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Abstract The structure of Watson–Crick type guanine–

cytosine (G–C) base pair has been studied by classical

hybrid Monte Carlo (HMC) and quantum path integral

hybrid Monte Carlo (PIHMC) simulations on the semi-

empirical PM6 potential energy surface. For the three

NH_X hydrogen-bonded moieties, the intramolecular NH

bonds are found systematically longer while the H_X

distance shorter in the PIHMC simulation than in the HMC

simulation. We found that the hydrogen bonded length

N_X correlates with the H_X distance, but not with the

NH distance. A correlation is also between the neighboring

hydrogen bonds in the G–C base pair.

Keywords Watson–Crick type guanine–cytosine base

pair � Path integral simulation � Nuclear quantum effect

1 Introduction

Hydrogen bonding between nucleobase pairs is a basic

molecular interaction that constitutes the double stranded

structure of DNA [1]. Over the decades, many efforts have

been devoted to obtain the detailed structure of Watson–

Crick type nucleobase pairs [2] as well as their isomers

using experimental techniques and theoretical approaches.

Experimentally, vibrational spectroscopy has provided

very useful information about isolated nucleobase mole-

cules and the hydrogen-bonded structure of nucleobase

pairs [3–12]. For instance, Choi et al. [11] have detected

the signal of four different tautomers of isolated guanine by

infrared laser spectroscopy in helium nanodroplets. Abo-

Riziq et al. [12] have been able to distinguish various

isomers of guanine–cytosine (G–C) base pairs by IR–UV

hole burning spectra including the Watson–Crick type

structure. In these studies, the vibrational bands observed

have been assigned by comparing them with those obtained

from ab initio calculations.

So far, most of the ab initio calculations of nucleobase

pairs have been carried out by simple normal mode anal-

ysis [13–22] and classical molecular dynamics (MD)

methods [23–27]. However, the role of quantum effects of

vibration in addition to anharmonic and mode coupling

effects could be important for more accurate description of

hydrogen-bonded systems. It has been evident from the

calculations based on vibrational theories [28, 29] that

these effects are indispensible to understand the complex

behavior of the infrared spectrum of G–C base pair.

Recently, Pérez et al. [30] have suggested that nuclear

quantum effect can change the relative stability of tauto-

meric forms of Watson–Crick base pair models from Car–

Parrinello path integral molecular dynamics simulation [31,

32]. To our knowledge, there is no publication about the

structure of full G–C base pair at finite temperature taking

account of the nuclear quantum effect.

In this study, we report hybrid Monte Carlo and path

integral hybrid Monte Carlo simulations [33] of Watson–
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Crick type G–C base pair in the gas phase (Fig. 1). It has

been reported that Watson–Crick type G–C base pair is the

most stable structure within the MP2/TZVPP calculation

[12]. It should be noted that this form is different from the

keto-guanine enol-cytosine type G–C pair [28, 29] whose

vibrational spectrum is studied well by experiments as well

as vibrational theories. While Pérez et al. [30] use density

function theory for the electronic structure, we employ

semiempirical PM6 method that is less accurate. However,

the present simulations are carried out for the whole G–C

system including the purine and pyrimidine rings to guar-

antee proper description of the planar structure of G–C

base pair. Here, we mainly discuss the difference between

the classical and quantum descriptions of the three N � � �X
hydrogen bonds in the G–C base pair.

2 Computational method

All the electronic structure calculations are based on

semiempirical PM6 method. In order to confirm the

validity of PM6, we have performed preliminary calcula-

tions with various ab initio computational levels for the

isolated G–C base pair. Also, we have shown the vibra-

tional frequency data obtained from normal mode analyses

in Supporting information, together with the measured and

calculated reference values. From Table S1 in Supporting

information, it is found that PM6 tends to underestimate

the vibrational frequencies of G–C base pair as compared

to the other ab initio methods. The parameters character-

izing three hydrogen bonds of the geometry-optimized

G–C base pair are listed in Table 1. (The atoms are labeled

as in Fig. 1.) The results are shown for HF/6-31G**,

MP2/6-31G**, B3LYP/6-31G**, and PM6 calculations.

As for the covalent-bonded NH distances, the values of

PM6 are close to those of B3LYP and MP2, while they are

slightly longer than the HF results. The values of the

hydrogen bonded distances of PM6 are in between the

values of HF and MP2. The hydrogen bonded distances of

PM6 are RN1���O1 [ RN2���N02 [ RN3���O3 similar to the case of

MP2. From Table 1, thus, we find that PM6 is qualitatively

sufficient at least to describe the stable geometry of the

hydrogen bonds of G–C base pair.

The hybrid Monte Carlo simulation (HMC) and path

integral hybrid Monte Carlo (PIHMC) simulation have

been carried out in the same way as in the previous work

[33] at 300 K. The PIHMC simulation (or ‘‘quantum sim-

ulation’’) has been performed for 400,000 steps with the

number of beads P = 16, step size Dt ¼ 1:5 fs. The HMC

simulation (or ‘‘classical simulation’’) has been executed

for 1,920,000 steps with Dt ¼ 1:8 fs. For the sake of

sampling efficiency, we have chosen Dt so as the accep-

tance ratios are around 75–80% from short HMC/PIHMC

runs. The final acceptance ratios were 77 and 75% for the

quantum and classical simulations, respectively.

3 Results and discussion

3.1 One-dimensional analysis

First, let us look at the three NH covalent bonds. The

distributions of the covalent bond lengths RN1H1, RN2H2,

and RN3H3 obtained from the quantum and classical simu-

lations, together with the equilibrium NH bond lengths, are

shown in Fig. 2a–c, where the superscripts (qm), (cl), andFig. 1 Schematic illustration of guanine–cytosine base pair

Table 1 Structural parameters

of three hydrogen bonds in G–C

base pair with HF/6-31G**,

MP2/6-31G**, B3LYP/6-

31G**, and PM6 level of

calculations

Unit in Å

HF/6-31G** MP2/6-31G** B3LYP/6-31G** PM6

RN1H1 1.001 1.018 1.022 1.028

RN2H2 1.007 1.032 1.034 1.049

RN3H3 1.007 1.029 1.038 1.039

RH1���O1 2.018 1.929 1.904 1.981

RH2���N02 2.033 1.906 1.896 1.955

RH3���O3 1.919 1.787 1.749 1.868

RN1���O1 3.019 2.945 2.926 3.008

RN2���N02 3.039 2.935 2.929 2.985

RN3���O3 2.925 2.816 2.787 2.905
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(eq) stand for quantum, classical, and the equilibrium

structure, respectively. The average values and the statis-

tical errors of the covalent bond lengths are listed in

Table 2. We can see that the RNH distributions in the

classical simulation have sharp peaks around the equilib-

rium (EQ) values, while those in quantum simulation are

more broadened due to the zero-point motion. Thus, the

average NH bond lengths of the classical simulation are

very close to the values of the EQ structure, while the

average NH bond lengths of the quantum simulation are

longer. We can confirm the values in Table 2 that R
ðeqÞ
NH �

hRðclÞ
NHi\hR

ðqmÞ
NH i with respect to all the three NH bonds.

This result shows that nuclear quantum effect has the

dominant contribution to the anharmonicity of the covalent

NH bond at 300 K.

Next, the distributions of the hydrogen bonded distances

measured between two heavy atoms (RN���X where X = O or

N
0
) are shown in Fig. 3a–c. The average values and the

statistical errors are listed in Table 3. Figure 3a–c indicates

that the peak positions of RN���O and RN���N0 in the quantum

simulation are found to be close to the corresponding values

of the equilibrium structure, while they are longer in the

classical simulation. We can confirm the average values in

Table 3 that R
ðeqÞ
N���X � hR

ðqmÞ
N���Xi\hR

ðclÞ
N���Xi for all the three

Fig. 2 One-dimensional distributions of RNH on a RN1H1, b RN2H2, and c RN3H3 with quantum and classical simulations, as well as the

equilibrium values, respectively

Table 2 Average values and statistical errors of the covalent bond

lengths (RNH) with quantum and classical simulations, as well as the

equilibrium values

Quantum Classical Equilibrium

RN1H1 1.041 ± 0.000 1.028 ± 0.000 1.028

RN2H2 1.065 ± 0.001 1.048 ± 0.000 1.049

RN3H3 1.054 ± 0.001 1.037 ± 0.000 1.039

Unit in Å

Fig. 3 One-dimensional distributions of RN���X on a RN1���O1; b RN2���N02; and c RN3���O3 with quantum and classical simulations, as well as the

equilibrium values, respectively

Table 3 Average values and statistical errors of hydrogen bonded

distances (RN���X) with quantum and classical simulations, as well as

the equilibrium values

Quantum Classical Equilibrium

RN1���O1 3.051 ± 0.014 3.109 ± 0.016 3.008

RN2���N02 2.993 ± 0.012 3.050 ± 0.006 2.985

RN3���O3 2.958 ± 0.023 3.004 ± 0.013 2.905

Unit in Å
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hydrogen bonds. We also find that the quantum distributions

of RN���N0 and RN���O are slightly more localized than classical

distribution. This is in contrast to the case of the covalent

NH bond, for which quantum distributions are more delo-

calized than the classical counterpart as shown in Fig. 2a–c.

The average values and the statistical errors of RH���X are

shown in Table 4. By comparing between the average

H � � �X distances of quantum and classical simulations, we

find H � � �X distance shortened by nuclear quantum effect,

Table 4 Average values and statistical errors of H � � �X distances

with quantum and classical simulations, as well as the equilibrium

values

Quantum Classical Equilibrium

RH1���O1 2.067 ± 0.017 2.133 ± 0.018 1.981

RH2���N02 1.987 ± 0.017 2.067 ± 0.009 1.955

RH3���O3 1.969 ± 0.023 2.030 ± 0.016 1.868

Unit in Å

Fig. 4 Two-dimensional distributions of RNH and RN���X on a quantum RN1H1 and RN1���O1; b classical RN1H1 and RN1���O1; c quantum RN2H2 and

RN2���N02; d classical RN2H2 and RN2���N02; e quantum RN3H3 and RN3���O3; and f classical RN3H3 and RN3���O3; respectively
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which is in contrast to the case of the covalent NH bond.

The amount of shortening of the average H � � �X distance

(0.07, 0.08, 0.06 Å for the respective hydrogen bonds)

overwhelms the amount of lengthening of the average NH

distance (0.013, 0.017, 0.017 Å). This is why the average

N � � �X distance is shortened by nuclear quantum effect as

shown in Table 3.

3.2 Two-dimensional analysis

Now, it would be interesting to see whether there is a

correlation between the hydrogen bonded length and

the position of intermediate hydrogen, as is done in the

previous studies for various hydrogen-bonded systems

[33–36]. We plot in Figs. 4 and 5 the two-dimensional

Fig. 5 Two-dimensional distributions of RH���X and RN���X on (a) quantum RH1���O1 and RN1���O1; (b) classical RH1���O1 and RN1���O1; (c) quantum

RH2���N02 and RN2���N02; (d) classical RH2���N02 and RN2���N02; (e) quantum RH3���O3 and RN3���O3; and (f) classical RH3���O3 and RN3���O3; respectively
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distributions with respect to the distances RNH and RN���X
and the distances RH���X and RN���X; respectively, for the

three hydrogen bonds from the quantum and classical

simulations. The shapes of two-dimensional distributions

in Fig. 4 indicate the correlation between the NH and

N � � �X distances is quite weak for both the classical and

quantum simulations. For instance, as we have looked

closer into Fig. 4a, one-dimensional NH distributions cut at

the line N � � �X ¼ 2:8 Å and at the line N � � �X ¼ 3:3 Å

have almost perfectly matched with each other (See in

Supporting information). Therefore, we conclude that the

N � � �X distance strongly correlates with the H � � �X dis-

tance as we see in Fig. 5, but not so much with the NH

distance in Fig. 4.

We note in passing that the distributions in Fig. 5c, d are

narrower than those of Fig. 5a, b, e, f, which implies that

the N2� � �N02 hydrogen bond is tightly bonded than the

other two N � � �X bonds.

3.3 The correlations among hydrogen bonds

Finally, Fig. 6 shows the two-dimensional distribution with

respect to the two heavy-atom distances out of the three

hydrogen bonds. Figure 6b, c indicates that there are cor-

relations between the neighboring hydrogen bonds, i.e.,

between RN2���N02 and RN1���O1; and between RN2���N02 and

RN3���O3: When one of the hydrogen bonds is short (long),

the other tends to be also short (long). From Fig. 6a, it

seems that the correlation between distant hydrogen bonds,

i.e. between RN1���O1 and RN3���O3; is much weaker.

4 Conclusions

We have carried out classical hybrid Monte Carlo and

quantum path integral hybrid Monte Carlo simulations of

Watson–Crick type guanine–cytosine base pair in the gas

phase using semiempirical PM6 potential energy surface.

In the classical simulation that only includes thermal

contribution to anharmonic vibration, the average covalent

NH bond lengths have not changed much from the equi-

librium bond lengths. The average NH bond lengths are

found longer in the quantum simulation where both the

quantum and thermal contributions to anharmonic vibra-

tion are included. The average hydrogen bonded distances

measured between two heavy atoms N � � �X have been

found shorter in the quantum simulation than those in the

classical counterpart. This is presumably because the

N � � �X distance is correlated with H � � �X distance, but not

with NH distance. The correlation is also found with

respect to the neighboring hydrogen bonded lengths in the

G–C base pair. As a future work, ab initio path integral

simulations of G–C base pair would be of interest to con-

firm the present results.
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