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Based on the data on ac ti va tion of many mo lec u lar pro cesses dur ing cell func tion ing un der dif fer ent con di -
tions the mul ti tu di nous sources of spon ta ne ous mu ta tions are briefly sum ma rized. The mech a nisms of dif fer -
ent class mu ta tion emer gence as well as pos si ble mech a nisms reg u lat ing mu ta tion rates are char ac ter ized.
As the level of dNTP pool is sig nif i cantly el e vated in genotoxically stressed cells, lead ing to an in creased
num ber of mu ta tions ap pear ing, it is pro posed that this ef fect could be ac counted for DNA bases tau tom er ism 
oc cur ring in tight mo lec u lar space over crowded with dNTP. The mu ta tion rate could be con trolled by
regulating the dNTP concentration.
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When John W. Drake who ed ited Ge net ics for a long
pe riod of time de cided to stop this ac tiv ity, spe cial is sue
of this jour nal was pre pared to honor him with the col -
lec tion of pa pers on mu ta tion and re pair as a field in
which he played the cen tral role [1-8]. This hap pened in
1998. Since then mu ta tion re mains a goal of in tense
study as a fac tor chang ing ge netic in for ma tion, driv ing
force of evo lu tion and a tool in es tab lish ing spe cies bar -
ri ers due to ge netic di ver gence emerged at the ac count
of ac cu mu la tion of mul ti ple mu ta tions [9].

Mu ta tion is com monly de fined as oc ca sional
changes in the se quence of nu cleo tides [10], and though 
a deeper in sight to de fine mu ta tion waits for its time
cur rently there is a sug ges tion “to ig nore bio phys i cal
and bio chem i cal as pects…and adopt a sim ple trans mis -
sion ge netic ap proach, con cerned with in puts, out puts
and rates” [11].

The study of spon ta ne ous mu ta tions, the rates of
their aris ing and the way to har ness them is not only of
heu ris tic im por tance but also of prac ti cal value. Thus,
won der-drug Gleevec as an in hib i tor of hy brid kinase
func tion ing in chronic myeloid leu ke mia cells be came
known be cause of a break through in can cer med i ca tion.
How ever, soon re sis tance to this drug emerged due to
spon ta ne ous mu ta tions arisen that made the drug in ef -
fec tive [12].

The fo cus of this short re view is sum mary of the
known sources of en dog e nous spon ta ne ous mu ta tions
and dis cus sion on the pos si bil ity of in ser tion into DNA
chains of the rare non-canonic base pairs such as A:C
and  G:T. As quan tum-me chan i cal anal y sis showed [13] 
these could be formed due to pro ton abil ity to mi grate
from one to an other atom in a base mol e cule that gives
rise to tau to mer mol e cules. They in flu ence the fi del ity
of the replicative en zyme func tion, the wrong nu cle o -
tide could be in serted lead ing if avoided ed it ing and
mis match re pair to mu ta tion emer gence. If H-bond ing
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may be non-cru cial for base se lec tion by DNA poly -
mer ase and mol e cule ge om e try is the most im por tant
[14], the ques tion arises if and how pro ton tau to mer
tran si tion could in flu ence ge om e try of a base.

On the sources of en dog e nous spon ta ne ous mu -
ta tions. The data of their study till 1998 are re viewed in 
[15] and shown at the Fig 1.

First, these sources could be di vided into two
groups. One of them in cludes mu ta tions re sult ing from
se lec tion of a wrong nu cle o tide and other er rors in the
replicative pro cess es pe cially vul ner a ble at the tem plate 
places con tain ing homopolymeric tracts and some
high-or dered struc tures. Here in ser tions and de le tions
could most prob a bly oc cur. Prob a bly be cause DNA
poly mer ase can make mis takes it was en dowed with the 
ed it ing abil ity and the study of mech a nisms and con di -
tions of this ac tiv ity opens the pos si bil ity of con trol ling
spon ta ne ous mu ta tion rates.

The other group in cludes mu ta tions orig i nat ing at
the back ground of ac tiv ity of genes com pris ing the sys -
tems of ge netic re pair. First of all this is mis match re -
pair – MMR sys tem. Genes of this sys tem are de scribed 
in spe cies from bac te ria to man.

They could cor rect not only mis matches but also
de le tions/in ser tions [16], though some “la bor di vi sion”
is ob served. 

The spe cial re pair sys tem is nu cle o tide ex ci sion re -
pair-NER [17], stud ied with the aid of rad mu tants
highly sen si ble to UV light. Re cently it was shown that
for this re pair the translesion DNA poly mer ase x re -
spon si ble for in tro duc tion of mu ta tions non-re paired
with MMR genes is re quired [18].

The well-known sys tem of ge netic re pair is re pair
of DNA dou ble-stranded breaks (DSB) in volv ing re -
com bi na tion be tween DNA mol e cules [19-21]. This
could oc cur both er ror-free and er ror-prone. Once yeast 
site-spe cific endonuclease HO cuts the ge nome and the
cell vi a bil ity de pends on re pair in volv ing re com bi na -
tion and translesion polymerases the yield of mu ta tions
be comes 100-fold higher [16]. But in G2 of cell cy cle
when an in tact sis ter chromatid is avail able, DSB re pair
is pos si ble due to ho mol o gous er ror-free re com bi na -
tion. If DSB oc curs in G1 hap loid cell, the only pos si -
bil ity that could save the cell is er ror-prone join ing of
non-ho mol o gous ends-NHEJ. Re cently it has been
shown that a spe cial Xlf1 gene was needed for this join -

ing due to the for ma tion of a ligase com plex [22]. This
rep a ra tion re cruits Ku an ti gen ca pa ble of bind ing to
bro ken ends in de pend ently of se quence con text [23,
24].

Dif fer ent ex og e nous and en dog e nous DNA dam -
ages may de stroy bases so that sites that lack pu rine or
py rim i dine (so called AP sites) may ap pear in a DNA
mol e cule. Re pair of such de fects was dubbed base ex ci -
sion re pair-BER. This re pair is ful filled due to the ac tiv -
ity of spe cial en zymes such as
AP-endonuclease/3’diestherase en coded by APN1
gene and DNA glycosylases (gene en cod ing ura -
cil-DNA-glycosylase UNG1 is known). Ef fects of these 
genes ac tiv ity in BER pro cesses are de scribed in [16].

We omit here char ac ter iza tion of mu ta tions re sult -
ing from mo bile el e ments trans po si tion events be cause
a spe cial re view of this is sue is ded i cated to this source
of spon ta ne ous mu ta tions.

The ad vent of genomic and post genomic era in bi -
ol ogy shed bright light to the study on ge nome or ga ni -
za tion and func tion ing in dif fer ent or gan isms. The lat -
est achieve ments in this field are sum ma rized in the
book [25]. (The book is re viewed in [26]). Char ac ter -
iza tion of dif fer ent struc tural el e ments of ge nome, pe -
cu liar i ties of their ac ti va tion is ac com pa nied by anal y -
sis of the pro cesses lead ing to mu ta tion emer gence both 
as pro grammed and non-pro grammed evens.  They de -
ter mine the level of spon ta ne ous mu ta gen e sis ob served
in the nor mal and patho log i cal state. The book shows
that the rate of mu ta tions ap pear ance may dif fer
1000-fold for dif fer ent parts of the ge nome. This de -
pends on mu tat ing tar get po si tion in ge nome, its func -
tional role, chro mo somal con text, the char ac ter of nu -
cle o tide se quence, and se lec tive re cruit ment to ap pro -
pri ate cis-el e ments of spe cial trans-el e ments. Also,
im por tant is the time of the tar get rep li ca tion in cell cy -
cle. More over, this rate de pends on how in tense the pro -
cess is and how the par tic i pants of this pro cess are
chem i cally mod i fied un der the avail able con di tions of
cell func tion ing. Fig. 2 shows these sources of spon ta -
ne ous mu ta gen e sis as “ki netic” and “epigenetic” mu ta -
gen e sis re spec tively.

At pres ent it is known that a higher level of tran -
scrip tion is ac com pa nied by a higher num ber of mu ta -
tions (TAM-tran scrip tion ac ti vated mu ta gen e sis). Pro -
moter in ac ti va tion leads to dis ap pear ance of the near est
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hot spot. Num ber of mu ta tions grows if sites bind ing
transcriptional fac tors are dam aged.  Sub sti tu tions are
better fixed in non-trans lat able part of mRNA for
non-con ser va tive pro teins and much less in case of con -
ser va tive pro teins/

As for epigenetic mu ta gen e sis it was shown that
DNA hypomethylation leads to in creas ing the num ber
of mu ta tions. The vast ma jor ity of them are the re sult of
5mC deamination.  Clar i fi ca tion of the role of
epigenetic changes made an at trac tive idea that can cer
may be the re sult of al ter ations in the pat tern of
epigenetic mark ing of genes in stem and pro gen i tor
cells and that leads to DNA dam age [27].

On the mech a nisms of mu ta tion in duc tion. This
is a long stud ied field and B.Lewin sum ma rized the re -
sults ob tained in a se ries of books [28]. Here we shortly
men tion about AID and Apobec en zymes called
“mutagenases” that are widely re viewed [25, 27]. These 
en zymes are en dowed with the abil ity to deaminate cy -
to sine con vert ing it to ura cil. This fi nally leads to mu ta -
tion emer gence as G:C®A:T tran si tion. The en zymes
func tion as a tool to cre ate ge netic di ver sity where it is
nec es sary (for ex am ple to pro vide an ti body di ver sity in
rec og niz ing an as tro nomic num ber of an ti gens [29,
30]).

Dif fer ent classes of DNA polymerases were dis cov -
ered (re viewed in [31]) and the ques tion arose of their
des ti na tion in cell func tion ing. It was no ticed that a

dam aged tem plate could be in volved into rep li ca tion
but with a less pre ci sion. Such a syn the sis was called
translesion syn the sis-TLS [32]. Study of SOS re pair in
bac te ria [33] led to iden ti fi ca tion of a gene Umu C that
served as a poly mer ase func tion ing with a low pre ci -
sion [34, 35]. The en zyme could guard the cell vi a bil ity
suc cess fully though many mu ta tions emerged. An other
traslesion poly mer ase Din B (polV) was dis cov ered
[36]. It spe cif i cally senses the de fects of G in the ge -
nome al ways in sert ing C. The en zyme may be im por -
tant for eukaryotes too, es pe cially if the sta tus of re -
vealed CarG box is es sen tial for gene reg u la tion [37]
and also for sens ing 8-oxo-G adduct (re cently the
mech a nism of its for ma tion was elu ci dated [38]). Anal -
y sis of nu cle o tide se quences in eukaryotes could show
that there are ~14 pro teins ho mol o gous to Umu C and
DinB. They com prise sev eral fam i lies and are clas si fied 
in [31].

Though be ing “care less” the translesion
polymerases are an in dis pens able el e ment of cell equip -
ment. Thus, pol z gene knock out in mice makes em bryo 
non-vi a ble [39]. Be cause chro mo some in sta bil ity was
ob served aug mented prob a bly the gene is in volved into
DSB re pair and may func tion as an oncosuppressor.

Reg u la tion of translesion polymerases ac tiv ity is an 
im por tant bi o log i cal prob lem. The re sults ob tained
showed that two pro teins p53 and p21 de ter mined
which en zyme would be ac ti vated at the proper time
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Fig.1 Pos si ble sources of spon ta ne ous mu ta tions [15]



[40]. These pro teins when func tion ing in the replicative 
fork can join an ubiquitin mol e cule to the clamp that
works as an an chor en abling shift ing of replicative en -
zyme to translesion poly mer ase. This yields min i mum
of mu ta tions. If clamp pro teins are dam aged, the pro -
cess of shift ing loses its con trol.

The im por tant fac tor of mu ta tion in duc tion un der
dif fer ent con di tions of cell func tion ing is the emer -
gence of re ac tive ox y gen spe cies -ROS [41]. They are
re spon si ble for the ap pear ance of 8-oxo-G adduct in ge -
nome. This can form a pair with any dNTP but dA or dC 
is pref er a ble. dA/dC ra tio is im por tant for a kind of
polymerases in volved into the pro cess.

Re cently it was shown why ROS ac tion leads to
8-oxo-G adduct for ma tion [38]. Tak ing away an elec -
tron out of DNA by ROS re sults in the for ma tion of an
ion iza tion hole in this mol e cule. The hole can mi grate
along its length and where two G are ad ja cent this mi -
gra tion is slowed down. This al lows H2 O mol e cule to
re act with C8 of G con vert ing it into 8-oxo-G adduct
us ing the sec ond wa ter mol e cule and Na+ as a
counterion at tracted by the neg a tive charge of PO4 

–

[38]. The elu ci da tions of this adduct for ma tion mech a -
nism point out the im por tance of ther apy with the aid of
an ti ox i dant com pounds as the po ten tial to slow down
the spon ta ne ous mu ta gen e sis.

On the rates of spon ta ne ous mu ta gen e sis. It
turned out that this rate could vary from or gan ism to or -
gan ism in the range of mag ni tude of sev eral or ders [6].
This pointed out that the cell is pro vided with a ma chin -
ery to pro duce mu ta tions as well as with a ma chin ery to
pre vent them. Such a view was grounded by dis cov ery
of bac te rial strains pos sess ing ei ther mutator or
antimutator phe no types. De tails are de scribed in [1],
here we shortly dis cuss the fol low ing.

Iden ti fi ca tion of bacteriophage T4 gene en cod ing
DNA poly mer ase en abled the study on the role of this
gene mu ta tions con sid er ing the rate of spon ta ne ous mu -
ta gen e sis. It was shown that some mu ta tions led to
mutator phe no type while oth ers (very much in fre quent
or dif fi cult to find) were real antimutators. It turned out
that the rep li ca tion fi del ity de pended on two points:
pre cise se lec tion of a right nu cle o tide dur ing poly mer -
iza tion re ac tion and the value of re la tion of a poly mer -
ase ac tiv ity to 3’-5’ exonuclease  (ed it ing) ac tiv ity.
Some mu ta tions lower this fi del ity while oth ers can in -

crease it. This oc curs when the time of a wrong nu cle o -
tide pro cess ing by exosite is in creased due to al ter ations 
in the en zyme con tact with the tem plate [42]. Not only
DNA poly mer ase gene but also some other genes may
be in volved in the de ter mi na tion of mutator or
antimutator phe no types. A gene called tas is an ex am -
ple [43]. ~10 genes of prokaryotic genomes were es ti -
mated as ca pa ble of in flu enc ing the pro cesses of spon -
ta ne ous mu ta gen e sis [6].

The level of spon ta ne ous mu ta tions re vealed in ma -
lig nant cells could be ac counted for an emerg ing of a
mutator phe no type [44]. In ter est ing is the idea that not
some spe cial gene might be des tined to func tion as a
mutator but a tran sient mutator may ap pear as a re sult of 
er rors dur ing tran scrip tion or trans la tion. Such an
emerg ing tran sient mutator is ca pa ble of in tro duc ing
mu ta tions into ge nome [45].

De scrip tion of mu ta tions dubbed adap tive and that
ap peared in the stressed cell un able to rep li cate its DNA 
and to di vide [46] showed that the rate of spon ta ne ous
mu ta tions might be sig nif i cantly ac cel er ated in the cell
fight ing for the sur vival. These mu ta tions are char ac ter -
ized in [1] in de tails. Here we shortly men tion that in the 
force ma jeure sit u a tion the cell may re al ize the po ten -
tial to cre ate a pleth ora of ge no types as if with a pur pose 
to choose the fit ter for the avail able con di tions. A cen -
tral role in in creas ing the rate of spon ta ne ous mu ta gen -
e sis be longs to the ac ti va tion of ge nome sites re spon si -
ble for pos si bil ity of DNA syn the sis and re com bi na tion
[47].

On the role of dNTP pool level in vivo, tau to -
meric tran si tions in DNA bases and mu ta tions emer -
gence. The level of dNTP pool in vivo can vary in the
wide range de pend ing on the sta tus of genes re spon si -
ble for these com pounds me tab o lism and also on the en -
vi ron men tal con di tions (for ex am ple antifolate in hib i -
tory ac tion [48, 49]). To study if rep li ca tion fi del ity de -
pends on dNTP con cen tra tion, the sys tem for DNA
syn the sis in vi tro can be used in which op po site T not
only A but also its an a logue as 2-aminopurine is in -
serted. It turned out that when dNTP con cen tra tion is
high then the mutator polymerases make more mis -
takes. At low con cen tra tion this ef fect is not ob served
[14]. There fore, the level of dNTP in side the cell is im -
por tant for cell func tion ing. Since the poly mer ase ed it -
ing ac tiv ity seems re pressed at high dNTP con cen tra -
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tion the spe cial rule on the ef fect of the next nu cle o tide
proof read ing was for mu lated [50-52].

In the study of re la tion ship be tween the dNTP con -
cen tra tion and the num ber of mu ta tions in duced it was
shown that in ac ti va tion of deoxycytidylate deaminase
gene in creased dCTP/dTTP ra tio in the cell greatly and
the num ber of mu ta tions grew [16].

In ter est ing ef fect was ob served in tem per a ture-sen -
si tive bac te rial strains called mud mu tants.  They are ca -
pa ble of grow ing at 42°C when and if ad e nine is added.
Disbalance in dNTP pool was found in these strains;
dATP, dGTP and dTTP con tents were low ered while
dCTP con cen tra tion was el e vated [15]. The role of ad e -
nine in this ef fect still re mains un known [53].  In mam -
mal cells also the link be tween the level of dNTP pool
and the yield of mu ta tions in duced was shown [54, 55].

This link was also dem on strated in [56]. Here it was 
shown that in the genotoxically stressed yeast cells
dNTP pool level was el e vated about 4-fold over that for 
the S-pe riod of the nor mal cell. This oc curs due to de -
reg u la tion of ribonucleotide-reductase - RNR ac tiv ity.
As for mu ta tions ob served in the cells with de reg u lated
RNR the num ber of mu ta tions ap peared in creased
2-fold in case if cell DNA was and 3-fold if DNA was
not dam aged. The first re sult could be ac counted for a

func tion ing of translesion polymerases but how could
the sec ond re sult be ex plained?

We sug gest that this could oc cur due to the el e va -
tion at the tight mo lec u lar space over crowded with
dNTP of con cen tra tion of tau to meric forms of DNA
bases re sult ing from pro ton tau to meric tran si tions from
one to an other atom of the base mol e cule. The tau to mer
forms emerged are prone to mispairing [13 and ref er -
ences therein] and thus could be the source of spon ta ne -
ous mu ta tions too. This pos si bil ity re mains to be stud -
ied ex per i men tally and the prog ress in nanotechnology
and tech nol ogy of flu o res cent la bels may have an en -
cour ag ing ef fect to study this pos si bil ity.

Con clu sions. The study on pos si ble sources of
spon ta ne ous mu ta tions showed that mu ta tions are an
im ma nent prop erty of life. They serve as an ef fi ca cious
tool in cre at ing ge netic di ver sity and di rect ing bi o log i -
cal evo lu tion mak ing life the o ret i cally non-erad i cated.
Mu ta tions can ap pear both as the re sult of some pro -
grammed as well as non-pro grammed events. Har ness -
ing the rates of spon ta ne ous mu ta tions emer gence is
im por tant not only in ge netic dis eases con trol but also
in med i ca tion es pe cially with tar geted drugs of dif fer -
ent dis eases con sid er ing drug re sis tance prob lem re -
lated to mu ta tion in duc tion. In at tempt to con trol this
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Fig. 2 Pos si ble sources of spon ta ne ous mu ta tions ([15] added)



rate dif fer ent pos si ble sources of spon ta ne ous mu ta gen -
e sis must be con sid ered and among them such a phe -
nom e non as tau tom er ism of DNA bases.  The re sults
sum ma rized in this re view show that an an ti ox i dant
ther apy and the ther apy con trol ling the level of dNTP
pool as well as us ing drugs cor rect ing the pat tern of
DNA methylation are im por tant in the at tempt to lower
the rate of spon ta ne ous mu ta tions ap pear ance.

Å. È. ×åðåïåíêî, Ä. Í. Ãîâîðóí

Ñîâðåìåííàÿ êàðòèíà ñïîíòàííîãî ìóòàãåíåçà è âîçìîæíîå 

ìåñòî â íåé ïðèðîäíîé òàóòîìåðèè îñíîâàíèé ÄÍÊ

Ðåçþìå

Cóììèðîâàíû äàííûå ïî èçó÷åíèþ âñåâîçìîæíûõ èñòî÷íèêîâ
ñïîíòàííîãî ìóòàãåíåçà, îïðåäåëÿåìîãî âíóòðèêëåòî÷íûìè
ïðîöåññàìè æèçíåäåÿòåëüíîñòè êëåòêè â ðàçëè÷íûõ óñëîâèÿõ
åå ôóíêöèîíèðîâàíèÿ. Îõàðàêòåðèçîâàíû ìåõàíèçìû
âîçíèêíîâåíèÿ ïîäàâëÿþùåãî ÷èñëà êëàññîâ  ìóòàöèé, à òàêæå
âîçìîæíûå ìåõàíèçìû ðåãóëÿöèè ñêîðîñòè ñïîíòàííîãî
ìóòàãåíåçà. Àíàëèç äàííûõ çíà÷èòåëüíîãî ïîâûøåíèÿ ïóëà
äÍÒÔ â êëåòêàõ â óñëîâèÿõ ãåíîòîêñè÷åñêîãî ñòðåññà è
ñîîòâåòñòâóþùåãî ïîâûøåíèÿ óðîâíÿ ìóòàöèé â òàêèõ
êëåòêàõ ïîçâîëÿåò îáúÿñíèòü íàáëþäàåìûé ðåçóëüòàò
ýôôåêòàìè òàóòîìåðèè îñíîâàíèé ÄÍÊ, ïðîèñõîäÿùèìè ïðè
ñòîëïîòâîðåíèè ýòèõ ìîëåêóë â òåñíîì ìîëåêóëÿðíîì
ïðîñòðàíñòâå. Ïðåäïîëàãàåòñÿ, ÷òî êîíòðîëü íàä ñêîðîñòüþ
ñïîíòàííîãî ìóòàãåíåçà ìîæåò áûòü ñâÿçàí ñ êîíòðîëåì íàä
êîíöåíòðàöèåé äÍÒÔ â êëåòêå.

Êëþ÷åâûå ñëîâà: ñïîíòàííûé ìóòàãåíåç,  òàóòîìåðèÿ
îñíîâàíèé ÄÍÊ, óðîâíè âíóòðèêëåòî÷íîãî ïóëà äÍÒÔ.
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