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Abstract
Methylated guanine damage at O6 position (i.e. O6MG) is dangerous due to its mutagenic and
carcinogenic character that often gives rise to G:C–A:T mutation. However, the reason for this
mutagenicity is not known precisely and has been a matter of controversy. Further, although it
is known that O6-alkylguanine-DNA alkyltransferase (AGT) repairs O6MG paired with
cytosine in DNA, the complete mechanism of target recognition and repair is not known
completely. All these aspects of DNA damage and repair have been addressed here by
employing high level density functional theory in gas phase and aqueous medium. It is found
that the actual cause of O6MG mediated mutation may arise due to the fact that DNA
polymerases incorporate thymine opposite to O6MG, misreading the resulting O6MG:T
complex as an A:T base pair due to their analogous binding energies and structural alignments.
It is further revealed that AGT mediated nucleotide flipping occurs in two successive steps.
The intercalation of the finger residue Arg128 into the DNA double helix and its interaction
with the O6MG:C base pair followed by rotation of the O6MG nucleotide are found to be
crucial for the damage recognition and nucleotide flipping.
S Online supplementary data available from stacks.iop.org/PhysBio/8/046007/mmedia

It has been presumed that the root cause of G:C–A:T
mutation solely depends on the misinsertion of thymine
(T) opposite to O6MG by DNA polymerases [10, 11]
and subsequent formation of stable base pairing interaction
between them. However, according to recent crystallographic
[12] and earlier melting studies [13], it is also equally probable
that cytosine (C) will be inserted opposite to O6MG and
form a stable base pair with it. Alternative causes of O6MG
mediated mutation have also been proposed by P F Swann [14].
According to this study, identification of O6MG as adenine
(A) by DNA polymerases and Watson–Crick alignment of
the O6MG:T base pair are two major causes of G:C–A:T
mutation. However, in a recent crystallographic study [15],
a Watson–Crick type of structure for the O6MG:C base
pair has also been observed. All these presumptions and

1. Introduction
It is known that methylated guanine damage at O6 position,
produced due to consumption of tobacco specific nitrosamines
[1] and chemotherapeutic drugs [2] or reaction of DNA with
endogenous alkylating agents like S-adenosylmethionine [3],
has an adverse effect on cell functioning. This is due to
the fact that O6-methylguanine (O6MG) is very mutagenic
and often gives rise to G:C–A:T mutation during replication
[3–6]. It also inhibits binding of different cellular factors
to DNA located in the promoter regions of genes [7, 8]. The
mutagenic character of O6MG is closely associated with lethal
processes like cancer and apoptosis [9].
1
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Scheme 1. Nucleotide models of (a) O6MG, (b) cytosine and (c) thymine. The ‘ ’ mark indicates that guanine has been modified to O6MG.
The phosphate group of each of the DNA nucleotides is modelled as H2 PO4 .

observations considerably cloud the actual cause of G:C–A:T
mutation. Hence it is necessary to investigate the structural
and energetic aspects of these base pairs in detail. This
understanding will also provide useful insights into protein
facilitated methylated-DNA repair as proteins diffuse on DNA
to find their target by searching for weak or unusual base
pairs [16–19].
Further, due to carcinogenic nature of O6MG, it should
be repaired before the DNA can undergo different nuclear
processes like translation and replication. Fortunately, O6alkylguanine-DNA alkyltransferase (AGT) repairs O6MG in
both single- and double-stranded DNA by directly transferring
the methyl group to one of its residues i.e. Cys145 in a
suicidal irreversible reaction [18–22]. However, before getting
involved in the catalytic repair reaction, AGT passes through
several kinetic and thermodynamic processes, such as target
recognition and nucleotide flipping [18–22]. Flipping out of
modified nucleotide has also been observed for many other
DNA repairing enzymes e.g. 8-oxoguanine DNA glycosylase,
uracil-DNA glycosylase, human alkyladenine glycosylase, etc
[23–26]. Although several biochemical and structural studies
have been performed, consensus mechanism of damaged
nucleotide flipping has not yet been fully understood. For
example, how does a damaged nucleotide flip out of the
DNA double helix, overcoming both stacking and hydrogen
bonding interactions? After flipping out, does the damaged
nucleotide immediately fall into the enzyme active site or
rest somewhere in between the DNA and protein active
site, before finally diffusing into the enzyme active site for
repair?
In view of above reasons, the actual causes of G:C–
A:T mutation and mechanism of AGT mediated nucleotide
flipping have been studied here in detail using high level
density functional theory (DFT) in gas phase and aqueous
medium.
The study is expected to rationalize protein
facilitated DNA repair not only involving AGT, but also
for many other repairing proteins, such as different DNA
glycosylases mentioned above.

O6MG:C and O6MG:T base pairs in DNA were studied by
considering the nucleotide model of DNA (scheme 1) and the
B3LYP [27, 28], M06–2X [29], wB97X [30] and wB97XD [31] methods. The usefulness of the above DFT methods
has been demonstrated elsewhere [32, 33] and hence will not
be discussed here. However, it should be mentioned that in
choosing different functional, we intend to compare energetic
aspects related to O6MG:C and O6MG:T base pairs that arise
due to exclusion (B3LYP and M06–2X) and inclusion of long
range (wB97X) and dispersion corrected hybrid functional
(wB97X-D). In doing so, geometries of all complexes studied
here were optimized at the B3LYP/6–31G∗∗ level of theory,
while single-point energy calculations were computed at the
M06–2X, wB97X and wB97X-D methods by using the 6–
311++G∗∗ basis set and optimized geometries obtained at the
B3LYP/6–31G∗∗ level of theory. This type of methodology
has been recently suggested to be essential to accurately
predict kinetics and thermo-chemistry of different organic
reactions [34]. Furthermore, using the above nucleotide model
[35] and the B3LYP method [35–37] encouraging results
have been obtained for different biomolecular complexes.
This suggests that the methods used in the present study
are adequate to accurately model biological systems. As
wB97X-D method incorporates both long range corrected (LC)
and empirically atom–atom dispersion (D) corrected hybrid
functional designed to accurately predict thermo-chemistry,
kinetics, and non-covalent interactions [31], we will mainly
discuss results obtained with this method.
In order to compare the simulation results with predictions
made on the basis of x-ray and NMR data, calculations
were performed in both gas phase and explicit aqueous
medium respectively. Structures of different conformations
of O6MG:C and O6MG:T bases pairs were obtained by
optimizing their geometries in both gas phase and aqueous
medium. Reactions involving the cis to trans isomerization
of the methyl group of O6MG in the O6MG:C and O6MG:T
complexes and AGT mediated damaged nucleotide flipping
were studied by optimizing the respective geometries in both
gas phase and aqueous medium. The effect of aqueous medium
was treated through the use of the integral equation formalism
of polarized continuum model (IEFPCM) [38, 39]. Vibrational
analyses were performed on the optimized geometries at the
B3LYP/6–31G∗∗ level of theory for all complexes. Nature

2. Computational methodology
In order to understand why O6-guanine methylated DNA
damage is mutagenic, structural and energetic aspects of
2
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Scheme 2. Structures of O6MG:C (a)–(c) and O6MG:T (d), (e) base pairs as obtained by the x-ray (a)–(c), (e) and NMR (a), (d) studies in
the absence of DNA polymerase [46–50].

of the transition state was examined by visually inspecting
the vibrational mode of the imaginary frequency by ensuring
that it connected reactant and product complexes properly.
The zero-point energy correction to the total energy and
thermal energy corrections to the enthalpy and free energy
changes obtained at the B3LYP/6–31G∗∗ level of theory were
considered to be same for all single point energy calculations.
However, to eliminate basis set superposition error (BSSE)
from binding energies, counter-poise corrections (CP)
[40, 41] were performed on all single-point energy
calculations. Since in aqueous medium CP-correction cannot
be determined directly, the BSSE obtained in gas phase for
a particular method was considered to be the same when the
method is applied in aqueous medium. All calculations were
performed by using the Gaussian-09 (G09) program [42].

of structures (schemes 2(a)–(c)), where it can attain either
the wobble (schemes 2(a) and (b)) or Watson–Crick type
(scheme 2(c)) of alignment. It should be mentioned that the
Watson–Crick type of structure is observed at low pH and in
Z-DNA, where C is protonated [49, 51]. Similarly, it has
been observed that when T is base paired with O6MG, it can
either form a Watson–Crick (scheme 2(d)) or pseudo Watson–
Crick type of structure (scheme 2(e)) [51–53]. However,
according to the subsequent kinetic studies in presence of
different polymerases during replication [43], structures of
the O6MG:C and O6MG:T complexes are of the wobble
(schemes 2(a) and (b)) and pseudo Watson–Crick
(scheme 2(e)) type respectively. Interestingly, in this study
[43], formation of the Watson–Crick type of structure for
O6MG:C has been ruled out.
However, in recent x-ray crystal studies [12, 15] in
presence of different DNA polymerases, ambiguous structures
for the above two base pairs have been reported. For
example, according to the x-ray study performed by Eoff et al
[12], O6MG:C can form a stable wobble type of structure
(scheme 3(a)) as was observed previously in isolation
(scheme 2(a)), with the only difference being in the orientation
of the CH3 group. However, O6MG:T has been observed to
produce three unstable structures (schemes 3(b)–(d)). On the
basis of this study it is concluded that C is the preferred base
pair partner of O6MG [12]. In another elegant study that

3. Results and discussion
3.1. Structures of O6MG:C and O6MG:T base pairs
Several efforts have been made [12–15, 43–53] to understand
the actual hydrogen bonding pattern of O6MG:C and O6MG:T
base pairs. However, it is still a matter of controversy
and a topic of debate. According to the x-ray crystal and
NMR solution structures [46–50], in the absence of the DNA
polymerase, O6MG:C base pair can have three different types
3
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Scheme 3. Structures of O6MG:C (a) and O6MG:T (b)–(e) base pairs as obtained by the x-ray crystal studies in the presence of DNA
polymerases. The ‘?’ mark indicates that the existence of this hydrogen bond is controversial.

computational simplicity. Nevertheless, as will be discussed
later, structures of these base pairs as obtained in the present
study are identical to those obtained in presence of the DNA
polymerase and hence the results obtained in the present study
are valid for the DNA containing O6MG in the presence of the
DNA polymerase.
Optimized structures of the G:C, A:T, O6MG:C and
O6MG:T base pairs obtained in the aqueous medium
are displayed in figure 1. Similar structures for these
complexes were also obtained in gas phase. The hydrogen
bond distances of the optimized geometries of G:C and
A:T base pairs obtained in both gas phase and aqueous
medium are presented in table S1 (supporting information)
available at stacks.iop.org/PhysBio/8/046007/mmedia. For
comparison, experimentally [54–56] and theoretically
[57–59] obtained hydrogen bond distances from earlier
studies are also presented in this table (table S1, available
at stacks.iop.org/PhysBio/8/046007/mmedia). These data
suggest that hydrogen bond distances of G:C and A:T base
pairs obtained here in aqueous medium are in satisfactory
agreement with the experiment. Further, from figure 1 it is
clear that when C is incorporated opposite to O6MG, it can
form two types of complexes that differ from each other in the
orientation of the CH3 group of O6MG. If the CH3 group is
in cis conformation, O6MGcis :C base pair is stabilized by two
regular hydrogen bonds and one weak electrostatic interaction

combined pre-steady-state kinetic and x-ray crystal studies in
presence of a high-fidelity DNA polymerase, Warren et al [15]
have observed a distorted Watson–Crick type of structure for
O6MG:C base pair. This structure is analogous to the structure
of O6MG:C+ observed at low pH (scheme 2(c)). It should
be noted that due to low resolution, it cannot be confirmed
whether this structure is perfectly the Watson–Crick type or
mixture of different conformations or an intermediate structure
[15]. However, the O6MG:T structure has been observed to
be a Watson–Crick type with some certainty where the CH3
group of O6MG is making a weak hydrogen bond with the
O4 of T (scheme 3(e)) [15]. On the basis of this study
[15], it has been concluded that due to similar base pairing
alignments of O6MG:C and O6MG:T base pairs, which is of
Watson–Crick type, incorporation of both C and T opposite
to O6MG is equally probable. Nevertheless, these studies
failed to answer why typical mutational spectra observed for
guanine methylation indicate a dominant G:C–A:T mutation
[3–6].
It should be mentioned that from these studies it is clear
that the structure of the DNA polymerase has almost negligible
effect on the nature of the base pairs involving O6MG.
Further, as our intention was mainly to correlate structural
and energetic aspects of these base pairs with the coding
properties of O6MG, we have not considered the effect of
the DNA polymerase on O6MG:C and O6MG:T base pairs for
4
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Figure 1. Optimized structures of G:C, A:T, O6MG:C and O6MG:T base pairs obtained in the aqueous medium. The hydrogen bonding
distances are shown in Å.

involving the CH3 group of O6MG and the NH2 group of
C (figure 1(c)). In this conformation, O6MG and C are not
co-planar, ((C4N3)C (C2N1)G = 45.8◦ , (N1C1 )C (C1 N9)G =
32.0◦ ) and hence this structure would affect the DNA
helical structure by perturbing stacking interactions with the
neighbouring base pairs. This finding is in agreement with the
experimental observation regarding perturbation of stacking
interactions of neighbouring bases by O6MG that extends up
to several base pairs in both 3 and 5 directions starting from
the abnormal base pair [44].
The structure of O6MG:C that appeared to be distorted
Watson–Crick like in the x-ray study performed by Warren
et al [15] could be the structure obtained here for the
O6MGcis :C complex (figure 1(c)). This is due to the fact
that the hydrogen bonding patterns of these complexes are
similar. However, when the CH3 group of O6MG is in trans
conformation, O6MGtrans :C base pair is stabilized by two
strong hydrogen bonds and both the base pair partners are
co-planar (figure 1(d)). This wobble-type of structure has also
been observed in x-ray and NMR studies, both in presence
and absence of DNA polymerases [12, 46–48]. It is worth
mentioning that although the hydrogen bonding patterns of
O6MGtrans :C and A:T base pairs are similar in both gas phase
and solution, the former is of wobble type while the latter is
of Watson–Crick type.
When T is incorporated opposite to O6MG, it is found
that O6MG can also form two types of structures depending

on the orientations of its CH3 group. When the CH3 group
is in cis conformation, O6MG can form two strong hydrogen
bonds and one electrostatic interaction with T as found in
case of the O6MGcis :C complex (figure 1(e)). However, the
electrostatic interaction involving the CH3 group of O6MG and
the carbonyl oxygen of T is stronger (CH3 (O6MG)–O4(T) =
2.4 Å) (figure 1(e)) than the corresponding interaction between
the CH3 group of O6MG and N4 of C (CH3 (O6MG)–N4(C) =
2.8 Å) (figure 1(c)). The optimized structure of the O6MGcis :T
complex is similar to the crystal structure of the O6MG:T
complex in the presence of DNA polymerase [15] and both
have the Watson–Crick configuration (scheme 3(e)).
However, when the CH3 group of O6MG is in the trans
conformation, the O6MGtrans :T base pair is stabilized by two
strong hydrogen bonds, which has pseudo Watson–Crick type
alignment (figure 1(f )). This structure is also observed in
x-ray and NMR studies both in the presence and absence
of DNA polymerases [12, 51–53]. We could not find other
conformations of the O6MG:T complex that were observed in
x-ray studies (schemes 2(d) and 3(b), (d)), which means these
structures are probably not very stable. It should be mentioned
that in both cis and trans conformations, O6MG and T are not
co-planar in excellent agreement with the x-ray crystal study
[15]. Out of plane binding of O6MG with T would distort the
DNA helical structure by perturbing the neighbouring stacking
interactions with other bases of the same strand. However,
the out of plane binding between O6MGtrans and T is less
5
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Table 1. ZPE and CP-corrected binding energies (kcal mol−1 ) of G:C, O6MG:C, A:T and O6MG:T base pairs in gas phase and aqueous
medium (in parentheses). Binding energies of the G:C and A:T base pairs obtained at different methods are also given for comparison.
Method

G:C

O6MGcis :C

O6MGtrans :C

A:T

O6MGcis :T

O6MGtrans :T

wB97X-D/
6–311++G∗∗
Experimenta
BP86/TZ2Pb
B3LYP/6–31G∗∗c
B3LYP/6–31+G∗d
B3LYP/DZP++e
AMBERf
CHARMMf

−27.45
(−14.97)
−21.0
−25.2
−25.5
−22.9
−25.4
−27.6 {−6.4}
−23.5

−12.28
(−6.65)

−16.20
(−6.15)

−11.83
(−6.82)
−13.0
−12.3
−12.3
−10.7
−12.5
−12.9 {−4.2}
−13.1

−7.56
(−6.99)

−11.87
(−7.36)

a

Ref [63]. H value from mass spectrometry data.
Ref [57]. With CP correction.
c
Ref [58]. With CP correction.
d
Ref [64]. Without CP correction.
e
Ref [65]. Without CP correction.
f
Ref [66]. Binding energies for isolated bases in gas phase {binding energies in B-DNA in solution}.
b

that the binding energy of O6MGtrans :C complex is ∼4 kcal
mol−1 more than that of the O6MGcis :C complex (tables 1,
S2 (available at stacks.iop.org/PhysBio/8/046007/mmedia).
In order to find the right conformation of O6MG that would
remain stable in the double-stranded DNA, free energy for the
rotational barrier involved in the cis to trans isomerization of
the CH3 group in the O6MG:C complex was computed (table
S4, available at stacks.iop.org/PhysBio/8/046007/mmedia). It
is found that this isomerization is exothermic, which requires
a free energy for the rotational barrier of ∼3 kcal mol−1 (table
S4, available at stacks.iop.org/PhysBio/8/046007/mmedia).
However the reverse reaction is endothermic. This indicates
that in the double-stranded DNA, the trans conformation of
the CH3 group would be more favoured. Interestingly, it is
found that the O6MGtrans :C complex is ∼11 kcal mol−1 less
stable and ∼4 kcal mol−1 more stable than the normal G:C
and A:T complexes respectively (table 1). This shows that
although hydrogen bonding patterns of O6MGtrans :C and A:T
complexes are similar, they are energetically very distinct.
Effect of solution, however, alters this sequence
of stability as evident from table 1.
Unlike in
gas phase, O6MGcis :C, O6MGtrans :C and A:T complexes
are energetically comparable in solution (lie within
1 kcal mol−1 ).
This, in concert with total energies
associated with first two complexes (table S3, available
at stacks.iop.org/PhysBio/8/046007/mmedia) indicate that in
solution, both the conformations of O6MG:C complex can
coexist in double-stranded DNA. This is in agreement
with the previous in vivo study, where it has been
found that O6MG can adopt multiple conformations during
replication [45]. However, in single-stranded DNA, due
to the effect of solution, the cis conformation of the
CH3 group would remain more stable than the trans
conformation by about 3 kcal mol−1 (table S3, available at
stacks.iop.org/PhysBio/8/046007/mmedia). The free energy
for the rotational barrier involved in the cis to trans
isomerization of the CH3 group in the O6MGcis :C complex
in solution has been calculated to be ∼7–8 kcal mol−1 (table
S4, available at stacks.iop.org/PhysBio/8/046007/mmedia),
which is higher than the corresponding value in the gas

significant than the O6MGcis :T complex, which in turn is much
less significant than the O6MGcis :C complex. If we compare
structures of A:T and O6MG:T base pairs, it is evident that
O6MGtrans :T complex is analogous to the former complex as
both the complexes have similar hydrogen bonding patterns
and Watson–Crick alignments.
3.2. Binding energies of O6MG:C and O6MG:T base pairs
ZPE and CP-corrected binding energies of G:C, O6MG:C,
A:T and O6MG:T base pairs in gas phase and
aqueous medium obtained at the wB97X-D and other
methods are presented in tables 1 and S2 (available at
stacks.iop.org/PhysBio/8/046007/mmedia) respectively. For
the sake of comparison, binding energies of G:C and A:T
base pairs obtained in previous studies [57, 58, 63–66] are
also presented in table 1. This comparison suggests that in
gas phase, binding energies obtained at the wB97X-D and
AMBER [67] methods (table 1) are similar. It is worth
mentioning that the computed binding energies for an isolated
system in aqueous medium are different than those obtained in
B-DNA and solution by the AMBER method (table 1). This
is due to the fact that (1) we have not considered constraints
imposed on G:C and A:T base pairs by the DNA double helix
and (2) the aqueous medium cannot fully reproduce the solvent
effects of the explicit water molecules. Nevertheless, binding
energies obtained at the wB97X-D method are more accurate
than those obtained by other methods employed here (table S3
available at stacks.iop.org/PhysBio/8/046007/mmedia).
The ZPE-corrected total energies associated with the
cis and trans conformations of O6MG presented in table S3
(available at stacks.iop.org/PhysBio/8/046007/mmedia)
suggest that the former conformation of O6MG is more stable
than the latter by ∼2 kcal mol−1 with a rotational barrier of
∼3 kcal mol−1 [60]. This indicates that in the single-stranded
DNA, the CH3 group of O6MG would be in cis conformation
in agreement with the earlier x-ray study [61]. However, when
O6MG is paired with C, the trans conformation of the CH3
group of O6MG becomes more stable (table S3 available at
stacks.iop.org/PhysBio/8/046007/mmedia). It is further found
6
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phase. Although this free energy for the rotational barrier
is significant, due to similar stabilities of O6MGcis :C and
O6MGtrans :C complexes cis to trans isomerization or viceversa is possible in double-stranded DNA. All these results
suggest that stabilities of cis and trans conformations of the
CH3 group of O6MG in double helical DNA are environment
dependent, in agreement with previous studies [45, 62].
When O6MG is base paired with T, it is found that
the binding energy of the O6MGtrans :T complex is more
than that of O6MGcis :T complex by ∼4–5 kcal mol−1 and
energetically comparable to the A:T complex (table 1).
The free energy for the rotational barrier associated with the
cis to trans isomerization of O6MG in O6MG:T complex
has been calculated to be ∼4–5 kcal mol−1 (table S4,
available at stacks.iop.org/PhysBio/8/046007/mmedia). This
indicates that in gas phase due to tight binding and
appreciably less free energy for the rotational barrier,
formation of the O6MGtrans :T complex would be more
favoured. However, effect of the solution reduced the
energy gap between O6MGcis :T, O6MGtrans :T and A:T
complexes, making them comparable (table 1). Although
the rotational barrier energy involved in the cis to trans
isomerization increased slightly in aqueous medium, (table S4,
available at stacks.iop.org/PhysBio/8/046007/mmedia), due to
comparable binding energies, existence of both O6MGcis :T
and O6MGtrans :T complexes in aqueous medium and doublestranded DNA would be equally probable.
Thus from table 1 it is clear that in gas phase binding of
C with O6MG is more preferred than that of T. However, in
solution, binding of T with O6MG is slightly more favoured
than that of C (table 1). Further, only the O6MGtrans :T complex
resembles the canonical A:T base pair due to similar binding
energy and Watson–Crick alignment in both gas phase and
solution. Due to this reason, DNA polymerases may misinsert
T opposite to O6MG and misread the resulting complex as
A:T base pair, thus leading to G:C–A:T mutation.

Figure 2. The model considered for the geometry optimization. The
Arg128 and Tyr114 residues of AGT are interacting with the
O6MG:C base pair in a conformation similar to that presented in
figure S1 (available at stacks.iop.org/PhysBio/8/046007/mmedia).
For detailed procedure, please refer to the text.

structure of the DNA–AGT complex, the extra helical O6MG
has been observed to be in the cis conformation (figure S1(a),
available at stacks.iop.org/PhysBio/8/046007/mmedia) [22].
If the trans conformation of O6MG is considered, AGT will
require high energetic penalty to flip it out of DNA duplex as
O6MGtrans makes strong base pairing and stacking interactions
with the neighbouring bases.
The important question in this context is: How after
locating its target on DNA, AGT flips the damaged nucleotide
into its active site for repair? In order to understand this aspect,
we have superimposed the x-ray crystal structures of AGT (pdb
1eh6) [68] and DNA–AGT complex (pdb 1t38) [22] (figure
S1(b), available at stacks.iop.org/PhysBio/8/046007/mmedia).
This superimposition reveals that during the complex
formation (before nucleotide flipping), Arg128 residue of
AGT may intercalate in DNA through the minor groove
and interact with the O6MG:C base pair (figure S1(b),
available at stacks.iop.org/PhysBio/8/046007/mmedia). It is
further found that the Tyr114 residue of AGT is situated
proximal to the O3 sugar atom of O6MG (figure S1(b),
available at stacks.iop.org/PhysBio/8/046007/mmedia). It
is thus interesting to note that before and after nucleotide
flipping, Tyr114 is situated at the same position (figure
S1(b), available at stacks.iop.org/PhysBio/8/046007/mmedia).
This raises a question whether Tyr114 has any role in
nucleotide flipping, although, its role in catalytic O6MG
repair has been recently proposed by a theoretical study
[69]. Owing to above facts, we have studied nucleotide
flipping by constructing a model system (figure 2) where
O6MG is intrahelical and base paired with C and AGT is
interacting with the O6MG:C base pair in a configuration
similar to the superposed structure as shown in figure S1(b)
(available at stacks.iop.org/PhysBio/8/046007/mmedia) (AGT
shown in red). Consideration of this small system (figure 2)
is reasonable as the observed DNA–protein interaction
responsible for O6MG flipping out is a local event. Further,
this helped us to simulate DNA–protein interaction accurately
due to the use of the rigorous and less parameterized DFT
method.

3.3. Damaged nucleotide flipping by AGT
It has been observed from x-ray crystal structure analysis [22]
that when AGT interacts with DNA containing O6MG, the
damaged nucleotide (O6MG) flips out of the DNA double
helix into the AGT active site for repair (figure S1(a), available
at stacks.iop.org/PhysBio/8/046007/mmedia). The vacancy
created by the damaged nucleotide flipping out is immediately
filled by the finger residue Arg128 that makes charged
interaction with the orphaned C (figure S1(a)). In this study
[22], it has been further found that Tyr114 is hydrogen bonded
with the flipped O6MG (figure S1(a)) and hence has been
presumed to have a direct involvement in nucleotide flipping.
In order to unveil how Arg128 promotes O6MG flipping,
we have studied interactions of Arg128 and Tyr114 with the
O6MG:C base pair, where the CH3 group of O6MG is in the
cis conformation. The main reason for this selection is that in
this configuration the base pairing and stacking interactions of
O6MG with the neighbouring bases are appreciably distorted
and hence can be easily traced by AGT while searching for its
target along DNA [17, 18]. Furthermore, in the x-ray crystal
7
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Optimized structures of different complexes involved
in the damaged nucleotide flipping are illustrated in figure
S2 (available at stacks.iop.org/PhysBio/8/046007/mmedia).
From this figure it is evident that as soon as Arg128 comes
in contact with the O6MG:C complex, it disturbs the existing
base pairing interactions between O6MG and C, thereby
rotating O6MG nucleotide significantly ((C4N3)C (C2N1)G ) =
−146.9◦ , (N1C1 )C (C1 N9)G = −116◦ ) (figure S2, available
at stacks.iop.org/PhysBio/8/046007/mmedia). Reorientation
of the O6MG:C base pair by Arg128 may be facilitated
due to destabilization of the target base pair caused by
binding of the recognition helix of AGT near the damaged
site.
This distortion generates a new complex (IC1),
where the two NH2 protons of O6MG are hydrogen bonded
with the N3 and N4 atoms of C (figure S2(b), available
at stacks.iop.org/PhysBio/8/046007/mmedia).
In this
conformation (IC1), the side chain of Arg128 also makes two
strong hydrogen bonds with the carbonyl group of C (figure
S2(b), available at stacks.iop.org/PhysBio/8/046007/mmedia).
These structural perturbations may hamper stacking
interactions between O6MG and its neighbouring bases, which
in turn would help O6MG to flip out of the DNA double helix
easily.
It is found that in IC1, Tyr114 rotates along with the
phosphate group of O6MG and retains its hydrogen bonding
interaction with the O3 atom. However, it should be
mentioned that as Tyr114 has been observed to be proximal
to the DNA (pdb 1t38), its side chain is sterically prevented
from rotating to avoid the close contact with the DNA. Further,
such a shift in the position of Tyr114 requires a conformational
change in AGT, which may be difficult when Tyr114 is part
of the polypeptide chain. In order to ensure that the resulting
new conformation of O6MG:C complex would be stable in
DNA even in the absence of AGT, base pairing interaction
between O6MG and C in this conformation has been studied
in isolation. Interestingly, it is found that the binding energy
of this rare complex is ∼3 kcal mol−1 more stable than that
of its parent complex i.e. O6MGcis :C (figure S3, available
at stacks.iop.org/PhysBio/8/046007/mmedia). This indicates
that once IC1 is formed in DNA, it would be relatively long
lived.
In IC2, Arg128 intercalates deeply into the DNA by
pushing O6MG away from C, thereby completely abolishing
base pairing interactions between them, which in turn
helps O6MG to flip further in order to achieve proper
orientation to stabilize the resulting complex (figure S2(c),
available at stacks.iop.org/PhysBio/8/046007/mmedia). It
should be mentioned that in this step, nucleotide flipping
is almost complete except that Tyr114 is hydrogen bonded
to the O3 atom of the O6MG. As discussed earlier, if
we would consider the complete AGT structure, there
would be no hydrogen bonding interaction between Tyr114
and O3 of O6MG. In order to ensure that the hydrogen
bonding interaction between Tyr114 and N3 of O6MG
as observed in the x-ray crystal structure of DNA-AGT
complex (pdb 1t38) [22] is energetically more favoured than
that between Tyr114 and O3 obtained in IC2, we have
allowed the side chain of Tyr114 to move towards the N3

atom of O6MG in the final product complex (PC) (figure
S2(d), available at stacks.iop.org/PhysBio/8/046007/mmedia).
This hydrogen bond between Tyr114 and N3 is essential
to stabilize the extrahelical O6MG in the AGT active
site. As will be discussed later, the PC formed in this
way is more stable than the IC2 (figure S2(c), available
at stacks.iop.org/PhysBio/8/046007/mmedia). It is further
revealed that after formation of the PC, the damaged nucleotide
is completely extrahelical in excellent agreement with the
experimental observation (figures S1(a) and S2(d), available
at stacks.iop.org/PhysBio/8/046007/mmedia) [22].
The total energy analysis associated with each optimized
DNA-AGT complex in gas phase suggests that IC2 (figure
S2(c), available at stacks.iop.org/PhysBio/8/046007/mmedia)
is ∼6 kcal mol−1 more stable than IC1 (figure S2(b),
available at stacks.iop.org/PhysBio/8/046007/mmedia), which
in turn is ∼3 kcal mol−1 less stable than PC (figure
S2(d), available at stacks.iop.org/PhysBio/8/046007/mmedia).
However, in solution, IC2 is ∼3 kcal mol−1 more stable
than IC1, while PC is ∼6 kcal mol−1 more stable than
IC2. Nevertheless, as evident from figure S2 (available
at stacks.iop.org/PhysBio/8/046007/mmedia), the overall
nucleotide flipping is exothermic by ∼9 kcal mol−1 in both gas
phase and aqueous medium. This suggests that the complete
nucleotide flipping is thermodynamically feasible.
3.4. Proposed mechanism of nucleotide flipping
If we would exclude the conformational change of Tyr114
obtained in IC1 and IC2 (figure S2), complete nucleotide
flipping may occur in two successive steps as illustrated
in figure 3. In the first step, Arg128 interacts with the
O6MG:C base pair by perturbing the existing base pair
interactions between O6MG and C by facilitating rotation
of the O6MG nucleotide (figure 3(b)). In the second step,
Arg128 fully intercalates into DNA by pushing O6MG and
C away from each other, thereby completely abolishing the
base pair interactions between them. In this step, flipping of
O6MG out of the DNA double helix into the active site of AGT
gets completed (figure 3(c)) and Arg128 occupies the space
previously occupied by O6MG by making charged interactions
with the orphaned C. Tyr114 stabilizes the extrahelical O6MG
by offering a favourable hydrogen bond to the N3 of O6MG.
Out of these two steps, occurrence of the first step (figure 3)
would be vital for lesion recognition and complete nucleotide
flipping by AGT. Following this step, AGT may also detect
and process O6MG in the single-stranded DNA.
It should be mentioned that a similar result concerning
8-oxoguanine (8-oxoG) flipping out by MutM enzyme has
also been obtained by Verdine et al [70]. According to this
study [70], 8-oxoG flips out of the DNA double helix in several
successive steps involving (1) disruption of 8-oxoG:C base pair
by the enzyme residues (Met77, Arg112 and Phe114) via DNA
intercalation and extrusion of the damaged base into the minor
groove, (2) rotation of the glycosidic torsion angle from anti
to syn and (3) the 8-oxoG becoming completely extrahelical
from the DNA helix [70]. It was further found that out of these
steps, disruption of 8-oxoG:C base pair by enzyme residues
8
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(a)

(b)

(c)

Figure 3. The proposed two-step mechanism of O6MG flipping out by AGT.

in the first step (1) is of primary interest for identification of
8-oxoG by MutM [70]. It is important to note that although
extrusion of 8-oxoG from the DNA double helix requires a
conformational change in its sugar group [24, 72], it is unlikely
to be the case in O6MG flipping. However, in the latter case,
the purine ring of O6MG rotates significantly (figure 3(b)),
necessitating rotation of the glycosidic and phosphodiester
bonds (figure 3). This structural alteration is required for
correct placing of the damaged nucleotide into the active site of
AGT.
It is worth mentioning that the rate constant of AGT
mediated partial flipping of O6MG has been calculated to
lie within 10−3 to 10−2 ps−1 [71]. On the basis of this study
[71], MutM mediated 8-oxoG flipping out has been calculated
to require a barrier-free energy of only ∼4 kcal mol−1 [70].
These results [70, 71] suggest that extrusion of O6MG from
the DNA helix following the above two-step mechanism would
also require a similar barrier-free energy. This along with the
energetic details as discussed above and presented in figure
S2 (available at stacks.iop.org/PhysBio/8/046007/mmedia)
indicates that the AGT mediated O6MG flipping out is both
kinetically and thermodynamically favoured.
In a previous study, a two-step mechanism for O6MG
flipping out by AGT has also been proposed by Hu et al [71].
However, our proposed mechanism differs from the previous
mechanism in three important aspects. (1) According to the
previous mechanism, [71], once Arg128 intercalates in DNA,
it pushes O6MG to a position away from both the DNA base
stack and AGT active site (figure 4(a)). However, according
to our mechanism, although Arg128 distorts base pairing
interactions between O6MG:C base pair by facilitating rotation
of the damaged nucleotide, O6MG remains intrahelical
(figure 4(b)). (2) According to the previous mechanism, in
the second step, O6MG moves from the extrahelical state

into the active site of AGT by overcoming all steric and
non-bonded interactions between O6MG and different amino
acid residues of AGT. This indicates that a significant time
interval would be required by O6MG to reach ultimately
the active site of AGT. However, according to our proposed
mechanism, in the second step, O6MG falls directly into the
AGT active site. In order to confirm the fact that the PC (figure
S2(d), available at stacks.iop.org/PhysBio/8/046007/mmedia)
appropriately falls into the enzyme active site; we
have superposed the simulated (figure S2(d), available
at stacks.iop.org/PhysBio/8/046007/mmedia) and observed
DNA–AGT structures (pdb 1t38), [22] (figure S4, available at
stacks.iop.org/PhysBio/8/046007/mmedia). From this figure
(S4, available at stacks.iop.org/PhysBio/8/046007/mmedia),
it is clear that O6MG falls immediately into the enzyme
active site for repair soon after it is flipped out of the
DNA double helix. This finding is in agreement with
the earlier studies, where it has been found that enzymes
interrogate damaged nucleotides by allowing them to enter
into their active site soon after their extrusion from the DNA
double helix and rejecting normal, undamaged nucleotides
[72–74].
(3) In the previous mechanism [71], it has
been argued that O6MG flipping out occurs only due to
kinetic discrimination and the thermodynamical effects are
not important. However, as illustrated in figure S2 (available
at stacks.iop.org/PhysBio/8/046007/mmedia) and discussed
above, thermodynamical effects of O6MG flipping out are
as important as the kinetic effects.
It should be noted that nucleotide flipping of O6MG
when paired with other bases might also be possible following
the above two-step mechanism driven both kinetically and
thermodynamically. Further, the alkyltransferase-like proteins
(ATLs), which have functional motifs similar to AGT [75] may
9
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(a)

(b)

Figure 4. Schematic representation of the damaged nucleotide flipping by AGT. (a) Two-step mechanism of O6MG flipping as suggested
by Hu et al [71]. (b) Two-step mechanism of O6MG flipping by AGT as proposed in the present study.

and peptide bonds between different amino acid residues of
AGT, our suggested mechanism for O6MG flipping should
be considered as a model to understand damaged nucleotide
flipping. The validity of this two-step mechanism of O6MG
flipping can be tested by using the QM-MM technique for the
various enzymes that recognize and repair DNA damage by
nucleotide flipping.

also detect and flip O6MG out of the DNA double helix into
their active sites following the above two-step mechanism.

4. Conclusion
The present study helps in understanding the actual causes
of O6-methylguanine mediated G:C–A:T mutation and
mechanism of DNA repair by AGT through flipping of the
damaged nucleotide. It is found that the O6MG mediated
G:C to A:T mutation may arise due to the fact that DNA
polymerases incorporate T opposite to O6MG, misreading the
resulting O6MG:T complex as an A:T base pair due to their
analogous binding energies and Watson–Crick alignments.
The repair of O6MG by AGT starts after flipping the damaged
nucleotide out of the DNA double helix into the enzyme active
site in two successive steps (figure 3). In the first step,
Arg128 interacts with the O6MG:C base pair by perturbing
the existing base pairing interactions between O6MG and C
by facilitating rotation of the O6MG nucleotide. In the second
step, Arg128 fully intercalates into DNA by pushing O6MG
and C away from each other, thereby completely abolishing
the base pairing interactions between them and flipping O6MG
completely out of the DNA double helix into the active site of
AGT.
It should be noted that as we have not considered the
constraints imposed on the bases in a DNA double helix
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