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We have found that isoguanine (iG) can pair with thymine (iG-T) and the non-
natural base, 5-methylisocytosine (iG.iCM) during template directed synthesis
catalyzed by AMV reverse transcriptase. The ratio of these pairings is about 1:10,
irrespectively which of the templates, poly(C,iG) or poly(LiG) is used. This ratio
corresponds to the ratio of 2-OH and 2-keto tautomers in monomer in agueous solution
and apparently it is not influenced by the template context. Our results indicate also
that formation of the reverse transcriptase catalyzed base pairs between iG and A, G
or C can occur only at a low frequency, comparable to the frequency, of mismatches of

Isoguanosine (crotonoside) was discovered
over 60 years ago as a constituent of the croton
bean, Croton tiglium L. [1]. More recentlv iso-
guanosine, its 1-methyl- (doridosine) and o
methylderivative (spongosine) have been
found to be widespread amongst marine or-
ganisms and they are being extensively studied
because of their pharmacological properties [2,
31. Although isoguanine (as a ribonucleoside)
occurs in Nature, this base has not been estab-
lished to represent a natural constituent of nu-
cleic acids. However, isoguanine (iG, 1,2-di-
hyvdro-2-oxoadenine, 2-hydroxyadenine} can
be formed in DNA in the reaction of oxygen
radicals with adenine. This damaged adenine
has been found to be present among the other
oxidized bases in DNA of normal and cancer-
ous human tissues [4].

Oxygen radicals are produced through nor-
mal cellular metabolism, and formation of such

radicals is further enhanced by ionising radia-
tion and various chemicals. The reaction of
oxygen radicals with DNA bases produces a
variety of lesions of which 8-oxoguanine (7,8-
dihvdro-8-oxoguanine, 8-hydroxyguanine)
has been studied most extensively. It was
shown that this oxidized base could miscode
either when present in DNA template or in
dNTP pool [5, 6]. We have undertaken our
studies to elucidate the possible miscoding of
another oxidized base, isoguanine.

In solution, isoguanine exists as a mixture of
tautomeric forms and the tautomeric equili-
brium strongly depends on polarity of a sol-
vent. In water, the 2-keto form (Fig. 1A) is
predominant (about 90%) whereas the 2-enol
form (Fig. 1B) is favoured by a decrease in
solvent polarity [7]. In their studies on tem-
plate-directed base-pair formation catalyzed
by various polymerases Benner and coworkers
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Fig. 1. Proposed base-pairing of isoguanine (iG).
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A, G in its keto form (1,2-dihydro-2-oxoadenine) can pair with 5-methvlisocytosine (GCM); B, iG in its enol form
(2-hydroxyadenine) can pair with thymine (TLiCM and T can be replaced by isocytosine and uracil, respectively, without

changing the pattern of hvdrogen bonds.

[8] found that iG can form a pair with another
odd base, isocytosine, and also with thymine.
They postulated that isocytosine is paired with
1G in its keto form, whereas thymine is paired
with iG inits enol form (Fig. 1). Since keto-enol
equilibrium of isoguanosine is solvent-de-
pendent, one can expect that the nature of
neighbouring bases in the template would also
influence this equilibrium and could result in
changing the coding properties of iG. The
examination of the possible influence of neigh-
bours in the template on coding properties of
iG was another purpose of our work.

MATERIALS AND METHODS

Chemical syntheses. lsoguanosine was pre-
pared according to [9]. 2"-Deoxy-5-methyliso-
cytidine (diCM) was prepared from thymidine
based on methods described in [10, 11]. Thy-
midine was tosylated and 5-tosylthymidine
was reacted with methanolic ammonia (70°C,
15 h} to give diCM as a main product. After
purification on Dowex 1 x 4 (carbonate form)
which does not retain diCM, and then on silica
el plates, diCM was obtained in 25-30% yield.
diCM is about 2-3 times more resistant than
2'-deoxyisocytidine to acid depyrimidination
(pH 4.5) and to alkaline deamination (1 M
KOH). Neither of the compounds shows any
degradation after one week incubation in water
at 37°C. Radioactive [PH]diCM (5 mCi/mmol)
was obtained by the same method using 1 mCi

[*Hlthymidine and 0.2 millimole of non-
radioactive thymidine.

[soguanosine 5-monophosphate (5'-iGMP)
was obtained by enzymatic phosphorylation of
isoguanosine according to [12]. This was con-
verted to 5-iGDP by the method of Moffatt &
Khorana [13]. 5-Triphosphate of diCM
(diCMTP) was synthesized from diCM using
the method described for triphosphorylation of
2'-deoxyisocytidine [8].

Reverse franscriptase reaction. The templates
used for copying were prepared by copoly-
merization of appropriate ribonucleoside-5"
diphosphates with the aid of polynucleotide
phosphorylase. The methods of preparation
and analysis of templates are described in [14].

The templates primed with complementary
oligodeoxynucleotides were copied by avian
myeloblastosis virus (AMV) reverse transcrip-
tase in the presence of appropriate non-
radioactive and “H-labelled deoxynucleoside-
5'-triphosphates (see Figure legends). The time
course of the reaction was followed by spotting
of aliquots of reaction mixture on DEAE paper
disks at various times of incubation. Disks were
washed with 6% Na;HPO; and radioactivity
on disks was measured. In order to determine
the proportion of incorporated radioactive
dNTPs, the newly synthesized polymer was
separated from non-incorporated radioactive
dNTPs using Sephadex G-50 column. After
enzymatic digestion of the polymer, the result-
ing deoxynucleosides were separated by paper
chromatography and the radicactivity in each
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deoxynucleoside area was measured. The ex-
perimental details are described in [14, 15].

RESULTS AND DISCUSSION

In order to study the miscoding potential of
iG we have employed an in vitro system, the
copying of randomly composed polyribonu-
cleotide templates with AMV reverse transcrip-
tase. Reverse transcriptase can use for DNA
synthesis either a ribo- or a deoxyribo-template
in the presence of a complementary oligodeo-
xynucleohde primer [16]. The possibility of use
in experiments of ribotemplates can be advant-
ageous since polyribonucleotides containing
randomly placed modified bases are easily syn-
thesized under mild conditions by copolymeri-
zation of appropriate nucleoside-3"-diphos-
phates with the aid of polynucleotide phospho-
rylase. In the case of labile adducts the use of
enzymatically prepared ribotemplates could be
the onlv choice [17].

Our preliminary experiments have shown
that in the presence of complementary oligode-
oxynucleotide primers AMV reverse transcrip-
tase can copy efficiently poly(C), poly(A) and
poly(l) but not poly(L') templates. This is some-
what inconsistent with the results of Battula &
Loeb [16] who found that poly(C) and poly(A)
are active whereas poly(I) and poly(U) are non-
active templates. The presence of other unmo-
dified or modified bases in the homopolymer
template diminishes the efficiency of synthesis
of the new strand, nevertheless the conformity
is observed between the proportion of minor
base in the template and incorporation of its
complementary base to the new strand. This is
in agreement with observations of other auth-
orsand also with our previous findings [15,17].

[soguanine can pair with thymine
and S-methylisocytosine

Since iG can form a pair with another odd base
isocytosine, in addition to thymine ([8] Fig. 1),
we have undertaken studies on the relative
ability of base-pair formation by both counter-
parts with iG. We used in our studies 5-methyl-
isocytosine (iCM), a close analogue of isocyto-
sine. The reason was that [°’H -5-methylde-
oxyisocytidine-5"-triphosphate (["H]diCMTP),
a substrate in the reverse transcriptase reaction,
can be synthesized from relatively inexpensive

[*H]thymidine (see Materials and Methods).
We expected that the 5-methyl substituent
would not change the base-pair formation
ability of isocytosine, by analogy to thymine vs
uracil.

'I‘he relative incorporation of ["HIdiCMTP vs
[PH]ATTP was studied by copying of
poly(C,iG) and poly(liG) templates. The
radiochromatogram of enzymatic digest of the
product of copying poly(C,15%iG) is shown in
Fig. 2 as an example. The legend to this Figure
comprises the details of experiment. The results
are summarized in Table 1.

The template-directed iG-iCM pair formation
catalyzed by AMV reverse transcriptase is
about 10 times more efficient than formation of
the iG-T pair. The small differences among
templates tested can be ascribed to experimen-
tal errors. The ratio 1:10 corresponds to the
ratio of 2-OH to 2-keto tautomers of isoguano-
sine in aqueous solution [7]. This supports the
base pairing scheme presented in Fig. 1. Ac-
cording to this scheme iCM pairs with keto
form of iG (Fig. 1A) whereas T pairs with enol
form of iG (Fig. 1B). The change of template
context, at least C- vs I-neighbourhood, does
not change the coding properties of iG to an
unquestionably measurable extent. It seems
that in polymer, the ratio of tautomeric forms
ot iG is very similar to the ratio in monomer and
that stacking interactions do not exert any ap-
parent influence on tautomeric equilibrium of
iG. A similar conformity between the ratio of
the amino- and imino tautomers of N*-meth-
oxycytosine and base pair formation with G
and A was observed during the copying of
templates containing the above analogue by
RNA polymerase [18].

The total incorporation of iICM+T is lower
than iG content in template. In poly(C,iG) tem-
plates about 2/3 of iG was copied. A similar
extent of copying of another modified base,
N?,3-ethenoguanine and unmodified G, A and
U, was observed in analogous experiments
[17]. The very low efficiency (about 1/50) of co-
pving of iG present in poly(LiG) needs a separ-
ate comment. The simplest explanation of this
phenomenon could be that iG residues are eas-
ily looped out of the poly(I) template. Another
possibility is that iG causes efficient incorpora-
tion of ACTP which is also complementary to
the dominating base in the template and this
strongly biases the incorporation of dTTP +



250 A.M. Bukowska and ].T. Kusmierek 1996

I| IIF Soom B E @ E
13 19

i strip number)

1200 -

1000

BOO -

{c.p.m)
g

400

200

25

m deaxypuanosine - deoxyisocytidine n deoxvihymidine

Fig. 2. Chromatogram of enzymatic digest of the product of copying of poly(C,15%iG) template by AMV
reverse transcripiase.

Tht‘ 5 ml-reaction mixture contained ID absorbance units of lemplate pnn‘w{i with (L5 absorbance unit of dGs, 2 mM
PHIAGTP (0.5 mCi/mmol} 0.1 mM PHIATTP (5 mCi/mmol), 0.1 mM [PHIdICMTP (5 mCi/mmol) and 100 units of
enymc in: 50 mM Tris/HCL pi 8.3, 10 mM MgCla, 40 mM KCL 1 mM EDTA and 1 mM DTT, After 1 h incubation at
37C the reaction was stopped by cthanol precipitation. The polymeric material was separated from unreacted dN'TPs
by chromatography on Sephadex G-50 column and then hvdrolyzed to deoxynucleosides by combined action i
micrococcal nuclease, Pl nuclease, deoxyribonuclease |, phosphodiesterase | and bacterial alkaline phosphatase. The
desynucleoside markers were added and the entive sample was applied to Whatman 3MM paper for descending
chromatography. Chromatography was performaed with the solvent system: water-saturated n-butanol. The separation
was carried out twice in the same direction for 18- 20 h at room temperature. The chromatogram was cutinto 2 em strips
and radivactivity on each strip was determined vsing a liquid scintiflabion counter. The U'V-marker areas are indicated
by ditferent shadowing of appropriate radivactivity bars,

diCMTP. However, this is rather unlikely, since
iG present in poly(C) and in polv(A) templates
does not provoke any measurable incorpora- _
tion of ACTP (see below). [soguanine (2-oxoadenine) is one of the pro-
ducts of the reaction of mutagenic oxygen radi-

cals with adenine in DNA[4]. In the view of the

Table 1 foregoing, it is important to evaluate the mis-

The template-directed relative iG - iCM and iG-T coding potential of this lesion, i.e. the ability of
base-pair formation catalyzed by AMV reverse iG to provoke the incorporationof each pa rticu-

Isoguanine does not pair with DNA bases other
than thymine

transcriptase lar ANTP to the primer strand during template-
Sl e pre —— directed synthesis catalyzed by a DNA
: = ;M +T ~ polymerase. The iG provoked incorporation of
femplate | _ (% of t::t;] ; iICM:Tratio | §TTP (see above) can not lead to mutation and
: = { Sncorporation) | ——  thisindicates only that iG retains to some extent
. polv(Ce%iG) | 4.0 ! 9 ! the coding properties of the parent base,
L polv(C,15%iG) 9.4 | 12 ﬂ adenine. On the other hand, the fact that iG
C poly(l,12% iG) 0.25 i 8 _f provoked incorporation of diCMTP (or deo-

xyisocytidine-5"-triphosphate [8]) is not reic-
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vant to mutagenesis because iCM (or isocyto-
sine) is not a DNA base.

Polv(A}, poly(l) and poly(C) templates con-
taining iG in various proportions weiE copied
in the presence of all four 0.4 mM PHIANTPs
and the composition of the newly synthesized
strands was analyzed (the idea of these experi-
ments is presented in the legend to Fig. 2). Inall
cases the incorporations of A, G and C caused
by the presence of iG in templates were below
or did not exceed significantly the background
values (not shown).

Since the miscoding of iG can not be detected
under competitive conditions, i.e. where all
tour dNTPs are present at equal concentration,
in the next experiments we have used the
“forced” conditions. In general, in these experi-
ments we studied time course of incorporation
of "HIANTP, potentially complementary to iG,
in the presence of non-radioactive dNTP com-
piementan to the dominant base in template.

lg_.ure 3 (PHIATTP incorporation) and Fig. 4
(["HIdATP incorporation) display the time
course of copying of poly(A,12%iG) and
polviA,10%G) templates in the presence of (1.1
mM dATP and 0.1 mM dTTT.

The incorporation of PHIdTTP (Fig, 3), which
is complementary to the dominant base in tem-
plates, exhibits a characteristic plateau, usually

11} e 1T meoporation ¢ p o )

observed under such condibons. In contrast,
the incorporation of [3H]thP (Fig. 4), which
is tested for complementarity to iG and G bases
and which is complementary to the new T-
dominated strand shows first some lag phase
and/or a plateau, and then an accelerating
course. The incorporation of [ H]dATP tested
in the presence of poly(A) template is marginal
and does not exceed significantly background
values up to 60 min of incubation.

The foregoing observations lead to the conclu-
sionthatiG- Aand G- A mismatches are formed
during the copying of poly(A,iG) and poly
(A,G) by AMV reverse transcriptase. These
mismatches create structural irregularities
which can originate the utilization of the new
strand as an alternative template. As it can be
evaluated on the basis of the actual amount of
radioactivity in aliquots of reaction mixtures
corresponding to the time points (see Figure
legends), this utilization can account for about
1% of the total synthesis after 60 min of incuba-
tion.

The new strand cannot serve as the alternative
template when mismatches are excluded as it is
the case when unmndﬁned poly(A) is copied in
the presence of [ H]dATP and non-radioactive
dTTP (Fig. 4). Also the copymg of poly-
(C,10%1G) in the presence of [ *H]dCTP and

@ polvi A, 17%iG)

WpolviA 100G A polylAl

Fig. 3. Time course of fﬂp};iﬂg of poly( A.12% iG], polyl A, 10% G) and poly(A) templates in the presence of

0.1 mM dATP and 0.1 mM [

HIATTP (0.2 Ci/nmmole).

Each 100 pl reaction mixture contained 0.2 absorbance unit template primed with 0,05 absorbance unit of dTys and 2
units of reverse transeriptase, Other condilions were as in Fig. 2. Aliquots of 12 pl were spotted on DEAE paper disks

atindicated times.
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Fig. 4. T:me course of copying of poly(A,12%iG), poly(A,10%G) and poly(A) templates in the presence of

0.1 mM/[ HIdATP (1.0 Cifmmol} and 0.1 mM dTTP.

The conditions were as in Fig. 3 except that total volume of each incubation mixture was 350 pl and 48 pl-aliquots werc

spotted on disks.

non-radioactive dGTP does not lead to incor-
poration of radioactivity into the polymer (not
shown). This would indicate thatiG-CoriG-G
mismatches possibly formed at low frequency
can not disrupt the strong secondary structure
of G-C-dominated duplex, in contrast to mis-
matches in the less stable A-T-dominated du-
plex.

[FdA T incorporation (c.p.m.)

An increasing concentration of non-radioac-
tive diCMTP (0.1 mM-2 mM) gauses a gradual
decrease of incorporation of PHIdATP during
the copying of poly(A,12%iG) template (Fig. 5).
The similar effect is exerted by increasing con-
centration of dTTP (not shown). This indicates
thatiCM and T which are complementary to iG,
compete with A in base pair formation with iG.

| 01 mM HECMTP

{mim}

A 0.5 mM QCMTP ® 2 mM diCMTP

Fig. 5. The influence of increasing concentration of diCMTP on { SHIAATP incorporation during the copying

of poly( A,12%iG).
All conditions were identical to those in Fig. 4.
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it is rather difficult to evaluate the absolute
frequency of iG- A mismatch formation on the
basis of data presented here. Neverthe]e'ss, the
time course curves of incorporation of [*Hld-
ATP in the presence of poly(A,12%iG) and
poly(A,10%G) templates are very similar (Fig.
4): this suggests that the frequencies of iG-A
and G-A mismatches are of the same order of
magnitude.

To establish whether an iG-G mismatch can
be formed in the AMV reverse transcriptase
reaction, we studied the copying of polv(l,
10%iG) and poly(l,10%A) templates in the
presence of ["HIJAGTP and non-radioactive
dCTP (not shown). The results were analogous
to these of the foregoing experiments where the
formation of iG- A mismatch was studied. We
conclude that the iG-G mismaich is formed
with a frequency similar to the frequency of
A -G mismatch formation.

In addition to the experiments described
above we have tested for complementarity to
iG the ["HIdNTPs which were not complemen-
tary to the dominating base in the template or
in the new strand. They are listed below:

poly(1,10%iG),  [PHJdATP and dCTP
polv(C,6%iG),  [HIdATP and dGTP
poly(A,12%iG),  [’HIdGTPand dTTP
poly(A,12%iG),  [PHIACTP and dTTP

In each case the incorporation of radioactivity
was within the range of the background values
(not shown). The results of all experiments
presented here indicate that formation of tem-
plate-directed base pairs catalyzed by AMV
reverse transcriptase between iG and A, G and
C can occur only at a low frequency, com-
parable to that of natural mismatch formation.

Comments to the recent relevant papers

Two papers relevant to the issue studied ap-
peared during completion of this study. Ka-
miva et al. [19] studied the insertion of dNTPs
opposite iG placed at a preselected site of syn-
thetic oligodeoxynucleotide template, using
the primer extension kinetic assay. The authors
found some incorporation of dAMPand dCMP
opposite to iG by the 3’ 5-exonuclease-defi-
cient Klenow fragment of E. coli DN A polymer-
ase | (KF exo ) and dAMP by calf thymus DNA
polymerase a (pol ). The frequency of I’:hese
incorporations were within the range 107107

of the frequency of incorporation of dTMP op-
posite A, taken as an arbitrary unit (1.0). In the
reaction of recombinant rat DNA polymerase
B (pol B) the frequency of incorporation of
dAMP opposite iG amounted to (.14. On the
basis of these results the authors state that iG
formation in DNA will induce A—Tand A—C
transversions in cells.

However, a closer examination of the
presented data shows that natural mismatches
A-Aand A-G are formed by KF exo 3 and 9
times more efficiently than iG-A and 1G-G, re-
spectively, whereas with pol p the formation of
iG - A is only 5 times more efficient than that of
A-A. The high frequency of iG-A formation by
pol P (0.14) can not be compared with the fre-
quency of A-A because of lack of data. On the
other hand, pol B is known as an extremely
error prone polymerase with a strong pref-
erence to incorporate dAMP opposite to any
base [20].

Bearing in mind that all these results were
obtained under non-competitive conditions
(under conditions of the assay onlv one dNTP
can be tested at a time) and that none of the
polymerases tested does possessany correcting
activity, we think that the authors’ statement is
rather premature. In our opinion, the answer to
the question whether the formation of iG in
DNA shall induce A—T and A—-C transver-
sions in vive, still requires more extensive
studies.

In the other paper, Horn et al. [21] compared
the stability of iG-iCM pair vs other pairs in
oligodeoxynucleotide duplexes. The duplex
containing iG-iCM pair was slightly more
stable than the analogous duplex containing
G- C pair, whereas the replacement of iCM by
T, C. A or G led to substantial decrease of sta-
bility. This indicates that only iCM is the appro-
priate counterpart of iG.

In conclusion, thymine is the only natural
base which can pair with iG in its minor 2-OH
tautomeric form, and formabion of iG in DNA
does not seem to lead to mutations by the
simple mispairing mechanism.
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