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Nuclear quantum effects on electron transfer reactions in DNA hairpins
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The driving force dependence of photoinduced electron transfer rate constant in synthetic DNA hairpins in
aqueous solutions has been analyzed by means of molecular dynamics simulations. The quantum energy gap
law has thus been investigated from a fully atomistic point of view, well reproducing the experimental results
with reduced ambiguities in the parameter fitting. Although the contribution from the high-frequency vibra-
tional modes of DNA and water solvent to the reorganization energy is fairly small, their quantum effect on the
electron transfer rate constant is significant, well accounting for the deviation from the Marcus parabola

observed in the experiments.
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The charge transfer reactions in DNA have recently attion spectroscopy, and explained the experimental data in
tracted much attention in the contexts of biological interestderms of the semiclassical Marcus-Levich-Jortner formula

such as radiation-induced damage and repair of gejesd

[3,5]. They then found that the CS and CR reactions belong

of nanotechnology applications using DNA duplexes as moto the normal and inverted regions of ET, respectively, and
lecular wires[2]. Considerable experimental and theoreticalthat a nuclear quantum effect, represented by a single high-
efforts have focused on the elucidation of long-range elecfrequency (1500 cm’) mode, plays a considerable role. It

tron transfer(ET) in DNA where the ET rate constant is
usually expressed 48-5]

k=Kkq exp(— Br) 1)

as a function of the distanae between the donor and the
acceptor with a decay consta@t This exponential depen-

may be pointed out, however, that there is an ambiguity in
the discrimination between the low-frequer(cjassical sol-

vent modes and the high-frequen@uantum modes in the
parameter fitting based on the semiclassical model, and that
other high-frequency modes such as those associated with
the stretching modes of water molecules with frequency ex-
ceeding 3000 cm® exist. The major purpose of the present
work is therefore to attempt a more quantitative theoretical

dence may essentially be considered to be of electronic oriynajysis on the experimef8] from a fully atomistic point of
gin, and there have been many debates concerning this issygw relying on molecular dynamicéD) simulations and

[4]. Recent advances in the investigatig@$ have then led
to a finding of an important role played by the guani®®

the quantum theory for ET.

base as a hole trap because it has a lower ionization potential @ [ L—| [ L_|

compared to the other bases, aderiifdg cytosine(C), and
thymine (T).

As has been elucidated by the standard theories for ET | | | |

reactions[3,5], the rate constant is also controlled by the
structural relaxation effects of molecules surrounding the do-
nor, acceptor, and mediators of ET. Such an effect is com-
pactly expressed in terms of the donor-acceptor free-energy
gap AG and the reorganization energy in the nuclear
Franck-Condon factor. Recently, an intriguing experiment by
Lewis et al. [6] focusing on a systematic elucidation of this
effect has appeared, in which the photoinduced charge trans-
fer rate constant in DNA hairpins in aqueous solution has
been measured as a function of energy gap by varying

the species of linker chromophores such as stillieae Fig.

1). They measured both charge-separatié® and charge
recombination (CR) reactions between the linker chro-
mophore(electron acceptorand the G baséelectron donor

or hole acceptgrby means of time-resolved transient absorp-
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FIG. 1. (a) Structures of DNA hairpins with nearest-neighbor
(GCY and bridge-mediateGC3) nucleobase quenchef$) Struc-
ture of linker (L) chromophore, SA.
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FIG. 2. (Color) Snapshot of
the MD run for the GC1 with the
neutral SA in the ground state sur-
rounded by a water-solvent
sphere.

The ET rate constant between the linker chromophore andnd its time correlation functiofifCF) as
the G base is given by7—10|
AkgT (*» Jw)
dw ——coswt, (6)
a 0 w

V2 . (SAV(0)S5AV(t))y=
k= ﬁzRe( J'xdtexp[F(t)]) (2

which is related to the Fourier transform of the spectral den-
sity at temperatur@&. The classical limit§—0) of Eq.(2) is

in the nonadiabatic limit. Her¥ refers to the electronic cou- the Marcus formuld3]

pling constant and

. 277\/2 1 )1’2 p[ (AG+\)? @
[ 2 (= ] = VAT ST T T kT |
F(t)=7AGt+ — | dw () i~ \4mhkeT 4nkgT
h Th 0 w2
where the reorganization energy is given by
" ho
X (COSwt—l)COtl’( +isinwt|, (3 2 (= J
2kaT x:;j dw—(j). ®
0

with the Boltzmann constarkg and the Planck constarit

This function describing the nuclear Franck-Condon factor is We carried out the MD simulations for the DNA hairpins
thus governed by the donor-acceptor energy A@and the  in water with theTiNKER [11] package. As for the force field,
spectral density(w) associated with the surrounding struc- Wwe used thesvBeR [12] for the DNA hairpins and the flex-

tural fluctuations. The spectral density can then be calculate#le TIP3P[13,14 for the surrounding water molecules. In
through MD simulations. Let us consider the reaction coor-order to accelerate the calculations for nonbonded interac-

dinate for ET as tions such as the Coulombic and van der Waals forces, the
MD Engine Il (Fuji Xerox Co., Ltd., see Ref[30]) was
AV=H;—H;, (4)  employed for the parallel computing without the long-range
cutoff. Concerning the structures of DNA hairpins, we have
where H; and H; are the(electronically diabatic nuclear considered those studied by Leves al. [6], one (GCD) in
Hamiltonians in the initial and final states of ET. We thenwhich the GC pair is adjacent to the stilbene-4,

consider the fluctuation around the thermal average 4’ -dicarboxamide(SA) linker and anothefGC3) in which
the GC pair is separated from the SA linker by two interven-
SAV(1)=AV(t)—(AV(t)) (5) ing TA pairs, as shown in Fig. 1. The initial structures of the
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FIG. 3. (@ The normalized TCFC(t) and (b) the normalized b% __ ;r:f" GC3 - ; _
spectral densitﬁ(w) for the GC1 with the neutral SAin the ground & | "I." I,-"r'r N 1 ‘\ .\: |
state. = 8 I ;'f"l (V=30cm™) - \‘\\ ]
L "
B-form DNA hairpins together with 16 Na counterions T ;"f exc’, \‘\ b
were generated with the HyperChédiRelease 6.02, Hyper- _. 0 | . | . | ": 1\
cube, Inc., Gainesville, FL, 199®ackage and then embed- 6 0 1 n 3 4
ded in a water sphere with a radius of 30 A. For the neutra ~
and charge-separated states of SA linker and G base, v -AG (eV)
performed the molecular orbital calculations and the struc-
tural optimizations with the Hatree-Fock/6-31G@nethod us- FIG. 4. (Color) The free-energy dependence of the ET rate con-

ing the GAUSSIAN 98[15] package. The atomic charge distri- stant for (a) GC1 and(b) GC3 hairpins. Blue solid linggm):
butions for them were then calculated with the aid of thequantum-mechanical result with the SA in the ground state. Red
restrained electrostatic potential metHd®]. Regarding the dashed line(cl): classical result with the SA in the ground state.
neutral state of the SA linker with which the MD runs were Purple dotted lindexc: quantum-mechanical result with the SA in
performed, we carried out the calculations both for(@lec-  the excited state. Pink dashed lifed): quantum-mechanical result
tronically) ground and excited states using the Conﬁgura’[ionWith the SA in the excited state, where the optical dielectric con-
interaction-singles methdd. 5] for the latter. After the struc- Stante.=1.79 was employed. Green solid circlésxpt: experi-
tural optimizations for the DNA hairpins and the surrounding™ental result§6].
water molecules requiring the gradient norm less tha
1.0 kcal/mol/A, the isothermal MD simulations af
=300 K were performed for 150 ps, in which, after the
equilibration, the last 100-ps data were used for the calcul
tions of the TCF and the spectral density. The snapshot for
MD run is shown in Fig. 2.

The calculated results for the normalized TCF

The intramolecular and intermolecular motions. Roughly
speaking, the contributions to the spectral density in Fig). 3
stem from the three frequency regimes: that from the regime
%elow about 1000 cit mainly refers to the contribution
alssociated with the diffusive modes of translational, rota-
tional, and librational motions of water solvent, which in-
cludes the Debye relaxation regi$8,17,18g; that between

C(t)=(SAV(0) SAV(t))/{ SAV(0)2) (9) 1500 and_ 2000 cm* mainly corresponds to the intramolecu-
lar bending modes of water molecules; and that above

and the normalized spectral density 3000 cm ! may be assigned for the stretching modes of wa-
@) ter molecules. It should be remarked, however, that the con-
~ » o tributions from the DNA hairpins are superimposed on those
‘](w)_‘](w)/ fo do—> 19 from the water solvent, giving a more complicated spectrum

compared to that for the latter alone. For example, the peak
are shown in Figs. (@) and 3b), respectively, for the GC1. at around 3100 cm' refers to the contribution from the
In Fig. 3(@ we can see typical oscillations associated withstretching modes of hydrogen atoms contained in the DNA
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hairpin. We can then calculate the electron transfer rate con- TABLE |. Decomposition of the reorganization energy into
stantk as a function of the energy gapG on the basis of the components in specific frequency ranges based on(&qgand
Eq. (2). Here we assume that the spectral dend{y) and (11 in the case of GC1 with SA in the ground state.

the electronic coupling consta are virtually identical

among each series of all the GC1- or GC3-type molecular Freguency range (cri) Partial\" (eV) (%)
structures investigat_ed in the experimef@$irrespective of 0—800 1257 83.0
the species of tht_a Imkgr chromophores. The calculated re- 800-1400 0172 114
sults fork are depicted in Fig. 4. 1400-2500 0.059 3.9
The position of the maximum in the AG versusk curve 2500—4000 0.026 17

is essentially given at-AG=N\, as indicated in Eq(7),
distinguishing the normal region(AG<\) from the in-
verted region ¢ AG>N\) [3]. Taking into account the con- fer presumed in the present model may cause some errors,
tributions from the electronic polarization, we have renor-especially in the case of GC3. Fifth, there may be uncertain-
malized the reorganization energy by a scaling factor as tjes in the experimental estimatg24] for the value ofAG,

[19] causing a shift in theAG-k curve. Finally, the harmonic,
11 1 nonadiabatic, and Condon approximations underlying the
e/ %

€ €p €p

(12) theoretical analysis7—10] may bring about some errors such
as those associated with the fluctuating effective electronic
using the static €;) and optical €.) dielectric constants.
The quantum-mechanical result, “gm,” in Fig(a} has thus

coupling[25].
been calculated employing,= 78.4[20] ande,,=1.111[21]

In conclusion, we have performed MD simulations for
explaining the driving force dependence of ET rate constant
for the GC1 with the neutral SA in the ground state. The
corresponding classical limit, “cl,” and the result for the SA

in DNA hairpins in aqueous solutions and succeeded in well
in the excited state, “exc,” are also depicted in the sam

reproducing the experimental resu[] with minimal pa-
figure [22] in comparison with the experimental valujés,

NIN=

rameter fitting. The primary adjustable parameter, which
€ould be obtained through the molecular orbital calculations,
is the (effective) electronic coupling constant whose optimal
“expt,” denoted by the solid circles. It is observed in the value(has bezn estimated topmg_ 380 and 30 cmt For
figure that the quantum-mechanical calculation can satisfacGCl and GC3, respectively, giving a reasonable value for the
torily reproduce the experimental resul& without resort- electronic decay constant @=0.75 A1 in Eq. (1). An
ing to intentional parameter fitting; except for the magr.“wdeadditional uncertainty may also come from the contributions
of t_he (unknowr elect%cjt)mc coupling constant, which is ¢ 6 electronic polarization. We have then identified signifi-
estimated to be 380 cnt in the case of GC1. Remarks aré o5 clear quantum effects in the inverted region of the
also in order regarding the significant difference between th%G-k curve through comparison with the experimental re-
classical and quintum ce;lculatlor;saiom the inverted re- g5 |t should also be remarked, however, that the contribu-
gion b_y as much as a factor of L®r more at around iong from the high-frequency modes to the reorganization
—AG=3 eV, which markedly represents an important roleen oy which includes both the inner and outer sphere parts
plfiyed by the nuclear quantum effects prlmarl!y associate: |, are relatively small, as shown in Table I. Thus, although
with hydrogen atoms, and is actually observed in the eXPerifa total value oh’ =1.51 eV in the GC1 agrees fairly well
ments[GE). N hat di _ il in b with the value of 1.22 eV estimated by Lewss al. [6], the
We o lserlvg n F'%‘ 4t at |screpanqb9is st _remamh e'decomposition into the constituents seems quite different. In
tween calculation and experiment. Possible origins for themy,q |4tter analysis the total reorganization energy was decom-
include the following. First, the value for the electronic cou- posed into a sum of the contributions from the low-frequency
pling constantV is fixed in the calculation, neglecting the solvent mode X.=0.23 eV) and the high-frequency
variations inV according to the species of linker chro- 1500 cm ) quansium. mode X;=0.99 eV), whereas the
. 1 . ’
mophores. Second, ther_e may be doubits regarglmg the acclrosent analysis has found that the reorganization energy as-
racy of ?heAMBER force f'e'd[iz] fo_r the calculation of the sociated with the low-frequency modes is overwhelmingly
reorganization energy, espeually n t_he case of GC3, Wheraominant, which is consistent with other theoretical esti-
the long-range structural fluctuations in the DNA duplex maymates[ZG—Zq based on the dielectric model
be emphasized more significantly. Third, there is an ambigu- '
ity in the reorganization energy arising from the contribu- We would like to thank A. Okada, N. Kurita, and O.
tions of the electronic polarization, as shown in Etfl); we  Okada for useful discussions. Technical assistance by Y.
obtain the curve denoted as “el” in Fig.(d) if we usee,, Kumagai on the numerical calculations is also appreciated.
=1.79[23] instead of 1.111 in the case of GC3 with the SAThis work was supported by Research and Development for
in the excited state. Fourth, some mixing of incoherent hopApplying Advanced Computational Science and Technology
ping processef?] into the coherent one-step electron trans-of Japan Science and Technology Corporatia@T-JST).
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