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In theoretical simulations of proton transfer in DNA, environmental factors nearly have not been considered.

In our calculations, using QM/MM method on the basis of CP2K, proton transfer on adenine-thymine base pair

is studied in water, at wide scope temperature, and under the external electric field. Our results indicate that the

external electric field induces the proton transfer at room temperature, and its intensity and temperature have

some effect on hole localization and proton transfer.
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Introduction

Proton transfer in complementary bases of DNA plays an

important role in genetic mutation,1,2 radiation-induced

DNA damage,3,4 and charge migration along the double

helix in DNA.5-7 On the basis of pKa measurements, it was

predicted that proton transfer occurs on guanine-cytosine

(GC) base pair charged positively or negatively.8-11 Mean-

while it was pointed out that proton transfer would not take

place on the radical cation of adenine-thymine (AT) base

pair for its weak acid in the last decade.8,10 Therefore, studies

of proton transfer in GC base pair have been paid more

attention for both experimental and theoretical research. On

the other hand, our understanding on proton transfer in AT

and GC base pairs mainly comes from the data of single base

or base pair, and the environmental factors were omitted in

the most former simulations.12-15 Related studies pointed out

that DNA is sensitive to environmental factors, such as

solute, temperature et al. Recently Conwell group pointed

out that proton transfer appears on radical cation of AT base

pair at low temperature in water.16 At higher temperature,

what would happen? In this paper, we investigate whether

proton transfer could be found at higher temperature in

water, then the proton behaviors under the external electric

field are discussed.

Computational Method

In our calculations, to reduce scale effect, considering the

computational cost, a B-DNA stack composed of 10 AT base

pairs, (AT)10, will be constructed with Amber 12 and

AmberTools 13 Suite.17 18 Na+ ions are added as counter-

ions to be neutral. Usually this method works by construct-

ing a Columbic potential on a 1.0 angstrom grid and then

placing counter-ions one at a time at the points of lowest/

highest electrostatic potential. In this paper, they will be

placed in major and minor grooves. Then the sodium mole-

cules are moved 2.88 angstroms from the backbone to

decrease its effect on charge distribution. (AT)10 including

the counter-ions will be solvated with a truncated octahedral

box model, 2985 water molecules are placed in it. Before

commencing molecular dynamics, it is necessary to mini-

mize the above structure to remove bad contacts and reach

closet local minima. The following QM/MM dynamics are

carried with CP2K code, which provides a general frame-

work for DFT using a mixed Guassian and plane waves

approach and classical pair and many-body potentials.16,18-20

Especially, CP2K is advantageous to calculate an odd elec-

tron system because it incorporates a correction for the

incomplete cancelation of the electron self-interaction, which

is found to be a serious shortcoming of DFT.21,22 5 com-

plementary bases from No.4 to 8 of the (AT)10 are defined as

quantum box, which will be simulated with quantum

mechanics (QM), and the others with molecular mechanics

(MM). It should be pointed out that water and Na+ are

excluded out of the QM region.

Results and Discussion

Removing an electron, a hole is induced into (AT)10. The

hole spreads on the whole QM region at the beginning of the

simulations showed in Figure 1. And then it localizes on one

adenine gradually, which has lower on-site energy of a hole

compared with a thymine base.23,24 Conwell et al. demon-

strated that the water hydration induces hole localization on

one base, instead of several bases.16 In our calculations, if

the waters are dealt with quantum mechanics, which the

distance with the helix less than 8 angstroms, the hole would

localize on waters.25,26 Next we study the temperature, and

then the external electric field influences on charge locali-

zation and proton transfer.

Temperature Effect on Charge Localization and Proton

Transfer. Usually, the experiments on proton transfer and

charge transport in DNA are under the room temperature.27-31
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However temperature influences are omitted in theoretical

simulations. In our simulations with CP2K, the temperature

is adjusted from 20 k to 300 K.

To observe the temperature effect on the charge locali-

zation time, we define the whole hole localization on a

adenine as localization time at the spin density m(r) = 0.001.

From 20 K to 300 K, the hole localization time changes from

20fs to 38fs showed in Figure 2. We deduce that higher

temperature cause stronger vibration and rotation of waters,

and this induces the polarization of waters more disorderly.

So when temperature arises, the hole localization becomes

more difficult. In Figure 3, hydrogen bond stretches are

plotted from 20 K to 300 K. Obviously, at 20 K, the H-O

hydrogen bond vibrates and becomes shorter until 85fs. The

length of H-O is about 1.0 angstrom after stability, which

shows us that proton transfers form N6 to O4. Temperature

arises, proton transfer will be more difficult.

When an external electric field applied, the hole will

occupy an adenine base once we begin the simulations.

Conwell et al. pointed out proton transfer could be found on

AT base pair below the room temperature from N6 to O4 as

the Figure 4.

External Electric Field Effect on Proton Transfer.

Followed Denis et al. calculations applied external electric

field, we also induce the electric field parrel with the O-H

hydrogen bond between complementary bases which the

hole localized in DNA. The direction of external electric

field showed in Figure 4. The scope of the Eext is from 0 to

100 au (1 au = 5.14 × 1011 V m−1).32,33 Firstly we observe the

proton transfer at 20 K as Figure 5. The phenomenon appears

at 45fs however the electric intensity. It is obvious that the

electric field will accelerate proton transfer on AT.

Figure 1. Charge distribution on AT at the beginning of the
simulations.

Figure 2. Relationship between temperature and localization time
of the hole in AT base pair.

Figure 3. H-O and N-H hydrogen bond stretches of AT base pair
the hole localized at different temperature. H-O and N-H represent
the hydrogen bond between hydrogen-oxygen, nitrogen-hydrogen.

Figure 4. Scheme of proton transfer on AT, where the dotted arrow
represents the direction of the electric field.

Figure 5. At 20 K, the intensity of the external electric field effect
on proton transfer in AT.
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In order to study the intensity of the external electric field,

we plot the hydrogen bond length between O-H, N-H of AT

base pair at the step of 20 au. Some of our simulations are

short because we terminate to avoid higher temperature and

induce strange changes. It’s interesting that the proton

transfer occurs at different electric field intensity from 20 au

to 100 au at 20 K. The intensity of electric field influences

are clear on the distance of N-H than that of H-O. At 300 K,

the cases have the same tendency in Figure 6.The difference

between at low temperature and high temperature is that the

electric field intensity will not obvious effect in the latter

case. It shows us the molecular will be more active at high

temperature and its effect will be more important.

Conclusion

Temperature and external electric field effect on charge

distribution and proton transfer have been investigated by

DFT calculations with CP2K code. The following conclu-

sions emerge from our calculations: (1) Temperature is one

of the most dominant factors on charge distribution and

proton transfer in AT base pair. Temperature higher, the hole

will be more difficult to localize. It is speculated that higher

temperature causes stronger polarization disorder of waters,

and this disorder makes charge distribution slower.

As to proton transfer, it is agree with Conwell’s conclusion

that it could be found at low temperature. (2) Suitable ex-

ternal electric field induces proton transfer occur at room

temperature. Under the electric field, no matter how low and

higher temperature, proton transfer all could be found.
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Figure 6. At 300 K, the intensity of the external electric field effect
on proton transfer in AT.


