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Abstract

Previous experimental and theoretical work has established that electronic excitation of a guanine
cation radical in nucleosides or in DNA itself leads to sugar radical formation by deprotonation from
the dexoxyribose sugar. In this work we investigate a ground electronic state pathway for such sugar
radical formation in a hydrated one electron oxidized 2'-deoxyguanosine (dG** + 7H,0), using
density functional theory (DFT) with the B3LYP functional and the 6-31G* basis set. We follow the
stretching of the Cs-H bond in dG** to gain an understanding of the energy requirements to transfer
the hole from the base to sugar ring and then to deprotonate to proton acceptor sites in solution and
on the guanine ring. The geometries of reactant (dG** + 7H,0), transition state (TS) for deprotonation
of Cg site and product (dG("Cs,, N7-H*) + 7 H,0) were fully optimized. The zero point energy (ZPE)
corrected activation energy (TS) for the proton transfer (PT) from Cs is calculated to be 9.0 kcal/
mol and is achieved by stretching the Cs-H bond by 0.13 A from its equilibrium bond distance (1.099
A). Remarkably, this small bond stretch is sufficient to transfer the “hole” (positive charge and spin)
from guanine to the Cs site on the deoxyribose group. Beyond the TS, the proton (H*) spontaneously
adds to water to form a hydronium ion (H30%) as an intermediate. The proton subsequently transfers
to the N7 site of the guanine (product). The 9 kcal/mol barrier suggests slow thermal conversion of
the cation radical to the sugar radical but also suggests that localized vibrational excitations would
be sufficient to induce rapid sugar radical formation in DNA base cation radicals.
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Introduction

Interaction of radiation with DNA results in ionization and leads to the formation of a variety
of radicals in DNA.1~" The specific mechanisms of formation of these intermediates have been
of considerable interest. For example, in a recent study, it was reported that irradiation of
DNA by a high-energy Argon ion-beam (high linear energy transfer (LET) radiation) produced
afar greater yield of sugar radicals than was found by -irradiation (a low LET radiation). Since
these sugar radicals were formed predominantly along the ion track, where excitations and
ionizations are in proximity, it was proposed that excited-state cation radicals could be the
direct precursors of the neutral sugar radicals.8:7 A test of this hypothesis was performed in a
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number of studies,?° in which the formation of sugar radicals was observed upon visible
photoexcitation of radical cations of guanine (G**) and adenine (A**) in model systems of
deoxyribonucleotides, ribonucleotides as well as DNA and RNA oligos. Direct conversion of
G and A" to deoxyribose sugar radicals was found in each case with high yields (50% in
DNA and 80-100% in model systems) confirming the excitation hypothesis.8:9.0
Photoexcitation of one electron oxidized deoxyguanosine (dG**) produces C;*, C3* and Cg*
sugar radicals®P whereas one electron oxidized adenine in 2-deoxynucleosides resulted in
near complete conversion to sugar radicals, predominantly Cs. with a small contribution of
Cs".9b,f The underlying mechanism of sugar radical formation proposed by us was that
photoexcitation induces hole transfer from one electron oxidized DNA base radical to the sugar
ring and this is followed by rapid deprotonation (-H*) at specific carbon sites on the sugar ring.
78 Note that hole transfer from base to sugar corresponds to an electron transfer from sugar
to the one electron oxidized base.

Theoretical treatments of the excited states of one electron oxidized deoxyribonucleosides and
several dinucleosides, using time-dependent density functional theory (TD-DFT) calculations,
9 also supported the proposed hypothesis. It was reported that excited states which were formed
by light exposure in the near-UV-visible range all originate from filled inner shell (core)
molecular orbitals (MOs) and involve hole transfer from the base to the sugar ring. This
supports the first step in the proposed mechanism, i.e., excitation induced transfer of the hole
from base to sugar. It is the subsequent deprotonation from specific carbon sites of the one
electron oxidized sugar ring (see Scheme 1) that prevents the back transfer of the hole to the
base via de-excitation. The overall sugar radical formation process is clearly a proton coupled
hole transfer (PCHT) (or proton coupled electron transfer (PCET)). Proton coupled electron
transfer (PCET) reactions in DNA are quite important processes that play crucial role in
controlling the hole and electron transfer in DNA.19-12 The intrabase proton transfer between
one electron oxidized base pairs in DNA can either slow down or stop the electron and hole
transfer in DNA.12 ~ 15 The seminal work of Steenken1® showed that in comparison to their
neutral state, one electron ionized bases become quite acidic (low pK,) and deprotonate quickly
while one electron adducts to DNA bases become basic (high pKy) and protonate. Shafirovich
et al.1” showed the solvent kinetic isotope effects on the oxidation of guanine in 2'-
deoxyguanosine 5’-monophosphate (dGMP), single- and double- stranded DNA. The electron
transfer rate associated with the oxidation of guanine was found to be ca. 2 times smaller in
D,0 than in H,0.17 This suggested that electron transfer from neutral guanine was
accompanied with deprotonation of guanine radical cation. The reductive repair of DNA guanyl
radical by aniline derivatives was also suggested to involve a PCET mechanism.18 In addition
to experiments, theoretical studies were also done to show the involvement of PCET reactions,
e.g., in DNA-acrylamide complexes,9:20 and the mechanism of repair of guanyl radical by
aromatic amino acids.?!

In this work we employ density functional theory (DFT) to investigate sugar radical formation
in a hydrated deoxyguanosine cation radical (dG**) via a ground state PCHT mechanism.
Simple extension of the Cs-H bond induces hole transfer from guanine to the sugar ring as
deprotonation to water takes place. In these calculations, sufficient water molecules are
included to span from Cg-site to the Og atom of the guanine ring and allow for proton transfer
shuttle between Cg-site to N7 site of guanine (see Scheme 1 and Figures 1 — 3). The present
work differs from our earlier works#1> on the deprotonation of N1-H site in guanine radical
cation as the sugar ring is the focus of deprotonation. In addition this work differs from our
work on the deprotonation from sugar after photoexcitation of guanine cation in DNA and
nucleosides described above. In the present work, we investigate hole transfer and the
deprotonation process along the ground state potential energy surface. The barrier along this
surface is found to be remarkably low and deprotonation occurs with only a small extension
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of the bond. This work suggests an alternative pathway to sugar radical formation from the
guanine cation in DNA via ground state electronic surfaces.

Methods of calculation

The molecular geometries of guanosine radical cation (dG**) in the presence of seven waters
(dG*™* + 7TH,0) (reactant), the transition state (TS) for deprotonation (-H*) from Cs-site to
water and the final product after proton transfer is complete, dG(*Cs, N7-H*) + 7 H,0 are
shown in Figure 1. Each structure was fully optimized using the B3LYP functional and 6-31G*
basis set as implemented in Gaussian 03 suite of programs.22 Further, frequency analyses, using
the same method and basis set, were performed to ensure the existence of bothe reactant and
product as local minimum structures and the characterization of the TS as a saddle point of
15t order. For reactant (dG** + 7H,0) and product (dG("Cs, N7-H*) + 7 H,0) positive
frequencies were obtained while for the TS a negative frequency was obtained. The molecular
structures were drawn using the JMOL molecular modeling program.23 Figures 1 — 3 are
presented in the text while Figures S1 — S14 are presented in the supporting information.

The placement and choice of the number of waters was based in part on the previous work of
Schneider et al.2* These investigators studied the water binding sites around the DNA bases
in different DNA conformations, in their study they calculated the hydration densities (defining
the location of water) around the bases. In guanine (B-DNA conformation) three water binding
sites near N, Og and N3 were found.24 Based on these observations the initial structure was
generated as follows: (a) We placed three water molecules near N7, Og and N3 atoms of the
guanine in appropriate hydrogen binding arrangements. (b) In addition to these three water
molecules, we placed four more water molecules with appropriate hydrogen bonding
arrangements spanning from Cs: towards the Ny site of the guanine ring. The initial structure
of dG** + 7H,0 thus generated was used for full geometry optimization. This partial solvation
reduces the CPU time as well as makes the calculations feasible. This structure also provides
sufficient waters to provide a minimal solvation for the hydronium ion formed as an
intermediate.

Results and Discussion

The atom numbering scheme and the PCHT/PCET mechanism for the formation of the neutral
Cs sugar radical (Cg") by deprotonation from the Cs site of dG** is shown in Scheme 1. In
this scheme, the hole is localized on the guanine base while the sugar moiety remains neutral.
Deprotonation from the Cg site of the sugar ring to water occurs in a concerted fashion as the
hole transfers from guanine to the Cs site of the sugar ring. This proton transfer to water leads
to the formation of a neutral sugar radical (Cg") and a hydronium ion. In Table 1, we present
the ZPE-corrected changes in energy (AE) at 0 K (without thermal correction), enthalpy (AH)
and free energy (AG) (in kcal/mol) thermodynamically corrected to 298 K, employing the
B3LYP/6-31G* method, for several points along the potential energy surface shown in Figure
2 for the proton transfer reaction from the Cs site to the N of guanine in dG** + 7 H,0. The
values in the potential energy surface (PES), shown in Figure 2, are the ZPE-corrected energies
(AE) without thermal correction.

The B3LYP/6-31G* optimized geometries for the reactant (dG** + 7 H,0), TS, i.e., the
incipient proton transfer from Cs to water, and the product (dG("Cs:, N7-H*) + 7 H50), are
shown in Figure 1. From the optimized geometry of dG** + 7 H,O (Figure 1a), it is evident
that six water molecules span from the Cs site of sugar ring to Og atom of guanine in a serially
hydrogen bonded fashion. The hydrogen bond distances between the six water molecules vary
from 1.622to 1.813 A (see Figures S3 — S8 in the supporting information). The water molecules
hydrogen bonded to N7 and Og atoms of guanine have hydrogen bond distances 2.148 and
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1.996 A, respectively. During geometry optimization, the seventh water molecule shifted from
N3 towards N, to make a hydrogen bond with the N»-H with a hydrogen bond distance of 1.734
A. The transition state for deprotonation of Cs to water, shown in Figure 1b, occurs at 1.299
A with a single imaginary frequency of 432i cm~1. The complete deprotonation of Cs leads

to the formation of N protonated guanine (dG(*Cs,, N7-H*) + 7 H,0) as shown in Figure 1c.

To elucidate the mechanism of Cs sugar radical formation, we scanned the potential energy
surface (PES), shown in Figure 2, for the proton transfer from Cs to N7 site of guanine through
the intervening hydrogen bonded water network using B3LYP/6-31G* level of calculation.
The different structures present during proton transfer from reactant (dG** + 7 H,0) to product
(dG(*Cg, N7-H*) + 7 H50), shown in Figure 2, are numbered from 1 — 6. The ZPE-corrected
energy (AE), presented in Figure 2, is given in kcal/mol. The energies (AE) at each step of the
proton transfer reaction were calculated with respect to reactant (dG** + 7 H,0). The TS for
the deprotonation of Cg site to a water is found by stretching the Cs-H bond from 1.099 to
1.229 A (see structure 2 in Figure 2 and Figure 1b). The activation energy (AE) is found to be
9.0 kcal/mol. This transition state is characterized by an imaginary frequency 432i cm™1 (see
Figures 1b and S11). The visual inspection of this vibrational frequency (432i cm™1) clearly
shows the incipient formation of hydronium ion (H30%) as an intermediate. For complete
proton transfer from Cg-site (proton donor site) to proton acceptor sites (N7 and Og) of the
guanine, we further scanned the PES by increasing the Cg-H bond distance from its transition
state distance (1.229 A) to 1.70 A in the step size of 0.05 A. The structure of dG** + 7 H,0
was fully optimized with frequency calculation holding the Cs-H bond distance fixed at each
chosen distance on the PES. Interestingly, we found that the detachment of proton from Cg-
site and formation of the N ring protonated product (dG(N7 — H*) + 7 H,0) is an exothermic
process by —12.8 kcal/mol. At Cs-H bond distance of 1.35 A (see structure number 3 in Figure
2 and Figure S5) the ZPE-corrected relative energy at 1.35 A is 6.9 kcal/mol. The frequency
calculation shows this structure has an imaginary frequency 167i cm™ (see Figure S12). In
our calculation, we find a single negative frequency for all the optimized structures at each
step of the proton transfer on the PES beyond the TS at 1.229 A. The frequencies decrease
beyond the TS from 432i cm™2 to as low as 70i cm™2 then rise to lower maximum of 167i
cm1at 1.35 A. Also, from the vibrational analyses we noted that the structure at 1.229 A
involves the rotation of the H-Cs-H group to align one of its hydrogen atoms with the oxygen
atom of the neighboring water molecule while at 1.35 A the structure involves a pure stretching
of the Cg-H bond, see structure numbers 2 and 3 in Figure 3 and vibrational spectra (Figures
S11 and S12 in the supporting information). Further stretching the Cs-H bond up to 1.50 A,
we found the initial formation of the H3O* with ZPE-corrected relative energy of 4.6 kcal/mol,
see structure number 4 in Figure 2 and Figure S6. The increase of the Cs-H bond up to 1.70
A transfers the proton into the water network with the formation of the H30™ which is stabilized
by three neighboring water molecules having hydrogen bond distances 1.552, 1.824 and 1.430
A, respectively, see structure number 5 in Figure 2 and Figure S7. In addition to the proton’s
high mobility, the stabilization of a proton in an aqueous medium on formation of H;O*
strongly hydrogen bonded with three water molecules is a well known phenomenon.2® Thus
the short hydrogen bond distances to the hydronium ion we find are expected. A further increase
in the C5-H bond beyond 1.70 A leads to the complete transfer of the proton from Cg through
the intervening waters to the N7 atom of the guanine resulting into the formation of dG(*Cg/,
N7-H*) + 7 H,0 complex, see Figures 1: 2 and Figure S8 and S13. These results are in accord
with a report employing fast atom bombardment tandem mass spectrometry,252 suggests the
N> site of guanine is the most favorable site for the proton attachment in the gas phase with a
proton affinity of 227 + 0.1 kcal/mol. In Table 1 it is evident that conversion of dG** + 7 H,0
(reactant) to dG(*Cs;, N7-H*) + 7 H,0 (product) is exergonic with a calculated ZPE-corrected
free energy changes (AG®) at 298 K of —7.5 kcal/mol. The free energy of activation (AG¥) is
ca. 15 kcal/mol (Table 1) which involves a significant entropy cost (AS* = —28.0 cal K1
mol™1). Clearly the reorganization of water around the proton creates a more organized state.
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The solvation of the proton in water is an extremely exergonic process (AG® = —264 kcal/mol)
but is not favored entropically (AS* = —37.0 cal K~1 mol~1).260 At the transition state a similar
entropic cost is found.

Since B3LYP functional is known to overestimate delocalization of spin density owing to the
self interaction error,2” we plotted the spin density distribution using the BHandHLYP
functional (which has 50% Hartree-Fock exchange contribution) and the 6-31G* basis set with
the optimized structures shown in Figure 2 from the B3LYP/6-31G* method. The spin densities
calculated using the B3LYP/6-31G* method are shown in Figure S2 in the supporting
information. The spin densities, shown in Figures 3 and S2, are plotted at 0.002 spin contour
level using Molekel program?® at each step of the proton transfer reaction indicated in the PES
in Figure 2. From Figure 3, we see that in dG** + 7 H,0 (reactant), the spin is totally delocalized
into the p molecular orbital of guanine, which is in agreement with the experimental
observation. =4 914,15 At the TS, a large part of the spin density is found on the Cg while a
small portion is found on a water molecule adjacent to the Cg site, see Figure 3. After complete
proton transfer from Cs to guanine (dG(°Cs, N7-H*) + 7 H,O (product)), the spin density is
localized mainly on Csg site as shown in Figure 3. A comparison of Figures 3 and S2 shows
that both the methods give similar spin density distributions except at the TS where the B3LYP/
6-31G* level of calculation shows the presence of a small amount of spin density on the guanine
ring, see structure number 2 in Figures 3 and S2, respectively. The spin density distribution,
shown in Figure 3, shows that a small stretch in the Cs-H bond of only ~ 0.13 A from its
equilibrium distance (1.099 A, see Figure S3) transfers the “hole” (positive charge) from
guanine to the Cg site or in other words transfers electron from Cg site to the guanine ring
making guanine ring neutral as proposed in Scheme 1. From the present calculation, it is
obvious that the first vibrational excitation of Cg-H bond would overcome the 9 kcal/mol
barrier and result in the transfer of the “hole” from guanine to the Cs site. The hole transfer
creates a very acidic Cg site which deprotonates into the aqueous environment. The B3LYP/
6-31G* calculated stretching frequency of Cs-H bond is 3040 cm™1 which suggests a proton
transfer time of some multiple of the ~11 fs vibrational time for a vibrationally excited species.

To show the influence of the water environment on the proton transfer process we considered
a system without the water network. We employed the B3LYP/6-31G* optimized TS structure
(structure number 2 in Figure 2) and then increased the Cs-H bond up to 4 A and calculated
the spin density distribution using B3LYP/6-31G* method. The calculated spin density
distribution is totally localized on the detached hydrogen atom, see Figure 4. A hydrogen atom
has an IP of 13.6 eV, thus the proton easily acquires an electron from the dG system leaving a
singlet cation at the Cg site. In the aqueous environment a proton transfers leaving behind the
full spin at the Cg site (see structure 5 in Figures 3 and S2). These results clearly show that in
a polar solvent such as water, proton transfer takes place while in gas phase, or by extension
nonpolar systems, hydrogen atom transfer could be operative. We note that in nonpolar
systems, such as for one electron ionized hydrocarbons, hydrogen atom formation is commonly
invoked as a mechanism in competition with deprotonation reactions.2® We further note that,
since DNA has a variety of proton acceptor sites, the direct proton transfer to the other effective
proton acceptors sites such as N7, Og and N3 of guanine could occur even without water.

Conclusions

The spin density for the hydrated deoxyguanosine cation radical calculated in this study,

dG™* + 7H,0, is fully localized on the guanine base, as expected, since one electron oxidation
of 2'-deoxyguanosine (2'-dG) is known to initially result in a hole on the guanine.1:® However,
asmall stretch in the Cs-H bond of only 0.13 A from the equilibrium value of 1.099 A to 1.229
A costs only 9 kcal/mol to reach the TS toward deprotonation into water. This bond stretch is
sufficient to transfer the hole from guanine to Cs site which makes the Cs site highly acidic
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and induces deprotonation to water. The critical role of the proton acceptor, i.e., the waters of
hydration, is made clear by Figure 4 which shows that, without a protonation site on water,
hydrogen atom loss could occur instead of proton loss. The role of oxidation of the guanine
base on the Cg-H bond strength is also of interest. To illustrate this, a qualitative comparison
of the potential in its neutral and cation radical states are energy surfaces of Cs-H bond scission
in 2'-dG presented in Figure 5. The Cs-H bond in the neutral 2'-dG has a bond strength toward
homolytic cleavage of 97 kcal/mol39 which would not be fully cleaved until extension of
several angstroms. Comparison of this with the 9 kcal/mole and 0.13 A found in this work for
the cation radical, dG** + 7H,0, shows the dramatic effect of oxidation of the guanine base
on the reactivity of the sugar group.

The 9 kcal/mol activation energy (AE) for proton transfer from Cs site to the water would
suggest a significant rate of conversion of the guanine cation radical in DNA to sugar radicals
at ambient temperatures, e.g., the activation energy for the proton transfer decreases by to 2 —
3 kcal/mol at 298 K (see Table 1). However, the free energy of activation (AG* =15 kcal/mol,
see Table 1) is substantially greater than the activation energy (see Table 1) owing to a
significant entropic penalty on forming the transition state. This entropic cost would clearly
lower the rate of reaction. Experimentally it is found that on the time scale of the lifetime of
G™* in DNA no such reaction occurs and a faster reaction of addition of water directly to the
Cgon guanine to form the 8-hydroxyl guanine radical occurs.31~34 Subsequently, after a second
one electron oxidation 8-oxoguanine is formed.3! However, our work suggests that simple
vibrational excitation of the Cs-H bond in dG** would provide the bond stretching needed to
cause the PCHT and sugar radical formation.

The proton transfer from Cg site to the N of guanine is an overall exothermic process with a
free energy change (AGP) of —7.5 kcal/mol at 298 K. This study clearly shows that, in aqueous
environment, proton coupled hole transfer (PCHT) can be an effective route to Cs sugar radical
(Cs") formation. In the present study, we model the proton transfer reaction through water
network considering the simple model of a nucleoside, however, in the actual DNA system the
phosphate (PO,4) groups are present and will be a favored site for proton addition. The pK, of
the phosphate group and its proximity to the Cs site would make it an effective competitor
with the guanine Ny site. Experimentally it is found that the thermal reaction modeled in this
work is slow and electronic excitation was necessary to induce deprotonation from the sugar
of the guanine cation radical in DNA or model systems.8:® The low barrier found in this work
suggests vibrational excitation would be sufficient to induce deprotonation as well. The
apparent stability of the guanine cation in DNA systems toward the sugar radical formation is
explained by the activation barrier, and the more rapid reaction of the guanine base cation with
water.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
B3LYP/6-31G* optimized geometries of (a) dG**+7 H,0 (reactant), (b) transition state (TS)
and (c) dG(°*Cg, N7-H*) + 7 H,0 (product).
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Figure 2.

B3LYP/6-31G* calculated potential energy surface (PES) for proton transfer from Cs on the
deoxyribose group to N7 on guanine in dG** + 7 H,0. The zero point energy corrected energies
(AE) at 0 K and Cs-H bond distances are given in kcal/mol and angstroms (A), respectively.
The pink circle highlights the transferring proton. For atom numbering, see scheme 1.
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Figure 3.

BHandHLYP/6-31G*//B3LYP/6-31G* calculated spin density distribution during proton
transfer from Cs: on the deoxyribose group to N7 site on guanine in dG** + 7 H,0. The
stretching of the Cs-H bond from its equilibrium bond length (1.099) to 1.23 A results in the
transfer of the hole from guanine to the Cs site which is equivalent to electron transfer from
the Cg site to guanine. The pink circle highlights the transferring proton when not obscured
by the spin distribution.
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Figure 4.

B3LYP/6-31G* calculated spin density distribution at a Cs-H bond distance of 4 A without
waters. In the calculation, the surrounding waters were removed from the B3LYP/6-31G*
optimized TS (structure number 2 in Figure 2) and the Cs-H bond distance increased to 4 A.
A single point B3LYP/6-31G* calculation was then performed. The full spin density is
localized on the detached hydrogen atom and positive charge is maintained on the remaining
structure mainly at Cs.
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Figure 5.

Qualitative plots of dG + 7 H,0 in neutral and cation radical states as a function of Cs-H bond
length. Not to scale. The neutral Cs-H bond energy is 97 kcal/mol (Ref. 30) where as the cation
radical of dG + 7 H,0 requires only 9 kcal/mol to overcome the barrier and is energetically
downhill thereafter. Note that the cation radical is ca. 7 eV higher in energy (ionization
potential, Ref. 3) than the neutral. The curves are shown together to compare the barriers to
bond rupture.
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Scheme 1.

Formation of the neutral Cs sugar radical (Cs*) through proton coupled electron transfer
(PCET) mechanism in 2'-deoxyguanosine radical cation (dG**). The proton transfers from
Cs to Ny of guanine through waters and results in electron transfer from Cs to guanine yielding
the product, (dG(*Cs, N7-H*) + 7 H,0).
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