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Abstract

In a recent experiment, the repair efficiency of DNA thymine cyclobutane dimers (T<>T) on UV

excitation of 8-oxoG base paired either to C or A was reported. An electron transfer mechanism

from an excited charge transfer state of 8-oxoG-C (or 8-oxoG-A) to T<>T was proposed and 8-

oxoG-A was found to be 2 – 3 times more efficient than 8-oxoG-C in repair of T<>T. Intra base

pair proton transfer (PT) in charge transfer (CT) excited states of the base pairs was proposed to

quench the excited state and prevent T<>T repair. In this work, we investigate this process with

TD-DFT calculations of the excited states of 8-oxoG-C and 8-oxoG-A base pairs in the Watson-

Crick and Hoogsteen base pairs using long-range corrected density functional, ωB97XD/6–31G*

method. Our gas phase calculations showed that CT excited state (1ππ*(CT)) of 8-oxoG-C appears

at lower energy than the 8-oxoG-A. For 8-oxoG-C, TD-DFT calculations show the presence of a

conical intersection (CI) between the lowest 1ππ*(PT-CT) excited state and the ground state which

likely deactivates the CT excited state via a proton-coupled electron transfer (PCET) mechanism.

The 1ππ*(PT-CT) excited state of 8-oxoG-A base pair lies at higher energy and its crossing with

ground state is inhibited because of a high energy gap between 1ππ*(PT-CT) excited state and

ground state. Thus the gas phase calculations suggest the 8-oxoG-A would have longer excited

state lifetimes. When the effect of solvation is included using the PCM model, both 8-oxoG-A and

8-oxoG-C show large energy gaps between the ground state and both the excited CT and PT-CT

states and suggest little difference would be found between the two base pairs in repair of the

T<>T lesion. However, in the FC region the solvent effect is greatly diminished owing to the slow

dielectric response time and smaller gaps would be expected.
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1. Introduction

DNA, the carrier of genetic information for all cellular forms of life, is susceptible to

specific types of DNA damage from ultraviolet (UV) light. The major photoproducts on UV
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radiation of cellular DNA are the cyclobutane pyrimidine dimers, such as, the thymine

cyclobutane photodimer (T<>T) formed by the [2+2] cycloaddition of the stacked

thymines.1–6 Using femtosecond time-resolved infrared spectroscopy Schreier et al.6

showed the formation of cyclobutane dimers in the oligodeoxynucleotide (dT)18 within ca. 1

picosecond after the UV excitation at 272 nm. In a very recent study, Pan et al.7 have

determined the quantum yield for the formation of T<>T for a series of short DNA single-

strand and base-paired hairpin structures possessing a single thymine-thymine step with

flanking purines. These authors found that the quantum yield for the formation of T<>T

photodimer was very strongly dependent upon the oxidation potential of the purines and

decreasing in the order: hypoxanthine > adenine > guanine > deazaguanine.7 Mechanisms of

repair of T<>T photodimers are of considerable interest3,8,9–18. Studies have shown that

both: (i) direct photoreversal3,8 and (ii) indirect photoreversal9–14 mechanisms are possible.

We note that nucleotide excision repair (NER) is also a versatile repair pathway which

involves enzymatic removal of the UV-induced cyclobutane pyrimidine dimers.16–18

Very recently, Nguyen and Burrows studied the photoreversal of damaged T<>T present in

DNA duplexes containing 8-oxo-7,8-dihydroguanine (8-oxoG). In their experiment, they

exposed the damaged DNA to UV light that electronically excited an 8-oxoG which was

placed at different positions with respect to a T<>T in DNA and monitored the repair rates

of the T<>T.12–14 The results found suggest that the T<>T repair via photoreversal

supported a catalytic role played by 8-oxoG. The mechanism involved the transfer of an

excess electron from the excited 8-oxoG to the T<>T. This resulted in the cleavage of the

T<>T cyclobutane ring which is followed by back electron transfer to 8-oxoG•+ restoring

the original 8-oxoG. The repair rate was found to depend on both the location of the 8-oxoG

and on its base-pairing partner in the damaged DNA. When 8-oxoG paired with cytosine (8-

oxoG-C) in the Watson-crick conformation the repair was 2 – 3 times slower than the 8-

oxoG paired with adenine (8-oxoGsyn-Aanti) in a Hoogsteen base pair.13,14 To account for

the slow repair rate of T<>T by the excited 8-oxoG-C base pair it was speculated that a fast

deactivation of the CT excited state in 8-oxoG-C base pair occurred via a proton-coupled

electron transfer (PCET) mechanism. However, for 8-oxoGsyn-Aanti deactivation of the CT

excited state through PCET was suggested to be less effective than found for 8-oxoG-C

because the repair efficiency of nearby T<>T was higher for 8-oxoGsyn-Aanti than for 8-

oxoG-C. Such fast deactivation mechanisms have been shown to occur within a picosecond

and non-radiative decay of CT excited states in several DNA base pairs (G-C, A-T and a

model base pair) through a PCET mechanism has already been proposed in the

literature.19–25

8-oxoG is the most common oxidatively generated DNA damage caused by ionizing or UV

radiation and usually results from •OH addition to guanine or nucleophilic addition of water

to one-electron oxidized guanine.26–28 The mechanism of 8-oxoG formation in cellular

DNA has been well documented recently by Cadet et al.29,30 In DNA, 8-oxoG base pairs

with cytosine in the Watson-Crick hydrogen-bonded fashion and it can also base pair with

adenine in the Hoogsteen base pair between 8-oxoG and adenine in which they adopt syn-

and anti-conformations (8-oxoGsyn-Aanti) in duplex DNA.31,32
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The standard reduction (SR) potential for the oxidation of guanine is the lowest (1.3 V) of

all four main DNA bases. This has important implications in DNA since guanine acts as a

“hole” sink and protects other bases from damage by one-electron oxidation. The SR

potential for oxidation of 8-oxoG is (0.7 V)14 and it is significantly lower than that of

guanine. Thus, 8-oxoG is a far better “hole” scavenger than guanine in DNA.33 While the

excited states of the G-C base pair have been extensively studied by experiment and theory

in order to better understand the deactivation mechanism of the charge transfer excited

state19–25,34, theoretical studies of the excited states of 8-oxoG-C or 8-oxoG-A base pairs

have not been performed. The study of the excited states of 8-oxoG-C or 8-oxoG-A base

pairs are of interest to understand the effect of possible charge transfer excited state

formation on the T<>T repair process. In this work, we have investigated the excited states

of 8-oxoG-C and 8-oxoG-A (8-oxoGsyn-Aanti) base pairs using long-range corrected time-

dependent density functional theory (TD-DFT).

The organization of the present study is as follows: In section 2, the details of the ground

and excited states calculations using the ωB97XD density functional is given. In section 3.1,

the accuracy of the chosen functional for excited state calculation is compared with the

available CC2 excited state energies of the G-C and A-T base pairs. The geometries of the

ground and excited states, vertical excitation energies of 8-oxoG-C and 8-oxoG-A base pairs

and the potential energy profile of the decay path of the 8-oxoG moiety in the two base pairs

in the gas phase and in solution are discussed in sections 3.2 to 4.0. The outcome of the

results is discussed in section 4.1.

2. Method of Calculations

In this work, we employed ωB97XD density functional recently developed by Chai and

Head-Gordon.35,36 ωB97XD is a long-range corrected hybrid density functional with

damped atom–atom dispersion corrections and has been found more reliable for the

calculation of the dispersion as well as charge transfer (CT) excited states than results found

using earlier density functionals.35,36 The initial geometry of 8-oxoG-C was generated by

placing 8-oxoG and C monomers in the hydrogen-bonded Watson-Crick conformation while

the geometry of 8-oxoG-A base pair was generated by placing the 8-oxoG and A in a

Hoogsteen base pair. We attached methyl group to N9 of guanine and adenine and N1 of

cytosine in the base pairs to mimic the effect of sugar ring as these sites are attached to the

sugar ring in the DNA. The initial geometries of 8-oxoG-C and 8-oxoG-A thus generated

were used for the optimization of their ground and excited states using the ωB97XD/6–31G*

method. The ground state optimized geometries were used for calculation of the vertical

excited states using the TD-ωB97XD/6–31G* method. The potential energy surface (PES)

for proton transfer in the lowest CT excited state in the vertical and adiabatic states were

calculated by choosing N1-H and N7-H bond lengths of 8-oxoG as reaction coordinate in 8-

oxoG-C and 8-oxoG-A base pairs, respectively. For adiabatic calculations, at each chosen

N-H bond length on the PES, the CT excited state was fully optimized by only constraining

the corresponding bond length. The effect of solvation on the excited states of these base

pairs are discussed in section 4.0. All the calculations were carried out using Gaussian 09

suite of programs.37 JMOL38 and GaussView39 molecular modeling software were used to
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draw molecular structures and molecular orbitals. In the text, we label highest occupied

molecular orbital (HOMO) as H and the lowest unoccupied molecular orbital (LUMO) as L.

3. Results and Discussion

3.1 Suitability of the ωB97XD method for excited state calculation

To test the suitability of the ωB97XD/6–31G* method for the excited state calculations

involving charge transfer excited states, we considered guanine(G)-cytosine(C) and

adenine(A)-thymine(T) base pairs as test cases and calculated their singlet vertical excitation

energies. The calculated excitation energies of G-C and A-T base pairs by the TD-

ωB97XD/6–31G* method were compared with those calculated in references 40 and 41

using the Coupled Cluster singles and doubles (CC2) method42, 43, see Tables 1 and 2.

For G-C base pair in Cs symmetry, the TD-ωB97XD/6–31G* method predicts the lowest

two transitions (S1 and S2) as local excitations (LE) which are 1ππ* in nature. The

corresponding transition energies are 5.22 eV and 5.32 eV, respectively, and the oscillator

strengths of these states are 0.0616 and 0.1036, see Table 1. The third transition (S3) occurs

at 5.45 eV with oscillator strength 0.0114 and it is also 1ππ*. It is due to the charge transfer

from guanine to cytosine and designated as G(π)→C(π*) in Table 1. The S4 transition is a

local excitation C(n)→C(π*) with excitation energy 5.72 eV. The S5, S6, S7 and S8

transitions are local excitations and they are 1ππ*, 1ππ*, 1nπ* and 1nπ* types and occur at

excitation energies 5.75 eV, 5.92 eV, 5.94 eV, 6.44 eV and 6.45 eV, respectively. The

excited states of G-C base pair in Cs symmetry was studied by Yamazaki and Taketsugu40

using the CC2/TZVP method. The CC2/TZVP method also predicts the lowest four

transitions (S1 – S4) as 1ππ*(LE), 1ππ*(LE), 1ππ*(CT) and 1nπ*(LE) as calculated using the

ωB97XD/6–31G* method. The CC2/TZVP calculated excitation energies are 4.88 eV, 5.06

eV, 5.23 eV and 5.49 eV, respectively, see Table 1. The CC2/TZVP method predicts S5 and

S6 as local excitations C(π)→C(π*), and G(π)→G(π*) while ωB97XD/6–31G* method

predicts these transitions as G(π)→G(π*) and C(π)→C(π*). The S7 and S8 transitions

calculated by the CC2/TZVP method are C(n)→C(π*) and G(n)→G(π*). Thus, we see that

the ωB97XD/6–31G* method predicts S1 – S4 transitions of G-C base pair in good

agreement with those calculated by the CC2/TZVP method having a maximum difference of

ca. 0.3 eV, see Table 1.

Using the CC2/TZVP method, Lange and Herbert41 calculated the six vertical singlet

excitation energies of A-T base pair. The first transition (S1) of A-T base pair, predicted by

the CC2/TZVP method is a local excitation T(n)→T(π*) and occurs at 4.94 eV, see Table 2.

The S2 – S4 transitions are 1ππ* type local excitations having excitation energies 5.21 eV,

5.40 eV and 5.47 eV, respectively, while the S5 transition was predicted to be A(n)→A(π*)

type. The 6th transition (labeled as S7 in Table 2) calculated by the CC2/TZVP method is a

charge transfer excitation A(π)→T(π*) and has excitation energy 6.04 eV. The ωB97XD/6–

31G* calculated excitation energies of A-T base pair matched very well with those

calculated by the CC2/TZVP method and have a maximum difference of ca. 0.3 eV except

the first transition (S1) for which the difference is ca. 0.4 eV. Thus, from these two test cases

(G-C and A-T base pairs) we found that the ωB97XD /6–31G* method is suitable for the
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excited state calculations having the charge transfer excitation and the calculated excitation

energies are in excellent agreement with those calculated by the CC2/TZVP method.40,41

3.2 Ground state geometry of 8-oxoG-C

The ground state (S0) optimized geometry of 8-oxoG-C base pair in the Watson-Crick

hydrogen-bonded conformation, calculated by the ωB97XD/6–31G* method, is presented in

Figure 1(a). The atom numbering of 8-oxoG-C is shown in Table 3. The optimized structure

is perfectly planar except the methyl groups attached to N9(G) and N1(C) sites. The bond

angles surrounding atoms N2(G) and N4(C) constituting the NH2 groups are 360 deg. which

shows that NH2 groups are planar in the base pair. The ωB97XD/6–31G* calculated

distances between O6(G)---N4(C), N1(G)---N3(C) and N2(G)---O2(C) in 8-oxoG-C

involved in hydrogen bonding are 2.81 Å, 2.91 Å and 2.90 Å, respectively. These calculated

distances are in excellent agreement with those determined experimentally by X-ray31 and

the corresponding distances are 2.85 Å, 2.95 Å and 2.84 Å, respectively.

3.3 Vertical excited states of 8-oxoG-C

The lowest seven (S1 – S7) vertical singlet excited states of 8-oxoG-C base pair calculated

using the TD-ωB97XD/6–31G* method are presented in Table 3 and the molecular orbitals

involved in the excitation are presented in Figure 2. The optimized ground state (S0)

geometry shown in Figure 1(a) is used for vertical excited state calculation. The TD-

ωB97XD/6–31G* method predicts first transition (S1) as 1ππ*(LE) localized on 8-oxoG

with an excitation energy 4.79 eV and oscillator strength 0.1233. This transition (S1) is

dominated by H→L+2 configuration, see Figure 2. The second transition (S2) is a charge

transfer excitation and 1ππ* in nature and occurs at 5.17 eV with oscillator strength 0.0348.

The charge transfer excitation (S2) occurs between H→L and in this state 8-oxoG-C

becomes 8-oxoG•+-C•−. The S3, S4 and S6 excitations are 1ππ*(LE) while S5 and S7

excitations are 1nπ*(LE), see Table 3. The S3, S4 and S6 excitations are dominated by

H-2→L, H→L+3 and H-4→L and S5 and S7 excitations are dominated by H-10→L and

H-5→L+2, see Figure 2. In comparison to charge transfer excitation (5.45 eV) in G-C base

pair (Table 1), the charge transfer excitation in 8-oxoG-C occurs at lower energy (5.17 eV;

Table 3) and it is the second transition while in G-C base pair it is the third transition. The

oscillator strength in both the systems are relatively low compared to the oscillator strength

of the local 1ππ* excitation. Thus, it is possible that these charge transfer states are

populated by the nearby states having strong oscillator strengths and small energy

difference, see Tables 1 and 2, respectively. Also, smaller charge transfer excitation of 8-

oxoG-C than G-C is in accord with 8-oxoG being the site for primary oxidation instead of

guanine in DNA. This is supported from the fact that the oxidation potential of 8-oxoG is ca.

0.6 V lower than G.12–14

3.4 Excited state geometries of 8-oxoG-C

The ωB97XD/6–31G* optimized structure of locally excited 1ππ*(LE) state (S1) of 8-oxoG-

C base pair is shown in Figure 1(b) and the optimized structure is planar. The hydrogen

bonding distances between O6(G)---N4(C), N1(G)---N3(C) and N2(G)---O2(C) are 2.81 Å,

2.89 Å and 2.90 Å, respectively, which are similar to those calculated in the ground state,

see Figure 1(a). Since the excitation is local to the 8-oxoG, there is no appreciable structural
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change in the cytosine ring as the bond lengths are almost identical to the ground state

structure, see Figures 1(a) and 1(b). However, as expected the 8-oxoG ring shows some

structural change in compare to the ground state structure. In the excited state, the C4–C5

bond length increases by ca. 0.07 Å, C8-N7 bond length increases by ca. 0.03 Å and C8-N9

bond length decreases by 0.03 Å, respectively.

Interestingly, the full optimization of the charge transfer excited state 1ππ*(CT) of 8-oxoG-

C converges to the structure in which the N1 proton (H+) of 8-oxoG transferred to the N3 of

cytosine. To scan the adiabatic surface from the initial state to the final proton transferred

state (see Figure 1(d)), we constrained the bond lengths of N1-H and N2-H of 8-oxoG to

their ground state equilibrium bond lengths (see Figure 1(a)) and optimized the structure in

the charge transfer 1ππ*(CT) excited state using the TD-ωB97XD/6–31G* method. The

resulting optimized structure is shown in Figure 1(c). Electron transfer from 8-oxoG to

cytosine creates the charge transfer excited state. Thus, in the CT excited state 8-oxoG

becomes a radical cation (8-oxoG•+) and cytosine becomes anion radical (C•−). On

optimization of the excited 8-oxoG•+-C•− CT state, a large structural change occurs in the

cytosine ring and creates a slightly non-planar overall structure. The NH2 group of the

cytosine becomes pyramidal (non-planar) and the angle surrounding the N4(C) is 331.7 deg.

The non-planarity in the NH2 group in the excited state has been found in earlier

studies.40,44–46 The hydrogen bond distances between O6(G)---N4(C), N1(G)---N3(C) and

N2(G)---O2(C) are 3.15 Å, 2.67 Å and 2.61 Å, respectively. In comparison to ground state,

the N1(G)---N3(C) and N2(G)---O2(C) distances decrease by ca. 0.3 Å while the O6(G)---

N4(C) distance substantially increases by ca. 0.3 Å. The C4–C5 bond of 8-oxoG lengthens

by 0.04 Å, the N3-C4 and C4–C5 bonds of cytosine increase and decrease by 0.06 Å,

respectively.

The optimized proton transferred charge transfer (PT-CT) excited state 1ππ* of 8-oxoG-C is

shown in Figure 1(d). In this PT-CT excited state the base pair 8-oxoG-C becomes a

diradical, i.e. 8-oxoG(-H)•-C(H)•. The structure is predicted to be planar by the ωB97XD/6–

31G* method except for the NH2 group of cytosine which shows small non-planarity (sum

of angles surrounding N4 is 342 deg). The hydrogen bond distances O6(G)---N4(C),

N1(G)---N3(C) and N2(G)---O2(C) are 3.08 Å, 2.96 Å and 2.86 Å, respectively. In

comparison to ground state, the N3-C4 bond of cytosine increases by 0.07 Å while C4–C5

bond of cytosine decreases by 0.07 Å.

3.5 Excited state PCET reaction in 8-oxoG-C

The TD-ωB97XD/6–31G* calculated potential energy profile for intra base pair proton

transfer from N1 of 8-oxoG to N3 of cytosine (see Table 3 for atom numbering) in the

ground (S0) and four lowest vertical excited states (1ππ*(LE), 1ππ*(CT), 1ππ*(LE)

and1ππ*(LE)) of 8-oxoG-C is shown in Figure 3. Along with the vertical excited state

potential energy profile, we also present the optimized lowest 1ππ*(LE)OPT

and 1ππ*(CT)OPT excited states calculated along the minimum-energy path for the proton

transfer from N1(8-oxoG) and N3(C) in 8-oxoG-C using the same level of theory.

The potential energy profile, calculated in the vertical excited states, shows that the energy

of the ground state (S0) and three local excited states (1ππ*(LE)) increase with increasing
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N1-H distance, see Figure 3. However, the vertical charge transfer excited state (1ππ*(CT))

decreases with increasing N1-H distance. Therefore it is dissociative in nature and crosses

the lowest local excited state (1ππ*(LE)) at N1-H distance around 1.25 Å, (see pink and

green curves in Figure 3). Inspection of the vertical charge transfer excited state (1ππ*(CT);

green curve) in Figure 3 shows that proton transfer from N1 of 8-oxoG to N3 of C is

barrierless and exothermic in nature and predicts a shallow minimum around N1-H=1.8 Å.

The energy gap between ground (S0) and proton transferred 1ππ*(CT) states at N1-H=1.8 Å

is ca. 2.8 eV. This state (1ππ*(CT)) is biradical in nature, i.e. 8-oxoG(-H)•-C(H)•.

From Figure 3, it is evident that adiabatic lowest 1ππ*(LE)OPT (black curve) also shows

bound nature as in the vertical state, i.e. the energy of this state (1ππ*(LE)OPT) rises with the

increase of N1-H bond distance. The excited state geometry of 1ππ*(LE)OPT is given in

Figure 1(b). The adiabatic charge transfer (1ππ*(CT)OPT; orange curve) is predicted to be

the lowest excited state and in this state the structure is stabilized by a subsequent proton

transfer from 8-oxoG to C without a substantial barrier. The TD-ωB97XD/6–31G*

optimized geometry of the PT-CT excited state is shown in Figure 1(d). The optimization of

this state shows that during proton transfer from 8-oxoG to C a small non-planarity in the

structure takes place and after complete proton transfer the resulting structure (Figure 1(d))

becomes planar. The S0’ (ground state; lime color curve) is calculated using the

corresponding 1ππ*(CT)OPT optimized excited state geometries. A crossing (conical

intersection (CI)) is expected between the falling charge transfer 1ππ*(CT)OPT excited state

and the continuous rising ground state S0’ curve. Such an intersection would efficiently

deactivate the 1ππ*(CT)OPT back to the ground state.20,25 In the present calculation, we are

not able to optimize the structure at the conical interaction because of the limitations of the

TD-DFT method.47 However, several studies pointed out that TD-DFT can provide reliable

estimates of the geometry and the energy of minimum energy CI for single excitations.4,40,48

Our calculations show the presence of the stabilized charge transfer excited state

(1ππ*(CT)OPT) at 0.6 eV from the ground state, see points enclosed by the broken circle in

Figure 3. This relatively small energy difference clearly suggests that an efficient relaxation

of the charge transfer excited state to the ground state is possible in 8-oxoG-C Watson-Crick

conformation that is driven by an excited state PCET mechanism. Similar mechanism has

been proposed in the literature for the G-C base pair19–21,23–25, 40 and in another model base

pair.22 It is interesting to note that for G-C base pair in the Watson-Crick conformation,

Sobolewski et al.23 also calculated the energy gap (ca. 0.6 eV) between the proton

transferred-charge transfer excited state and the ground state using the CC2 method as

calculated for 8-oxoG-C in the present study.

3.6 Ground state geometry of 8-oxoG-A

The ground (S0) state geometry of 8-oxoG-A base pair in Hoogsteen base pair arrangement,

optimized by the ωB97XD/6–31G* method, is given in Figure 4(a). The Hoogsteen 8-oxoG-

A base pair, in its ground state, has two hydrogen bonds between O6(8-oxoG)---N6(A) and

N7(8-oxoG)---N1(A). The corresponding crystallographic distances are 3.06 Å and 2.70 Å,

respectively.32 These hydrogen bond distances calculated by the ωB97XD/6–31G* method

are 2.92 Å and 2.82 Å, respectively. The calculated structure adopts perfectly planar

Kumar and Sevilla Page 7

Photochem Photobiol Sci. Author manuscript; available in PMC 2014 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



structure except obviously for the hydrogens of the methyl groups at N9 sites of both the

bases.

3.7 Vertical excited states of 8-oxoG-A

The nine lowest (S1 – S9) vertical excitation energies (ΔE in eV), oscillator strength (f) and

type of transition, calculated by the TD-ωB97XD/6–31G* level of theory for 8-oxoG-A, are

presented in Table 4. Molecular orbitals involved in the excitations are shown in Figure 5.

For 8-oxoG-A, the TD-ωB97XD/6–31G* method predicts eight transitions (S1 – S6, S8 and

S9) as local excitations and S7 as charge transfer. The S1 and S2 excitations are 1ππ*(LE)

with energies 4.61 eV and 5.44 eV and oscillator strengths 0.2128 and 0.0936, see Table 4.

These transitions (S1 and S2) take place mainly between H→L and H→L+2 molecular

orbitals localized on 8-oxoG, see Figure 5. The S3, S4 and S5 excitations

are 1ππ*(LE), 1ππ*(LE) and 1nπ*(LE) and localized on adenine. The energies of these

excitations (S3 – S5) are 5.47 eV, 5.57 eV and 5.66 eV, respectively. The S6 excitation

is 1nπ* in nature and delocalized on A and 8-oxoG. The transition energy and oscillator

strength for this excitation is 6.04 eV and 0.0003. The S7 transition is a charge transfer

excitation 1ππ*(CT) with excitation energy 6.16 eV and oscillator strength 0.0016. This

state (S7) is dominated by H→L+1 localized on 8-oxoG and adenine, see Figure 5.

The 1ππ*(CT) excited state of 8-oxoG-A lies ca. 1 eV above the 1ππ*(CT) of 8-oxoG-C

(Table 3). S8 and S9 transitions are 1nπ* and 1ππ* local excitations and occur at 6.19 eV and

6.56 eV with oscillator strength 0.0001 and 0.2895.

3.8 Excited state geometries of 8-oxoG-A

The PT-CT excited state geometry of 8-oxoG-A base pair in Hoogsteen base pair

arrangement, optimized by the ωB97XD/6–31G* method, are given in Figures 4(b). The PT-

CT excited (1ππ*(CT)) state of 8-oxoG-A is biradical in nature (8-oxoG(-H)•-A(H)•). The

geometry in this excited state was optimized by constraining the C2(A)-C8(oxoG)-C6(8-

oxoG)-N6(A) dihedral angle to the ground state value (ca. 0 deg.) because during full

optimization both the bases were tending to twist by more than 70 deg. and convergence

could not be achieved. Further this motion would be hindered in a stacked DNA system. The

TD-ωB97XD/6–31G* optimized geometry in this excited state shows large structural

changes in the hydrogen bonding region. The O6(8-oxoG)---N6(A) and N7(8-oxoG)---

N1(A) distances are appreciably increased by ca. 0.2 Å and ca. 0.3 Å in comparison to the

corresponding ground state distances, see Figures 4(a) and (b). In the excited state, C4–C5,

C5–C6 and C5-N7 bonds of 8-oxoG are slightly increased by 0.03 Å – 0.05 Å and N1-C2,

C2-N3, N3-C4 and C4–C5 bonds in adenine are increased by 0.03 Å – 0.09 Å in comparison

to the ground state distances.

3.9 Excited state PCET reaction in 8-oxoG-A

The potential energy profile of 8-oxoG-A base pair in the vertical excited state, considering

the N7-H bond distance of 8-oxoG as the reaction coordinate, is shown in Figure 6. Figure 6

provides qualitative information about curve crossing as found for 8-oxoG-C in Figure 3.

From Figure 6, it is evident that the energy of the ground (S0) state increases with the

increase of N7-H bond distance of 8-oxoG in the base pair. The charge transfer excited state
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(1ππ*(CT)) in this case shows a barrierless proton transfer from N7 of 8-oxoG to N1 of

adenine. The energy of this state decreases with increasing N7-H bond distance and beyond

1.4 Å, the PT-CT excited (1ππ*(CT)) state crosses the lowest 1ππ*(LE) (pink curve in

Figure 6) and becomes the lowest excited state and stabilized at N7-H=1.8 Å, see Figure 6.

The energy gap at this point (N7-H=1.8 Å) with respect to the ground state is ca. 3.3 eV

which is about 0.5 eV higher than the energy gap calculated for the PT-CT excited state in

8-oxoG-C pair, see Figure 3.

In Figure 7, we present the energy level diagram of the optimized PT-CT excited state

(1ππ*(CT)OPT) of 8-oxoG-A base pair. From Figure 7, we see that the optimized PT-CT

excited state (1ππ*(CT)OPT) of 8-oxoG-A lies ca. 1.2 eV above the ground state. This

energy gap (1.2 eV) is quite large in comparison to the 8-oxoG-C base pair (0.6 eV), Figure

3. The present calculations are in close agreement with those concluded by Sobolewski et

al.23 Using the CC2 method Sobolewski et al.23 showed that for G-C base pair in specific

hydrogen bonding conformations, the crossing between 1ππ*(CT) and ground state of G-C

pair in the Watson-Crick conformation occurs at smaller energy (0.6 eV) than the other

conformations.

4.0 Effect of solvation on excited state PCET reactions in 8-oxoG-C and 8-

oxoG-A

The effect of solvation on the excited state PCET reactions in 8-oxoG-C and 8-oxoG-A base

pairs has been incorporated through the use of the polarizable continuum model (PCM)

using the integral equation formalism (IEF). The ground state geometries of 8-oxoG-C and

8-oxoG-A base pairs in solution were optimized using the PCM-ωB97XD/6–31G* method

and their vertical excited states were calculated. The calculated vertical excitation energies

are presented in Table 5. From Table 5, it is evident that local excited states energies are not

much affected by the solvation on comparison to their gas phase energies, see Tables 3 and

4. The CT excited state of 8-oxoG-C in solution is predicted to be 4th transition (S4) with

energy 5.93 eV (Table 5) while in the gas phase it is the 2nd transition (S2) with energy 5.17

eV (Table 3). The CT excited states energies of oxoG-A in solution and in the gas phase are

6.03 eV and 6.16 eV, respectively, see Tables 4 and 5.

The potential energy profile of solvated 8-oxoG-C and 8-oxoG-A base pairs in the vertical

excited states are shown in Figures 8 and 9. For 8-oxoG-C base pair, the ground state (S0)

energy in solution increases with the increase of the N1-H bond distance of 8-oxoG, see

Figure 8. The energy of the 1ππ*(CT) excited state decreases with increasing N1-H bond

distance and after (N1-H = 1.4 Å) it becomes the lowest excited state as found in the gas

phase. The potential energy profile of the solvated 8-oxoG-A base pair is similar to the 8-

oxoG-C base pair. The 1ππ*(CT) in 8-oxoG-A becomes the lowest after N7-H = 1.4 Å. The

energy difference between ground state and the lowest PT-CT excited state at 1.8 Å in 8-

oxoG-C and 8-oxoG-A base pairs are 4.56 eV and 4.28 eV, respectively, see Figures 8 and

9.

The energy level diagram of the optimized PT-CT excited state (1ππ*(CT)OPT) of 8-oxoG-C

and 8-oxoG-A base pairs calculated in different dielectric constants (ε = 78.4 (water); ε =
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4.0 and ε = 1.0 gas phase) in planar conformation are shown in Figures 10 and 11. The

dielectric constant ε = 4.0 represents the dielectric within DNA.24 From these figures, it is

evident that PT in the CT excited state is highly influenced by the dielectric constant of the

surroundings. In water solution (ε = 78.4) the energy gap between the ground state and PT-

CT excited state is large (ca. 3.3 eV) in both the cases and this gap decreases with decrease

in the dielectrics of the medium. Recently, the excited state decay of C-C base pair in

Watson-Crick conformation in chloroform (CHCl3) have been studied using the broad-band

transient absorption spectroscopy and quantum mechanical calculations using PCM-TD-

DFT by Biemann et al.49. This study also shows a large energy gap between the ground and

PT-CT excited states and proposed the involvement of an intrastrand excimer for fast

fluorescence decay. Similar conclusions were drawn for A-T base pair using the PCM-TD-

DFT method by Improta and coworkers.50 Markovitsi51 and Kohler52 groups also support

the excited states decay via intrastrand exciplexes in G-C DNA duplexes.

Schwalb and Temps24 reported the femtosecond time resolved experiment on G-C base pair

in solution (CHCl3) and proposed the fast deactivation of G-C base pair through excited

state PCET mechanism. The fluorescence lifetime of G-C pair in the Watson-Crick

conformation reported to be 0.355 picoseconds by Schwalb and Temps24 in agreement with

QM/MM molecular dynamics simulations (0.29 ± 0.05).25 Recently, Kohler and

coworkers53 reported the fast deactivation in G-C oligonucleotide through an excited state

PCET with the possibility of the formation of an intrastrand exciplex state. The recent

electron spin resonance (ESR) experiment of one-electron oxidized G-C DNA oligomers

confirms the interbase proton transfer from G•+ to C at 77 K.54 This was further supported

by the theory by incorporating explicit water molecules constituting the first hydration layer

around one-electron oxidized G-C base pair.55 Marwick and Doltsinis used nonadiabatic

molecular dynamics simulations to calculate excited-state lifetimes of the G-C Watson-

Crick pair in the gas phase and in aqueous solution and an excited state coupled proton-

electron transfer from G to C along the central hydrogen bond is observed upon excitation of

the ππ* state initially localized on G.25 Thus, it seems that excited state proton transfer in

solution depends on several factors such as the dynamics of the solute-solvent interaction,

including the hydrogen bonding between water and solute (first hydration layer) and

location of the counter ions in DNA which are absent in the solvation model. The fast

excited state deactivation in DNA is possibly mediated through exciplex states with

significant CT character which enable proton transfer across base pairs as pointed out by

Kohler and coworkers.53

4.1 Conclusions

This theoretical study was stimulated by the recent experiments of Nguyen and

Burrows.12–14 These workers found that 8-oxoG-A mismatch base pair in DNA is 2 – 3

times more efficient than the 8-oxoG-C base pair in repair of the T<>T dimer. Our gas phase

calculations suggest that the CT-excited state would rapidly decay via a barrierless transfer

of the N1-H proton of 8-oxoG to N3 of cytosine, see Figure 3. The relatively small energy

gap (ca. 0.6 eV) in the gas phase between ground and S1 state suggests a crossing between

these two states (conical intersection) that rapidly deactivates the 1ππ*(CT) excited state as

calculated for G-C base pair using multiconfigurational ab initio calculations and QM/MM
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molecular dynamics simulations.20,25 On the other hand, the 1ππ*(CT) excited state of 8-

oxoG-A occurs at higher energy than the 8-oxoG-C pair. The larger energy gap (ca. 1.2 eV)

between ground and excited state (Figure 7) would also inhibit the deactivation process

through the PCET mechanism and enhance the life time of this state.

When the surrounding medium is included we find the situation changes. The excited PT-

CT state in 8-oxoG-C and 8-oxoG-A base pairs lies at much higher energies from the ground

state for water (3.3 eV for both at ε = 78.4) and for DNA (2.6 eV for 8-oxoG-C and 2.9 eV

for 8-oxoG-A at ε = 4) than found for the gas phase calculations (0.6 eV for 8-oxoG-C and

1.2 eV for 8-oxoG-A at ε =1). These large energy gaps in solution lower the probability that

fast deactivation through PCET as found in the gas phase for 8-oxoG-C occurs. Since both

8-oxoG-A and 8-oxoG-C show large energy gaps between the ground state and both the

excited CT and PT-CT states we would expect longer lifetimes for both and little difference

between the two base pairs in repair of the T<>T lesion. We note that the PCM-TDDFT

highly destabilizes the CT excited state and would appear to prohibit the mechanism

proposed by Burrows and coworkers.14 However, it is important to note that in the FC

region, only the electronic cloud of the surrounding medium (solvent) responds so that the

initial dielectric constant(ε) of the medium is about 2.15 Thus in the Franck-Condon (FC)

region the solvent effect is minimized and solvent has a relatively small effect on the CT

transitions and subsequent fast deactivation processes if they are short with respect to the

dielectric response time (ca. 20 ps).

Deactivation in these solvated systems could result from one of the other mechanisms

discussed in section 4.0. For example, formation of an intrastrand excimer could lead to

either fast fluorescence decay or a deactivation process through exciplex states as suggested

by several groups.49–52 The possibility of significant CT character in the exciplex that would

enable proton transfer across base pairs has been suggested.53 Such a PCET mechanism in

excited states has been suggested by several workers,24,25,53 however, a number of other

recent works argue against this.49–52
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Figure 1.
The ωB97XD/6–31G* calculated optimized structures of 8-oxoG-C base pair in (a) ground

state (S0), (b) 1ππ* LE, (c) 8-oxoG•+-C•−; 1ππ*(CT) (N1-H and N2-H in 8-oxoG were

constrained during optimization) and (d) PT-CT 8-oxoG(-H)•-C(H)•; (1ππ*(CT)). The pink

circle shows the location of proton in the base pairs.
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Figure 2.
Vertical excitation energy in eV of 8-oxoG-C base pair obtained using the TD-ωB97XD/6–

31G* method(ε = 1). The nature of the transition and molecular orbitals involved in the

excitation (S1 – S7) are also given. H= HOMO (highest occupied molecular orbital); L=

LUMO (lowest unoccupied molecular orbital). For details, see Table 3.
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Figure 3.
Potential energy surface (PES) profile of the ground (S0), the three lowest 1ππ*(LE) and the

lowest 1ππ*(CT) excited states of 8-oxoG-C base pair calculated using the TD-ωB97XD/6–

31G* method (ε = 1) considering N1-H of 8-oxoG as a reaction coordinate, see Figure 1(a)

and Table 3. The optimized lowest 1ππ*(CT)OPT state is also shown. The ground state (S0’)

surface is obtained from a single point energy calculation using the corresponding optimized

geometries of 1ππ*(CT)OPT states. All the energies were calculated using the energy of the

optimized ground state of 8-oxoG-C base pair, shown in Figure 1(a), as reference. All states

are vertical except for those labeled OPT which are adiabatic.
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Figure 4.
ωB97XD/6–31G* calculated optimized structures of 8-oxoG-A base pair in (a) ground state

(S0) and (b) proton transferred 8-oxoG(-H)•-A(H)•; (1ππ*(CT)). Pink circle in (a) and (b)

shows the location of transferring proton.
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Figure 5.
Vertical excitation energy in eV of 8-oxoG-A base pair obtained using the TD-ωB97XD/6–

31G* method(ε = 1). The nature of the transition and molecular orbitals involved in the

excitation (S1 – S9) are also given. For details, see Table 3.

Kumar and Sevilla Page 19

Photochem Photobiol Sci. Author manuscript; available in PMC 2014 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Vertical potential energy surface (PES) profile of the ground (S0), 1ππ*(LE), 1nπ*(LE) and

the lowest 1ππ*(CT) excited states of 8-oxoG-A base pair calculated using the TD-

ωB97XD/6–31G* method (ε = 1) considering N7-H of 8-oxoG as a reaction coordinate, see

Figure 4(a) and Table 4. All the energies were calculated using the energy of the optimized

ground state of 8-oxoG-A base pair, shown in Figure 4(a), as reference.
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Figure 7.
Energy level diagram of 1ππ*(CT) excited states of 8-oxoG-A base pair along with the

optimized PT-CT excited state (1ππ*(CT)OPT) in the gas phase (ε = 1). For clarity other

transitions are not shown. For details see Figures 5 and 6 and Table 4.
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Figure 8.
Vertical potential energy surface (PES) profile of the ground (S0), 1ππ*(LE), 1nπ*(LE) and

the lowest 1ππ*(CT) excited states of 8-oxoG-C base pair calculated using the PCM-TD-

ωB97XD/6–31G* method in water solution (ε = 78.4) considering N1-H of 8-oxoG as a

reaction coordinate. All the energies were calculated using the energy of the optimized

ground state of 8-oxoG-C base pair as reference.
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Figure 9.
Vertical potential energy surface (PES) profile of the ground (S0), 1ππ*(LE), 1nπ*(LE) and

the lowest 1ππ*(CT) excited states of 8-oxoG-A base pair calculated using the PCM-TD-

ωB97XD/6–31G* method in water solution (ε = 78.4) considering N7-H of 8-oxoG as a

reaction coordinate. All the energies were calculated using the energy of the optimized

ground state of 8-oxoG-A base pair as reference.
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Figure 10.
Energy level diagram of 1ππ*(CT) excited states of 8-oxoG-C base pair along with the

optimized PT-CT excited state (1ππ*(CT)OPT) in ε = 78.4 (water); 4.0 (DNA) and 1.0 (gas

phase). For details see Figure 8 and Table 5. Calculations were done using the PCM-TD-

ωB97XD/6–31G* method.
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Figure 11.
Energy level diagram of 1ππ*(CT) excited states of 8-oxoG-A base pair along with the

optimized PT-CT excited state (1ππ*(CT)OPT) in ε = 78.4 (water); 4.0 (DNA) and 1.0 (gas

phase). For details see Figure 8 and Table 5. Calculations were done using the PCM-TD-

ωB97XD/6–31G* method.
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Table 1

Comparison of Methods: Vertical low-lying singlet excited state energies (ΔE) in eV and oscillator strength (f)

of G-C base pair calculated with the CC2/TZVP and ωB97XD/6–31G* methods (ε = 1).

State

G-C base pair

CC2/TZVPa ωB97XD/6–31G*b

Transition ΔE(f) Transition ΔE (f)

S1 G(π) → G(π*) 4.88 (0.061) G(π) → G(π*) 5.22 (0.0616)

S2 C(π) → C(π*) 5.06 (0.063) C(π) → C(π*) 5.32 (0.1036)

S3 G(π) → C(π*) (CT)c 5.23 (0.028) G(π) → C(π*) (CT)c 5.45 (0.0114)

S4 C(n) → C(π*) 5.49 (0.001) C(n) → C(π*) 5.72 (0.0010)

S5 C(π) → C(π*) 5.50 (0.183) C(π) → C(π*) 5.92 (0.1238) S6)d

S6 G(π) → G(π*) 5.51 (0.425) G(π) → G(π*) 5.75 (0.4124) (S5)d

S7 C(n) → C(π*) 5.80 (0.000) C(n) → C(π*) 6.45 (0.0001) (S8)d

S8 G(n) → G(π*) 5.90 (0.000) G(n) → G(π*) 5.94 (0.0005) (S7)d

a
Ref. 35.

b
Present work.

c
Charge transfer.

d
Tansition.
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Table 2

Comparison of Methods: Vertical low-lying singlet excited state energies (ΔE) in eV and oscillator strength (f)

of A-T base pair calculated with the CC2/TZVP and ωB97XD/6–31G* methods (ε = 1).

State

A-T base pair

CC2/TZVPa ωB97XD /6–31G*b

Transition ΔE Transition ΔE (f)

S1 T(n) → T(π*) 4.94 T(n) → T(π*) 5.33 (0.0001)

S2 T(π) → T(π*) 5.21 T(π) → T(π*) 5.41 (0.1777)

S3 A(π) → A(π*) 5.40 A(π) → A(π*) 5.51 (0.1132)

S4 A(π) → A(π*) 5.47 A(π) → A(π*) 5.57 (0.1947)

S5 A(n) → A(π*) 5.54 A(n) → A(π*) 5.63 (0.0003)

S6 - - A(n) → A(π*) 6.11 (0.0001)

S7 A(π) → T(π*) 6.04 A(π) → T(π*) 6.32 (0.0034)

a
Ref. 36.

b
Present calculation.
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