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Novel view on the mechanism of water-assisted proton transfer

in the DNA bases: bulk water hydration
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In the present work, the conventional static ab initio picture of a water-assisted mechanism of the

tautomerization of Nucleic Acid Bases (NABs) in an aqueous environment is enhanced by the

classical and Car–Parrinello molecular dynamics simulations. The inclusion of the dynamical

contribution is vital because the formation and longevity of the NAB–water bridge complexes

represent decisive factors for further tautomerization. The results of both molecular dynamic

techniques indicate that the longest time when such complexes exist is significantly shorter than

the time required for proton transfer suggested by the static ab initio level of theory. New rate

constants of tautomerization corrected for the dynamic effect of environment are proposed based

on the first principles molecular dynamics data. Those values are used for the evaluation of a

water-assisted mechanism that is feasible in such biological systems as E. coli cell.

Introduction

It is generally accepted that living cells do not have specialized

mechanisms for creating changes in the structures of

their genomes; instead, evolution depends on accidents and

mistakes followed by nonrandom survival.1 Such mistakes as

the spontaneous alteration of a nuclear acid base in the gene

sequence can cause a silent mutation, small changes in the

protein structure, or even the production of a protein that

would not function. The origins of such point mutations have

been originally associated with the tautomeric properties2 of

the nucleic acid bases (NABs). Nowadays, they are also

explained by an incorrect insertion of deoxyribonucleotides

having the nuclear base in a canonic form.3,4 In both instances,

the detailed molecular mechanism of such spontaneous point

mutations is still unknown.

Several models are employed to demonstrate how the

canonic bases can be tautomerized into ‘rare’ forms. In

particular, a base could tautomerize on a single-stranded

region of the DNA template right after the DNA-helicase

unwinds double helix. In spite of the extremely high tauto-

merization barrier (ca. 40 kcal mol�1) and the extremely slow

rate of those tautomerization reactions (k = 2.2 � 10�7 s�1),

the results of the ab initio calculations suggest5–7 that isolated

canonic bases are able to provide the concentration of ‘rare’

tautomers sufficient to match the experimentally known

frequency of the spontaneous point mutations of DNA in

E. coli. Another mechanism of tautomerization is based on an

assumption that water molecules (one or several) are able to

link a proton-donor and a proton-acceptor sites of NABs.

This looks quite natural and even more realistic than the first

model since the water molecules are indispensable components

of the DNA structures. However, recent X-ray data do not

reveal any presence of water molecules in the base–base area of

such a crowded multienzyme complex as replication machine.4

Alternatively, the DNA base could be tautomerized

somewhere in water rich cytosol. Then, a malfunction or

limitations8,9 in the functioning of DNA polymerase lead to

incorporation of a ‘rare’ base (in the form of a mutated

nucleoside triphosphate) into the newly synthesized strand.

This model includes bulk water hydration of NABs in cytosol.

Under such conditions, a proton could move with a relatively

low barrier10 through the hydrogen bond network (or bridges)

formed by the water molecules and the polar sites of the

base. Therefore, such a pathway of proton transfer could be

considered as a water-assisted one.

Usually, ab initio studies of a water-assisted tautomerization

mechanism are limited to the consideration of an isolated

NAB/xH2O system or such a system surrounded by an

implicit (the Polarizable Continuum Model or PCM approach)
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aqueous environment. The rate constants calculated using

ab initio techniques with tunneling correction are available

for cytosine/H2O and guanine/H2O complexes.11 In these

cases, the thermodynamic equilibrium between canonic and

‘rare’ forms of NABs is established virtually instantly,

proceeding in 10�9–10�4 s. Therefore, the frequencies of

spontaneous point mutations are related to the values of the

tautomerization equilibrium constants of NABs.

However, these PCM-based calculations represent the static

model calculations that only describe a water-assisted proton

transfer. They are not able to estimate the ease of formation

and the longevity of bifurcated NAB/xH2O complexes (see

Fig. 1 for the structures and location) in an explicit aqueous

environment. Below, we will show that the consideration of

such additional parameters results in a significant correction of

the water-assisted rate constants obtained using the static

PCM-based technique. To our best knowledge, the dynamics

of bifurcated NAB/xH2O complexes is revealed for the first

time in our paper. The focus of our interest are structures with

x = 1 or 2, since such water bridges are most likely to assist in

a proton transfer from a proton-donor to a proton-acceptor

site of NAB. The increase in the number of water molecules in

bifurcated water bridges enhances the chances to transfer a

proton from a proton-donor site of NAB to an aqueous

environment. Therefore, the dynamics of water bridges formed

by more than two water molecules is not discussed here.

The time evolution of NAB/xH2O bridged structures

is studied here with the application of the ab initio

Car–Parrinello molecular dynamics (CPMD) and the classical

molecular dynamics simulations. The obtained results are

compared with the tunneling corrected rate constants of a

water-assisted proton transfer evaluated in a static ab initio

PCM-based environment.

Computational details

Ab initio molecular dynamics, classical molecular dynamics,

and static ab initio simulations were performed for the evaluation

of a water-assisted proton transport mechanism in an aqueous

environment.

Ab initio molecular dynamics

The ab initio simulations were carried out using the standard

Car–Parrinello molecular dynamics scheme.12 The Becke, Lee,

Yang, and Parr (BLYP) exchange correlation functional with

the generalized gradient approximation (GGA)13,14 was used.

For all atoms, the nonlocal norm-conserving Troullier–Martins

pseudopotentials15 were used to describe the valence-core

interactions. All pseudopotentials were transformed to a fully

nonlocal form using the scheme of Kleinman and Bylander.16

The valence electronic wave functions were expanded in a

plane wave basis set, up to an energy cutoff of 80 Ry.

Hydrogen nuclei were treated as classical particles with the

mass of the deuterium isotope.17 The simulations were per-

formed at a constant volume using a fictitious electronic mass

of 700 a.u. The equations of motion were integrated with a

time step of 4 a.u. (0.097 fs). Four systems were used for

simulations: (i) adenine/74H2O; (ii) guanine/74H2O; (iii) cytosine/

57H2O; and (iv) thymine/54H2O. Each system was placed in a

cubic cell with periodic boundary conditions. The side lengths

were equal to 13.455 Å, 13.503 Å, 12.359 Å, and 12.201 Å for

adenine, guanine, cytosine, and thymine containing cells,

correspondingly. For all systems, the number of water molecules

and the cell sizes were determined based on ambient conditions.

The initial configurations were constructed using the classical

molecular dynamics simulations with Amber force field.18

During the subsequent 1 ps runs, the temperature was

controlled by uniformly scaling the velocities to the target

simulation temperature of 300 K whenever the tolerance

integral of 50 K was exceeded. The system was then equilibrated

at 300 K for about 10 ps using a Nosé-Hoover chain thermo-

stat19 with the chain length of four and the frequency of

2500 cm�1. The production runs (approximately 10 ps) were

carried out in the NVT ensemble using the same Nosé-Hoover

chain thermostat condition.

Classical molecular dynamics

The AMBER-parm99SB/TIP3P18,20 solute/solvent model was

employed for the classical molecular dynamics simulations of

the four systems: A/1467H2O, C/1475H2O, G/1507H2O,

T/1544H2O. Lacking parameters for NABs structures were

obtained for AMBER by adopting a standard procedure. For

parm99SB, the Restrained ElectroStatic Potential fit (RESP)

charges were calculated using the antechamber suite of the

AMBER9 package21 after a geometry optimization at the

Fig. 1 (A) Red, blue and green areas represent the hydration of

possible tautomerization sites used for the discussion. The colours are

identical to those used in Table 1 and in Fig. 2. (B) The configurations

of bifurcated water bridges located in the red area of a guanine

molecule are given as an example.
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B3LYP/cc-pVTZ level. Periodic boundary conditions were

applied to treat long range electrostatic interactions with the

particle-mesh Ewald technique.22 Prior to running the

production step, the water box was allowed to relax. At this

stage, position restrains were applied to all atoms of NAB. The

following relaxation of the entire system was performed at

constant volume periodic conditions. Slow heating of the

system up to 300 1K was performed during the next 20 ps.

Constant temperature (300 1K) and constant pressure (1 atm)

periodic boundaries were turned on during the production run

only. After discarding first 20 ps of production, configurations

were collected every 500 fs on a trajectory of 10 ns. Langevin

temperature control and a barostat were used whenever it was

required for maintaining constant temperature and pressure,

respectively. The SHAKE constrains23 on hydrogen atoms

and 2 fs time step were used during the equilibration and

production runs.

The population of the bifurcated bridges around all possible

hydration sites of NABs was monitored during both classical

and ab initio molecular dynamics simulations. The total

occupation time of each hydration site was calculated by

summing up the time periods when a considered bridge was

present. The bridge population was then calculated as a

percentage contribution of the total occupation time to the

time of the whole simulation.

Static ab initio calculations

The geometries of the local minima for NABs as well as the

selected complexes with one and two water molecules were

optimized without symmetry restrictions (C1 symmetry being

assumed) by the gradient procedure at the DFT (B3LYP/

cc-pVTZ) level of theory. The local minima and transition

states were verified by establishing that the matrices of the

energy second derivatives (hessians) have zero (minima) and

one negative (TS) eigenvalue, respectively. Additionally,

the computed energies were refined at the single point

MP2/aug-cc-pVTZ level calculations. Bulk solvent effects were

accounted for within the framework of the Polarizable

Continuum Model using the integral equation formalism

variant24 as employed in Gaussian 03.25 To estimate the

enthalpy values, thermal corrections, calculated at the same

level as the geometry optimization were added to the corres-

ponding energies. Also, the entropy values were evaluated

from the frequency calculations at the same level of theory.

The Gibbs free energies and the equilibrium constants were

estimated at 298.15 K by standard expressions.

To estimate the tunneling rate constants of the ‘rare’

NAB/xH2O - canonic NAB/xH2O tautomerization, the

approximate instanton approach26,27 was used as implemented

in the DOIT 1.2 program:28

krðTÞ ¼
Oi

0

2p

� �
e�SI ðTÞ ð1Þ

Here Oi
0 is the effective tunneling frequency in the equilibrium

configuration of rare NAB/xH2O, and SI(T) is the

multidimensional instanton action. The rate constants for the

proton transfer processes were calculated from the expression:

kf(T) = Keq (T)kr(T) (2)

The details of the instanton approach are given elsewhere.27,29

To describe the kinetics of the tautomeric transitions, standard

equations for the kinetics of reversible first-order reactions

were employed (see ref. 6 for details). Those equations were

transformed to estimate the time needed for the canonic

form of a tautomer to convert to 95% of its equilibrium

concentration:

½canonicNAB=xH2O�equilibrium
¼ kr

kr þ kf
½canonicNAB=xH2O�initial ð3Þ

t95% of equilibrium

¼
ln

½canonicNAB=xH2O�initial�½canonicNAB=xH2O�equilibrium
½canonicNAB=xH2O�95% of equlibrium�½canonicNAB=xH2O�equilibrium

� �
kr þ kf

ð4Þ

Here kf and kr correspond to the rate constants for forward

and reverse reactions of ‘rare’ NAB/xH2O - canonic

NAB/xH2O tautomerization; t95% of equilibrium represents time

needed to reach 95% of equilibrium concentration of the

canonic NAB/xH2O structure.

Results and discussion

This work focuses on the process of formation of bifurcated

bridges comprised of one or two water molecules around all

possible hydration sites of NABs (see Fig. 1).

The data collected during both the classical and ab initio

molecular dynamics simulations (see Table 1 and Fig. 1)

suggest that the common feature of both simulations is the

low abundance of the water bridges.

Classical molecular dynamics shows an evenly low population

of water bridges without preference for the particular site or

bridge length. Such a uniform distribution of bifurcated water

bridges in the NAB–xH2O structures is seen here for the first

time. However, in our opinion, this is a particular manifestation

of the recently revealed30 nature of non-polarized point charge

models: electrostatic and Lennard-Jones terms in AMBER

force field are not able to accurately reproduce the polarization

effects between an aqueous environment and a polar solute.

Contrary to the force field MD results, the Car–Parrinello

molecular dynamics simulations reveal the dominance of

bridges with two water molecules over the bridges with one

water molecule. However, the overall abundance of both types

of bridges is also low. Interestingly, the most stable two-water-

molecule bridge is formed between H62 and N7 atoms of

adenine. Nevertheless, the corresponding tautomeric structure

of adenine has never been considered as biologically significant.

In the case of thymine, an analogous bridge is formed between

O4 and H3 atoms; while in the case of cytosine it is located

between H41 and N3(O2) atoms. Another unexpected result is

the absence of any type of water bridges around guanine.

Furthermore, for all considered NABs, as seen in Fig. 2, the

presence of bridges is not related to a specific value of the total

hydrogen bond coordination number. Consequently, one may

conclude that bridge formation is not correlated to any

particular configuration of the hydration shell of the DNA
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base. Both MD approaches predicted almost the same

magnitude of the time period when water bridges stay

connected to the site (tdyn). The period of existence of such

bridges in the CPMD simulations varies from 40 fs (guanine,

red area in Fig. 1A) to about 7 ps (adenine, red area in

Fig. 1A). Analogous values predicted by the AMBER force

field MD calculations amount to approximately 3 ps.

It is important to understand how the low abundance of

bifurcated water bridges will influence the values of the

corresponding proton transfer (tautomerization) rate constants.

For this purpose, the rate constants of most biologically relevant

binding sites of DNA (red areas around each NAB in Fig. 1A)

were calculated using the eqn (1) of the instanton approach at the

static PCM level. Based on the values of those rate constants

(Table 2), we estimated the characteristic time of proton transfer

in bifurcated NAB/xH2O complexes (x = 1 and 2).

Such time is calculated as tstatic = 1/k, where k is the

rate constant for the given water-assisted proton transfer

tautomerization process. It is known that the characterization

time is interpreted as an average time elapsed before a

molecule reacts.31 Thereby, in order for a tautomerization

reaction to occur, the time when water bridges in the first

hydration shell remain connected to NABs (tdyn) should be

comparable with tstatic. However, both classic and Car–Parrinello

MD simulations suggest that the time when bridges stay

connected to the site (see tdyn in Fig. 2) is 109–104 times

shorter than the characteristic time of tautomerization in

NABs (see tstatic in Table 2). Therefore, due to the existence

of the dynamic effect of environment, rate constants obtained

from the PCM-based static ab initio calculations of water

assisted proton transfer (Table 2) should be corrected by the

factor calculated from expression: tdyn/tstatic. Such a correction

will significantly decrease the values of the rate constants for

water-assisted tautomerization. Consequently, a significantly

longer time will be needed to reach the equilibrium concentration

of ‘rare’ tautomeric forms of NABs.

Let us consider some possible biological consequences of the

dynamic effect described above. The corresponding uncorrected

and corrected rate constants for guanine and cytosine are

collected in Table 3.

Taking these values of the rate constants into account, one

might simulate the kinetics of water-assisted tautomerization

of the DNA bases in cytosol during the first 1000 s. This time

period is chosen since it approximates the time period required

to generate a cell of E. coli.32 It parallels the same order of

magnitude as the time of the DNA synthesis in this cell. The

experimentally determined frequency of spontaneous GC- AT

transitions is estimated at approximately 10�10 mutations per

base pair replication.33 As follows from the data presented in

Table 3, the predicted kinetic parameters depend on an

abundance of water bridges. Indeed, as we have already

revealed5–7 in the case of uncorrected rate constants, the

equilibriums between canonic and tautomeric forms are

established instantly (see t95% equilibrium values). This results

in the equilibrium constant values (K= kf/kr equal to 6.3� 10�5

and 1.5 � 10�3 for guanine and cytosine, respectively) that

Table 1 The population of bifurcated water bridges. Data obtained from the CPMD and classical (in parentheses) MD simulations. Red, blue,
and green colors correspond to the CPMD data in Fig. 1A and 2

Corresponding colors in Fig. 1A and 2

Tautomerization sites in each NAB
Bridge population around each tautomerization site,
% of Simulation Time

X Y

Cytosine

N3 H41 3 (2.50) 26.22 (5.3)

O2 H1 0.02 (2.40) 4.58 (6.0)

O2 H41 — 5.35

Thymine

O4 H3 5.08 (2.31) 36.20 (5.78)

O2 H3 0.51(2.01) 0.31 (6.28)

O2 H1 1.04(2.37) 16.74 (16.74)

Guanine

O6 H1 0 (2.55) 0.26 (6.61)

N3 H22 0.40 (3.69) 7.73 (4.90)

N3 H9 0 (2.33) 0 (8.29)

Adenine

N1 H61 0.30 (3.21) 6.04 (3.50)

N7 H62 7.57 (5.92) 57.70 (3.98)

N3 H9 0.83 (1.44) 0.51 (8.85)
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significantly exceed the frequency of the spontaneous

GC - AT transitions. A completely different trend is

observed in the case of the corrected rate constants.

In the case of guanine, the tautomerization during the

first 1000 s results in the formation of tautomeric form

in the amount equal to 5.4 � 10�11. This value represents

the amount that is smaller than the relative concentration

of the rare form corresponding to the frequency of the

spontaneous GC - AT transitions. In addition, the time

required to reach the tautomeric equilibrium exceeds time to

generate E. coli cell by seven orders of magnitude. In contrast,

the tautomerization of cytosine yields an amount of

tautomeric forms that has a concentration comparable to

the equilibrium concentration; i.e. significantly exceeds the

frequency of the spontaneous GC - AT transitions.

Therefore, according to these predictions, only the tautomers

of cytosine could be the subject of the correction processes of

post replication enzymes.

However, it is arguable whether the Density Functional

Theory within the GGA approximation is adequate to treat

such phenomena. Indeed, due to non-local electron correlations

weak dispersion interactions are not properly described by

most semi-local functionals, and particularly BLYP.13,14,34

Recent studies on the structure and dynamics of ‘‘DFT water’’

show the overstructuring of the first solvation shell and the

significant reduction of diffusion coefficient.35–37 By augmentation

of the BLYP simulation with empirical van derWaals correction,

one can soften the structure of the solvent and achieve a better

agreement with the experiment.38–40 Since the current DFT

description of liquid water overestimates intermolecular bind-

ing, it is quite possible that our results represent the upper

bound stability limit of water bridges around nucleic acid

bases. In other words, the inclusion of a proper description of

the van der Waals interaction would result in the weakening of

the H- bond network around the studied molecules and further

destabilization of water bridges. Therefore, water bridges may

Fig. 2 Each graph consists of lower, middle, and top panels. Lower panels: coordination numbers of (A) cytosine, (B) thymine, (C) guanine, and

(D) adenine during the simulation run. The formation of water bridges is marked at the top of each graph in red, blue, and green according to

Fig. 1A (see Table 2 for details). Middle panels: the presence of one-water-molecule bridges around the tautomerization sites. Top panels: the

presence of water bridges comprised of two water molecules.
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be formed even more sporadically than it was revealed during

our simulations, and the major conclusions of this work

remain valid.

Conclusions

For the first time, the investigation of water-assisted

tautomerization processes in NABs has been carried out with

the use of dynamical methods. This study has revealed that

even the longest observed periods during which water

molecules form bifurcated bonds with NABs are much shorter

than the time needed for proton transfer in such systems. This

shed new light on the application of the widely used static

ab initio approach for evaluation of tautomerization probability

in the NABs and similar systems. The results of such calculations,

when one (or two) explicit water molecule(s) serves as a bridge

for proton transfer in an overall implicit aqueous environment,

should be used with caution. The data provided by the

molecular dynamics simulations in an explicit bulk water

environment challenges the conclusions obtained using static

models.

After applying a correction for the contribution of a dynamical

environment, our data do not exclude the involvement of

water bifurcated bridges in the generation of cytosine ‘rare’

tautomers. Thus, the probability of a water-assisted mechanism,

as has been predicted by the static ab initio calculations, still

remains for this system. However, for guanine, even after

the corrections, we have revealed only the possibility of an

intramolecular tautomerization mechanism of proton transfer.

This changes the widely accepted concept of guanine tauto-

merization in solution. We believe that our conclusions should

be neither blindly accepted nor flatly rejected but rather

considered in the context of the known limitations of existing

methods. The results presented here should not be confused

with the cases where the NAB–water bridge complexes formed

in vacuum.41,42
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