutions in a site or inaccurate pre-
dictions of ancestral haplotypes; Nei and Kumar 2000).
However, these errors are not likely to systematically bias
the reconstructed mutational spectra, and thus these spec-
tra should be considered as reliable approximations of
spontaneous substitutions in human mtDNA.



One interesting feature of the mtDNA variability is a
strong bias of the nucleotide substitutions to the transition
changes. It iswell known that transitions make up the ma-
jority of the substitutions (more than 75%) in the mtDNA
control region (Budowle et a. 1999; Lutz et al. 1998),
with the average transition/transversion ratio estimated as
approximately 15 (Vigilant et al. 1991). Of the transitions,
the most prevalent are transitions between pyrimidines,
and C- T substitution is the most frequent type of muta-
tions. Transversions, point insertions, and deletions are
observed with significantly lower frequency. It has been
suggested that the excess of transitions may indicate that
mispairing during replication is the major source of spon-
taneous mutations in mMtDNA (Thomas and Beckenbach
1989). A significant excess of A:T - C:G and G:C-T:A
transversions is expected to be a result of oxidative DNA
damage (Cheng et a. 1992; Richter et al. 1988; Zorov
1996); however, it is not observed in the reconstructed
HV'S spectra. On the other hand, the results of our study
demonstrated the excess of pyrimidine transitions both in
HVS | and Il regions. Interestingly, a similar trend was
revealed when mutational hotspots were analyzed sepa-
rately. For hotspots in HVS | the transition/transversion
ratio is 35.8 and the pyrimidine/purineratio is 5.63. HVSII
sites with more than three independent mutations per site
are characterized by a similar estimate of the pyrimi-
dine/purine ratio 3.92. The problem of biases in the
mtDNA mutational spectra might be a critical component
to understanding of biological mechanisms of mutation
(Gurven 2000; Tamura 2000; Wakeley 1993). It has been
proposed that hypervariable sites are not mutational
hotspots, but instead they are ancient mutations that were
redistributed among mtDNA lineages via recombination
(Eyre-Walker et al. 1999). However, a recent study per-
formed through the analysis of linkage disequilibrium
patterns in the mtDNA control region sequences has
shown that many highly variable sites are mutational
hotspots (Gurven 2000). Moreover, the examination of
the evolutionary rates for sites at which new mtDNA mu-
tations are observed has shown that both germline and so-
matic mutations occur preferentially at hypervariable sites
(Stoneking 2000). The differences between mutation rates
estimated from phylogenetic and family studies of mtDNA
variability have received now a plausible explanation, it
was found recently that nucleotide sites with fast mutation
rates, which make up the minority of the variable posi-
tions, prevail in pedigree studies (Heyer et a. 2001). Mu-
tational hotspots found in our analysis of phylogenetically
reconstructed mutational spectra of mtDNA control re-
gion are strongly correlated with positions that were vari-
able in the familial studies (summarized in Heyer et al.
2001).

The questions of why certain nucleotide positions in
the mtDNA control region have high mutation rates, and
whether mutation at one nucleotide site are influenced by
other sites within the mtDNA appear to be important in
understanding of the mitochondrial genome evolution
(Howell and Smejka 2000; Howell et al. 1996). To date
there are several instances of molecular instability in the
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HVS | of the human mtDNA. Bendall and Sykes (1995)
have identified instability that is associated with hetero-
plasmic length variation in the polycytosine tract between
positions 16184-16193. This length variation may result
from instability of the poly-C tract due to the loss of
the 16189T variant. Interestingly, the additional mutations
(at positions 16186 and 16192) that interrupt the poly-C
tract appear to decrease or abolish the length variation
(Bendall and Sykes 1995; Marchington et al. 1996).

The dislocation mutagenesisin polytracts was observed
in vitro experiments (Kunkel 1985; Kunkel and Soni 1988;
Longley et al. 2001). Mutational bias, favoring substitu-
tions toward flanking bases, a phenomenon reminiscent of
dislocation mutagenesis, was found in spectra of single-
basepair substitutions in human genes (Krawczak et al.
1998). In the present study a statistically significant man-
ifestation of the dislocation mutagenesis for in vivo sub-
stitution spectra was found. However, a large number of
predicted hotspots were not compatible with the disloca-
tion models. Statistical analysis of these hotspots revealed
two hotspot motifs, CC and KTNCNK in the HVS | mu-
tational spectrum. We found that these motifs are not cor-
related with the distribution of substitutionsaong HVSII.
This might reflect on some biological differences between
mutational spectrain these two regions or may be dueto a
smaller data volume in HVS Il. However, possible in-
volvement of the dislocation mutagenesis in generation of
substitutions was found in both analyzed spectra, indicat-
ing that such mutagenesis might be a general mechanism
of substitutions in human mtDNA.

The dislocation mutagenesis was also revealed for er-
rors produced by DNA polymerase y in vitro (Longley et
al. 2001). Thus dislocation mutagenesis in HVS | and 11
might be a fingerprint of errors produced by DNA poly-
merase y during replication of human mtDNA. An impor-
tant role of DNA polymerase y in mtDNA mutagenesisis
confirmed by association between mutations in this poly-
merase and multiple mtDNA deletions (Ponamarev et al.
2002; Van Goethem et al. 2001). Revealed differences
between the primer strand and the template strand dislo-
cation models might be due to differences in replication
of two DNA strands and/or a mutational specificity of
DNA polymerase y [e.g., some dislocation errors can be
suppressed by proofreading depending on a sequence con-
text (Longley et al. 2001)]. Since the primer dislocation
model predicts the creation of longer polytracts, it is
consistent with a high frequency of polytractsin HVS |
and Il (Figs. 2, 3). The dislocation mutagenesis may cause
significant variations in mutability along a nucleotide se-
quence since regions with a high saturation of polytracts
may be more mutable in comparison to regions with a
lower frequency of polytracts. A polytract length is are-
sult of several mutational processes including substitu-
tions, deletion, and insertions (Kunkel 1985; Kunkel and
Soni 1988; Longley et al. 2001; Pribnow et a. 1981), thus
an accurate prediction of mutational frequency is a com-
plicated task. A frequency of substitutions in polytracts
might depend on nucleotide context (Longley et a. 2001);
for example, poly-C tracts might be prone to dislocation
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mutagenesis. Thisis consistent with a presence of numer-
ous poly-C tractsin HVS | and Il (e.g., poly-C; in posi-
tions 16184-16193) and in other regions of MtDNA
(Howell and Smejkal 2000), suggesting that the primer
strand dislocation is an important mechanism in defining
the context properties of mtDNA.
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