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Results from DFT calculations indicate that states originating from gas-phase ionization of the phosphate
and the base are degenerate in syn-50-dGMP– and that bulk hydration lowers the base-localized ioniza-
tion energy by <0.5 eV. Local ionization maps show that micro-hydration leads to the formation of donor
and acceptor hydrogen bonds and the ionization energy decreases or increases in each case respectively.
The SN2 transition states of the methylation reactions of guanine with methane diazonium ions are lower
at the N7 than at the O6 sites and they are influenced by local ionization energy and steric interference.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The ionization energies of DNA nucleotides and their compo-
nents provide a quantitative measurement of their electron-
donating properties. Electron donation by nucleotides are the key
initial steps than can lead to direct DNA damage and mutation
[1–4]. It has been established throughout many theoretical and
experimental studies that guanine is the most easily damaged
DNA base by ionizing UV radiation [5–8] and that the guanine
holes created during photoionization [9] are the targets for car-
cinogenesis [10]. The gas-phase vertical ionization potential (IP)
of isolated guanine was measured employing gas-phase He(I) UV
photoelectron spectroscopy [11]. However, conditions for a typical
He (I) UV photoelectron experiment do not allow the direct
measurement of IP for intact nucleotides.

In a recent experimental investigation on the gas-phase vertical
and adiabatic ionization potentials, (IP), of 50-dGMP–, employing
UV photo-detachment photoelectron spectroscopy, it was reported
that the highest occupied molecular orbital (HOMO) resides on the
phosphate in the anti-50-dGMP– conformation and on the base in
the syn-50-dGMP– conformation. Further, the base-localized verti-
cal IP was measured as 5.05 ± 0.10 eV and at DFT/B3LYP level of
theory was calculated to be 4.90 eV [12].

Water and counterion interactions are among the most
important that DNA encounters in biological environments. Such
interactions also affect how DNA is impacted by low-energy
electrons (0–30 eV) [13]. Therefore, it is important to know more
about these interactions affect the nucleotide IP if we are to better
understand DNA damage [8,14,15].

In an experimental investigation of the effects of micro-
hydration on the IP of nucleobases employing single photon ioniza-
tion with tunable vacuum-ultraviolet synchrotron radiation, it was
reported that the gas-phase adiabatic, IPad value, extracted from
the appearance energy curves, for the guanine monomer is
8.1 ± 0.1 eV. It remains the same (8.0 ± 0.1 eV) for mono-, di- and
tri-hydrated guanine [16]. The appearance energies decrease
slightly with the addition of water molecules but do not converge
to the values reported in the literature for UV ionization of DNA in
aqueous solutions [5,7].

DNA bases can be methylated. Methylation of DNA bases is an
epigenetic mechanism that occurs by the covalent addition of a
methyl group to a base and this has been found to influence a vari-
ety of processes including DNA integrity and function. Methylation
might also play a role in the onset or course of cancer [17,18].

Guanine in double- or singled-stranded DNA can be methylated
by carcinogenic agents. One such agent is N-methyl-N-nitrosourea
(MeNU) which can react at the ring nitrogen atoms and exocyclic
oxygen atoms via SN2 reactions [19] whose reactive intermediates
are the methane diazonium ions (MeNþ

2 ) formed from nitrosami-
nes via metabolic activation [20]. The carcinogenic activity of
MeNþ

2 ions can be attributed to O6 methylation and N7methylation
through the principal DNA reaction pathway [19]. Ultimately, N7
methylation changes the hydrogen-bonding patterns of guanine
in duplex DNA by promoting the formation of an enol tautomeric
form of guanine that is equivalent to adenine [21].

In older theoretical studies it was reported that the N7 site of
guanine is the most reactive in SN2 reactions [14,22–24]. In a more
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recent theoretical investigation for DNA alkylation activation barri-
ers it was reported that the characterization of the relative reactiv-
ity of different sites requires consideration of solvation to describe
the interactions of the guanine-methane system with explicit
water molecules [25].

The ionization energy of guanine in various sequences is inher-
ently important to the ionization of DNA as well as charge trans-
port [26–28]. In a molecular dynamics simulations study it was
reported that hydrated electrons formed upon photoionization
can reduce guanine only when a water molecule forms a hydrogen
bond to the O6 site to stabilize the resulting radical anion [29].

The main goal of the present systematic theoretical investiga-
tion is to integrate methylation and ionization studies of guanine
mononucleotides and its components by probing factors that influ-
ence the aqueous photoionization energy (IE) values and barriers
for guanine methylation reactions with methane diazonium ions
employing DFT and the SM8 Universal Solvation Model [30] utiliz-
ing feedback from the local ionization potential maps.
2. Methods

All calculations were performed using the Spartan ‘14 Parallel
Suite [31] for Microsoft Windows 7, Professional 64-bit edition
on an Intel Xeon E3-1240 v3 processor utilizing 32 GB of RAM.
Standard geometries of nucleotide systems in the double-
stranded B-DNA conformation were generated using the Molecule
Builder of Spartan ‘14 and were fully optimized employing the
Density Functional Theory using the hybrid B3LYP exchange corre-
lation functional with the 6-31+G⁄ basis set.

Gas-phase vertical ionization potentials were evaluated and
reported without zero-point energy (ZPE) corrections. These cor-
rections are very small (�0.03 eV), and are consistent with another
investigation employing B3LYP/6-31G(d,p) level of theory [15].
Vertical IPs were used because of the high accuracy with which
they can be measured experimentally for comparison to theoreti-
cally obtained values.

Aqueous photoionization energy calculations were performed
employing the SM8 Universal Solvation Model embedded in the
Spartan ‘14 package. The SM8Model employs the Generalized Born
(GB) approximation for bulk electrostatics and represents the
solute molecule as a collection of partial atomic charges in a cavity
[30].

The aqueous photoionization energy, DGaq, is the Gibbs free
energy associated with the aqueous ionization energy from the
closed-shell ground state molecule to an open-shell radical and it
was determined using Eq. (1).

DGaq ¼ IP þ DDGhyd þ Vo ð1Þ
In Eq. (1), IP is the gas-phase vertical ionization potential asso-

ciated with the removal of an electron from the highest occupied
molecular orbital (HOMO), Vo is the hydrated electron stabilization
energy, (�1.3 eV) [32,33] and DDGhyd is determined by Eq. (2).

DDGhyd ¼ DGhydðrÞ � DGhydðnÞ ð2Þ
In Eq. (2), DGhydðnÞ is the Gibbs free energy of hydration before

ionization and DGhydðrÞ is the energy after ionization. The entropy
contribution in the gas-phase is considered negligible based on
the observation that TDS for the ionization of a hydrogen atom at
room temperature is 0.05 eV utilizing electron convention Fer-
mi�Dirac statistics [34].

Local ionization potential maps were computed using the
embedded module in Spartan ‘14 and the SN2 transition states of
the methylation reaction of guanine with methane diazonium ion
were examined in the gas- and aqueous- phases at the N7 and O6

sites of guanine employing the B3LYP/6-31+G⁄ DFT level of theory
and the SM8 Universal Solvation Model. Transition states were
monitored by employing the Energy Profile module as embedded
in Spartan ‘14.
3. Results and discussion

3.1. Aqueous photoionization threshold energy of 50-dGMP� and its
components – hydration in bulk

Table 1 lists results for the gas-phase vertical IPs and aqueous
photoionization energies (IEs) for 50-dGMP– and its components.
Three different conformations of 50-dGMP– structures are shown
in Fig. 1; the anti-conformation, and two syn-conformations,
Conf-a, and Conf-b. In syn- Conf-a, the oxygen substituent in C20 lies
in a sterically hindered position above the furanose ring and the
torsion angle about the N-glycosylic bond is 61.30�. An intramolec-
ular hydrogen bond with length 1.849 Å is formed between the
hydrogen of the N2 amino group of the purine with the O3 of the
phosphate. In Conf-b the torsion angle is 70.00� and the
intramolecular hydrogen bond between the hydrogen of the N2
amino group of the purine with the O2 of the phosphate is
1.718 Å in length. In the anti-conformation, this steric interference
is avoided and the torsion angle is �95.30�. The syn- Conf-a struc-
ture is 7.57 kcal mol�1 and the syn- Conf-b is 7.30 kcal mol�1 lower
in energy compared to the anti, respectively.

The results indicate that the p HOMO is localized on the phos-
phate group for the anti- and for the syn- Conf-a the p HOMO is
degenerate with ionizing states originating on the base and the
phosphate; its vertical IP is 5.03 eV. This value is in agreement with
the value obtained (5.01 eV) employing the partial third order (P3)
self-energy approximation method [35]. The vertical IP of syn-Conf-
b is 4.67 eV with the p HOMO localized on the base and it is very
low because more electron density is donated to the aromatic ring
as shown in the local ionization map Fig. 1(c) resulting in a lower
local IP at N7 as listed in Table 1. The IP value of Conf-a (5.03 eV) is
in agreement with the vertical electron-detachment energy
(5.01 eV), obtained for a similar conformation (sConf2) employing
the multiconfigurational second-order perturbation (CASPT2)
method at the MP2/cc-pVDZ level optimized ground-state most
stable conformer [36] and in full agreement with the experimental
value of (5.05 ± 0.10) eV [12].

More recently the gas-phase IPad of 50-dGMP– was reported as
4.65 ± 0.15 eV, localized on the base employing resonance-
enhanced two-photon detachment spectroscopy (R2PD) [37]. This
experimental value agrees with the theoretically obtained value
of 4.64 eV in the present study. The value of adiabatic IPad is lower
than the vertical IP because the vertical IP only considers the mod-
ification of the charge distribution while the adiabatic IP accounts
for the relaxation of the ionized potential energy surface, which
needs a finite time to occur.

The calculated value of the Conf-a syn-50-dGMP– aqueous IE is
4.61 eV, which is 0.42 eV lower relative to the gas-phase and the
ionized state is localized on the base. It is also noteworthy that
the same value for the IE results for the Conf-b, even though its
gas-phase IP is lowered by 0.64 eV. This is clearly an indication that
the gas phase ionization energies are very sensitive to the geome-
try of the molecule while explicit solvent effects eliminate this
dependency. This agrees with the key finding that the aqueous
medium is efficient in screening the interactions within DNA that
occur in gas-phase ionization [8]. The calculated IE value
(4.61 eV) for Conf-a syn-50-dGMP– agrees with the report that in
266-nm (4.66 eV), ns-pulsed laser photolysis experiments a
monophotonic observation of 50-dGMP– was observed [38–40].
Bulk hydration of the anti- conformation yields a value of 4.78 eV
that prohibits a monophotonic 266-nm ionization.



Table 1
Calculated gas- and aqueous-phase vertical ionization energies of 50-dGMP� nucleotide and its components using the DFT B3LYP/6-31+G* Method and the SM8 Universal
Solvation Model.

Molecule IPver (eV) IEver (eV) IPver Experimental (eV) IPver (eV) N7 sites Notes

G 7.99 4.68 8.28 [11] 8.42
Anti-dG 7.61 4.69 4.77 ± 0.27 (aq) [43] 8.12
Syn-dG*** 7.97 4.83 8.49
Anti-50-dGMP� 4.90* 4.78** 5.55
Syn-50-dGMP� 5.03** 4.61 5.05 ± 0.10 [12] 6.20 Conf-a
Syn-50-dGMP� 4.67** 4.61 5.83 Conf-b
9-MeG 7.84 4.69 8.02 [11] 8.31

* Phosphate ionization.
** Base ionization.
*** Hydrogen bond at 50OH and N3.

(a) anti-dGMP- (b) syn-dGMP- Conf-a (c) syn-dGMP- Conf-b
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Fig. 1. (a) The highest occupied molecular orbital (HOMO) of gas-phase 50 dGMP– shows that the electron density is localized on the phosphate moiety in the anti-dGMP–

conformation and ionization is observed at the phosphate. (b) Local ionization map shows that syn-50 dGMP–-Conf-a has less electron density at the N7 site and a higher IP
(6.20 eV) compared to the (c) syn-50 dGMP–-Conf-b which has a smaller local IP (5.83 eV) at N7. The distance between the phosphate group and the N2 atom of the amino
group in Conf-b is shorter and more electron density is pushed toward the guanine ring which results in amino group to becoming a hydrogen donor. This hydrogen donating/
accepting property is observed in dG as well. The anti-dG molecule, (d), has a local IP at N7 of 8.12 eV, which is lower than the local IP of syn-dG (e) (8.49 eV). Unlike syn-
dGMP� where N2 is donating a hydrogen, in syn-dG the N3 is accepting a hydrogen and this results in electron density being pulled away from the ring with a consequent
increase of the IP. (f) The local ionization map of guanine is shown and the local IP at O6 is 9.13 eV and at N7 is 8.42 eV indicating that there is more electron density at N7.The
legend in the lower left corner correlates to the local ionization potential values on the molecules, where blue shows high IP values and red, orange, and yellow show low IP
values.
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It can be deduced from Table 1 that the addition of a sugar to
guanine lowers the gas-phase vertical IP only modestly, by
0.38 eV in the anti-20 deoxyguanosine, dG. The syn-dG conforma-
tion involves a hydrogen bond between the hydrogen at the N3
atom of the amino group in the purine and the 50OH of the furanose
ring. The calculated IP is 7.97 eV, which is in agreement with val-
ues reported in a theoretical investigation of redox potentials
[27]. The anti-dG conformation is more stable than the syn-dG by
5.029 kcal mol�1, in agreement with calculations employing the
DFT/B3LYP/6-31G⁄ [41] and the MP2/6-31G⁄ [42] methods. The
calculated IE value for anti-dG is 4.69 eV, which is in agreement
with the experimentally obtained value of 4.77 ± 0.27 eV [43].

The calculated vertical IP for guanine is 7.99 eV and the exper-
imental value (8.28 eV) refers to canonical N9 – H guanine [11].
Results show that the monobasic phosphate group is responsible
for lowering the gas-phase vertical IP of guanine by �3.0 eV, in
agreement with the experimental finding that the charged back-
bone reduces the gas-phase adiabatic IP for all four nucleotides
by �3.0 eV compared to isolated nucleobases [37]. The experimen-
tal IP value for 9-methylguanine (9-MeG) is 8.02 eV [11] and the
calculated IP is 7.84 eV, which is in proximity to the value of
7.77 eV obtained employing the OVGF-MP2/6-311G (d,p) method
[7]. The calculated IE value for 9-MeG is 4.69 eV, almost the same
as for free G. 9-MeG is frequently used as a model compound to
mimic the glycosidic bond [7,44,45]. Finally, Fig. 1(f) shows the
local ionization map of guanine where more electron density is
accumulated in the N7 atom lowering the local IP value than at
the O6. This makes N7 more susceptible to electrophilic attack.

In a recent experimental and theoretical investigation of the
oxidation half-reaction of nucleosides and nucleotides in aqueous
media the issue of solvent reorganization was addressed [28].
Tri-hydrated 

Di-hydrated 

Fig. 2. Local ionization potential maps of guanine tri-hydrated (a–d), di-hydrated (f–i),
electron density and green-yellowish areas correspond to areas with high electron densi
and the yellow vector lines show the direction and intensity of the dipole moments. The
role with micro-hydration as seen in Fig. 2. As seen in molecules (a–j), the corresponding
(g) 1:2, (h) 2:2, (i) 3:1, and (j) 0:1. When the number of hydrogen acceptors are higher
guanine; and when donors are higher than acceptors as seen in molecules (b), (c), (d), (
effect, which is observable when comparing molecules (b) and (c). When the acceptor was
observed when comparing molecules (d), (g), and (h). Molecule (h) has a 2:2 ratio with an
donator is reduced by 1 as seen in molecule (g), then the IP increases to 8.20 eV. When a
7.71 eV. These trends also correlate to local IPs at the N7 sites, and those trends are ob
electron density area around N7 sites. Short range hydrogen-bonding interactions betwe
affect the stabilization of the radical cation formed upon photoionization.
The reorganization energy is the energy needed for the system
structure to relax from the neutral ground state structure to the
radical cation state and it involves the contribution from the solute
and the solvent. It was reported that the solvent contribution is
1.1 eV, the same for all DNA bases. The total reorganization energy
for guanosine (GMP) is computed to be 1.5 eV employing the
NEPCM for vertical and the PCM for adiabatic models for ionization
energies [28]. This reorganization energy value provides an initia-
tive for further investigation of the role of the hydrated electron
stabilization energy (�1.3 eV) to the overall reorganization energy.

3.2. Micro-hydration of guanine

Fig. 2 shows the positions of the water molecules with respect
to guanine in model structures that were used to probe the effect
of different hydrogen bonding on the vertical IP of micro-
hydrated guanine utilizing the computed local ionization potential
maps which provide an indicator of electrophilicity. In the local
ionization maps hydrogen bonds are represented by the blue dot-
ted lines and atoms are labeled accordingly. Areas with color
towards blue depict areas with less electron density and green-
yellowish areas have higher electron density. Table 2 summarizes
the changes in gas-phase IP of the micro-hydrated guanine model
structures, the location of the hydrogen bonds, their dipole
moments, and the local ionization energies at the N7 and O6 atoms
that are implicated in carcinogenesis. The local IPs at N7 are lower
than at O6.

The local ionization potential maps of guanine tri-hydrated
molecules (a–d) are shown in the upper row, the di-hydrated
(f–i) in the lower row and the mono-hydrated (e and j) are shown
vertically at the right hand side of Fig. 2. In the mono-hydrated
Mono-hydrated 

and mono-hydrated molecules (e and j). Blue areas correspond to areas with less
ty, concentrated at the N7 and O6 sites. Blue dotted lines show the hydrogen bonds
effects of hydrogen bond acceptors and donors as seen in Fig. 1, plays a predominate
donor/acceptor ratios are as follows, in (a) 2:4, (b) 3:1, (c) 3:2, (d) 2:1, (e) 2:0, (f) 2:1,
than donors, as seen in molecules (a), (j), and (g), then IPs are higher than the IP of
e), (f) and (i) then IPs are lower than the IP of guanine. Small changes also have an
increased by 1 hydrogen bond, the IP increased from 7.64 eV to 7.93 eV. The same is
IP of 8.01 eV, which is close in value to the IP of guanine 7.99 eV. When a hydrogen
hydrogen acceptor is reduced by 1 as seen in molecule (d), then the IP decreases to
servable when looking at local ionization potential maps and seeing the decreased
en the water and guanine leads to the re-orientation of the dipole moments that can



Table 2
Effect of specific hydrogen-bonds on the vertical gas-phase ionization potential energies of micro hydrated guanine model structures as shown in Fig. 2.

Guanine model structures H-bond location IPver (eV) (B3LYP/6-31+G*) Dipole moment (Debye) IPver (eV) N7 sites IPver (eV) O6 sites

Guanine 7.99 6.80 8.42 9.13
(e) G+1 H2O N1, N2 7.58 6.62 8.14 8.72
(j) G+1 H2O O6 8.19 9.48 8.63 9.72
(f) G+2 H2O N1, N2, O6 7.87 4.74 8.41 9.34
(g) G+2 H2O N2, N3, O6 8.20 8.79 8.73 9.79
(h) G+2 H2O N3, N9, N1,O6 8.01 6.20 8.38 9.40
(i) G+2 H2O N1, N2, N3 7.64 5.34 8.25 8.94
(a) G+3 H2O N1, N2, N3, O6, N7 8.26 8.46 9.75 10.78
(b) G+3 H2O N1, N2, N3, N9 7.64 7.83 8.06 8.88
(c) G+3 H2O N1, O6, N3, N9 7.93 5.32 8.35 9.44
(d) G+3 H2O O6, N1, N2 7.71 3.81 8.34 9.31
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structure (j) the water molecule hydrogen interaction with the
lone pair at O6 pulls electron density away from the aromatic ring
making the ring slightly electrophilic. When the electron density is
decreased, the IP increases because it is harder to eject an electron;
here, guanine mono-hydrated at O6 has an IP of 8.19 eV and water
acts as a hydrogen donor. The magnitude of the dipole moment
vector increases to 9.48 D, and this indicates that accumulated
charge is located at larger separation distances. This effect becomes
more pronounced in structure (e), where the interaction with the
hydrogens at N2 and N1 pushes more electron density into the
ring, decreasing the IP to 7.58 eV, making the water molecule a
hydrogen bond acceptor.

This hydrogen bond donating/accepting effect becomes more
evident when the number of donors and acceptors increases. The
O6, N1, and N2 di-hydrated molecule, (f), has one hydrogen accep-
tor at the O6 and two hydrogen bond donors at the N1 and N2 posi-
tions. The 2:1 ratio of donors to acceptors increases the electron
density and causes the IP to decrease to 7.87 eV. Comparing mole-
cule, (f) to the O6, N1, and N2 tri-hydrated, (d), the same 2:1 ratio is
observed and the IP is decreased to 7.71 eV.

The IP for the tri-hydrated structures (a–d) is lower because the
hydrogen donors discretely exchange between two water mole-
cules, while in molecule (f) the hydrogen bonds exchange with
one water molecule; both cannot bind simultaneously so the effect
is not as strong. The extreme effects can be seen in molecule, (a),
with H-bonds at N1, N2, N3, O6, N7 and in molecule, (b) with H-
bonds N1, N2, N3, N9. In molecule (a), there are 4 hydrogen bond
acceptors, two at O6 and one at N7 and N3, and 2 hydrogen bond
donor sites, one at N1 and one at N2. This 2:4 ratio causes the elec-
tron density of the molecule to decrease which causes the IP to
increase. Also, as can be seen through molecules (b-j), electron
density is localized around the N7 when electron density is pushed
into the ring. When the N7 on molecule (a) is interacting with a
water molecule, this localization is blocked, and the IP is pushed
further up to 8.26 eV. In molecule (b), there are 3 hydrogen bond
donors, at N1, N2, and N9, and only 1 hydrogen bond acceptor at
N3. This 3:1 ratio pushes electron density into the ring which low-
ers the IP to 7.64 eV.

These results show that in micro-hydration, short range
hydrogen-bonding interactions between the water and guanine
leads to the re-orientation of the dipole moment that can affect
the stabilization of the radical cation formed upon photoionization
and lower the IP of free guanine by �0.06 eV. This was also
reported in an earlier investigation [46] that found it is very diffi-
cult in cases of micro-hydration to find a functional relation
between the stabilization energy of the thymine radical cation
and the re-orientation of the water dipoles.

However, within a bulk solvent environment and incorporation
of the hydrated electron stabilization energy (�1.3 eV), long-range
polarizations play a significant role in the stabilization energy of
the guanine radical cation by 3.3 eV. Thus the effect of water mole-
cules on the vertical IP of guanine depends on whether hydrogen-
donor or acceptor bonds are formed. But in bulk hydration, where
the hydrogen bonds are averaged over a large number of water
molecules, this specified hydrogen bond forming effect is
eliminated.

3.3. Activation barriers for guanine methylation by methane
diazonium ion

The reaction mechanism of guanine with methane diazonium
ion, (MeNþ

2 ), is an SN2 reaction characterized by the fact that gua-
nine, the leaving group (N2) and the carbon atom of methane dia-
zonium ion are approximately linear. In fact the angle between N7,
the C atom in methane diazonium and the N atom of the leaving
group is 177.6�. This angle agrees with data reported in [24]. The
SN2 reaction mechanism is shown below.

Fig. 3 shows energy profiles for the reactions of guanine at N7 and
methane diazonium ion in the gas phase in curve (a) and in water in
curve (b) and of guanine O6 in the gas phase in curve (c) and in
water in curve (d). Activation energies obtained are positive, and
all reactions exhibit barriers. The activation energy values for these
reactions are listed in Table 3. These activation energy values show
that for reactions at the guanine N7 site the activation energy in
water is higher than that in the gas-phase by 2.05 kcal mol�1, and
at the O6 site the activation energy was higher in solution by
6.95 kcal mol�1. For reactions at N7 site, the angle in the transition
state between N7 the carbon atom of methane diazonium ion and
the nitrogen atom of the ion is 176.67�, which is almost the same
in both the gas-phase and in water. There is a very small, almost
negligible deviation from a planar configuration, as it is supposed
to be in a typical SN2 reaction.

The geometry of the transition state of the reaction at the O6 site
shows considerable deviation from a planar configuration. In the
gas-phase the angle between O6, the carbon of the methane diazo-
nium ion and the nitrogen atom of the leaving group is 108.34o

while in water it becomes 84.56o. This deviation from a planar
geometry and the distortion of the exocyclic amino group is due
to steric interference that can be attributed to the repulsion
between the amino group and the incoming electrophile. This
repulsion increases in water. The values of the activation barriers
also indicate that the N7 site of guanine is the most reactive, is
in full agreement with experimentally obtained data [25].

Table 3 lists also the breaking and forming bond distances in the
transition state in the gas-phase. The breaking bond distance for
the N7 atom 1.538 Å and the O6 atom is 1.461 Å and the bond



Fig. 3. Reaction profiles for methylation reactions of guanine at N7 and O6 atoms by methane diazonium ion calculated in the gas-phase employing DFT at B3LYP/6-31+G*

level and in water employing the SM8 Universal Solvation Model. The vertical axis denotes the relative energy in kcal mol�1 and the horizontal axis denotes the reaction
coordinate (constraint). Profiles are shown for guanine at N7, red curve (a) in the gas-phase and red curve (b) in water and for guanine at O6, blue curve (c) in gas-phase and
blue curve (d) in water. The inset shows the transition state for an in-plane attack of methane diazonium ion at the N7 atom of guanine.

Table 3
Transition state geometries and activation energies of MeNþ

2 methylation of guanine.

Gas phase geometry and activation energy Aqueous activation
energy

Site rform (Å) rbreak (Å) E (kcal mol�1) Ea (kcal mol�1)

N7 2.438 1.538 2.67 4.72
O6 1.827 1.461 49.55 56.50
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forming distance for the N7 atom is 2.438 Å and for the O6 atom is
1.827 Å. These distances reveal that steric interference causes the
breakage of the bond to occur earlier at N7. But at O6, the bond
break occurs late and when the new bond is formed it requires
more energy.

Results from both gas-phase and aqueous solution calculations
show that the N7 site of guanine is more reactive than O6 and local
ionization maps reveal that the electron density at the O6 is less
than that at the N7 site indicating clearly that as the IP decreases
the reactivity increases. Indeed the local ionization energies for
N7 is 8.42 eV and for O6 9.13 eV as listed in Table 2 and this trend
is observed for all the micro-hydrated structures in Fig. 2.

In native DNA hydrogen-bonding and base-stacking interac-
tions that occur in multiple repeating guanine sequences (G runs)
have IPs that are 0.5–0.7 eV smaller than that of free guanine [47].
Applying these lower IP values the activation energies of methyla-
tion at the N7 and O6 sites are expected to change considerably.
4. Conclusions

In summary the main results obtained from this investigation
are the following:
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1. The syn- conformation of gas-phase 50-dGMP– is more stable
than the anti-conformation by 7.57 kcal mol�1 and its vertical
IP is 5.03 eV and the aqueous photoionization threshold energy
is 4.61 eV allowing monophotonic ionization in 266-nm
(4.66 eV) laser flash photolysis experiments.

2. Gas-phase IP s are sensitive on the molecular interactions
within nucleotide structure but hydration is remarkably effi-
cient in screening these interactions.

3. In water – guanine hydrogen bonding, the water molecule can
act as a hydrogen donor resulting to an increase in ionization
potential or as an acceptor resulting to a decrease in the ioniza-
tion potential. Local ionization potential maps provide evidence
that, when electron density is pulled away from the aromatic
ring, electrophilicity slightly increases and the ionization
energy increases.

4. Both in the gas-phase and in aqueous solutions, the methane
diazonium ion reaction with guanine follows an SN2 mecha-
nism. The activation energy at the O6 site is significantly higher
than that at the N7 site. Activation energies are influenced by
steric interference and local ionization energies.
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