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Abstract

One-electron oxidized guanine (G**) in DNA generates several short-lived intermediate radicals
via proton transfer reactions resulting in the formation of neutral guanine radicals (scheme 1). The
identification of these radicals in DNA is of fundamental interest to understand the early stages of
DNA damage. Herein, we used time-dependent density functional theory (TD-wB97XD-PCM/
6-31G(3df,p)) to calculate the vertical excitation energies of one electron oxidized G and
guanine(G)-cytosine(C) base pair in various protonation states: G**, G(N1-H)" and G(N2-H)", as
well as G**-C, G(N1-H)*-(H")C, G(N1-H)*-(N4-H*)C), G(N1-H)*-C and G(N2-H)*-C in aqueous
phase. The calculated UV-vis spectra of these radicals are in good agreement with experiment for
the G radical species when the calculated values are red-shifted by 40 - 70 nm. The present
calculations show that the lowest energy transitions of proton transferred species (G(N1-H)*-(H
)C, G(N1-H)*-(N4-H*)C), and G(N1-H)"-C) are substantially red-shifted in comparison to the
spectrum of G**-C. The calculated spectrum of G(N2-H)"-C shows intense absorption (high
oscillator strength) which matches the strong absorption in the experimental spectra of G(N2-H)"
at 600 nm. The present calculations predict the lowest charge transfer transition from C—G™ is
rt—7t* in nature and lies in the UV-region (3.4 — 4.3 eV) with small oscillator strength.
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Introduction

The exposure of high-energy or ultraviolet (UV) radiation to cellular DNA excites as well as
ionizes DNA bases resulting in a variety of base damages.1=3 In DNA, all nucleobases may
potentially be ionized, however, guanine is the most easily ionized as it has the lowest
ionization potential compared to other native DNA bases.3-6 For this reason guanine is
known as a hole transfer sink in DNA.347 The individual DNA base cation radicals in
nucleosides as well as in DNA have been extensively studied using pulse radiolysis, ESR
and photochemistry experiments34:6-9 and theory.19-13 Many works have identified the UV-
vis spectra of individual nucleoside cation radicals and their neutral deprotonated
forms13-18 however, the absorption spectra of oxidized-DNA or base pairs are less well
identified and a subject of some controversy.19-23 Their identification is made difficult
owing to various factors such as hydrogen-bonding, sequence, stacking interactions, and
protonation/deprotonation reactions.1%-24 Very recently, using nanosecond transient
absorption spectroscopy with 266 nm excitation, Markovitsi and coworkers20 recorded the
absorption spectra of one-electron oxidized duplex DNA of ten base pairs having alternate
guanine-cytosine sequence. With the aid of time-dependent density functional theory (TD-
DFT) calculations the transient absorption spectra was characterized as deprotonated
guanine radical (G(N1-H)*. To match the experimental spectra the TD-DFT calculated
spectra were red-shifted by 0.6 eV.20

Recently, ESR and UV-visible spectroscopy was used to characterize the radicals generated
in one-electron oxidized DNA oligomer d[ TGCGCGCA], at different pHs.® The ESR and
UV-visible spectra of one-electron oxidized 1-methylguanosine were used as benchmark to
identify the radicals in one-electron oxidized d[ TGCGCGCA],. The G(N2-H)* generated
from one-electron oxidized 1-methylguanosine has characteristic absorption band around ca.
600 nm.14 At pH > 7 the initial radical in one-electron oxidized d[TGCGCGCA], was
characterized as G(N1-H)® at 155 K. On further annealing to 175 K, an equilibrium mixture
of G(N1-H)* and G(N2-H)* was identified. The ESR hyperfine couplings of N2 (Azz = 16
Gauss) and the N2-H proton coupling 8 Gauss in water were obtained which clearly
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identified G(N2-H)" in one-electron oxidized d[TGCGCGCA],.1® The recorded UV-visible
spectra of one-electron oxidized d[TGCGCGCA], having absorption band around ca. 600
nm also supports G(N2-H)* formation in one-electron oxidized d[TGCGCGCA],. The
relative stability of G(N1-H)"-C and G(N2-H)"-C in the gas phase2 and in solution!® was
calculated using the B3LYP method and G(N2-H)*-C was found to be slightly more stable
than G(N1-H)-C by 1.0 kcal/mol (gas phase) and 0.4 kcal/mol (solution).

In this work, we have employed TD-DFT (TD-wB97XD method) to investigate the vertical
transition energies of radicals which are likely generated during one-electron oxidation of G-
C base pair in DNA with the goal of finding an appropriate and predictive method to aid the
identification of various one electron oxidized G-C species via UV-vis spectroscopy. The
suitability of the chosen TD-wB97XD method is assessed by comparing it and two other
methods, TD-wB97X and M05-2X, with the available equation of motion coupled-cluster
(EOM-CCSD(T))26 and coupled cluster singles and doubles (CC2)27 calculated excited state
energies of G-C base pair in the gas phase. EOM-CCSD(T) method?® has been used as a
benchmark to assess the suitability of the TD-DFT to calculate the excited states of DNA
base dimers and tetramers.28 In Scheme 1, we present the structures of different radicals
which are considered in this study. The nomenclature of these radicals presented in scheme
1(a) to 1(e) are: 1(a) G™*-C (the initial one-electron oxidized G-C base pair); 1(b) G(N1-H)"-
(H*)C, (the intra-base proton transfer species); 1(c) (G(N1-H)*-(N4-H™)C) (the species
formed by the deprotonation of 1(b) from N4 of C to solvent)29:30; 1(d) G(N1-H)"-C (the
species formed by base shift and proton rearrangement of 1(c) or 1(e)1925:30; and 1(e)
G(N2-H)*-C, (species formed by deprotonation of G**-C from N2 of G to solvent)1®.

Methods of Calculation

The ground state geometries of radicals shown in scheme 1 are fully optimized using the
wB97XD method and 6-31g(3df,p) basis set. ®B97XD is a long-range corrected hybrid
density functional with damped atom-atom dispersion corrections developed by Chai and
Head-Gordon.31:32 This functional (wB97XD) has been found reliable for the calculation of
excited states including charge transfer (CT) excited states than results found using earlier
density functionals.3133 For the calculation of vertical excited state transition energies, the
time-dependent variant (TD-wB97XD/6-31G(3df,p)) was used considering the «B97XD/6—
31G(3df,p) optimized ground state geometries. The ground state geometry optimization and
excited state calculations were carried out in the aqueous phase via the integral equation
formalism of the polarized continuum model (IEF-PCM) of Tomasi et al.34 For IEF-PCM
calculation the cavity of the solvent treated as continuum was generated using the default
options set into the Gaussian program. The complete methodology for excited state
calculation is abbreviated as TD-wB97XD-PCM/6-31g(3df,p). Total 20 transition energies
were calculated for each chosen radicals. All the calculations were carried out using
Gaussian 16 suite of programs.3> Gabedit3® software was used to generate data points to plot
the calculated absorption spectrum and IQMOL37 molecular modeling programs was used to
plot molecular orbitals. In the calculation, the hydrogens at N9 of guanine and at N1 of
cytosine in hydrogen-bonded G-C base pair radicals, shown in scheme 1, were substituted by
methyl group to mimic the effect of deoxyribose (sugar) ring as these sites are attached to
the sugar ring in DNA.
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Results and Discussion

(i) Suitability of the TD-wB97XD method.

To test the suitability of the TD-DFT method for excited state calculations, we considered
G-C base pair as a test case and calculated the singlet vertical excitation energies using
wB97X, wB97XD and M05-2X methods with 6-31G(d), 6-31G(d, p), 6-31++G(d, p), 6
31G(3df, p) and TZVP basis sets. The calculated excitation energies of G-C base pair by
these chosen TD-DFT methods are compared with those calculated using ab /nitio EOM-
CCSD(T)%6 and CC227 level of theories, see Table 1 and Tables S1 — S4 in the supporting
information. In Table 1, we present the vertical excitation energies of G-C base pair
calculated by wB97X, wB97XD and M05-2X with the 6-31G(3df, p) basis set along with
those calculated by EOM-CCSD(T)26 and CC227 methods.

From Table 1, we see that TD-wB97XD/6-31G(3df, p) predicts the lowest two transitions
(S1 and Sy) as local excitations (LE) which are 1rere* type. The corresponding transition
energies are 5.04 eV and 5.20 eV, respectively, with oscillator strength 0.0682 and 0.1523.
The third transition (S3) is a charge transfer (CT) in nature 1G(rt)—C(m)* and occurs at
5.53 eV with oscillator strength 0.0038. The S, — Sg transitions are rere*, Inre*, Iem*, Inme*
and Inrc* and have transition energies (oscillator strength) as 5.62 (0.3981), 5.73 (0.0010),
5.83 (0.0956), 5.90 (0.0001) and 6.32 (0.0014), respectively. Szalay et al. calculated the
singlet excited states of G-C base pair in the gas phase using the EOM-CCSD(T)/TZVP
level of theory. The EOM-CCSD(T)/TZVP calculated S — Sg transitions are lrere*(LE),
Len*(LE), 1rene*(CT), Ien*(LE), Inne*(LE) and Inm*(LE) types and their corresponding
transition energies (oscillator strength) are 4.85 (0.07), 4.92 (0.10), 5.36 (0.01), 5.48 (0.41),
5.65 (0.00) and 5.76 (0.00), respectively. The Sg transition at 5.76 eV predicted by EOM-
CCSD(T)/TZVP is Inn*(LE), while TD-wB97XD/6-31G(3df, p) predicts Sg and Sy
transitions very close in energy as lrere* (5.83 eV), Inn* (5.90 eV), respectively. Thus, we
found that TD-wB97XD/6-31G(3df, p) correctly predicts S; — Sg transitions as obtained by
EOM-CCSD(T)/TZVP level of theory. The TD-wB97XD/6-31G(3df, p) calculated
transition energies are, also, in very good agreement with those calculated by the EOM-
CCSD(T)/TZVP level of theory having a maximum difference of 0.28 eV with the average
only 0.12 eV larger than the EOM-CCSD(T)/TZVP calculated values, see Table 1.

Recently, TD-M05-2X has been suggested to be suitable method for excited state
calculations of DNA ion radicals.15:20:38.39 However, we find the TD-M05-2X/6-31G(3df,
p) calculation predicts first lowest transition S; as the charge transfer 1G(r)—C(m)* and S,
and Sz transitions as ree*(LE) and ree*(LE) in nature, see Table 1. Whereas, EOM-
CCSD(T)/TZVP predicts S; — Sz transitions as 1rere*(LE), 1rene*(LE) and 1G(r)
—C(m)*(CT) types and LE occur on G, C. Thus, TD-M05-2X/6-31G(3df, p) incorrectly
predicts the nature of the lowest transition and further transition energies are over estimated
(ca. 0.5 eV) in comparison to the EOM-CCSD(T)/TZVP calculated values, see Table 1.
From Table 1, we found that TD-wh97x/6-31G(3df,p) method correctly predicts the nature
of the S; and Sy, transitions as obtained by EOM-CCSD(T)/TZVP method but fails to predict
the Ss transition as a CT type. On the whole, the vertical excitation energies were
systematically overestimated by around 0.4 eV. Thus, from our initial test, we conclude that
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among TD-M05-2X, TD-wh97x and TD-wB97XD methods, the TD-wB97XD functional is
the best choice for present study with an average only 0.12 eV larger than the EOM-
CCSD(T)/TZVP values.

(if) Vertical excited states of one-electron oxidized guanine.

The absorption spectra of one-electron oxidized deoxyguanosine (dGuo) at pHs 3.1 and 6.6
and 1-methylgaunosine (1-metGuo) at pH 7.3 were reported by Candeias and Steenkenl4
using pulse radiolysis. The spectra of deoxyguanosine at pH 3.1 was characterized as
deoxyguanosine radical cation (dGuo®*) and at pH 6.6 was characterized as N1-deprotonated
neutral radical (dGuo(N1-H)®). The spectra of 1-metGuo at pH 7.3 was characterized as N2-
deprotnated neutral radical (1-met-Guo(N2-H)"). It should be noted that N1 and N2
deprotonation have similar pK;’s with N1 favored slightly. Methyl substation at N1 forces
the N2 deprotonation.

The absorption spectrum of dGuo** shows absorptions at around 300, 385 nm and a broad
band extending from 470 — 550 nm, respectively. The TD-wh97xd-PCM/6-31G(3df,p)
calculated transitions of dGuo™* were presented in Table S5 in the supporting information.
From a comparison between the calculated and experimental transitions we found that the
calculated transitions must be red-shifted by ca. 40 nm to match the first two higher energy
transitions, see Table S5 in the supporting information. The low energy transition is very
broad in the experimental spectrum but it appears that the shift needed would be less than 40
nm. The simulated spectrum of dGuo** along with the experimental spectrum is shown in
Figure 1(a).

The experimental absorption spectra of dGuo(N1-H)" shows absorption at around 311, 390
nm and a broad band extending from 470 — 550 nm centering at 500 nm, respectively, and
has low intensity transitions between 600 — 700 nm.14 From the calculated transitions of
dGuo(N1-H)*, presented in Table S6 in the supporting information, we found that a red-shift
of 50 nm gives an excellent match with the experiment for all transitions. The simulated
spectra of dGuo(N1-H)® with experimental spectrum is shown in Figure 1(b).

Experiment shows that 1-met-Guo(N2-H)® has very intense absorption at around 306 nm and
at around 610 nm and a weak shoulder at 380 nm. The intense absorption at around 610 nm
is the characteristic of guanine(N2-H)* which is used to distinguish it from guanine(N1-H)".
The TD-wh97xd-PCM/6-31G(3df,p) calculated transitions of 1-met-Guo(N2-H)* shows
intense absorption at 522 and 242 nm and moderate absorption at 343 nm, respectively, see
Table S7 in the supporting information.

Thus, for this case the TD-wh97xd-PCM/6-31G(3df,p) calculated transitions need a red-
shift of 70 nm to match the experimental absorption spectra of 1-met-Guo(N2-H)*, see Table
S7 and the simulated spectra in Figure 1(c).

Thus, from these calculations we infer that TD-wbh97xd-PCM/6-31G(3df,p) calculated
transitions are blue-shifted by 40 — 70 nm in comparison to the experiment. For 40 nm red-
shift, the energy shifts needed decrease from ca. 0.6 eV at 310 nm to ca. 0.15 eV at 600 nm.
Below we explore sensitivity of the long wavelength transition in G(N2-H)" to the degree of
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twist of the N2H bond with respect to the molecular plane. The wavelength red shift is found
to increase with rotation of the N2H bond (vide infra).

(iii) Vertical excited states of G**-C base pair.

The twelve lowest vertical transition energies of G**-C base pair, calculated using the TD-
wB97XD-PCM/6-31G(3df,p) method, are presented in Table 2. The 15 transition (D) is
n—rt* type and has energy 2.31 eV and very weak oscillator strength 0.0003. The D5 and
D3 transitions are local excitations G(rt)—G(mt*) and have energies 2.59 eV and 2.94 eV
and oscillator strengths 0.0100 and 0.0377, respectively. D4 has energy 3 eV and it is n—>rn*
type. Dg is a CT (C(m)—G(e*)) transition and has energy 3.34 eV and oscillator strength
0.0136. In this transition, electron from -MO of cytosine is transferred to -LUMO
localized on guanine. Dg transition has energy 3.54 eV and oscillator strength 0.1148. This
is m— ™ type local excitation occurs on guanine base, see Table 2 and Figure S1 in the
supporting information. The D7 is also a CT transition but has lower oscillator strength than

The transient absorption spectra of G** in one-electron oxidized DNA, recorded between
350 — 700 nm using pulse radiolysis by Tagawa and coworkers, showed two absorption
bands at around 400 nm (3.1 eV) and 480 nm (2.6 eV), respectively.21:22 The time-resolved
spectrum of one-electron oxidized oligonucleotides containing alternating G-C base pair
(spectra recorded at 100 ps) shows absorptions at around 300, 400 and a band between 450 —
550 nm, respectively.20 The later values compare well with the absorption spectrum of the
free guanine nucleoside cation radical (dGuo**) recorded between 300 — 700 nm, which
show absorptions at around 300, 385 nm and a band extending from 470 — 550 nm,
respectively.1 In Figure 2, we have plotted the calculated absorption spectra of G**-C along
with the pulse radiolysis spectrum of dGuo™ and we found that the calculated spectrum
must be red-shifted by 40 nm to match the experiment. Transitions 270 — 536 nm red-shifted
by 40 nm involves transition energy changes which vary from 0.6 eV — 0.16 eV, see Table 2.

(iv) Vertical excited states of G(N1-H)*-(H*)C base pair.

Pulse radiolysis?1:22, ESR1940 experiments and theory*! showed that G**, base paired with
cytosine in DNA, transfers its N1 proton to N3 of cytosine, see structure G(N1-H)*-(H*)C in
scheme 1(b). From deoxynucleosides in aqueous solution, it is known that the pK, of dG**
for the N1 proton is 3.9314 and pK, of N3-protonated dC is 4.3.2142 This gives an estimate
that the transfer from G to C in DNA is slightly favorable. So G(N1-H)*-(H*)C is an
important contributor to the UV-vis spectra of ionized DNA.

The twelve (D1 — D15) lowest vertical transition energies of G(N1-H)*-(H™)C are presented
in Table 3 and MOs involved in the electronic transitions are shown in Figure S2 in the
supporting information. The D transition is a G(n)—G(w*) type and has energy 2.07 eV
with oscillator strength 0.0003. The D, and D3 transitions are G(rt)—G(m*) in nature and
have transition energies 2.27 eV and 2.70 eV and oscillator strengths 0.0165 and 0.0609,
respectively. Transitions from the ground state to the D4 and Ds states have vanishingly low
oscillator strengths. Dg is G(it)—G(mt*) type occurs at 3.51 eV with substantial oscillator
strength 0.1933. Dg transition is a CT and m—m* in nature occurs from C to G. It has
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transition energy 4.27 eV and oscillator strength 0.0019, see Table 3. In the G™*-C base pair
the CT transition is at 3.34 eV (see Table 2) which is ca. 1 eV less than the CT transition
(4.27 eV) of G(N1-H)*-(H™)C. This is in accord with a recent theoretical studyl? that
showed for G(N1-H)*-(H*)C, the HOMO localized on C is as expected lies below the
SOMO (singly occupied molecular orbital) localized on G, whereas, in G**-C, SOMO-
HOMO level switching occurs and the HOMO localized on C lies above the SOMO on G.
Dg — Dy, transitions are local transitions lying between 4.44 — 4.88 eV, respectively.

Using nanosecond pulse radiolysis, the transient absorption spectra of deprotonation of G**
in oligonucleotides were measured by Kobayashi et al.21:22 over the range 350 — 700 nm and
it was proposed that the pulse radiolysis spectrum of one-electron oxidized oligonucleotide
monitored at 250 ns after the pulse?! was due to G(N1-H)". The spectrum has absorption at
380 nm and 500 nm and some characteristic shoulder in the spectral range of 550 — 650 nm.
The absorption spectra of dGuo(N1-H)® shows absorption at around 311, 390 nm and a
broad band extending from 470 — 540 nm centering at 500 nm, respectively, and has low
intensity transitions between 600 — 700 nm.14 The absorption spectrum of G(N1-H)*-(+H*)C
(yellow curve) calculated using TD-wh97xd-PCM/6-31G(3df,p) is shown in Figure S3 in
the supporting information along with experimental spectrum (blue curve) of dGuo(N1-H)"
produced due to one-electron oxidation of deoxyguanosine at pH 6.6 and monitored at 10 ps
after pulse radiolysis by Candeias and Steenken.1# The calculated spectrum has absorption at
353 nm and 460 nm and has some absorption at around 550 nm range (yellow curve) and it
is blue-shifted with respect to the experimental spectrum (blue curve), see Figure S3 in the
supporting information. To match with experiment, the calculated spectrum of G(N1-H)"-
(+H™)C was red-shifted by 40 nm (see yellow curve in Figure 3) and an excellent match was
obtained. The Shifted spectrum has absorptions at 318, 393, 500 nm and some low intensity
absorption at around 587 nm, respectively, see Figure 3 and Table 3. Since G(N1-H)*-(+H
)C, G(N1-H)*-(N4-H*)C and G(N1-H)*-C (see structures in scheme 1(b) — 1(d)) are
produced due to N1 deprotonation of G**, we speculate that these species contribute/
influence the spectrum of G(N1-H)* in DNA.14.21.22 Thys, for easy comparison, we
presented the calculated spectra of G(N1-H)*-(N4-H*)C (green curve) and G(N1-H)*-C (red
curve) in Figure S3 in the supporting information and their corresponding red-shifted spectra
in Figure 3.

(v) Vertical excited states of G(N1-H)"-(N4-H*)C base pair.

The structure of G(N1-H)*-(N4-H™)C is shown in Scheme 1(c). A likely mechanism for the
formation of this species in DNA is as follows. The initially formed G**-C (Scheme 1(a)) in
DNA undergoes proton transfer to G(N1-H)*-(H*)C40 (Scheme 1(b)) and subsequently (H
*)C deprotonates from its N4 site to solvent to produce G(N1-H)*-(N4-H*)C (Scheme 1(c)).
21.22 The lowest vertical transitions (D1 — D12) of G(N1-H)*-(H*)C, calculated using TD-
wh97xd-PCM/6-31G(3df,p) method, are presented in Table 4 and MOs involved in the
transitions are shown in Figure S4 in the supporting information. The calculated transitions
for G(N1-H)*-(N4-H*)C are red-shifted in comparison to those of G**-C and G(N1-H)*-(H
*)C, see Tables 2 and 3, respectively. The D4 transition has energy 1.95 eV and oscillator
strength 0.0002. This transition is n—rt* type and has some CT character mixed with local
excitation. D, — Dg transitions are local excitations and are G(rt)—G(n*), G(n)—>G(rt*),
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G(1t)—G(m*) and C(rt)—C(mt*) types, respectively. The transition energies of these
transitions (D, — D) are 2.18, 2.68, 2.75 and 3.24 eV and their oscillator strengths are
0.0104, 0.0001, 0.0280 and 0.0001, respectively. Dg is a pure CT in nature occurring from
C(m)—G(;t*). The energy of this transition is 3.26 eV with oscillator strength 0.0029. Dg
and Dy, transitions are local transitions occurring from G(mt)—G(w*) and have high
oscillator strengths (0.1158 and 0.1703). D4q is CT in nature and has very low oscillator
strength than Dg.

The UV-vis difference spectra of one-electron oxidized oligonucleotide monitored at 250 ns
after the pulse by Kobayashi and Tagawa?! was suggested by them to be accounted for
G(N1-H)*-(N4-H™)C. The spectrum recorded between 350 — 700 nm and monitored at 250
ns has absorptions at around 380 nm (3.3 eV), 500 nm (2.5 eV) and a broad band extending
from ca. 550 — 650 nm (2.3 — 1.9 eV) with gradually decreasing intensity, respectively. The
calculated spectrum (green color) after a 40 nm red-shift is shown in Figure 3. The shifted
spectrum (green curve in Figure 3 is very similar to the experimental G(N1-H)" (blue curve)
and calculated G(N1-H)*-(+H*)C (yellow curve). We notice that the lowest energy transition
for the deprotonated radicals to solvent from N4 of cytosine G(N1-H)*-(N4-H*)C (green
curve) and G(N1-H)*-C (red curve, discussed below) are red-shifted in comparison to the
inter-base proton transfer (G(N1-H)*-(+H*)C (yellow curve in Figure 3).

(vi) Vertical excited states of G(N1-H)*-C base pair.

The structure of G(N1-H)*-C is shown in scheme 1(d). This structure (G(N1-H)*-C) can
result from deprotonation of G**-C to solvent by several paths (scheme 1). The formation of
G(N1-H)*-C in one-electron oxidized d[TGCGCGCA]; at pH = 7 was confirmed by ESR
experiment by annealing the sample at 155 K.19 Our calculations using wb97xd-PCM/6—
31G(3df,p) method showed that G(N1-H)*-C (scheme 1(d)) is ca. 6 kcal/mol more stable
than G(N1-H)*-(N4-H*)C which is in agreement with an earlier theoretical study.30 The TD-
wh97xd-PCM/6-31G(3df,p) calculated D1 — Dy, transition energies of G(N1-H)"-C are
presented in Table 5 and MOs involved in the transitions are shown in Figure S5 in the
supporting information. Among D; — D19, the most intense transitions are D, (GC(r)
—G(1t*)), Dy (G(1t)—>G(1*)), Dg (G(rt)—>G(e*)) and D14 and energies (oscillator
strength) of these transitions are 2.09 eV (0.0266), 2.75 eV (0.0576), 3.57 eV (0.1849) and
4.50 eV (0.2149), respectively, see Table 5.

The TD-wh97xd-PCM/6-31G(3df,p) calculated absorption spectrum of G(N1-H)*-C after 40
nm red-shift (red curve) is shown in Figure 3. The shifted spectrum is similar to the
experimental G(N1-H)" (blue curve) and has absorption around 630 nm. From a comparison
of the absorption spectra of G**-C, G(N1-H)*-(+H*)C, G(N1-H)"-(N4-H*)C and G(N1-H)'-
C, it is evident that spectra of these species are similar but it is noticeable that as proton
transfers from N1 of guanine to cytosine and finally to solvent to ultimately produce the
more stable species G(N1-H)*-C (scheme 1(d)), the outer band is progressively red-shifted.

(vii) Vertical excited states of G(N2-H)*-C base pair.

The structure of G(N2-H)*-C is shown in Scheme 1(e). Our calculation using wh97xd-
PCM/6-31G(3df,p) method shows that G(N2-H)"-C is nearly isoenergetic with G(N1-H)*-C
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with G(N2-H)'-C favored by 0.19 kcal/mol. In an earlier theoretical study1®, the structures of
G(N1-H)*-C and G(N2-H)"-C surrounded by 11 water molecules were optimized by
B3LYP/6-31+G** method and G(N2-H)*-C was found ca. 0.4 kcal/mol more stable than
G(N1-H)*-C. The TD-wh97xd-PCM/6-31G(3df,p) calculated transition energies of G(N2-
H)*-C are presented in Table 6 and MOs involved in the transitions are shown in Figure S6 in
the supporting information. The D1 transition has mainly local excitation occurring on G but
with a minor mixing with C and it is m—7t* in nature, see Table 6 and Figure S6 in the
supporting information. This transition (D7) has energy 2.3 eV and largest oscillator strength
(0.1903) of all the other transitions (D, — D15). D, and D3 transitions are n—m* and have
energies 2.62 eV and 2.70 eV, respectively. D4 and Dy are the m—rt* type local excitation
occurring on G. These transitions have energies 3.03 eV and 3.86 eV, respectively, and
corresponding oscillator strengths are 0.0178 and 0.0672, respectively. The Dg transition is
CT type (C(m)—G(rt*)) and has energy 4.03 eV and very small oscillator strength 0.0020.
D1g is G(it)—>GC(m*) in nature has large oscillator strength (0.1315) and transition energy
4.34 eV. Dq4 is C(mt)—C(m*) and has a slightly greater oscillator strength than D;.

The absorption spectra of G(N2-H)" generated from one-electron oxidized 1-
methylguanosine has characteristic broad absorption band at around 610 nm (2.0 eV).14.19
The absorption spectra of one-electron oxidized d[TGCGCGCA], at pH =9 at 180 K
showed absorption band around 620 nm which characterizes the formation of G(N2-H)*-C in
one-electron oxidized [ TGCGCGCA],1°. Kobayashi et al.22 studied the UV-vis spectra of
one-electron oxidized oligonucleotide (sequence G1aa) monitored at 500 ns after pulse
radiolysis between 350 — 700 nm. The spectra shows absorption at around 350 nm, a weak
shoulder at 400 nm and broad band extending from 550 — 650 nm, respectively. Our
calculated spectrum of G(N2-H)*-C has absorption at 540 nm (2.3 eV) (Table 6) which is ca.
70 nm blue-shifted with respect to experiment.14.19

In Figure 4, we presented the calculated (yellow curve) and 70 nm red-shifted (red curve)
spectra along with four experimental spectra: (a) the pulse radiolysis of one-electron
oxidized 1-met-Guo(N2-H)* at pH 7.3 and monitored at 100 ps after pulse radiolysis.1 (b)
the UV-visible absorption spectra of 1-met-Guo(N2-H)* recorded at 77 K in 7.5 M LiCl
glass/D20 at pD ca. 8.5.19 (c) The UV-visible absorption spectra of one-electron oxidized
d[TGCGCGCA]J2 in glassy 7.5 M LiCl in H,0 at pH 9 recorded at 180 K.1° and (d) The
pulse radiolysis of one-electron oxidized oligonucleotide monitored at 500 ns after pulse
radiolysis.?2 These experimental spectra show absorption at around 610 nm which is the
characteristic of G(N2-H)*.1# The UV-vis spectrum of 1-met-Guo(N2-H)* shows intense
absorptions at around 310 nm and 610 nm, respectively, see blue and green curves in Figure
4. Our TD-wh97xd-PCM/6-31G(3df,p) calculated spectrum of G(N2-H)*-C shows four
intense absorptions at 246, 286, 321 and 540 nm, respectively, (Table 6) and the shape of the
spectra also matched very well with the experiment. When calculated spectrum is red-shifted
by 70 nm (red curve), an excellent agreement between theory and experiment is achieved,
see Figure 4. We also observe that in comparison to the other radicals shown in scheme 1(a)
— 1 (d), the first lowest transition (D7) of this (G(N2-H)°-C) has the highest oscillator
strength (0.1903) and experiment also shows an intense corresponding peak at 610 nm, see
Figure 4.
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The calculated spectrum of G(N2-H)", shown in Figure 1(c)) and Figure 4, needs 20 — 30 nm
more red-shift than the other radicals (scheme 1(a) — 1(d)) to match the experimental
spectrum. The out of plane rotation of the N2-H group is a possible factor which may
account for the larger red shift needed to match the the experimental spectrum of G(N2-H)-.
Thus, in view of this, we rotated the N2-H group from 0 — 60 degree with respect to purine
ring in the step size of 10 degree and refined 20 — 40 degree range by step size of 2 degrees
and calculated the vertical transition energies. The calculated first lowest transition is
presented in Table S8 in the supporting information. The calculation shows that the first
lowest transition of G(N2-H)" is clearly influenced by the non-planarity of the N2-H group
in guanine. In the range of 0 — 40 degree the TD-wh97xd-PCM/6-31G(3df,p) calculated first
lowest transition varies from 500 — 640 nm and the corresponding oscillator strength varies
from 0.1056 — 0.0800, see Table S8 in the supporting information. We note that at only 24
degrees there is a red shift of over 40 nm at an energy cost of only 0.1 eV which is
significantly less than a single hydrogen bond. The non-planarity of amino group in isolated
DNA bases and in base pairs is an intrinsic property and in base pair occurs during propeller
twisting of purine and pyrimidine rings.*3

We note this does not account for the overall redshift needed in all our calculations. This is a
common issue in DFT calculations of these systems and is also reported in previous work.20
The choice of the TD-wh97xd method reduced the shift needed significantly from 0.6 eV in
this earlier work?9 to 0.2 eV in the present work.

Conclusions

DNA on one-electron oxidation transiently forms G** which undergoes proton transfer
reactions internally to C forming several short-lived intermediate G-C cationic radicals (see
scheme 1). These species ultimately deprotonate to solvent resulting in the formation of
neutral guanine radicals (G(N1-H)* or G(N2-H)®). These radicals have been suggested from
their UV-vis spectra after pulse radiolysis and several confirmed by ESR experiments.
3.4,6,13,19.21,22.40 | this work, we calculated vertical transition energies for the various one-
electron oxidized G-C species to better understand the nature of the transitions involved in
the UV-vis spectra of these intermediates. Our chosen method (TD-wbh97xd-PCM/6-
31G(3df,p)) was tested by comparison to high level methods (EOM-CCSD(T)25) for the
neutral G-C base pair and found to give excellent results. This gave us confidence in the
usefulness of the method for other G-C species investigated in this work. From a comparison
of our TD-wh97xd-PCM/6-31G(3df,p) calculated transition energies of one-electron
oxidized guanine radical (G**, G(N1-H)® and G(N2-H)*) and G-C base pair with those
available from pulse radiolysis experiments,1419.21.22 we found that the calculated spectra
are blue-shifted by 40 — 70 nm with respect to experiment. Thus, to match with experiment,
the calculated spectra were red-shifted by of 40 — 70 nm. We note that for 40 nm red-shift,
the energy shifts decrease from ca. 0.6 eV at 310 nm to ca. 0.15 eV at 600 nm. The present
calculations show that the spectra of G**-C, G(N1-H)*-(+H*)C, G(N1-H)*-(N4-H*)C and
G(N1-H)*-C are quite similar and not likely to be distinguishable by experiment from their
UV-vis spectra which are poorly resolved. However, the present calculation predicts that as
proton transfers from N1 of guanine to cytosine and finally to solvent to form the more
stable species G(N1-H)"-C (scheme 1(d)), the outer band is progressively red-shifted, see
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Figure 3 and Figure S3 in the supporting information. This shift is not seen in the
experiment owing to the low intensity and poor resolution of the longest wavelength
transition.

For G(N2-H)*-C our calculations predict an intense absorption around 540 nm (2.3 eV) and
the corresponding oscillator strength is 0.1903. The experimental absorption spectra of
G(N2-H)* have a characteristic absorption band with high intensity at around 610 nm (2.0
eV).1419 Our TD-wh97xd-PCM/6-31G(3df,p) calculated transition (540 nm) of G(N2-H)"-
C is therefore red-shifted by 70 nm to give an overall match, see Figure 4. We also note that
G(N2-H)*-C is a more stable structure than G(N1-H)*-(N4-H*)C and favored slightly over
G(N1-H)*-C. Our calculations also show that the lowest energy transitions in all the radicals
considered in this study (Scheme 1) are local excitations taking place from G—G and they
are either m—m* or n— 1™ in nature, see Tables 2 - 6. The lowest energy pure CT
transitions have low oscillator strength and occur from C—G** and are m—m* in nature
with transition energies lying between 3.36 — 4.27 eV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TD-wh97xd-PCM/6-31G(3df,p) calculated vertical absorption spectrum of (a)

deoxyguanosine radical cation (dGuo®*) (yellow color) and 40 nm red-shifted (red color). (b)
deoxyguanosine radical (dGuo(N1-H)®) (yellow color) and 50 nm red-shifted (red color) and
(c) 1-methylgaunosine radical (1-met-Guo(N2-H)") (yellow color) and 70 nm red-shifted
(red color). The experimental data points (blue color) in Figures 1(a) and 1(b) were taken
from Figure 1 of reference 14, the pulse radiolysis of one-electron oxidized deoxyguanosine
monitored at 10 ps after pulse radiolysis. The experimental data points (blue color) in Figure
1(c) were taken from Figure 3 of reference 14, the pulse radiolysis of one-electron oxidized
1-methylguanosine monitored at 100 ps after pulse radiolysis. The simulated spectra of 20
lowest transitions in 1(a), 1(b) and 1(c) were convoluted using a Gaussian function with a
half width at half maximum of 30 nm, 25 nm and 35 nm, respectively.
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TD-wh97xd-PCM/6-31G(3df,p) calculated vertical absorption spectrum of G**-C (yellow
color) and 40 nm red-shifted (red color). The experimental data points (blue color) were

taken from Figure 1 of reference 14, the pulse radiolysis of one-electron oxidized
deoxyguanosine at pH 3.1 and monitored at 10 us after pulse radiolysis. The simulated

spectra of 20 lowest calculated transitions were convoluted using a Gaussian function with a

half width at half maximum of 30 nm. The red color curve is y-shifted by 0.02.
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Figure 3.
TD-wh97xd-PCM/6-31G(3df,p) calculated vertical absorption spectra of G(N1-H)*-(+H*)C

(yellow color), G(N1-H)*-(N4-H*)C (green color) and G(N1-H)-C (red color) red-shifted by
40 nm are shown. The experimental data points (blue color) were taken form Figure 1 of
reference 14, the pulse radiolysis of one-electron oxidized deoxyguanosine at pH 6.6 and
monitored at 10 ps after pulse radiolysis. The simulated spectra of 20 lowest transitions were
convoluted using a Gaussian function with a half width at half maximum of 30 nm. For
clarity in presentation spectra in blue, yellow, green and red are y-shifted by 0.12, 0.09, 0.05
and 0.01, respectively.
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Figure 4.
TD-wh97xd-PCM/6-31G(3df,p) calculated vertical absorption spectrum of G(N2-H)*-C

(yellow color) and 70 nm red-shifted (red color) are shown. Experimental spectra are as
follows: Blue color- The experimental data points were taken from Figure 3 of reference 14,
the pulse radiolysis of one-electron oxidized 1-methylguanosine at pH 7.3 and monitored at
100 ps after pulse radiolysis. Green color- The data points were taken from the UV-visible
absorption spectra of 1-Methyl-G(N2-H)* recorded at 77 K in 7.5 M LiCl glass/D20 at pD
ca. 8.5, see Figure 1 of reference 19. Black color- The data points were taken form Figure 5
of reference 22, the pulse radiolysis of one-electron oxidized oligonucleotide (sequence
G1aa) monitored at 500 ns after pulse radiolysis. Pink color- The data points were taken
from the UV-visible absorption spectra of one-electron oxidized d[TGCGCGCA]2 in glassy
7.5 M LiCl in H,0 at pH 9 recorded at 180 K, see Figure 6 of reference 19. The simulated
spectra of 20 lowest transitions were convoluted using a Gaussian function with a half width
at half maximum of 35 nm. For clarity in presentation the experimental spectra in blue,
green, black and pink are y-scaled by 2.5, 1.6, 17 and 4.5, respectively, while calculated
spectra in yellow and red colors are y-shifted by 0.02.
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Scheme 1.
Molecular structures of different possible radicals produced during one electron oxidation of

G-C base pair in DNA. (a) G™*-C, (b) G(N1-H)*-(H*)C, (c) proton transfer from N4 of C to
solvent (G(N1-H)"-(N4-H*)C), (d) displaced base pair held by two hydrogen bonds G(N1-
H)*-C and (e) deprotonation from N2 of G to solvent G(N2-H)"-C. Pink, blue and green
circles highlight the N1(G), N2(G) and N4(C) protons which are involved in proton transfer
reactions.
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TD-wh97xd-PCM/6-31G(3df,p) calculated vertical lowest lying transition energies (AE) in eV, and oscillator
strength () of G™*-C base pair. Structure is shown in scheme 1(a). See Figure S1 in the supporting information
for MOs involved in transitions.

State Transition® AE A f Contribution Red-shift 40 nm Exp.
(V) (nm) c
AE (&V) A (nm) (nm)
D, GC(n)ﬁG(n*)b 231 536  0.0003 97% 215 576
D, G(n)—G(n*) 259 479  0.0100 78% 2.39 519
Dj G(rt)—>G(rt*) 294 422 0.0377 65% 2.68 462 480, 470-550
0,
Dy GC(n)—>G(n*) b 3.00 413  0.0000 66% 2.74 453
Ds C(rn)—>G(r*) 334 372 00136 94% 301 412
D G(n)—G(n*) 354 351 0.1148 86% 317 391 400, 385
D, C(rm)—>G(n*) 364 341 00017 88% 325 381
Dg C(n)—>GC(n*) 3.68 337 0.0000 71% 329 377
GC(m)—>GC(n*) ?
D G(n) —>G(n*) 3.83 324  0.0000 75% 341 364
0,
D1 GC(n) —>G(r*) b 429 289  0.0000 88% 3.77 329
0,
Dy GC(r)— G(m*) b 450 275 0.1272  71% 394 315 300
0,
Dis C(r)— GC() b 459 270 0.0000 50% 4.00 310

aNature (D1=LE, CT; D2=LE; D3=LE; D4=LE, CT, D5=CT, Dg=LE; D7=CT; Dg=LE, CT; Dg=LE; D10=LE, CT; D11=LE, CT; D12=LE, CT).
LE = Local excitation; CT = charge transfer.

bDeIocaIized onGandC

cReferences 14, 20 - 22.
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Table 3

TD-wh97xd-PCM/6-31G(3df,p) calculated vertical lowest lying transition energies (AE) in eV, and oscillator

strength (f) of G(N1-H)*-(+H*)C. Structure is shown in scheme 1(b). See Figure S2 in the supporting
information for MOs involved in transitions.
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1duosnuen Joyiny

State Transition® AE A f Contribution Red-shift 40 nm Exp.
(V) (nm) AE (&V) A (nm) (nm)°

D; G(n)—G(n*) 207 598  0.0003 90% 1.94 638

D, G(rt)—>G(rt*) 2.27 547 0.0165 83% 211 587 550 - 650, 600 - 700

Dj G(rt)—>G(rt*) 2.70 460 0.0609 83% 2.48 500 500, 470 — 540

D, G(n)—G(rn*) 291 426 0.0000 86% 2.66 466

Ds C(m)—C(r*) 346 358  0.0001 47% 3.12 398

Ds G(n)—>G(n*) 351 353  0.1933 92% 3.16 393 380,390

D, GC(n)HG(n*)b 355 349 0.0000 57% 3.19 389

Dg C(r)—>G(m*) 427 290 0.0019 98% 3.76 330

Dg G(n))—>G(n*) 444 280  0.0002 81% 3.88 320

Dy G(m)—G(n*) 445 278  0.2302 86% 3.90 318 311

Dy  C(m)—C(n*) 476 260  0.0000 52% 413 300

Dy,  C(m)—C(r*) 488 254  0.3608 95% 4.22 294

aNature (D1=LE; D2= LE; D3=LE; D4=LE; D5=LE; Dg=LE; D7=LE, CT; Dg=CT,; Dg= LE; D10= LE; D11=LE; D12=LE). LE = Local
excitation; CT = charge transfer.

bDeIocaIized on GandC.

cReferences 14, 20 - 23.
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Page 22

TD-wh97xd-PCM/6-31G(3df,p) calculated vertical lowest lying transition energies (AE) in eV, and oscillator

strength (f) of G(N1-H)*-(N4-H*)C. Structure is shown in scheme 1(c). See Figure S4 in the supporting
information for MOs involved in transitions.

State Transition® AE A f Contribution Red-shift 40 nm Exp.
(V) (nm) AE (&V) A (nm) (nm)°

D; GC(n)ﬂG(n*)b 195 637  0.0002 92% 1.83 677

D, G(n)—>G(n*) 218 569  0.0104 84% 2.04 609 550 — 650

Dy G(n)—G(r*) 2.68 462  0.0001 73% 2.47 502

Dy G(m)—>G(n*) 275 450  0.0280 87% 253 490 500

Ds C(m)—C(r*) 3.24 383 0.0001 88% 2.93 423

Ds C(r)—G(n*) 326 380  0.0029 92% 2.95 420

D, GC(n)HC(n*)b 3.47 357 0.0000 91% 3.12 397

Dg G(n)—>G(r*) 363 342 0.1158 89% 3.25 382 380

Dy G(n)—G(r*) 436 285 0.0001 71% 3.82 325

Dy C(m)—G(rn*) 439 282  0.0005 91% 3.85 322

Dy GC()—G(r*) 453 274  0.0000 97% 3.95 314

D1y G(n)—>G(r*) 455 273 01703 79% 3.96 313

aNature (D1=LE, CT; D2= LE; D3=LE; D4=LE; D5=LE; Dg=CT; D7=LE, CT; Dg= LE; Dg= LE; D10= CT; D11= LE, CT; D12=LE). LE =
Local excitation; CT = charge transfer.

bDeIocaIized on GandC.

cSee figure 5 in reference 21.
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Page 23

TD-wh97xd-PCM/6-31G(3df,p) calculated vertical lowest lying transition energies (AE) in eV, and oscillator
strength (f) of G(N1-H)*-C. Structure is shown in scheme 1(d). See Figure S5 in the supporting information for

MOs involved in transitions.

State Transition® AE A f Contribution Red-shift 40 nm
(ev)  (nm) AE (V) A (nm)
D G(n) G (n*)b 192 644  0.0003 90% 181 684
D, GC(n)—>G(n*)C 2.09 592 0.0266 91% 1.96 632
Dj GC(n)HG(n*)C 2.65 469 0.0001 88% 2.44 509
D, G(n)—>G(n*) 273 455  0.0576 91% 2.51 495
Ds GC(n)HG(n*)b 343 362 0.0000 80% 3.08 402
Ds G(n)—G(n*) 357 347 01849 91% 3.20 387
D, C(rm)—C(r*) 365 340 0.0000 90% 3.26 380
Dy C(r)—G(n*) 384 323 0.0004 75% 3.42 363
Dy GC(n)HG(n*)C 4.04 307 0.0003 99% 3.57 347
D1g G(n)—G(n*) 430 288  0.0002 70% 3.78 328
Dy G(m)—G(n*) 450 276 02149 83% 3.92 316
D,  C(m)—C(n*) 452 274  0.0003 61% 3.95 314

aNature (D1=LE; D2=LE, CT; D3=LE, CT; D4=LE; D5=LE; Dg=LE; D7=LE; Dg= CT; D9= LE, CT; D10= LE; D11= LE; D12=LE). LE=

Local excitation; CT = charge transfer.

bVery small mixing with cytosine.

cDeIocaIized onGandC.
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Table 6

Page 24

TD-wh97xd-PCM/6-31G(3df,p) calculated vertical lowest lying transition energies (AE) in eV, and oscillator
strength (f) of G(N2-H)*-C. Structure is shown in scheme 1(e). See Figure S6 in the supporting information for

MOs involved in transitions.

State Transition® AE A f Contribution Red-shift 70 nm Exp.
ransition @) (nm) d

AE (V) A (nm) (nm)

Dy GC(m) -G (n*)b 230 540 0.1903 83%7 2.03 610 610

D, GC(n)—»G(n*)b 262 473  0.0008 80% 2.28 543

Ds GC(n)HG(n*)b 270 459  0.0009 66%2 2.34 529

Dy G(m)—>G(n*) 3.03 409 0.0178 93% 2.59 479

Ds C(rt)—>C(r*) 3.67 338 0.0000 87% 3.04 408

Ds GC(n) G (n*)b 3.69 336 0.0001 87%% 3.05 406

D, G(1t)—>G(nt*) 386 321 0.0672 86% 3.17 391 380

Dg C(rt)—>G(m*) 403 307 0.0020 84% 3.29 377

Dy GC(n) G (n*)b 428 290 0.0002 2% 344 360

D1g G(n) -G (n*)c 434 286 0.1315 71% 3.48 356

D1y G(n)—>G(r*) 436 284 0.0000 75% 3.50 354

D1 C(n)HC(n*)C 455 273 0.0000 63% 3.62 343

Di3 GCn) -G (n*)b 482 257  0.0001 56% 3.79 327

Dy C(rt)—>C(r*) 5.04 246  0.1953 86% 3.92 316 306

aNature (D1=LE, CT; D2=LE, CT; D3=LE, CT; D4=LE; D5=LE; Dg=LE, CT; D7=LE; Dg= CT; Dg= LE, CT; D10= LE, CT; D11=LE; D12=
LE). LE = Local excitation; CT = charge transfer.

bdelocalized onGandC

DSome mixing with C.

dReferences 14, 19.
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