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The products of methylation at the A?-, O%- and N’-positions of guanine and at the O*- and O*-
positions of thymine are subjected to various possibilities for pairing with DNA bases, using
calculations at the semiempirical PM3 SCF-MO level. It is predicted that the presence of the
Watson—Crick protons in the modified bases would lead to non-mutagenic base-pairing schemes,
while their absence facilitates promutagenic pairing schemes, modified guanines behaving like
adenine and modified thymines like cytosine. Some degree of competition with non-mutagenic
base-pairing schemes is also anticipated. Only the conformers of the O-methylated bases with the
O-methyl group ant/ to the hydrogen bonding side furnish feasible base-mispairing schemes in the
double-helical configuration. The syn conformers do not pair in the double-helical configuration.
Correlation of these results with experimental and theoretically predicted Watson-Crick proton
acidities for the nucleoside systems leads to the prediction that A?- and O®-methylguanines and O?*-
and O*-methylthymines would be promutagenic bases at biological pH, while A’-methylguanine
would behave without miscoding properties. These predictions are largely confirmed by the
reported experimental template properties of these modified DNA bases and are also corroborated

by NMR. UV and crystallography studies on some of the modified bases considered here.

Point mutations, including base-pair substitutions, serve as a
basis for activation of latent proto-oncogenes to their carcino-
genically active form, as documentated for many cases belong-
ing to the ras and neu oncogene families.'* DNA base
alkylation by xenobiotic agents has been linked to point
mutation and oncogene activation*™” and is believed to exert
its genotoxic effect via the unusual base-pairing schemes
adopted by the methylated base residues, which include the
products of alkylation at the N7-guanine (N’-G), O%-guanine
(0°%-G), O*-thymine (O*-T), O*-thymine (O*T) and N3-
guanine (N3-G) sites.??

N’-Methylguanine does not lead to misincorporation of a
non-complementary base when present in templates for nucleic
acid polymerases.’®!! OS-Methylguanine has been shown to
possess the ability to misincorporate thymine residues when
present in in vitro and in vivo templates for DNA and RNA
synthesis.'?-15 O*-Alkylthymines can similarly misincorporate
guanine residues during nucleic acid synthesis, as demonstrated
for O*-methyl-, ethyl- and isopropyl-thymines.!®!® The evi-
dence for O%-methylthymine is’less conclusive,?® while none
exists for N*-methylguanine. These findings may be summed up
by proposing that N’-methylguanine is non-mutagenic while
OS-methylguanine and O*-methylthymine are pro-mutagenic,
the position of O?-methylthymine being unclear and that of N3-
methylguanine being unknown.

A Corollary of in vitro and Theoretical Studies—Much in
vitro and theoretical work has been done to corroborate and
add finer detail to the above basic findings, which may be
summarized in the following three paragraphs.

X-ray crystallography and NMR studies indicate that sub-
stitution of O°-methylguanine (0°-MeG) for guanine in
synthetic DNA duplexes destabilizes the helical structure.?!
This has the effect of decreasing the T, of DNA significantly.??
That these disruptions take on the nature of only local per-
turbations is indicated by X-ray23?4 and NMR studies.?528
The 05-MeG-C and O°-MeG-T pairs are both recognized
by the repair enzyme ABC excinuclease in vitro,?® which appar-
ently recognizes the local helical perturbation rather than the

lesion itself. Although the conformation adopted by the O-
methyl group is syn to the hydrogen bonding side in the solitary
deoxynucleoside >° and in the single-stranded oligonucleotide,
in the double-stranded duplex it goes out of plane, protruding
into the major groove for the 0°-MeG-C pair.>! Proton NMR
studies on a right-handed kelical dodecamer 2° indicate an anti
conformation for the methyl group in an 0%-MeG-C pair. The
crystal structure of a B-DNA oligonucleotide containing O°-
MeG also revealed an anti conformation for the methyl group,
where the mismatched O%-MeG-T pair is basically in Watson—
Crick configuration.?2 NMR solution studies (reviewed in ref.
33) have found that the OS-alkylguanine-T base-pair most
likely retains the Watson—Crick alignment, while the O%-MeG-
C pair adopts a wobble configuration. UV melting studies point
to a Watson-Crick configuration for the 0°-MeG-C pair
provided the modified base is N'-protonated.??

O*-Alkylthymines are considered to be of greater relevance
for carcinogenesis and mutagenesis than O°-alkylguanines
because of their greater resistance to repair.>*3® A Watson—
Crick type of alignment was proposed by Singer 3 for the pair
between O*-methylthymine (O*-MeT) and thymine, linked by
two hydrogen bonds, where the methyl group would not be syn
to the hydrogen bonding side, but possibly in a conformation
intermediate between syn and anti. This is in contrast to a 2D
NMR solution structure obtained *® which proposed only one
hydrogen bond. Both 0*-MeT-G and O*-MeT-A base pairs
were formed by bacterial and fruitfly DNA polymerase
fragments acting on a 25-meric oligonucleotide template
containing O*-MeT at a unique site.3® The efficiency of forming
the O*-MeT-G pair was about ten times greater than that of
forming the O*-MeT-A or T-G pairs and bacterial T4 DNA
polymerase allowed for stable incorporation of G opposite O*-
MeT in contrast to incorporation of G opposite T. The solitary
nucleoside O*-MedT has the methyl group syn to the hydrogen
bonding zone,*® but when O*-MedTTP is placed opposite a
poly(dA) template, the methyl group reorients to the anti
conformation which is more favourable for base-pair
formation.*?

Pohorille and Loew *! used a perturbation theory treatment
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to study the base-pairing properties of some O-methylated
bases, all of which were without the relevant Watson—Crick
protons. This study predicted the role of conformation of the O-
methyl groups for favourable base-mismatching in the double-
helical configuration, where only the anti conformers were
conducive to base-pairing of any kind. Ford and Scribner 4243
examined the possibilities of interstrand proton transfer serving
as a basis for mutagenesis following protonation and methyl-
ation at the N'- and O®-guanine sites using the AM1 SCF-MO
method. Quantum chemical calculations ** have indicated the
syn conformer of O%°-MeG as being the most stable, while
energy-minimization studies using the AMBER methodology
show that within a pentameric oligonucleotide, the anti
conformer is more stable.** The conformation and dynamics of
oligonucleotides containing modified thymines have been
studied using molecular dynamics simulations.*>*7 Parker et
al.*® used molecular dynamics simulation studies on oligo-
nucleotides containing O%-MeG to indicate that the O°-MeG-T
pair is of the Watson—Crick type structure, so that the sequence
containing this pair is closer to the normal unmodified sequence
than that containing the 0°-MeG-C pair.

Physical Basis for the Induction of Point Mutations.—For
the alkylated DNA bases considered here, this physicochemical
basis is prepared to include two components, viz. (a) abstraction
of the Watson—Crick proton*?-3° (the N'-proton for methyl-
ated guanines and the N3-proton for methylated thymines) and
(b) retention of the alkylating group in a conformation sterically
conducive to base-mispairing in the double-helical configur-
ation. The study of these two structural criteria form the
objective of this study.

Criterion (a) is dealt with by studying each methylated base
with and without the proton in question. Criterion (b) is
incorporated for those cases with exocyclic methyl groups, by
including two conformers for study; one with the methyl group
syn to the hydrogen-bonding region and the other anti. The
various possibilities arising from joint consideration of these
two criteria are examined for their base-pairing properties to see
which situations are predicted as feasible.

Theoretical

The equilibrium geometries and energies of the individual bases
and base pairs were computed using the PM3 SCF-MO
methodology °! as incorporated in the MOPAC package,>? full
optimization being carried out by the Davidon—Fletcher—
Powell algorithm. Two strategies were adopted for optimiz-
ation of the base pairs; one retaining C, symmetry for the pair
and the other without any symmetry constraints. The enthalpy
of pairing E,, was obtained from the heats of formation of the
pair and individual bases. Note was taken of the lengths, ryg of
the hydrogen bonds formed, and their number.

The intermolecular configuration of a base-pair was gauged
by three markers; the distance ryy between the sugar-bonding
nitrogens of the two bases, the angle fyy between the N-H
bonds at these nitrogens and the dihedral angle @y, between
these two N—H bonds. Fig. | gives a schematic representation of
the configurational markers ryn, Oy and @ny used in defining
the alignment between base pairs consisting of a purine and a
pyrimidine.

Results and Discussion

Apart from the free bases guanine and thymine, five methyl-
ated bases were incorporated for study of their base-pairing
properties: N’-methylguanine (N7-MeG), OS-methylguanine
(0%-MeG), N3-methylguanine (N3-MeG), O>-methylthymine
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Fig. 1 Configurational marker ryy for the G-C and A-T base pairs.
Arrows indicate direction of the N°-H® and N!'-H! bonds for
purines and pyrimidines respectively, where Oy is the angle between
these bonds for each pair and gy is the dihedral angle between these
bonds for each pair.
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Fig. 2 anti Conformers of the five methylated DNA bases in their
protonated form
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Fig. 3 anti Conformers of O-methylated DNA bases in their deproto-
nated form

(0*-MeT) and O*-methylthymine (O*-MeT) whose mutagenic
properties were summarized above. Each system was studied in
two forms, i.e. with and without the Watson-Crick proton,
respectively designated by a plus and zero sign, e.g. N’-MeG™
and N7-MeG?° for N7-methylguanine. The O-methylated bases
have syn and anti conformers for the methyl group (with respect
to the hydrogen-bonding zone) and these are respectively
designated by the symbols s and @ in brackets, e.g. 0°-MeG *(a)
and 0°-MeG * (s) for cationic O®-methylguanine. Fig. 2 depicts
the five bases in their protonated form with the O-methylated
bases in their anti conformers. Fig. 3 gives the corresponding
representations for the deprotonated bases, while Fig. 4
presents the syn conformers for the O-methylated bases.
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Table 1 PM3 calculated data for pairing between cytosine and methylguanine systems which retain the N'-proton

System E,/kcal mol™ Hydrogen bond rap/A /A onu ©) Ot ©©)

Freely optimized geometries

G-C —-11.79 O°G-H*C 1.804 9.044 —7.00 57.68
H'G-N3C 1.780
H2G-0%C 1.840

N3-MeG*-C —30.67 O°G-H*C 1.832 9.152 2.12 55.00
H'G-N3C 1.737
H*G-02C 1.740

N’-MeG™*-C —23.41 0°G-H*C 1.851 9.081 3.05 52.85
H'G-N3C 1.733
H2G-0*C 1.782

0%-MeG*(a)-C —23.33 O°G-H*C 1.929 9.053 —9.91 54.53
H!G-N3C 1.745
H*G-0*C 1.778

Geometries with C, symmetry

G-C —11.09 0°G-H*C 1.794 9.115 0.00 53.39
H!G-N3C 1.781
H2G-0%C 1.836

N3-MeG*-C —30.68 O°G-H*C 1.828 9.147 0.00 53.71
H!G-N3C 1.738
H2G-02C 1.742

N’-MeG*-C —23.80 0O°G-H*C 1.843 9.076 0.00 51.63
H!G-N3C 1.730
H2G-02C 1.782

0%-MeG*(a)-C —23.54 0°G-H*C 1.924 9.082 0.00 50.34
H!G-N3C 1.755
H2G-0?C 1.762

Table 2 PM3 calculated data for pairing between cytosine and N*-deprotonated methylguanine systems

System E,/kcal mol™ Hydrogenbond  ryp/A  re/A ou(® B (®

Freely optimized geometries

N3-MeG°-C —3.33 0°G-H*C 1.840 9.250 16.41 54.64
HG-0*C 1.848

N7-MeG°-C -0.17 0°G-H*C 1.839 9.121 10.28 56.30
H*G-0*C 1.875

0°-MeG°(a)-C —1.76 0°G-H*C 1.945 9.233 —11.95 51.63
H2G-0?C 1.861

Geometries with C, symmetry

N3*-MeG°-C —2.37 O°G-H*C 1.833 9.334 0.00 52.89
H>G-0C 1.869

N’-MeG°-C 0.44 0°G-H*C 1.831 9.255 0.00 51.69
H?G-0?C 1.879

0°-MeG°(a)-C —0.58 0O°G-H*C 3.573 9.619 0.00 38.11
H*G-0*C 1.835
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Fig. 4 syn Conformers of O-methylated DNA bases in their
deprotonated form

Base-pairing Properties of Methylated Guanines.—The three
methylated guanines in their protonated and deprotonated
forms were paired with cytosine and thymine, with 0°-MeG in
the anti conformation. Table 1 presents results for pairing of the
protonated systems with cytosine, giving values of the pairing
energy E,, the three-configurational markers ryy, Oyu and gny
and the lengths ryp of the hydrogen bonds formed, both
optimization options being incorporated, viz. free optimization
and imposition of C, symmetry. Table 2 presents the same data

for pairing of the protonated systems with thymine. Table 3
presents the data for pairing of the deprotonated guanine
systems with thymine.

The data of Table 1 correspond to pH values of the
surrounding medium where the base systems exist in a form
with the N'-proton present. From the negative values of the
pairing energies E,, it is immediately obvious that this presence
of the N'-proton allows for the modified guanine systems to
pair favourably with cytosine as the free base does. In fact, the
net positive charge on the methylated guanines leads to pairing
energies even lower than that for the G-C base pair. This may
be taken to indicate that, at the appropriately low pH,
substitution of these methylated guanines for guanine would
stabilize the double-helix, lowering the T, value for the duplex.
These pairing schemes are not mutagenic, not leading to a base
substitution. This goes to indicate that the mere steric presence
of the methyl group does not in itself constitute a molecular
determinant for successful base-mismatching as long as the
Watson—Crick proton is still present. The geometries of all the
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Table 3 PM3 calculated data for pairing between thymine and N'-deprotonated methylguanine systems
System E_/kcal mol™! Hydrogen bond rus/A /A oan (©) O ©
Freely optimized geometries
N*-MeG°-T —4.92 N!G-H?T 1.820 9.069 —38.60 60.30
H*G-0°T 1.805
N7-MeG°-T —5.84 N!G-H3T 1.782 9.026 —41.25 59.40
H*G-0?T 1.821
0%-MeG®(a)-T —5.68 N!G-HT 1.830 9.610 —20.41 54.38
H2G-0’T 1.816
Geometries with C, symmetry
N3*-MeG°-T —2.63 N!G-H?T 1.857 9.195 0.00 53.83
H>G-0?T 1.785
N’-MeG°-T —4.51 N!G-H3T 1.802 9.118 0.00 51.40
H*G-0T 1.792
0°-MeG°(a)-T —3.87 N'G-H?T 1.837 9.152 0.00 49.11
H2G-0T 1.793

base-pair systems more or less conform to the double-helical
configuration typified by the G—C pair. This is in line with the
experimental evidence 32 for the Watson—Crick configuration of
the 05-MeG*-C pair, where the OS-methylguanine is N'-
protonated. The imposition of the C, symmetry constraint does
not lead to results or conclusions markedly differing from those
obtained without any constraints.

Table 2 furnishes the data for the pairing between cytosine
and the guanine systems minus their N'-protons, which would
in each case correspond to a pH value for the medium which is
higher than those corresponding to the systems considered in
Table 1. Since in each case, the base pairing with these guanine
systems is cytosine, none of these pairing schemes may be
described as mutagenic. The first observation is that the pairing
energies in each case are appreciably less negative than those of
Table 1, indicating lesser favourability of base-pairing. This
is because of the loss of the N!-proton resulting in the
disappearance of one hydrogen bond. These neutral methylated
systems are characterized by low pairing energies and only two
hydrogen bonds. As such, these pairs would be expected to
destabilize the DNA duplex at the appropriate pH, as indicated
by the destabilizing effect noted experimentally >!-22 by substi-
tution of O®-MeG for guanine. The two types of optimization
strategies lead to different pairing configurations, particularly
for the 0°-MeG°—C pair. If the fairly small degree of torsional
twist gny In the freely optimized geometries be regarded as
accommodatable in the double-stranded situation, the values of
the ryy and ¢@yy markers show some departure from the
Watson—Crick alignment typified here by the G—C pair of Table
1. If the freely optimized geometries be taken as more
representative of the real situation than the symmetry-con-
strained geometries, these results may be taken as predictive of a
wobble type of pairing configuration for these neutral alkyl
guanines with cytosine, which has been indicated experi-
mentally 33 by NMR solution studies for the 0%-MeG°-C pair

Table 3 gives the data for pairing between thymine and the
deprotonated guanine systems, which pairings (like the pairings
of Table 2) may be expected to occur at pH values higher than
those for the systems in Table 1. Pairing between a guanine
system and thymine would be mutagenic if successful, leading to
a base transition (G—— A base substitution). Here again,
pairing occurs via two hydrogen bonds and the pairing energies
are smaller for each case in comparison with the pairing
between the protonated guanines and cytosine. But the pairing
in each case is predicted to be favourable, as attested to by the
negative values of E, The results obtained from free
optimization and from the C, symmetry constraint differ to
some extent here. While the geometries derived from C,

symmetry imposition could be possibly accommodated into the
Watson—Crick configuration, there is a large departure from
this configuration for the freely optimized geometries. This
raises the question of whether the latter could fit into the
normal Watson—Crick double helix at all. If not, then one
would have to depend upon the results obtained from C,
symmetry imposition to get a picture of what might be the
actual situation prevailing in the normal double-helix. In this
case, the small variations from Watson-Crick alignment as
typified by the G—C pair (Table 1) may be interpreted in terms
of the minor local perturbations in helical structure which have
been indicated by experimental studies pertaining to this
situation.?3-2® That the configuration for the 0®-MeG°(a)-T
pair is close to the Watson—Crick alignment is in line with the
results of X-ray structure elucidation.®? It is also in good
accord with the predictions of molecular dynamics simulation
studies*® which indicate that the oligonucleotide sequence
containing the 0°-MeG°-T pair is closer to the normal one
than that containing the O°-MeG°-C pair.

From the data of Tables 2 and 3, it is predicted that 0%-MeG*®
can pair with both cytosine and thymine, although the latter is
definitely preferred energetically, being closer to the normal
Watson—Crick configuration. This points to the competition
observed between incorporation of thymine and incorporation
of cytosine when both are present for incorporation into a DNA
strand by action of a bacterial DNA polymerase.33> The
mutation efficiency has also been noted in vivo to be ca. 0.75,'%
indicating a definite preference for the mutagenic 0°-MeG°®-T
pair over the non-mutagenic 0°-MeG°®-C pair.

Base-pairing Properties of Methylated Thymines.—The two
methylated thymines in their protonated and deprotonated
forms were paired with guanine and adenine, the methylated
bases each in their anti conformation. Table 4 presents results
for pairing of both the protonated and deprotonated systems
with adenine, giving values of the pairing energy E,, the three
configurational markers ryy, fng and gny and the lengths ryg
of the hydrogen bonds formed. Table 5 presents the same data
for pairing of the deprotonated systems with guanine.

The data of Table 4 for protonated O-methylthymines
pertains to pH values corresponding to retention of the N3-T
proton, where pairing proceeds via two hydrogen bonds. It is
predicted that these protonated bases, while pairing favourably
with adenine, adopt pairing configurations that deviate only
somewhat from the double-helical one as typified by the A-T
pair. None of these pairs are mutagenic, since the modified
thymines pair with adenine, indicating that retention of the N>-
proton would allow for non-mutagenic pairing schemes. The
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Table4 PM3 calculated data for pairing between adenine and N3-protonated thymine systems

System E,/kcal mol™! Hydrogen bond rus/A ran/A on (©) O (©)

Freely optimized geometries

A-T —6.10 O*T-H°A 1.823 9.125 6.64 42.46
H3T-N'A 1.778

O0*-MeT " (a)-A —12.75 O*T-H°A 2.523 8.843 —4.90 51.23
H3T-N'A 1.721

0*-MeT*(a)-A —14.69 O*T-H°A 1.864 9.045 6.61 51.23
H3T-N'A 1.683

Geometries with C; symmetry

A-T —5.61 O*T-H°A 1.811 9.134 0.00 52.60
H3T-N'A 1.766

O*-MeT*(a)-A —10.93 O*T-H°A 2.432 8.888 0.00 50.63
H3T-N'A 1.725

0*-MeT*(a)-A —14.90 O*T-H°A 1.860 9.044 0.00 45.53
H3T-N'A 1.684

Table 5 PM3 calculated data for pairing between adenine and N3-deprotonated thymine systems

System E,/kcal mol™ Hydrogen bond rag/A /A o ©) Oxu ©
Freely optimized geometries

0?-MeTa)-A 0.28 O*T-H®A 1.851 9.086 39.09 62.09
0*-MeT%a)-A 1.85 O*T-H¢A 2.848 9.186 11.63 45.99
Geometries with C, symmetry

0?-MeT%a)-A 5.28 O*T-H°A 1.851 10.768 0.00 76.86
0*-MeT%a)-A 3.11 O*T-H°A 3.117 9.936 0.00 47.39

Table 6 PM3 calculated data for pairing between guanine and N3-deprotonated thymine systems

System E,/kcal mol™ Hydrogen bond ras/A /A on® O ©

Freely optimized geometries

0*-MeT%a)-G —1.62 N3T-N!G 1.973 9.297 21.16 50.82
O’T-N2G 1.887

0*-MeT%a)-G —6.13 N3T-N!G 1.868 9.014 —14.44 52.42
O?T-N2G 1.833

Geometries with C, symmetry

0%-MeT%(a)-G —0.60 N3T-N!G 1.968 9.302 0.00 48.94
O’T-N2G 1.906

0*-MeT%a)-G —4.47 N3T-N'G 1.834 9.122 0.00 48.99
O?T-N2G 1.858

values of E, are larger in magnitude for modified thymines than
for normal thymine, leading to the prediction that, at the
appropriately acidic pH, substitution of O*- or O*-methylthy-
mine for thymine would result in stabilization of the double-
helix. Imposition of C, symmetry and free optimization both
lead to essentially the same conclusions.

The data of Table 5 for the N3-deprotonated bases pertain to
higher pH values where the proton is abstracted and pairing
with adenine has to occur through just one hydrogen bond.
None of these pairs are predicted as energetically favoured, with
C, symmetry imposition and free optimization leading to the
same result. The pairing configurations for these pairs appear to
deviate even more from double-helical than those of Table 4.
This all leads to the inference that O2- and O*-methylthymines
in their N3-deprotonated form would not form stable pairs with
adenine in the double-helical configuration. The substitution of
thymine by these O-methylthymines in a DNA duplex would
thus be expected to destabilize markedly the helix locally.

The data of Table 6 constitute the possibilities for pairing
between deprotonated O-methylthymines and guanine, both
optimization strategies being used. These data pertain to a pH

corresponding to abstraction of the N3-protons and indicate
potentially mutagenic base-pairing situations. The results do
not depend much upon the optimization strategy employed.
Both O?- and O*-methylthymines are seen to base-pair
favourably with guanine, although the pairing energy for the
former is appreciably lower than that for the latter, indicating
that O*-methylthymine might be a more efficient mutation-
inducing agent than OZ?-methylthymine. The base-pairing
configurations for these systems are not far from double-helical,
especially for the O*-MeT?(a)-G pair, indicating that these pairs
could be accommodated into this configuration. These findings
are basically in accord with the mutagenic base-pair between O*-
MeT and G as proposed by Singer3” and do not agree with the
single hydrogen-bonded base-pair proposed by Kalnik et al.2”
The anti conformation for the O-methyl group is predicted to be
favourable to these mutagenic pairing schemes, as indicated by
experimental studies.*! That the O*-MeT-G pair is clearly more
favourable than the O*-MeT-A pair (cf. Tables 5 and 6) is also
predicted here, being in line with the relative efficiencies of
formation of these pairs by action of polymerase fragments upon
a 25-meric oligonucleotide template containing O*-MeT.3®
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Table 7 PM3 calculated data for pairing between normal DNA bases and the syn conformers of O-methylated bases (C, symmetry imposed in all
cases)
System E_/kcal mol™ Hydrogen bond rus/A ran/A [ O (©)
0°-MeG°(s)-T —4.25 N!G-H3T 2.840 9.610 0.00 35.36
H>G-0T 1.836
0*-MeT°(5)-G —6.40 N!G-H’T 2.428 9.958 0.00 60.91
H2G-0°T 3.705
0*-MeT°(5)-G —4.63 N!G-H3T 2.693 9.555 0.00 36.56
H*G-O*T 1.813

Conformational Role of O-Methyl! Groups.—The exocyclic O-
methyl group of O°-methylguanine, O*- and O*-methylthy-
mines may exist in the syn or anti conformation, defined with
respect to the hydrogen-bonding zone. The conformation
adopted is of import for the feasibility of base-pairing in the
double-helical configuration, as is shown by the data of Table 7
on the pairs formed between the syn conformers and normal
DNA bases. Data on the anti conformers is represented by the
preceding Tables.

When the syn conformers are considered, the pairs between
O°-methylguanine and thymine, O%-methylthymine and gua-
nine and O*-methylthymine and guanine are predicted as
energetically favourable, as seen from the negative values of E,,.
The resultant geometries, however, indicate configurations far
from double-helical. These results compare well with those of
Pohorille and Loew*! who predicted through perturbational
calculations that the syn conformers of O-methylated bases
would furnish strongly repulsive interactions with normal DNA
bases in the double-helical configuration. This is not the case for
the anti conformers, as the preceding Tables show. It is
interesting to observe the general agreement between our
results and previously reported structural studies,?5:3!+32
including crystallographic, proton NMR and NMR solution
studies, which all indicate that the methyl group of O°-
methylguanine adopts the anti conformation when faced with a
pairing situation.

There are conflicting reports on the possible orientation of
the methyl group in the base-pair between O*-methylthymine
and guanine. Singer and co-workers3® postulated a base-
pairing scheme where the O*-methyl group lies intermediate
between syn and anti positions. The 2D NMR studies of Kalnik
et al.?® proposed a different scheme in which the O*-methyl
group adopts the syn orientation. Our studies suggest that
though the O*-methyl group may adopt both orientations when
pairing, the base-pair with the syn conformer clearly deviates
from the double helical conformation (Table 7), while the one
with the anti conformer closely approximates to the Watson—
Crick alignment (Table 6).

The inference is that the syn conformers of these three O-
methylated bases would not undergo mutagenic base pairing
with the appropriate base under normal conditions (the usual
Watson—Crick double-helical configuration). This means that
they would not be of consequence for induction of base-
substitutional mutations. A corollary of this is that the syn to
anti rotational barrier would be a factor of relevance for the
feasibility of an O-methylated base to induce point mutations.
These concepts are currently being worked upon (Lyngdoh and
Haorah, unpublished results) to explain the mutagenic and
carcinogenic inactivity of all alkylating agents and N-nitroso
compounds containing tert-alkyl groups.

Swummary of Favoured Pairing Schemes.—In the data of
Tables 1-6, the feasibility of the base-pairs predicted to be
favourable in the double-helical configuration is decided on
energetic grounds, eliminating those pairs which occur out of

this configuration, so that the favoured pairs include the
following (a)—~(d).

(a) For protonated alkylguanines, pairing with cytosine [viz.
the N>-MeG*-C, N-MeG*-C, 0°-MeG*(a)-C pairs] is
favoured, all of which would be innocuous for mutation since
they simulate the scheme present in the normal non-mutagenic
G-C pair.

(b) For deprotonated alkylguanines, mutagenic pairing with
thymine [viz. the N3*-MeG°®-T, N’-MeG°-T and 0°-MeG(a)-T
pairs] is energetically favoured over non-mutagenic pairing
with cytosine [viz. the N3*-MeG°-C, N’-MeG°-C and O°-
MeG®a)-C pairs]. That both are nevertheless energetically
allowed points to the possibility of competition between
mutagenic and non-mutagenic pairing possibilities, the former
being preferred.>3

(¢) For protonated alkylthymines, the anti conformers only
being considered, pairing with adenine [viz. the O*-MeT * (a)-A
and O*-MeT *(a)-A pairs] are favoured, both of which are of
no consequence for point mutations since they mimic the
scheme present in the normal non-mutagenic T-A pair.

(d) For deprotonated alkylthymines (only anti conformers)
pairing with guanine is energetically favoured over adenine.
Though the pairing of O*-MeT® with guanine is energetically
more favourable than O>-MeT?, both of them are significant for
inducing point mutations.

Situation at Biological pH.—Out of the various favoured
pairs mentioned in the last section, the question of which
actually occur at biological pH depends upon whether the
Watson-Crick proton in question (the N'-proton for alkyl-
guanines and the AN3-proton for alkylthymines) would be
retained at this pH. The acidities of these protons have been
linked to the pK, of the base or nucleoside in question. This
aspect has been treated in earlier studies (unpublished results)
and the outcome of theoretical predictions coupled with
experimental pK, values is that at biological pH (close to
neutral), the methylated base systems would exist as their
deoxynucleosides in the forms summarized as follows.

N3-Methylguanine, N'-deprotonated (neutral), N>-MeG°.

0°-Methylguanine, N'-deprotonated (neutral), 0°-MeG°.

N’-Methylguanine, N'-protonated (cationic), N’-MeG *.

0*-Methylthymine, N3-deprotonated (neutral), 0*-MeT°.

O*-Methylthymine, N3-deprotonated (neutral), O*-MeT?°.

The pairs that they would form at biological pH in the
double-helical configuration thus include the following.

N3-Methylguanine, N3-MeG°-C (non-mutagenic) and N>-
MeG°-T (mutagenic).

0°-Methylguanine, 0°-MeG°(a)-C (non-mutagenic) and O°-
MeG°(@)-T (mutagenic).

N7-Methylguanine, N’-MeG *~C (non-mutagenic).

O?-Methylthymine, O>-MeT?-G (mutagenic).

0*-Methylthymine, 0*-MeT°-G (mutagenic).

The inference from the above predictions is that N3- and O°-
methylguanines could pair in mutagenic fashion (although
competing with non-mutagenic pairing), while N’-methyl-
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Fig. 5 Base-pairs expected to predominate at biological pH: (a) N'-
methylguanine (cationic) with cytosine; (b) N3-methylguanine (neutral)
with thymine; (c) O°-methylguanine (neutral) with thymine; (d) O*-
methylthymine (neutral) with guanine; (¢) O*-methylthymine (neutral)
with guanine

guanine would be non-mutagenic. The pairing properties of
cationic N'-methylguanine with thymine have been examined
here using the same methodology, and although the pairing
energy is negative (—9.29 kcal mol™),t the configurational
parameters are such as to indicate that the potentially
mutagenic pairing here would not be possible in the double-
helical configuration chiefly owing to the presence of the N'-
proton. The values of the configurational markers are: ryg, N*-
G-N3-T = 2.874; ryn, 9.28 A; ryp, N3-G—0%T = 1.805; Oyy,
48.53°.

0O?*- and O*-methylthymines also possess the ability to induce
mutagenic pairing with guanine, while the possibility of non-
mutagenic pairing with adenine is energetically unfavoured.
The former is predicted to give a rather small pairing energy
with guanine, while the latter pairs quite favourably with
guanine, so that we may conclude that O*-methylthymine
would be more efficient in inducing base-substitutions than O?-
methylthymine. These two methylated bases differ from N3- and
OS-methylguanines in that here the chances for mutagenic
pairing competing with non-mutagenic paiging weighs heavily
in favour of the former, so that the alkylthymines (especially O*-
methylthymine) may be expected to be much more specific in
their inducement of base-substitutions than the alkylguanines.

Fig. 5 portrays the base-pairs which would be expected to
predominate for each species at biological pH.

Conclusions
The criteria proposed for successful induction of base-substi-
tutional mutations, viz. absence of the Watson—Crick proton

t1cal = 4.1847.
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and appropriate conformation of the methyl group in O-
methylated bases, are seen to be borne out by the results of these
base-pairing calculations. Application of theoretical and experi-
mentally-based considerations on the acidities of the Watson—
Crick protons in question lead to a correct assignment of
mutagenic potential for N7- and OS-alkylguanines and the O-
methylated thymines, furnishing also a prediction that N3-
methylguanine would be mutagenic.
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