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The pairing strength, proton properties associated with proton transfer and deprotonation as well
as relevant structural perturbations of 7,9-dimethyl GC ([mGC]") and 7,9-dimethyl AT ([mAT] ")
base pairs have been investigated. Energies related to proton transfer and deprotonation have also
been predicted. It is found that the guanine/adenine N7 methylation improves the stability of
GC/AT base pair. The proton transfer between the guanine N1 and the cytosine N3 is observed
in [nGC]" with an out-of-plane transition state. However, no proton-transfer reaction occurs for
[mAT]". For the deprotonation of [nGC]"* and [mAT]", guanine C8 and N1 and adenine C8
are the most favorable sites. Deprotonation from the pyrimidine N1 site generates the most stable
deprotonated base pairs, and the dissociation energies surprisingly amount to ~ 100.00 and
~65.49 kcal mol™!, respectively, much higher than those of their neutral base pairs.
Deprotonation from the other sites of pyrimidine exhibits the most significant structural changes
and gives the most interesting deprotonated base pairs. This process is accompanied by a barrier-
free proton transfer (BFPT) from guanine N1 to cytosine N3 or adenine N6 to thymine N3 or O4
site. In this way, two rare imino tautomers of cytosine (trans-C* or cis-C*) are easily generated by
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removing a proton from the N4 site of cytosine in [nGC] . In addition, the reason for BFPT

from guanine N1 to cytosine N3 has been explored.

1 Introduction

Acidity and basicity properties of nucleic bases and their
derivatives are essential for understanding many mechanisms
of fundamental importance in biological processes.! Proton
acceptor and/or proton donor abilities modulate the hydrogen
bonding capacity of DNA and RNA bases, and the interaction
energy between two bonded complementary bases depends on
the intrinsic basicity of the acceptor atoms as well as on the
acidity of donor hydrogen. The gas-phase acidity (GPA) is
usually the major thermodynamic parameter available for a
quantitative understanding of the intrinsic properties in the
absence of solvents. In recent years, studies on, proton-trans-
fer processes, the protonation and deprotonation processes for
various systems have become popular subjects.”'° Experimen-
tally, the ionized compounds can be easily obtained using
various methods,® such as chemical ionization, fast atom
bombardment ionization, electrospray ionization, or matrix-
assisted laser desorption ionization. The GPAs can be deter-
mined employing the most-used three methods, that is, equili-
bration measurements, reaction bracketing, and Kkinetic
methods. However, there are some limitations when treating
some systems that have intramolecular H-bonds or possess
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several possible sites for deprotonation, despite their merits.?
For common biological systems containing more active sites, it
is difficult to measure the GPAs for the less active sites
experimentally since experiment can only give the GPAs for
the most active sites.” Moreover, geometries or structural
changes for the systems investigated are still difficult to obtain.
On the other hand, theoretical calculations based on various
theories and methods have been proven to be a useful tool to
explore deprotonation processes since they are capable of
providing information about all possible sites of deprotona-
tion within a given molecule on an equal footing.'® What is
more, the applications of theoretical calculations are impor-
tant for those chemical systems that are not amenable to
experiments.

It is well known that the N7 position of guanine in double-
stranded DNA and single-stranded DNA or RNA is readily
accessible to chemical attack and therefore a preferred target
for alkylating agents or metal ions.''™"* Methyl carbonium,
which is derived from methane diazonium ion, preferentially
covalently binds to this site and 7-methylguaninium has often
been thought to be a mono-cation complex.'*'® The exogen-
ous methylation of the more electronegative sites in the
nucleoside acid bases such as N7, N3 and O6 in the purines
and O2, O4 and N3 in the pyrimidines is also known to be
responsible for mutagenic events.'”' Additionally, covalent
binding of methyl to guanine can strongly affect the electron
distribution in the bases and thus also the acidity and base
pairing. Prior theoretical research shows that 7-methylation
may enhance the guanine base-pairing strength by ca. 10 kcal
mol™!, and it also causes a ca. 90 kcal mol™! drop of the
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deprotonation energy of guanine H1.'® On the other hand,
experimental results reveal that 7-methylguaninium cation has
a low pK, of ca. 7,%° while N7-platinated guanine has a slightly
higher pK, of ca. 8.!!

Adenine methylation has been suggested to be as important
as guanine methylation.?! The N3 site of adenine is thought to
be the second most favored site of methylation, second to the
N7 site of guanine.’> Aside from the N3 site of adenine,
covalent binding of methylation to adenine N7 site was also
observed.? Similar enhanced acidification and pairing stabi-
lities should be expected for N7-methyladeninium. In puri-
ne—pyrimidine base pairs, the enhanced acidification of purine
will increase the possibility of deprotonation or proton trans-
fer between bases and thus greatly change the proton char-
acters of interacting bases through polarization. Previous
studies have mainly centered on mutagenesis,>* tautomeriza-
tion of N7-methylation purine® and the reactivity of methane
diazonium ions with purine.26 Also, a number of theoretical
studies have focused on the effect of metal ions on the H-bond
strength of base pairs and proton transfer in base pairs®’ > or
the H-bond strength between the natural bases.®® Yet few
researches have specially concerned the influence of guanine/
adenine N7 methylation on the strength of Watson—Crick base
pairing and acid-base properties of GC/AT base pairs.

In the present study, we report our theoretical study about
the effect of guanine/adenine N7 methylation on base pairing
strength and acid-base properties associated with proton
transfer and deprotonation of GC and AT pairs. The geome-
trical changes during deprotonation and the dissociation en-
ergies of the deprotonated structures are also analyzed. In this
work, deoxyribose fragments bonded to the N9 sites of
guanine and adenine in DNA are modeled as methyl, since
alkylation at the N9 position of guanine hardly affects the
electronic structure or acidity of the base and base pairing
strength.'® That is, the pairing strength of N7,N9-dimethyl-
guaninium-cytosine ([mGC]*) and N7,N9-dimethyladeni-
nium-thymine ([mAT]") and acid-base properties of
[mGC]" and [mAT]" were investigated.

2 Computational details

Molecular geometries and harmonic vibrational frequencies of
the considered structures have been obtained by using the
nonlocal hybrid three-parameter density functional ap-
proach®*** as implemented in the Gaussian 98 program.>
The B3LYP method is used in this work along with the basis
set of 6-31+G* because it shows good accuracy®’>° with
comparatively low cost in computational time. Final energy
evaluation has been performed at B3LYP/6-311+ + G**//
B3LYP/6-31+ G* level.

The gas-phase acidity (GPA) for the following deprotona-
tion process, HB — H* + B™, is calculated as GPA = E(H™)
+ E(B7) — E(HB), in which E(i) refers to the total electronic
energy of the species i. This equation applies also to the
systems [HB]" — H™* + B. For the protonation process,
H" + B - HB™, the corresponding proton affinity (PA) can
be also calculated according to the equation PA = E(HB™) —
EMH"') — EB). It is a good way to predict the acidity or
basicity for the different active sites qualitatively employing

the calculated GPA or PA. For the deprotonation processes,
the larger the value of GPA is, the weaker the acidity is, while
for the protonation processes, the larger the PA is, the stronger
the basicity is.

The dissociation energy (D.) of a pair is defined as the
difference between the total energy of the base pair and the
sum of the total energies of the individual moieties. At the
same time, the dissociation energy has been corrected for the
basis set superposition error (BSSE) using the Boys—Bernardi
counterpoise (CP) scheme.*® The predicted dissociation ener-
gies for all structures considered can also be regarded as
interaction or stabilization or hydrogen bonding energy of
the base pair. Obviously, the larger the dissociation energy is,
the more difficult to dissociate into its component bases the
base pair is.

To elucidate the intermolecular H-bonds interaction, nat-
ural bond orbital (NBO) and charge distribution are further
analyzed at B3LYP/6-311+ +G** level with B3LYP/6-
31+ G* geometry. Since the occupancies of the filled NBOs
are highly condensed, the delocalizing interactions can be
treated by the second-perturbation energies E(2)

2
E(Z) = AEU =n; S(jFZ)S,

where F(i, j) is the off-diagonal NBO Fock matrix element
describing the donor—acceptor interaction and #; is the donor
orbital occupancy, &, ¢ are diagonal elements (orbital
energies).*!

All computations are performed for the gas-phase structures
without considering solvent effects, because the influence of
the surrounding is likely to be energetically small for proton
transfer between hydrogen-bonded stacked DNA bases in
duplex DNA.** Within the DNA stacked bases, the solvent
is excluded, and the DNA interior has a relatively low di-
electric constant.*?

The atomic numbering of N7,N9-dimethylated guaninium-
cytosine ((mGC] ") and N7,N9-dimethylated adeninium-thy-
mine ((mAT] ") base pairs are displayed in Fig. 1. The notation
used to denote the deprotonated structure is as follows: the
proton is removed from [mGC]™ or [mAT]" at the site
mentioned in parentheses, forming the base preceding the
parentheses. For example, the deprotonated mG(C8)C is
generated by the removal of a proton from the C8 site of
mG *. Sometimes, for simplification, nG(—H ")C/mG(-H™)
or mGC(—H")/C(—H ") is generally used to denote deproto-
nation from sites on mG" or cytosine. To investigate the
effect of deprotonation on the geometry of the deprotonated

structure, two  dihedral angles were considered:
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Fig. 1 Atomic numbering of [mGC]" and [mAT]" base pairs.
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Table 1 Selected geometrical parameters of [nGC] ", [nGC] ™ 15, [nGC] " pr, [NAT]" and the neutral GC and AT systems”

06-H4a 06-N4 NI-H N3-H1 NI-N3 02-H2a 02-N2 D1° D2?
GC 1.789 2.825 1.033 1.934 2.967 1.920 2.943 0.0 0.0
[mGC]* 1.941 2.960 1.048 1.868 2915 1.767 2.801 0.0 0.0
[MGC] " rs 1.660 2.700 1.382 1.273 2.654 1.789 2.805 —~10.7 —6.6
[mGC] " pr 1.619 2.672 1.776 1.069 2.841 1.971 2.980 0.0 0.0
04-H 04-H-N6 NI-H NI-H-N3 DI¢ D2¢
AT 1.927 174.2 1.870 178.7 —0.0 0.0
[MAT]" 1.763 178.8 1.993 174.5 -0.1 0.0

“ Distances in A, angles in degrees. ® D1 and D2 denote the dihedral angles G(O6-C2)-C(C2-C4) and G(C6-N1)-C(N3-C4), respectively. ¢ D1
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and D2 denote the dihedral angles A(C6-N1)-T(N3-C4) and A(N1-C2)-T(C2-N3), respectively.

G(06—C2)—C(C2—C4) and G(C6-N1)-C(N3-C4) angles for
[mGC]*, as well as A(C6-N1)-T(N3-C4) and A(N1-C2)-
T(C2-N3) angles for [mAT] ™.

3 Results and discussion
3.1 The pairing of [nGC]" and [nAT]" base pairs

3.1.1 Structures and the pairing strength of [nGC]™ and
[mAT|*. After methylation, guanine should become more
acidic, and thus those H-bonds in which guanine acts as
proton donors are strengthened, however, those in which
guanine acts as proton acceptors are weakened in comparison
with its neutral species (e.g. without methylated GC pair). As
expected, the N3---H1 and O2---H2a H-bond in which gua-
nine acts as a proton donor are shortened, while the O6- - -H4a
bond in which guanine acts as a proton acceptor is lengthened,
Table 1 (the atomic numbering shown in Fig. 1). Such changes
follow the same trends as the metal ions modified GC and GC
cation.®"¥? The situation for [nAT]" base pair is very similar.
The Ho6a- - -O4 H-bond in which purine acts as a proton donor
decreases by 0.164 A compared with the neutral AT, while
NI1---H3 in which this monomer acts as proton acceptor
increases by 0.123 A. For the proton-transferred structure
[mGC] " pr, it can also be predicted that cytosine becomes
more acidic after proton transfer, and thereby N1---H-N3 and
06- - -H4a in which cytosine acts as proton donors are shor-
tened, and that O2.--H2a in which cytosine acts as proton
acceptor is lengthened with respect to the neutral GC base
pairs. Also, the H-bond distances are changed as predicted
(Table 1). In addition, all of the three base pairs still remain
planar.

Quantitatively, the dissociation energies should reflect the
changes of the H-bond distances for the three base pairs. Table
2 shows that the GC base pair becomes ~ 10 kcal mol™! more

calculations of the dissociation energies are less than 1.2 kcal
mol~!, a relatively small quantity, further implying that the 6-
311+ + G** adopted in this work should be an appropriate
basis set. Here, the dissociation schemes of dimethylation GC
and AT base pairs are as follow: [mGC]" is dissociated into
mG ™" and the neutral cytosine, [nGC] " pt is dissociated into
mG(N1) and cytosine(+H™) cation, while [mAT]" is disso-
ciated into mA ™ and the neutral thymine.

3.1.2 NAO charge distribution and NBO analysis. To
analyze the nature of H-bond strength, electronic structures
of the three base pairs have been explored. NAO charges for
[mGC]*/[mAT]" show that the charge on mG* and mA™
moiety amounts to 0.914 and 0.977 e, respectively, Table 3.
The positive charge is distributed over the whole guanine/
adenine fairly proportionally, decreasing the negative charges
(absolute value) and increasing the positive charges of indivi-
dual atoms on guanine/adenine. This leads to H-bonds invol-
ving H1 and H2a of guanine strengthened and the H-bond
involving O6 of guanine weakened. For [mAT]", the redis-
tribution of the charge on adenine enhances the strength of
N6-H6a- - -O4 bond and weakens the strength of N1---H3-N3
bond, which are consistent with the changes of the H-bond
distances as mentioned above. The situation for [mGC] " pr is
very similar, 0.835 e is located on cytosine (Table 3), also, the
positive charge on cytosine increases the positive charges and
decreases the negative partial charges of individual atoms. In
addition, after the proton transfer, the guanine O6 and N1
atoms gain more negative charge than those in [mGC] ™", while
the cytosine N2 atom gains a small negative charge. Thus, the

Table 2 The dissociation energies of the GC, AT and [mGC] ",
[mGC1]+pT, [mGC]*1s and [mAT]" base pairs (energies in kcal
mol™ )¢

stable after methylation (34.14 vs. 24.67 kcal mol ™). Actually, GC? [mGC]" ¢ [mGC]'pr [mGC]'ys AT [mAT]"
the same result has also been obtained by Burda et al. employ- 25.63 3471 53.73 5373 1268 1685
ing MP2/6-31G*,'¢ which also verifies that our basis sets are 24.67  34.14 52.59 52.59 11.96  16.06

enough for the final energy evaluation. Similarly, methylation
provides ~4 kcal mol~! more pairing energy for [nAT] " base
pair, (16.06 for [mAT] " vs. 11.96 kcal mol~! for AT pair). For
the proton-transferred structure [mGC] " pr, the dissociation
energy is greatly increased by ~28.0 kcal mol™". In addition,
the BSSEs are also employed to correct the basis set super-
position error. As listed in Table 2, the BSSEs produced in the

“ The data in the first row are referred to those calculated without the
BSSE correction, while the data in the second row are referred to those
calculated with the BSSE correction. ” MP2 results for GC and AT
base pairs are 26.30 and 12.30 kcal mol ™', respectively (with BSSE
correction), taken from ref. 32b. “MP2 results for [nGC]" are 41.66
(without BSSE correction) and 35.89 kcal mol ™! (with BSSE correc-
tion), taken from ref. 16.
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Table 3 NBO partial charges on selected atoms of [nGC] ", [nGC] " pr, [NAT]" and the neutral GC and AT base pairs as well as total charges
on the isolated bases
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HI(G) Ho2a 06 NI mG* Gua® 02(C) N3 H4a Cyt®
GC 0.447 0.437 —0.681 —0.645 ~0.025 —0.688 ~0.655 0.450 0.025
[mGC] ™ 0.463 0.469 0.650 —0.637 0.914 0.265 —0.693 —0.667 0.437 0.086
[mGC] " pr 0.469 0.426 ~0.730 —0.686 0.165 —0.465 —0.615 —0.628 0.454 0.835
NI(A) Héa mA® Ade” 0(T) H3 04 Thy*
AT ~0.620 0.435 0.027 —0.633 0.462 ~0.655 ~0.027
[mAT]" —0.567 0.456 0.977 0.328 —0.624 0.447 —0.675 0.024

“ The total charges on mA or mG moiety. ® The total charges on adenine or guanine moiety. ¢ The total charges on cytosine or thymine in

respective base pair.

H-bond 0O6---H4a—N4 and NI---H-N3 is shortened, but
N2-H2a---02 is lengthened.

Of course, the nature of H-bonds could also be understood
on the basis of the donor—acceptor orbital interaction. As can
be seen from Table 4, the interactions from guanine O6 lone
pairs (LPs) to cytosine c*ny4 14, decrease by 10.88 kcal mol ™!
totally, while the total interactions from cytosine N3 lone pair
(LP) to guanine c*y;_y; and O2 LPs to guanine 6*no>_p2a
increase by 15.98 kcal mol™' with respect to those of the
neutral GC, indicating that the N1---H-N3 and N2-H2a. - -O2
bonds are strengthened, while the O6---H4a—N4 bond is
weakened. This reinforces our earlier conclusion about the
strength of the three H-bonds. On the other hand, from the H-
bond orbital interactions, it can be deduced that N3---H1-N1
and N2-H2a---O2 are the significant contributions to the
stability of [mGC]*. But for [nGC] " pr, the sum of interac-
tions from guanine O6 LPs to cytosine 6*n4_p4, are enhanced
by 20.01 kcal mol~', the interaction from guanine N1 LP to
o*N3_n3 increases by 16.92 kcal mol™!, with respect to those
of the neutral GC. While those from cytosine O2 LPs to
guanine G*no_po2a are totally reduced by 3.35 kcal mol ™!,
indicating that the proton transfer makes O6---H4a—N4 and
NI1- - -H-N3 strengthen and O6- - -H2a—N2 weaken. Moreover,
all of these orbital interactions suggest that the contributions
to the stability of [mGC] pr mainly originate from the
06---H4a-N4 and N1---H-N3 H-bonds, especially the for-
mer. In the case of [nAT] ", as anticipated, the increase of the

interaction energies from thymine O2 LPs to adenine 6*ne_pHea
sums up to 11.77 kcal mol~' (Table 4), while those from
adenine N1 LPs to thymine o*n3 3 totally decreases by
9.48 kcal mol™! with respect to those of AT. Also, the
N6-Ho6a---O4 bond is the only origin of the stability of
[mAT]" base pair.

3.2 Proton transfer between bases of [nGC] " and [mAT] ™"

As mentioned above, H1 and H2a in mG"' become more
positive. Thus, any or both of the two protons can be involved
in single or double proton-transfer reaction. However, only
single proton-transfer from mG™ NI to cytosine N3 is ob-
tained, but the proton transfer from guanine N2 to O2 of
cytosine is not observed. This was somewhat unexpected
because the gas-phase proton affinities of O2 and N3 sites of
cytosine differ by less than 1 kcal mol~'.” Moreover, O2-
protonated cytidine monophosphate has been observed in
acidic aqueous solution.'® The reason that proton H2a does
not transfer to O2 of cytosine seems to reside in the larger
energy requirement for deprotonation from the N2 site than
N1 site of guanine. This will be discussed in Section 3.3.2.
During the proton-transfer process of [mnGC]", two bases
gradually come close to each other and then form the transi-
tion state. At the transition state, the upper two H-bonds
0O6-N4 and N1-N3 are shortened from 2.960 and 2.915 to
2.700 A and 2.655 A, respectively, while O2-N2 is slightly

Table4 Primary delocalization interaction energies occurring between the orbitals in unit 1 and 2 of base pairs GC, [mGC] ", [nGC] " pr, AT and

[mAT]" (in keal mol™1)*

14)2/7

2 -1

* c % 13
nlos = 6*N4 H4a 1206 = O*N4-Hda

%
N1 = O7N3-H3

sk * *
N3 = O'NI-H1 nloy = 6*No2H2 202 = O*N2H2a

GC 7.02 14.75 ) 18.04 3.80 8.61 (52.22)

[mGC] " 4.16 6.73 — 24.07 7.02 15.34 (57.32)

[mGC] " pr 8.66 33.12 34.96 —) 3.43 5.63 (85.80)
1 -2 251

*
nlos = 6*Ne Heéa

*
1204 = G*N6-Héa

%
NNy = O'N3-H3

AT 4.27 7.44
mAT]" 7.14 16.34
[

22.58 (34.29)
13.10 (36.58)

@ Unit 1 and Unit 2 denote mG ™ moiety and cytosine moiety, respectively, in GC system. ” Unit 1 and Unit 2 denote thymine and mA ™,
respectively, in AT system. “ nlg — o*y g and n2g — o*y g stand for the interactions of two lone pairs of oxygen atom with N—H antibonding
orbital. A dash (-) indicates that the structure has no delocalization interaction between these two orbitals. Values in parentheses denote the sum of

all delocalization interaction energies.
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Table 5 The activation energies (kcal mol~") of proton transfer®”

[mGC]* [MGC] " pr E ¢ E ¢
El 0 6.01 6.93 0.92
E 0 5.45 3.83 ~1.61

4 [mGC] " pr is relative to [nGC] " ; the forward and reverse activation
energies of [mGC] g are relative to [mGC]" and [mGC] pr,
respectively. © E2 is referred to the energies with zero-point vibration
correction. ¢ E, " is the forward activation energy. ¢ E,” is the reverse
activation energy.

lengthened. Similar changes have been observed in previous
theoretical study on the proton transfer of GC™ and the metal
cation modified GC base pair.?>*! A slight out-of-plane rock-
ing of the pair during the proton-transfer process is also
predicted. It must be mentioned that the stable geometries of
the [mGC]" and [mGC] " pr are planar, but the geometry of
the transition state is not in plane. The G(C6-N1)-C(N3-04)
is —10.7° and G(N1-C2)-C(O2-N3) is —6.6°.

Table 5 shows that the transfer of H1 from guanine to
cytosine is endothermic by 6.01 kcal mol™'. The forward
activation energy for the proton transfer of the [nGC] " cation
is 6.93 kcal mol™', while the reverse activation energy is only
0.92 keal mol™!. However, if taking the correction of the zero-
point vibration energy into consideration, the forward activa-
tion energy decreases to 3.83 kcal mol™!. At the same time, the
reverse activation energy decreases to —1.61 kcal mol~". This
implies that the reverse process is spontaneous and fast. So the
formation of [mGC] " pr would be scarcely observed in the gas-
phase. Even in the water solvent, the formation of the proton-
transferred structure is unfavorable, since the dipole moment
of [nGC] " pr is smaller than that of [mGC] ™" (4.25 vs. 6.16 D).

The situation for [mAT]" is very different, the attempts to
optimize proton-transferred structures of [mAT]" are all
converged to the original [nAT]" base pair, although similar
enhanced positive charges on hydrogen atoms of mA™ has
been observed. This suggests that adenine N6 is a better
proton acceptor than thymine O4.

3.3 Deprotonation of [nGC] ™"

The deprotonation of all active sites on [mGC]™ gives nine
deprotonated structures. They are mG(N1)C, mG(N2a)C,
mG(N2b)C, mG(C8)C, mGC(N1), mGC(N4a), mGC(N4b),
mGC(CS) and mGC(C6), respectively. Interestingly, it is
found that a barrier-free proton transfer (BFPT) from mG ™
NI to cytosine N3 accompanies the removal of a proton form
cytosine N4, C5 or C6 site, respectively. Nevertheless, no such
proton transfer is observed along with the loss of the proton
attached to cytosine N1.

3.3.1 Geometries and relative stabilities. Geometrical char-
acters of the deprotonated structures are summarized in Table
S1 (ESIt). The relative energies of the deprotonated structures
are reported in Table 6. Several deprotonated structures of
[mGC]™" are presented in Fig. 2.

The removal of a proton on mG' NI site generates
mG(N1)C. This causes cytosine slide downward relative to
mG " in a plane and thus leaves two N.--H-N H-bonds (Fig.
2). This result may be surprising because the neutral N-H- - -N

Table 6 Relative energies, dissociation energies (D.) of the deproto-
nated structures derived from [mGC]" and GPAs for [nGC]"

AE/kcal mol™! GPA/eV D/kcal mol™!
mG(C8)C 0 12.05 24.34
mG(N1)C? 0.042 12.05 16.28
mGC(N4b) 2.76 12.17 16.99
mGC(N1) 8.83 12.43 100.00
mGC(N4a) 9.95 12.49 8.21
mG(N2b)C 14.49 12.68 12.70
mG(N2a)C 15.56 12.73 6.20
mGC(C6) 27.72 13.26 27.22
mGC(C5) 33.55 13.50 25.58

“ GPA of mG(N1) is 262.87 kcal mol ™' (&' 11.40 eV), taken from ref.
16, our result is about 11.30 eV.

H-bonds are considered to be weaker than the neutral
O-H---O-H-bonds. This may be due to the extended con-
jugation of the rings. This conclusion is supported by the fact
that both the N-C bonds adjacent to the N1 center have been
shortened greatly after deprotonation.

For mG(N2a)C, removing the proton H2a results in the loss
of an H-bond, leaving two H-bonds (N1-HI.---N3 and
N4-H4a- - -06, Fig. 2). What’s more, the planarity of the base
pair is destroyed accompanying the loss of N2-H2a---O2 H-
bond. The dihedral angles are —54.9 and —16.6° (Table S1,
ESIY), respectively.

In the case of mG(N2b)C/mG(C8)C, the loss of a proton
from mG " N2/C8 site, where it is not involved in H-bonding,
slightly changes the geometry of the pair. The structure still
remains planar and is characterized by three H-bonds. The
06---H4a bond length in which guanine acts as proton
acceptor is shortened, whereas the other two (N3---H1 and
02---H2a) bonds in which guanine acts as proton donors are
lengthened compared with [nGC] ™.

In mGC(N1), deprotonation from cytosine N1 site causes
the planarity of the base pair disappear. Moreover, N3---H1
and O2---H2a H-bonds in which cytosine acts as H-bond
acceptors are greatly shortened compared with those in
[mGC]" (1.689 and 1454 A vs. 1.868 and 1.767 A,
respectively), especially the latter. Whereas OG6---H4a in
which cytosine acts as H-bond donor is slightly elongated

mG(N1)C mG(N2a)C
g &
| T 200
¢ ) % [
1.936 1.961
e < B -
&
'ﬂ L [ =8
® ‘- 1.899
1.959 t ==
mGC(N4a) mGC(N4b)

Fig. 2 Optimized structures of mG(N1)C, mG(N2a)C, mGC(N4a)
and mGC(N4b).
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(by 0.059 A), no obvious changes are observed in H-bond
angles. This could be explained when considering that the
covalent binding of methyl carbonium to guanine increases its
protondonor ability and the deprotonation from N1 site of
cytosine simultaneously strengthens the proton-acceptor abil-
ity of cytosine. Both factors are positive for enhancing the H-
bond strength.

Removing a proton from the N4 site of cytosine involving
an H-bond gives mGC(N4a). The geometrical perturbations
seen in Fig. 2 are large compared with [nGC]*. A barrier-free
proton transfer (H1) from the N1 site of mG™ to N3 of
cytosine is one of the notable changes observed. Another
obvious change is that one of the three H-bonds involved in
H-bonding is removed thus leaving two H-bonds (N1---N3
and N2---02. But unlike the N1-HI---N3 H-bond before
deprotonation, this H-bond becomes NI1---HI-N3 after de-
protonation as a result of BFPT mentioned above. The lengths
of N1---H1 and O2- - -H2a are 1.930 and 1.959 A, respectively.
The distance of NI---N3 is 0.051 A longer than that in
[mGC]". Additionally, the planarity of the base pair is lost
upon mGC(N4a) formation because of the large repulsion
existing between the oxygen and nitrogen lone pairs during the
deprotonation process. The dihedral angles of mGC(N4a) are
—32.2 and —39.0° (Table S1, ESI¥).

Upon removing the proton from the remaining active sites
of cytosine, similar BFPT (from N1 site of guanine to N3 of
cytosine) have been observed along with the formation of
mGC(N4b) (Fig. 2), mGC(C5) and mGC(C6). O2---H2a H-
bond in these three structures is elongated compared with
those in [mGC] ™", while O6- - -H6a length is shortened.

The relative stabilities of the deprotonated [nGC]" are as
follows: mG(C8)C ~ mG(N1)C > mGC(N4b) > mGC(N1)
> mG(N2b)C > mG(N2a)C > mGC(N4a) > mGC(C6) >
mGC(C5) (Table 6). This order reflects the trends of deproto-
nation and should be closely associated with the GPAs.

3.3.2 GPAs. Table 6 and Fig. 3 show that C8 and N1 sites
of guanine are the preferred regions for deprotonation, while
C6 and CS sites of cytosine are the two most unfavorable. It is
known that the larger the value of GPA, the weaker the acidity
is. Thus, protons on C8 and N1 sites of guanine are the most
acidic of all active hydrogens. The least acidic hydrogens are
those on C6 and C5 sites of cytosine. This relative acidic
ordering of H-bound sites is somewhat inconsistent with that
of the neutral GC reported by Lind er al.® They observed that
the most acidic site of the neutral GC is the N1 site of cytosine
(with GPA of 14.66 ¢V) and the least acidic one is C8 site of
guanine. However, in our findings, N1 site of cytosine is the
fourth acidic site, while both C8 and N1 sites of mG " are the
first acidic sites among all H-bound sites of [nGC]*. In view
of the present result and also by comparison with the result
reported by Lind ez al., GPA of NI site on cytosine of the
neutral GC was reproduced by us at the B3LYP/6-
311+ +G**//B3LYP /6-31+G* level of theory. The result
shows that GPA of N1-H on cytosine of the neutral GC is
14.65 eV, which is very close to 14.66 eV calculated by Lind
et al.,® also indicating that all of these results are comparable.
Thus, the comparisons of GPAs of [nGC]" in our research
with those of the neutral GC reveal that the acidities of all

17
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Fig. 3 Comparison of gas-phase acidity of all H-bound sites on
[mGC]* with those of the isolated bases mG* and cytosine. Digits
1-9 on X-coordinates denotes the deprotonation sites guanine NI,
N2a, N2b and C8, and cytosine N1, N4a, N4b, C5 and C6, respec-
tively. GPA of mG(N1) in our computation is 11.40 eV, while that in
ref. 16is 11.30 eV. (H): GPAs of [nGC]"; (®) and (A): GPAs of the
isolated mG™ and cytosine, respectively.

H-bound sites are enhanced compared with those of the
corresponding site of the neutral GC. The enhancement in
acidity may mainly originate from the induction caused by
guanine N7-methyl carbonium. As shown in Table 1, the total
charges on guanine and cytosine moieties become more posi-
tive after methylation and it is thus not surprising that
hydrogens on guanine and cytosine become more acidic.
Additionally, in [mGC]", protons on guanine become less
acidic, but protons on cytosine become more acidic than the
corresponding proton in the isolated monomer, mainly be-
cause of the shifts of electron densities in the interbases. These
changes of relative acidities can be seen from Fig. 3.

3.3.3 Dissociation energies. The dissociation scheme of
several deprotonated structures of [mGC]™ is displayed in
Scheme 1. The corresponding dissociation energies are re-
ported in Table 6. Scheme 2 reveals that mG(—H")C and
mGC(N1) are dissociated into a deprotonated and a normal
base. However, the dissociation of the other mGC(-H™)
except mGC(N1) actually gives mG(N1) and N3-protonated
cytosine (—H ™) (namely, N3-protonated C(N4a), N3-proto-
nated C(N4b), N3-protonated C(C5) and N3-protonated
C(C6), respectively). Here, N3-protonated C(N4a) and N3-
protonated C(N4b) are two imino forms of cytosine with the
N4-H4b trans or cis to N3-H3 (denoted by trans-C* and cis-
C*, respectively). This means that the dissociation of
mGC(N4a)/mGC(N4b) generates mG(N1) and trans-C*/
mG(N1) and cis-C*.

Among all deprotonated [mnGC] ™", only mGC(N1) possesses
a zwitterionic structure (0.748 ¢ for mG* and —0.748 ¢ for
C(N1)) characterized by strong electrostatic attraction besides
H-bond interactions between the two moieties. It is thus not
surprising that the largest dissociation energy for mGC(N1)
was predicted (100.00 kcal mol ™!, Table 6). This value is much
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Scheme 1 The dissociation schemes for mG(N2a)C, mGC(N1), mGC(N4a), mGC(N4b), mGC(C5) and mGC(C6).

higher than that of [nGC] " or the neutral GC base pairs. The
dissociation energies of the next three are slightly higher or
comparable to that of the neutral GC (24.67 kcal mol™"), but
lower than that of [nGC]" (Table 6, mGC(C6), mGC(C5)
and mG(C8)C). The remaining five deprotonated structures
with the low dissociation energies are easily dissociated
into their component bases. Among these five structures,
it is interesting that the dissociation of mGC(N4a) and
mGC(N4b) would generate two imino forms of cytosine—

trans-C* and cis-C*. Thus, it can be deduced that a significant
number of imino/enol tautomers could be formed in this way.
Previous studies have hypothesized a modified tautomeric
mechanism in which they suggest that the rare tautomers
might be formed in the template via the concerted double
proton transfer in the interbase H-bonds in DNA and thereby
does not require the presence of the free rare tautomers in
solution.***> Our results may provide the theoretical support
for this mechanism.
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3.4 Deprotonation of [mAT] ™"

Seven deprotonated structures derived from [mAT]" have
been obtained. They are mA(C2)T, mA(N6a)T, mA(N6b)T,
mA(C8)T, mAT(N1), mAT(N3) and mAT(C6), respectively.
Table S2, ESIf provides the details of the geometrical para-
meters of the deprotonated structures. The GPAs and the
dissociation energies of the deprotonated [mAT]" are re-
ported in Table 7. Structures [mA(N6a)T, mAT(C6) and
mAT(N3)] with the great changes in geometries are shown in
Fig. 4. In general, deprotonation of [mAT]" has the similar
characteristics to that of [mGC] ", such as the most preferred
deprotonation site, the most stable deprotonated base pair and
BFPT from purine to pyrimidine accompanying deprotona-
tion from pyrimidine, except for the N1 site. Similarly, the
acidities of all H-bound sites of [mAT]" are weaker than the
corresponding sites of the isolated mA ™" and stronger than
those of the isolated thymine (Fig. 5).

For [mAT] ", the most preferred deprotonation region of all
active sites is also the purine (mA™) C8 site. The energy
required for deprotonation from this region is about 11.53
eV (Table 7). mA(N6bL)T is the second preferred one to be

Table 7 Relative energies (AE), GPAs and dissociation energies (D)
of the deprotonated structures derived from [mAT]"

AE/kcal mol™! GPA/eV D./kcal mol ™"
mA(C8)T 0 11.53 12.62
mA(N6b)T 4.83 11.87 9.54
mAT(N3) 13.61 12.13 11.98
mA(N6a)T 17.76 12.30 7.62
mAT(NI) 26.88 12.70 65.49
mAT(C6) 53.42 13.85 30.62
mA(C2)T 61.74 14.21 12.58

obtained. The most unfavorable deprotonation region is the
mA " C2 site with the energy required of ~14.21 eV. This
structure exhibits great deviation from the planarity with two
dihedral angles predicted to be 33.5 and 20.1°, respectively. All
of the three deprotonated structures are characterized by two
H-bonds with N1---H3 bond being shortened and the other
one being elongated.

Removal of a proton from the pyrimidine N1 site generates
the most stable deprotonated base pair mAT(N1). Like the
formation of mGC(N1), no spontaneous proton transfer is
observed. In addition, it also possesses a zwitterionic structure
characterized by large dipole moment. Thus it is natural that
this structure has the largest dissociation energies among all
deprotonated [mAT]" (~65.49 kcal mol~!, Table 7). As
anticipated, the removal of a proton from the NI site of
cytosine dramatically shortens the O4---H6a H-bond and
slightly lengthens the N1---H3 bond.

mA(N6a)T ¢

mAT(N3)

¢ L me :
. 4
Lt}-‘ 1883
& “’g /
mAT(C6)

Fig. 4 Optimized structures of mA(N6a)T, mAT(N3) and mAT(C6).
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Fig. 5 Comparison of gas-phase acidity of all H-bound sites on
[mAT]" with those of the isolated bases mA™ and thymine. Digits
1-7 on X-coordinates denotes deprotonation sites adenine C2, N6a,
N6b and C8; and thymine N1, N3 and C6, respectively. (l): GPAs of
[mAT]"; (@) and (A): GPAs of the isolated mA™* and thymine,
respectively.

However, removing a proton involving H-bonds or from
regions on pyrimidine leads to great changes on geometries
(Fig. 4). For mA(N6a)T, it is generated by the removal of one
of the protons (H6a) attached to N6 site of adenine. This
causes the loss of one H-bond and induces the monomers to
rotate away from each other to avoid the large repulsion of
two lone pairs between mA © N6 and thymine O4, and thereby
destroys the planarity of the pair. This structure has the lowest
dissociation energy, indicating that deprotonation form this
site would greatly change the structural and energetic char-
acteristics and consequent DNA strand.

In the case of mAT(N3), the planarity is also lost along with
the loss of N1---H H-bond (with two dihedral angles between
two bases of 34.7 and 11.4°, respectively). At the same time,
thymine slides upward relative to mA ™ to avoid the repulsion
between two nitrogen lone pairs, and H6a on N6 spon-
taneously transfers to N3 of thymine. Thus, the resulting
structure is characterized by a strong H-bond N6---H6a—N3
with H-bond length 1.840 A. Additionally, there is a weak
interaction between O4 of thymine and N7-methyl hydrogen
atom of mA ™ with bond length ~2.276 A, which may provide
additional stabilization energy for the deprotonated structure.
As expected, the dissociation energy of this deprotonated
structure is comparable to that of the canonical AT pair
(11.98 vs. 11.96 kcal mol™"), despite losing one H-bond and
having a nonplanar structure.

For mAT(C6), spontaneous proton transfer from N6 of
mA™ to O4 of thymine is observed along with the mAT(C6)
formation. This structure remains planar and is characterized
by two H-bonds: N6---H6a and N1---H3. The sum of two H-
bond lengths of mAT(C6) are shorter than that of [mAT] ™.

In summary, the relative deprotonation order is as follows:
mA(C8)T > mAN6b)T > mAT(N3) > mA(N6a)T >
mAT(N1) > mAT(C6) > mA(C2)T, while the dissociation
energies of the deprotonated base pairs follows the order:
mAT(NI) > mAT(C6) > mA(C8)T > mA(C2)T>
mAT(N3) > mA(N6b)T > mA(N6a)T (Table 7).
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Fig. 6 Comparisons of the deprotonation energy of mG(N1)C (b)
with N3-proton affinities of C(N1), C(N4a), C(N4b), C(C5) and C(C6)
(a) as well as the deprotonation energy of mG(N2a)C (d) with O2-
proton affinities of C(N1), C(N4a), C(N4b), C(C5) and C(C6) (c).

3.5 N3-/O2-Protonation of C(—H™)

As mentioned above, a barrier-free proton transfer (BFPT)
from guanine N1 to cytosine N3 accompanies deprotonation
from the N4, C5 or C6 site of cytosine. It is surprising that this
phenomenon has not been observed when a proton is removed
from cytosine N1 site of [nGC]™ or a proton is removed from
all H-bound sites on cytosine of the neutral GC. On the other
hand, no BFPT from guanine N2 site to cytosine O2 site is
found, although it has been reported that the gas-phase proton
affinities of O2 and N3 sites of cytosine differ by less than
1 kcal mol~'?

To further explore the reason of BFPT of H1 on guanine,
the N3-proton affinities of C(—H™) and the energy require-
ment for deprotonation at guanine NI site of [nGC]" are
compared. Fig. 6 shows that N3-proton affinities of C(N4a),
C(N4b), C(C5) and C(C6), ranging from —14.63 to —15.63 eV,
are higher (absolute value) than the energy requirement for
deprotonation from the N1 site on mG* (GPA of deprotona-
tion at guanine N1 site of [mGC]" is 12.05 eV as shown in
Table 6). Therefore, proton-transfer reaction between two
sites is thermodynamically favorable and thereby H1 sponta-
neously transfers to cytosine N3. However, the N3-proton
affinity of C(N1) are positive (0.31 eV), indicating that the N3-
protonated reaction of C(N1) is non-spontaneous. Thus,
removing a proton from NI site of cytosine would not
promote the formation of N3-protonated C(N1). This may
be because C(N1) is resonance-stabilized by the carbonyl
group on the one hand and C—C double bond on the other
and thus decreases its ability to accept a proton.

To analyze the possibility of BFPT of H2a on guanine
accompanying the deprotonation from sites on cytosine of
[mGC]™, the O2-proton affinity of C(—H ") and the energy
needed for deprotonation at guanine N2 site of [mGC]" are
also calculated. O2-proton affinities of C(N1), C(N4a),
C(N4b), C(C5) and C(C6) are 0.79, —14.62, —14.73, —14.51
and —14.47 eV, respectively. These proton affinities are smaller
(absolute value) than the energy needed for removing a proton
from N2a site of mG " (~15.56 eV). That is, proton-transfer
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reaction from N2 of guanine to O2 of cytosine is thermo-
dynamically unfavorable and thereby no BFPT from guanine
N2 site to cytosine O2 site would be observed. This is
supported by the fact that H2a does not transfer to O2 site
on cytosine when deprotonation at sites on cytosine of
[mGC] " as described above.

4 Concluding remarks

In the present paper, we successfully optimized the structures
of [nGC]" and [mAT]" as well as deprotonated structures
derived from [mGC]" and [mAT]" base pairs. Moreover, the
transition state has been located for the proton-transfer
process in the [mGC] " pair. Several conclusions can be drawn:

(1) The covalent binding of methyl carbonium to guanine/
adenine N7 strengthens the H-bond in which purine acts as
proton donor and weakens the H-bond in which purine acts as
proton acceptor and thus enhances the stability of the GC/AT
base pair. NBO analyses are in good agreement with these
changes.

(2) Methyl carbonium binding to the guanine N7 site
promotes proton transfer from the guanine NI site to the
cytosine N3 site. The structure of the transition state for the
proton-transfer process is out-of-plane. The activation energy
for the proton transfer of the [nGC]" cation is 6.93 kcal
mol ™!, while the reverse activation energy is 0.9 kcal mol ™.
However, if taking ZVPE into consideration, the reverse
activation energy becomes negative. So [nGC]" is the pre-
dominating species in the gas phase. In the case of the [mAT] "
base pair, no such proton-transferred structure is obtained in
[MAT]", whether single or double proton-transferred
structure.

(3) As for the deprotonation of [nGC]" and [mAT] ", the
most preferred deprotonation sites are the guanine C8 and N1
sites and adenine C8 site, respectively. Of all deprotonated
structures derived from [mGC]"/[mAT]", the removal of a
proton from the pyrimidine N1 site generates the most stable
deprotonated base pair, since this pair has a zwitterionic
structure.

(4) Additionally, it is interesting that deprotonation from
pyrimidine, except the pyrimidine N1 site which is attached to
deoxyribose, is accompanied by a barrier-free proton transfer
(BFPT) from purine to pyrimidine. However, deprotonation
from the pyrimidine N1 site would not promote such proton
transfer. BFPT from guanine N1 to cytosine N3 results in two
rare tautomers of cytosine (trans-C* and cis-C*), indicating
that a significant number of the rare tautomers of cytosine
might be formed in such a way.

(5) The calculated N3-proton affinities and O2-proton affi-
nities of C(N4a), C(N4b), C(C5) and C(C6) reveal that proton-
transfer reaction from guanine N1 site to cytosine N3 site is
thermodynamically favorable, while that from guanine N2 site
to cytosine O2 site is thermodynamically unfavorable. So only
BFPT from guanine N1 to cytosine N3 site is observed.
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