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ABSTRACT: 8-Oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG-
uo) is one of the most common DNA lesions resulting from
reactive oxygen species and ionizing radiation, and is involved in
mutagenesis, carcinogenesis, and cell death. Notably, 8-oxodGuo
is more reactive toward singlet (alAg) O, than the undamaged
guanosine, and the lesions arising from the secondary oxidation of
8-oxodGuo are more mutagenic. Herein the 'O, oxidation of free
base 8-oxoguanine (8-0x0G) was investigated at different initial
conditions including protonated [8-0xoG + H]*, deprotonated [8-
0x0G — H]~, and their monohydrates. Experiment was carried out
on a guided-ion beam scattering tandem mass spectrometer.
Measurements include the effects of collision energy (E.;) on
reaction cross sections over a center-of-mass E_ range from 0.1 to
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0.5 eV. The aim of this study is to quantitatively probe the sensitivity of the early stage of 8-ox0G oxidation to ionization and
hydration. Density functional theory and Rice—Ramsperger—Kassel-Marcus calculations were performed to identify the
intermediates and the products along reaction pathways and locate accessible reaction potential energy surfaces, and to
rationalize reaction outcomes from energetic and kinetic points of view. No product was observed for the reaction of [8-0x0G +
H]*W,, (W = H,0) because insurmountable barriers block the addition of 'O, to reactant ions. Neither was [8-oxoG — H]~
reactive with 'O,, in this case due to the rapid decay of transient intermediates to starting reactants. However, the nonreactivity
of [8-0x0G — H]~ was inverted by hydration; as a result, 4,5-dioxetane of [8-0x0G — H]~ was captured as the main oxidation
product. Reaction cross section for [8-0x0G — H]™-W + 'O, decreases with increasing E,; and becomes negligible above 0.3 eV,
indicating that the reaction is exothermic and has no barriers above reactants. The contrasting oxidation behaviors of [8-0x0G +
H]*W,, and [8-0x0G — H] "W}, which are relevant to the pH dependence of 8-0x0G oxidation in solution, are interpreted in

terms of different 'O, addition pathways.

1. INTRODUCTION

Guanine is the most easily oxidized of the four DNA bases, and
is the exclusive DNA target for singlet (a'A,) 0, "
Depending on chemical contexts and reaction conditions, the
'0, oxidation of 2'-deoxyguanosine (dGuo) leads to formation
of different products, of which 8-oxo-7,8-dihydro-2'-deoxygua-
nosine (8-oxodGuo) is predominant for isolated and cellular
DNA.’ 8-oxodGuo is involved in a variety of biological sequelae
including mutagenesis, carcinogenesis and cell death. By
mispairing with adenine during replication, 8-oxodGuo gives
rise to G-C—T-A transversion—a somatic mutation in
cancers.'” 8-0xodGuo is also related to neurological disorders
responsible for Alzheimer’s'® and Parkinson’s diseases,'* and
triggers DNA—protein cross-linking.15 For these reasons, 8-

-4 ACS Publications  © 2017 American Chemical Society 956

oxodGuo is widely used as a biomarker of “oxidative stress”
within cells and tissues.'"”

Notably 8-oxodGuo is even more reactive toward 'O, than
the undamaged dGuo,">"*7>° and the lesions arising from the
secondary oxidation of 8-oxodGuo are more mutagenic in vivo
than 8-0x0dGuo.?® As summarized in Scheme 1,'%**%*%%7 the
oxidation of 8-oxodGuo is initiated by a [2+2] addition of 'O,
across the 4,5-ethylenic bond, giving rise to a transient 4,5-
dioxetane (2). 2 was observed only in the photooxidation of
2/,3’,5'-tris(O-tert-butyldimethylsily)-8-ox0-7,8-dihydroguano-
sine in acetone or CH,CL,.'® The intermediate was captured by
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Scheme 1. '0,-Induced Oxidation of 8-oxodGuo®
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NMR at —80 °C, but decomposed upon warming to —60 °C.
One decomposition pathway of 2 leads to 4,5-bond cleavage,
producing a 9-membered macrocycle 4a. The latter, upon
intramolecular ring closure with extrusion of CO,, rearranges to
4b, and finally to cyanuric acid 4c with concomitant release of
urea.”” Another pathway of 2 involves proton transfer and ring
opening, leading to formation of a hydroperomde 5-OOH-8-
oxodGuo (3). 3 may either undergo reduction” or water
exchange’ to an alcohol 5-OH-8-0x0dGuo (5a), or evolve into
an imidazolone (6b) and an oxazolone (6c)."” Conversion of
Sa to downstream products is pH sensitive. Under acidic
conditions, formation of a protonated guanidinohydantoin
([dGh + H]*, 5f) becomes predominant, which occurs via
hydrolysis of Sb then ring opening of 5S¢, decarboxylation of 5d
and a final intramolecular H transfer of Se. Under neutral and
basic conditions, formation of a deprotonated spiroiminodihy-
dantoin ([dSp — H]~, Sh) is kinetically favored via an acyl
migration in Sg.2

The oxidation of the 8-0xodGuo residue that has been site
specifically inserted into DNA or oligonucleotide follows a
completely different route and appears more specific.”' In the
latter case, 5,6-bond cleavage, OH migration and subsequent
CO, loss in 3 give rise to an oxidized guanidinohydantoin
(dGh*, 7b). Successive hydrolytic steps accompanied by the
release of guanidine convert 7b to an oxaluric acid (7d)
through a parabanic acid (7c).

In light of the reaction diversity and the condition
dependence of 8-oxodGuo oxidation, it is warranted to look
into the reaction kinetics and dynamics, with a focus on the
early stage that was not completely revealed from conventional
solution-phase studies. As the ribose sugar in 8-oxodGuo makes
the molecule quite larger, our first effort was targeted at the
oxidation of free base 8-oxo-7,8-dihydroguanine (8-0xoG). We
have examined the 'O, reactions with protonated [8-0x0G +

957

H]* and deprotonated [8-0xoG — H]™ in the gas phase and
then the same systems hydrated with an explicit water
molecule, using guided-ion beam scattering mass spectrometry.
Reaction coordinates and potential energy surfaces (PESs)
were established on the basis of density functional theory
(DFT) and Rice—Ramsperger—Kassel-Marcus (RRKM)”®
analysis. As we will show, the oxidation of [8-0x0G + H]*
begins by concerted cycloaddition of 'O,, but all pathways are
blocked by high activation barriers. On the contrary,
synchronous addition does not occur to [8-0x0G — H] ™. The
latter involves a low-energy, stepwise addition starting with
formation of a S-terminal peroxide, followed by evolving into a
4,5-dioxetane and a S-hydroperoxide. Compared to the
dehydrated systems, hydration not only changes the stabilities
of protonated 8-0x0G conformations, but “cools down” the
energized oxidation intermediates of deprotonated 8-oxoG,
suppressing their otherwise complete decomposition back to
reactants.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Generation and Detection of '0,. 'O, was generated
by the reaction of H,0, + Cl, + 2KOH — '0,/°0, + 2KCI +
2H,0.”*° In the experiment, 10.5 mL of 8 M KOH was added
to 20 mL of 35 wt% aqueous H,O, in a sparger held at —18 °C.
The resulting mixture was degassed. 3.42 sccm of Cl, (~99.5%,
Sigma-Aldrich) was mixed with 53.5 sccm of He and bubbled
through the H,0,/KOH slush. All of the Cl, reacted with H,O,
to produce a mixture of '0,, 30,, and water.”** Gas products
passed through a cold trap (kept at —70 °C) to remove water
vapor. Only 'O,, *0,, and He remained in the downstream gas.
The concentration of 'O, was determined by measuring 'O,
emission (a'A, = X*} 0, v = 0—0)*" at 1270 nm in an optical
emission cell. Emission from the cell was collected by a plano-
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convex BK7 lens, passed through an optical chopper (SRS
model SR540) and a S nm bandwidth interference filter
centered at 1270 nm (Andover, blocked to 1550 nm). The
chopped emission was focused by another plano-convex BK7
lens into a thermoelectrically cooled InGaAs photodetector
(Newport 71887 detector and 77055 cooler) coupled with a
lock-in amplifier (SRS model SR830). Amplifier output was
converted to absolute 'O, concentration based on a previous
calibration.®* To reduce the residence time, and therefore, the
wall- and self-quenching of 'O,, the entire 'O, generator was
continuously pumped down to a pressure of 12.8 Torr using a
mechanical pump regulated by a pressure relay. At this pressure,
a maximum concentration of 'O, was available for carrying out
ion—molecule reactions.

The 'O, generator also produced *O,. However, *O, does
not react with singlet closed-shell molecules because the
reaction is spin-forbidden. The nonreactivity of 8-oxoG ions
toward O, has been verified in control experiments that were
performed under the same conditions except that Cl, used in
the 'O, generator was replaced by oxygen gas at the same flow
rate.

2.2. lon—Molecule Scattering. The reactions of 8-0xoG
ions with 'O, were carried out on a homemade guided-ion-
beam tandem mass spectrometer, which was described in detail
previously,”® along with the operation, calibration and data
analysis procedures. The apparatus consists of an ion-source, a
radio frequency (rf) hexapole ion guide, a quadrupole mass
filter, an rf octopole ion guide surrounded by a scattering cell, a
second quadrupole mass filter, and a pulse-counting electron
multiplier detector. Both quadrupoles use Extrel 9.5 mm
diameter trifilter rods operating at 2.1 MHz to cover a mass/
charge (m/z) range of 1—-500.

A sample solution for generating [8-0xoG + H]* was
prepared in methanol/water (3:1 vol. ratio) containing 0.05
mM 8-0x0G (>90%, Enzo) and 1 mM HCI, and that for [8-
0xoG — H]™ was prepared in methanol/water (3:1) containing
0.05 mM 8-0xoG and 0.5 mM NaOH. The solution was
sprayed into the ambient atmosphere through an electrospray
needle at a flow rate of 0.06 mL/h. The ESI needle was held at
2.2 and —2.2 kV relative to ground for producing positively and
negatively charged species, respectively. Charged droplets
entered the source chamber of the mass spectrometer through
a pressure-reducing desolvation capillary, which was heated to
150 °C and biased at 90 to 150 V for positive ions and —90 to
—120 V for negative ones. The distance between the tip of the
ESI needle and the sampling orifice of the capillary was 5—10
mm. Liquid aerosols underwent desolvation as they passed
through the heated capillary, and were converted to gas-phase
ions in the source chamber. Under mild heating conditions, not
all of the solvent evaporated, resulting in hydrated ions. It was
found that the pure water solution of [8-0x0G + H]" resulted in
a maximum ion intensity for monohydrated [8-oxoG + H]*W
(W = H,0), whereas the solution of [8-oxoG — H]™ in
ethanol/methanol/water (1:2:1) yielded a maximum intensity
for [8-0x0G — H]™-W.

A skimmer with an orifice of 0.99 mm is located 3 mm from
the capillary end, separating the source chamber and the
hexapole ion guide. The skimmer was biased at 20 V relative to
ground for positive ions and —20 V for negative ones. Ions that
emerged from the skimmer were transported into the hexapole
at a pressure of 24 mTorr, undergoing collisional focusing and
cooled to ~310 K. Ions subsequently passed into a conven-
tional quadrupole for selection of specific reactant ions. Mass-
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selected reactant ions were collected and focused into the
octopole ion guide, which trapped ions in the radial direction,
minimizing the loss of the reactant and product ions resulting
from scattering. The octopole operated at 2.6 MHz with a peak-
to-peak rf amplitude of 600 V. The octopole is surrounded by
the scattering cell containing neutral reactant gas. The cell
pressure was controlled by a leak valve and measured by a
Baratron capacitance manometer (MKS 690 head and 670
signal conditioner). After passing through the scattering cell,
remaining reactant ions and product ions drifted to the end of
the octopole, and then were mass analyzed by the second
quadrupole, and counted by the electron multiplier.

The initial kinetic energy distributions of the reactant ions
were determined by a retarding potential analysis (RPA)>* that
measures the intensity of the ion beam while scanning the DC
bias voltage applied to the octopole. The DC bias voltage also
allowed control of the kinetic energy of reactant ions in the
laboratory frame (E; ;). E;,, can be converted into the collision
energy (E,) between reactant ions and 'O, molecules in the
center-of-mass frame using E.y = Epp X Mpea/ (Mion +
Mooural), Where m . and my,,, are the masses of neutral and
ionic reactants, respectively. Intensities of the reactant ion beam
were 6 X 10* counts/s for [8-0x0G + H]*, 2 X 10° counts/s for
[8-0x0G — H]7, and 2 X 10* counts/s for their monohydrates.
Initial kinetic energy was 0.75 eV for [8-0x0G + H]*W,; and
0.96 eV for [8-0x0G — H]™-W, ;, with an energy spread of 0.6—
0.75 eV that corresponds to an E_ resolution of <0.1 eV.

Reaction cross sections were calculated from the ratios of
reactant and product ion intensities at each E_ (under single
ion—molecule collision conditions), the pressure of 'O, in the
scattering cell (= the gas pressure in the cell X the abundance of
'0,), and the effective cell length. The scattering cell pressure
was set at 0.25 mTorr containing 5% of '0,/°0, and 95% of
He. Under these conditions, 8-0xoG ions underwent at most a
single collision with O,. Ions also collided with He, but heavy
ion-light neutral combination made these collisions insignificant
at low E_.

The emission intensity of 'O, was monitored continuously,
and its variation (controlled to be within 20%) was corrected
for in calculating reaction cross sections. Experiment was
repeated multiple times and each time we cycled through
different E_j. Reported data represent an average of four
complete data sets. Based on the reproducibility of measure-
ments, the relative error of reaction cross sections (e.g.,
uncertainty in comparing data at different E.,;) was estimated to
be ~20%.

2.3. DFT and RRKM Calculations. Geometries of
reactants, intermediates, transition states (TSs), and products
were optimized using Gaussian 09, at the B3LYP level of
theory paired with the 6-311++G(d,p) basis set. Tautomer/
rotamer search was conducted for all reactants, and the most
stable conformations were used as the starting structures in
reaction PESs and kinetic modeling.

Note that an extended set of density functional theories has
been assessed for guanine oxidation intermediates.”® One
concern about using B3LYP in describing guanine oxidation is
that the stability of the 8-peroxide of guanine was overestimated
by this functional. However, we found that B3LYP was able to
predict correct energetics of the endoperoxide vs the 8-peroxide
of protonated and deprotonated guanine, because the reactions
did not involve significant charge transfer between the O,
moiety and the reactant ions.” This hybrid GGA functional has
been generally successful in describing the 'O, oxidation of
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Figure 1. Low-lying tautomers/conformers of 8-0xoG, [8-0x0G + H]"-W, ,, [8-0x0G — H]™-W,,,. Atomic numbering scheme and nomenclature are
presented. Relative energies (eV, with respect to global minima), hydration energies (in parentheses), and thermal populations (in parentheses) were

evaluated at B3LYP/6-311++G(d,p) with 298 K thermal corrections.

guanine,g’37 9-methylguanine,10 6-thioguanine,38 and histi-
dine.””*’ We had also benchmarked the PESs for deprotonated
9-methylguanine + '0,'" constructed at the B3LYP, M06-2X,
@wB97XD, and MP2 levels against the one obtained from
multireferential CASSCF(10,8), and found that B3LYP most
closely reproduced the CASSCF PES.' Restricted-to-unre-
stricted instabilities were checked. For those without stable
wavefunctions in restricted calculations, an unrestricted method
was used, and spin contamination was not an issue. All TSs
were verified as first-order saddle points, and the vibrational
mode associated with an imaginary frequency corresponds to
the anticipated reaction pathway. Aside from the local criterion,
intrinsic reaction coordinate (IRC) calculations were carried
out to identify reactant/product minima connected through the
identified T'Ss.

B3LYP/6-311++G(d,p) calculated vibrational frequencies
and zero-point energies (ZPEs) were scaled by a factor of
0.952 and 0.988,"" respectively. To refine the quality of reaction
PESs, the electronic energies of all critical structures along
reaction coordinates were recalculated at the B3LYP/aug-cc-
pVQZ level using BALYP/6-311++G(d,p) optimized structures.
Potentials (with respect to reactants) in PESs were determined
based on the sum of the electronic energies calculated at
B3LYP/aug-cc-pVQZ and the 298 K thermal corrections
calculated at B3LYP/6-311++G(d,p) (including ZPE). In
conformation search for [8-oxoG + HJ*, the MP2/6-311+
+G(d,p) method was used in addition to B3LYP, aimed at
validating the B3LYP—predicted conformers.

The energy gaps between the singlet and the triplet
electronic states of [8-0xoG + H]* + 'O, and [8-0x0G —
H]™ + 'O, are 1.65 and 2.10 eV, respectively. Thus, the need
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for a multireference treatment is alleviated for these systems, as
what was found for the 'O, reaction with neutral, protonated,
and deprotonated guanine.”'”** To further ascertain that
B3LYP calculations were not invalidated by multireference
effects, T1 diagnostic43 was performed for critical structures,
and results suggest that B3LYP is appropriate for the present
systems.

RRKM unimolecular rates were calculated with the program
of Zhu and Hase,™ using direct state count algorithm and
scaled B3LYP/6-311++G(d,p) frequencies and B3LYP/aug-cc-
pVQZ energetics. The orbital angular momentum L for the
reaction was estimated from collision cross section (c,), i.e., L
= U (0,4/7)"%, where p and v, are the reduced mass and
the relative velocity of collision partners, respectively. Product
branching was determined by the ratio of RRKM rates for
different channels.

3. RESULTS AND DISCUSSION

3.1. Structures of [8-oxoG + H]**W,, and [8-0x0G —
H]™*Wy,;. Tautomers/rotamers of neutral, protonated, and
deprotonated 8-oxoG as well as their monohydrates were
calculated at the B3LYP/6-311++G(d,p) level of theory. All
stable structures are presented in Figures S1—SS, and their
Cartesian coordinates are provided in the Supporting
Information, too. Each conformer has a number suffix to
denote the order of stability within its structure category. For
hydrates, we included hydration sites in their notations.
Representative low-energy conformers for each of the neutral,
protonated, and deprotonated series, along with their relative
energies and populations, are summarized in Figure 1. The
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populations of various tautomers and rotamers were estimated
based on their computed relative stabilities at 298 K.

A total of 16 stable tautomers/rotamers were found for
neutral 8-0x0G, arising from keto—enol and amino—imino
tautomerization, H migration between N1 and N3 and between
N7 and N9, and rotation of side groups. They are gathered in
Figure S1, of which the two most significant tautomers, 6,8-
diketo and 6-enol-8-keto, are depicted in the top row of Figure
1. Based on B3LYP/6-311++G(d,p) calculations, the 6,8-diketo
and 6-enol-8-keto tautomers represent 80 and 20% of the 8-
0xoG population at 298 K, respectively. Both DFT (including
those in the literature””**™* and in the present work) and
MP2**%%° calculations have predicted 6,8-diketo and 6-enol-8-
keto as the two lowest-energy gas-phase tautomers of 8-0xoG.
But most of the MP2 calculations reported a reversed order of
stability between the two tautomers (i.e., the 6-enol-8-keto
tautomer was predicted as the global minimum at MP2),*>**>°
except the most recent MP2/cc-pVDZ work®" that predicted
the same order of stability as DFT. Since the remaining
conformations of 8-0xoG have negligible populations, the 6,8-
diketo and 6-enol-8-keto tautomers were used as neutral
reactants in constructing the protonated and deprotonated
structures of 8-0x0G.

Fifteen conformers were identified for protonated [8-0x0G +
H]* (Figure S2) by protonating different O and N sites in the
6,8-diketo and 6-enol-8-keto tautomers of 8-oxoG. The first
two lowest-energy conformers of [8-oxoG + H]* lie within 0.1
eV with a calculated thermal population of 73 and 26%,
respectively. The most stable protonated conformer is formed
by protonation of N3 in the 6-enol-8-keto tautomer of 8-0xoG,
and the next by protonation of O6 in the 6,8-diketo tautomer
of 8-0x0G. Note that the literature has reported some
conformations for [8-oxoG + H]* at both B3LYP*"** and
MP2* levels. But the results are incomplete and inconsistent.
To avoid systematic errors that might arise from B3LYP
calculations, all of the protonated conformations presented in
Figure S2 were reoptimized at MP2/6-311++G(d,p). In our
study, both B3LYP and MP2 theories predicted the same global
minimum structure and the similar order of stabilities, except
for [8-0xoG + H]* 13 that is unstable at MP2.

We found nine conformers for deprotonated [8-0xoG — H]~
(Figure S3) via deprotonation of the N1-H, N7—H, N9—H,
and the amino group in the 6,8-diketo tautomer of 8-0xoG, and
of the N7—H, N9—H, and the enol in the 6-enol-8-keto
tautomer of 8-0xoG. Of these, deprotonation of N1-H in 6,8-
diketo (or the enol in 6-enol-8-keto) leads to an almost
exclusively dominant structure [8-oxoG — H]™_1, with a
calculated population of 96% at 298 K.

Starting geometries of monohydrated ions were obtained by
adding a water molecule to all possible hydration sites in the
two lowest-energy protonated conformers (i.e., [8-oxoG + H]*
_1 and 2) and the lowest-energy deprotonated conformer (i.e.,
[8-0x0G — H]™_1). These structures were then optimized at
B3LYP/6-311++G(d,p). All of the converged structures are
gathered in Figures S4 and SS, with the water binding sites
appended to structure notations. Hydration energy was
calculated using By, gyi0n = E(bare ion) + E(H,0) — E(cluster),
where E(bare ion), E(H,0), and E(cluster) are the B3LYP—
calculated energies of bare ion, water and the monohydrate of
the same ijon conformation, respectively. The lowest-energy
protonated monohydrate, [8-0xoG + H]* 2-W67, has the
water binding to its C6-enol and N7—H with Ey40400 = 0.83
eV, and accounts for a 96% population of the protonated
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monohydrate at 298 K. The most favorable deprotonated
monohydrate is formed also by a water hydrogen-bonded to
C6—0 and N7—H in [8-0x0G — H]™_1 concurrently and
denoted as [8-0x0G — H]™_1-W67 with Ejydration = 0.64 eV and
a calculated thermal population of 71%. Such cyclic water-
binding motifs are similar to those found in hydrated neutral,
protonated and deprotonated guanine”*”>’ and 9-methylgua-
nine."’

In sum, our conformation search not only reproduced the
neutral,*~*°%*" protonated,”® and deprotonated”’~**' 8-
0x0oG conformers reported in the literature, but identified many
new structures. On the basis of their populations calculated at
298 K, [8-0x0G + H]* 1, [8-0x0G + H]* 2-W67, [8-0x0G —
H]™ 1, [8-0x0G — H]~_1-W67 represent dominant reactants
in gas-phase reactions, and were used as starting structures in
construction of reaction PESs.

3.2. Reaction Products and Cross Sections. We first
examined the reactions of 'O, with bare [8-0xoG + H]* and [8-
0xoG — H]™ over the center-of-mass E range of 0.1—1.0 eV.
However, no products were detected, except collision-induced
elimination of H,0 and CO from [8-oxoG + H]¥, and
elimination of H,0 and CN,H, from [8-0xoG — H]~ at high
energies. We had thought it might be because peroxides formed
in the reactions are extremely unstable and decayed back to
starting reactants during the time-of-flight in the mass
spectrometer. This scenario was found in the 'O, reactions
with isolated histidine,*” guanine,9 and 9-methylguanine ions,"”
all of which were found to be completely nonreactive because
of the fast decomposition of transient adducts. To measure
transient species in the latter three systems, we devised reaction
routes by using hydrated reactant ijons as the target for
collisions with 'O,. The point was to stabilize nascent peroxides
based on water evaporation cooling arising from gas-phase
hydrates. This strategy was proved to be useful in capturing
transient endoperoxides of histidine, guanine, and 9-methyl-
guanine.

Following the same idea, we have examined the collisions of
10, with [8-0x0G + H]*-W and [8-0x0G — H]™-W. In contrast
to our expectation, no oxidation product was detected for [8-
0xoG + H]*W, either. On the other hand, this approach did
work out for the deprotonated system, as product ions were
detected at m/z 198 for [8-0x0G — H]™-W + '0O,. Figure 2a
shows a representative product ion mass spectrum measured at
E., = 0.1 eV. This product can be attributed to liberation of a
water ligand from an O, adduct of [8-0x0G — H]™-W. Reaction
cross section (G,,cion) for [8-0x0G — H]™-W + 'O, is shown in
Figure 2b over the E range of 0.1 to 0.5 eV, along with the
reaction efficiency (estimated from 6,econ/Gco1 in Which o is
the greater of the ion-induced dipole capture cross section®*
and hard-sphere collision cross section). 6,e,qon increases with
decreasing E_j, indicating that there is no activation barrier
above reactants. As for any exothermic reactions, the reaction
efficiency is significant only at low energies. Increasing the
amount of energy available decreased the probability of the
reaction; as a consequence, the efficiency decreases rapidly at
high E_, eventually becoming zero at the energy above 0.3 eV.

A similar E_; dependence of 6,,.,, was observed for [G —
H]™W + '0,” and [9MG — H]™-W + '0,.'"” However, the
reaction efficiency (measured at the lowest E_) for [8-0x0G —
H]™W increases by a factor of 1.6 compared to that for [G —
H]™W, and by a factor of 2.2 compared to that for [IMG —
H]~W.
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Figure 2. (a) Product mass spectrum for [8-oxoG — H]™W + 'O,
obtained at E_; = 0.1 eV, and (b) reaction cross section and efficiency
(dark green line against the right axis) for [8-0x0G — H]™W + '0,.

3.3. Nonreactivity of [8-oxoG + H]"W,,. Three
Concerted '0, Addition Pathways for Dehydrated [8-ox0G
+ HJ". To address the origin of the nonreactivity of [8-0xoG +
H]" with 'O, we turn to computational evidence. A PES
constructed at B3LYP/aug-cc-pVQZ//B3LYP/6-311++G(d,p)
is presented in Figure 3a, with reactants shown near the center
at zero potential energy. Guided by the mechanisms in Scheme
1, we first looked at the possibility of 4,5-cycloaddition of 'O,
to [8-0xoG + H]*. This corresponds to reactants — TS1* —
[4,5-dioxetane + H]* in Figure 3a. [4,5-Dioxetane + HJ, if
formed, would evolve to hydroperoxides, including [4-OOH’-
8-0x0G + H]" (via intramolecular H transfer at TS2%; the
superscription in notation indicates the position from which H
is abstracted), [5-OOH’-8-0x0G + H]* via TS3", [5-OOH>-8-
ox0oG + H]" via TS4%, and [4-OOH®-8-0x0G + H]* via TSS".

To further examine the initial 4,5-addition, a 56 X 56 grid of
potential surface for governing the addition was generated at
the B3LYP/6-311++G(d,p) level using a relaxed PES scan, and
is visualized in Figure 3b. r(C4—0) and r(C5—0), which
characterize the distance between the C4—CS bond and the O,
moiety, are considered as reaction coordinates and each
decreases from 2.8/3.0 to 1.4 A at an interval of 0.025 A. All
the other bond lengths and bond angles were optimized at each
point of the PES. On this PES, there is a deep well
corresponding to [4,5-dioxetane + H]* that is separated from
reactants by a saddle point located at TS1". A minimum energy
pathway along the intrinsic reaction coordinate is projected
onto the PES. A movie depicting this IRC trajectory is available
in the Supporting Information. The reaction features
synchronous addition of O, across the C4—CS bond but with
an asymmetrical TS geometry with r(C4—0) = 1.6 A and
r(C5-0) = 2.3 A,

A close examination of Figure 3b reveals another potential
well that corresponds to a 2,5-endoperoxide of [8-0x0G + H]*.
To the best of our knowledge, 2,5-addition was never
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considered for 8-0x0G + 'O,. This led us to explore a 2D-
PES and IRC trajectory along r(C2—0) and r(C5—0). The
results in Figure 3c demonstrate that 2,5-cycloaddition follows
a concerted pathway and has nearly equal r(C2—0) = 1.95 A
and r(CS—0) = 1.9 A at TS6". This pathway is depicted in the
movie available in the Supporting Information. Inspired by the
discovery of 2,5-addition, we explored the possibility of 2,4-
addition by running another PES scan along r(C2—O) and
1(C4—0). As shown in Figure 3d, the scan results in a third
concerted cycloaddition path, leading to formation of [2,4-O0-
8-0x0G + HJ" with an activation barrier at TS7" (see the
accompanying movie in the Supporting Information). The two
new addition pathways are presented in the left portion of the
PES in Figure 3a. For the sake of comparison, we replotted the
IRC trajectory for 2,5-addition in Figure 3d, by following the
changes of r(C2—0) and r(C4—0) during addition. Compar-
ison of the 2,5- and 2,4-addition trajectories in Figure 3d
indicates that the trajectory may switch between the two
pathways during propagation toward products.

What was unexpected from the PES calculations is that the
activation barriers for 2,5-addition (TS6%, 0.25 eV) and 2,4-
addition (TS7%, 0.34 eV) are much lower than that for the
conventional 4,5-addition (TS1*, 1.03 eV). However, all
pathways are kinetically blocked by barriers above reactants
and therefore discounted at low E_.

Changes of '0, Addition to [8-oxoG + H]' in the Presence
of a Water Ligand. One complication in the interpretation of
the [8-0x0G + H]" reaction is the change of the favorable
reactant conformation upon hydration. Of the first two most
stable conformers, [8-oxoG + H]* 2 differs from [8-oxoG +
H]* 1 in the orientation of the 6-enol group and N1H-N3H
tautomerization. Whereas [8-0x0G + H]* 2 accounts for only
26% of the dehydrated reactant ions, it becomes the dominant
structure (96%) for the monohydrate. As an interesting note,
[8-0x0G + H]*_1 would again predominate over [8-0xoG +
H]* 2 in aqueous solution, on the basis of the energies
computed using the polarized continuum model®® at the
B3LYP/6-311++G(d,p) level.

Despite of the structural differences, [8-0x0G + H]* 2-W67,
referred to as [8-0xoG + H]"-W henceforth, follows nearly the
same reaction pathways as those for [8-oxoG + H]™ 1. As
illustrated in Figure 4, [8-0x0G + H]*W may undergo 4,5-
addition of O, at TS1**W (0.71 €V above reactants) and gives
rise to hydrated dioxetane [4,5-0O0-8-oxoG + H]"W.
Alternatively, O, may add to C2—CS of [8-0xoG + H]*'W at
TS6*W (032 €V), producing [2,5-0O0-8-0x0G + HJ*W.
Movies depicting [8-0xoG + H]"-W to [4,5-00-8-0xoG + H]"-
W and to [2,5-O0-8-0x0G + H]"W are available in the
Supporting Information. Compared to dehydrated [8-0xoG +
H]* 1, the activation barrier for 4,5-addition to [8-0x0G + H]*
W decreases by 0.32 eV whereas that for 2,5-addition increases
by 0.07 eV. We had explored the possibility of forming [2,4-
00-8-0x0G + H]""W; however, starting geometries with a 2,4-
endo structure either converged to [2,5-O0-8-0x0G + H]"'W
or decayed back to reactants. Again, due to the associated high
and tight activation barriers, neither of [4,5-00-8-0x0G + H]*
W and [2,5-00-8-0x0G + H]"W formed at low E_.

3.4.70, Addition to [8-0xoG — H]~ Becomes Stepwise,
Rendering Reaction Exothermic. Short-Lived Products in
the Absence of Water. The most intriguing result from the
reaction PES in Figure Sa is that [8-0x0G — H]~ does not
undergo cycloaddition with 'O,, which contrasts with the
commonly proposed mechanism in Scheme 1. The ion—
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311++G(d,p), including thermal corrections at 298 K. For TSs, vibrational modes corresponding to imaginary frequencies are indicated by
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molecule collision leads to formation of a precursor complex
between the collision partners, with an electrostatic binding
energy of 0.77 eV with respect to reactants. The precursor is
rather floppy, with large amplitude of intermolecular motion. It

allows repeated encounters between reactants, increasing the
probability of the 'O, attack at the CS-terminal. This results in
a low-barrier pathway that leads to formation of a terminal
peroxide [5-O0-8-0x0G — H]". This mechanism resembles a
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the Supporting Information.

DFT—predicted 'O, addition reaction toward neutral 8-
0x0G.”” The terminal addition becomes possible because 'O,
has some nucleophilic character due to a high lying HOMO,*
although 'O, is generally shown to be electrophilic. The
activation barrier TS1™ for the CS-terminal addition is equal to
the precursor in energy. Based on NBO charge analysis, the
negative charge remains on the [8-0x0G — H]™ moiety in most
of the reaction TSs and intermediates.

[5-00-8-0x0G — H]™ serves as a common intermediate
from which different end products stem. [5-O0-8-0x0G — H]~
may undergo intramolecular H transfer to [S-OOH’-8-0x0G —
H]™ via TS27, or [5-OOH’-8-0x0G — H]™ via TS3™. But the
dominant process should be formation of 4,5-dioxetane via
ring-closure at TS4™. In [5-00-8-0x0G — H], r(C5-0)
reaches 1.42 A, while the other O is located 2.79 A away from
C4. Moving on to TS47, the two bond lengths are shortened to
1.38 and 2.53 A, respectively, indicative of an asymmetric
transition state. Finally, r(C5—0) and r(C4—0) reach
equilibrium distances of 145 and 149 A, respectively, in
[4,5-dioxetane — H] ™. The electronic energy of TS4~ is slightly
higher than that of [5-O0-8-0x0G — H]™ by 0.01 eV. But
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inclusion of thermal corrections in the PES shifts the energy of
TS4~ below [5-00-8-0x0G — H]™ by 0.02 eV. Furthermore,
TS4™ is relatively “loose” in that its imaginary frequency is only
61 cm™. Tt indicates that [5-O0-8-0x0G — H]", once formed,
could continue downhill “barrierlessly” to 4,5-dioxetane. An
energetically favorable reaction pathway thus corresponds to
“[8-0x0G — H]™ + 'O, — precursor - TS1~ — [5-00-8-
oxoG — H]™ — TS4~ — [4,5-dioxetane — H]™”. A movie of
the molecule along this favorable pathway is available in the
Supporting Information. No other addition pathways were
located, although such possibility could not be ruled out.

The aforementioned favorable pathway has no participating
activation barriers that are situated above reactants, therefore
[5-00-8-0x0G — H]~ and/or [4,5-dioxetane — H]~ were
expected to form at low E_,. However, none of these products
was present in product mass spectra. Note that the mechanistic
importance of an intermediate/product also depends on its
lifetime, so we used the RRKM theory to model the
unimolecular kinetics of these intermediates (including the
precursor complex). No barrier is expected for decay of the
precursor to reactants in excess of dissociation asymptote, thus
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an orbiting transition state’® was assumed. The rotational
quantum number K was treated as active in evaluating rate
constant k(E, J), and all (2] + 1)K levels were counted as
shown by eq 1:

d Zf(:—] G[E - E, - E[(J, K)]

KE ) = - v, NIE - E,(J, K)]

(1)

where d is the reaction path degeneracy, G is the sum of
accessible states from 0 to E — E, — E," in the TS, N is the
energized reactant’s density of states, E is the system energy, E,
is the activation energy, and E, and E,” are the rotational
energies for the reactant and the TS, respectively. Properties of
complexes and TSs were described by B3LYP—calculated
frequencies, polarizabilities, and moments of inertia.

RRKM results have provided critical kinetic insight. At the
E., regime below 0.2 eV (where a complex-mediated
mechanism is important), the precursor, [5-O0-8-0x0G —
H]~, [S-OOH’-8-0x0G — H]~, and [4,5-dioxetane — H]~
interconverted quickly, except [5-OOH’-8-0x0G — H]~ that
formed slowly and was thus insignificant. Interconversion time
is 2—3 ps between the precursor and [5-O0-8-0x0G — H] ™, 2—
3 ns between [5-00-8-0x0G — H]™ and [5-OOH’-8-0x0G —
H] is, and <1 ns between [5-O0-8-ox0G — H]™ and [4,5-
dioxetane — H]™. Therefore, these complexes could be lumped
together, of which [4,5-dioxetane — H]™ constituted more than
70% of the ensemble. The total lifetime of these complexes
accounted for the duration that the system was trapped within
adducts. This time length was in turn determined by how fast
the precursor complex decayed back to reactants. The rate
constant for “precursor — reactants” is 5 X 10" s™' at E.; = 0.1
eV, and increases to 3.5 X 10® s™" at 0.2 €V. This corresponds
to a total complex lifetime of 3—20 ns that was way too short
compared to the time-of-flight of product ions (~10> us)
through the octopole ion guide and the second quadrupole of
the mass spectrometer. As a result, all products decomposed
into reactants before reaching the ion detector.

Note that the electron detachment energy for [8-0x0G —
H]™ was calculated to be 2.93 eV, which is beyond the
maximum E_;. Therefore, electron detachment could be
disregarded in collisions. Charge transfer of [8-0xoG — H]~
+ 10, - [8-0x0G — H] + O, is endothermic by 1.50 eV, and
thus is unlikely to be relevant in the experiment, either.

Distribution of Stable Products in the Presence of Water.
Among the conformers of deprotonated monohydrates, [8-
oxoG — H]~ 1-W67 has a B3LYP—calculated population of
71% at 298 K and was used as the starting structure in the
reaction PES for [8-0x0G — H]™-W + 'O,. Due to the identical
lowest-energy ion conformation in the isolated and mono-
hydrated [8-0x0G — H], the PESs for [8-0x0G — H]™W +
'0, (Figure 5b) and [8-0x0G — H]™ + 'O, (Figure 5a) share
common features. A precursor complex and four peroxides may
form between [8-0x0G — H]™W and 'O,. We have located
TSs connecting complexes to each other and to products.
Except the water ligand, the structures of the complexes, and
TSs shown in Figure Sb are identical to those in Figure Sa. To
differentiate the similar species between the isolated and
monohydrated systems, we have included a water ligand in the
acronyms for hydrated structures.

At the initial stage, [8-0x0G — H]™-W follows the same route
as [8-0x0G — H]~, forming [S-O0-8-0x0G — H]™-W. But the
fate of [5-O0-8-0x0G — H]~ changed after hydration. It may

decay back to the precursor via TS17-W, or eliminate water via
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an orbiting TS, or interconvert to hydroperoxides and
dioxetane via TS27-W, TS3™-W, and TS4™-W, respectively.
On the basis of the RRKM analysis, the product branching
ratios from [5-00-8-0x0G — H] W are 2.8 (decay to the
precursor): 35.5 (water elimination): 0 (formation of [5-
OOH’-8-0x0G — H]™-W): 10.7 ([5-OOH’-8-0x0G — H]™-W):
S1 ([4,5-dioxetane — H]™-W) at E., = 0.1 eV, changing to
3.1:35.2:0:11.7:50 at 0.2 eV. Assuming that [S-OOH’-8-0x0G
— H]™W and [4,5-dioxetane — H]™-W liberated the water
ligand during the time-of-flight, the dominating products of m/
z = 198 in mass spectra should be [4,5-dioxetane — H]~,
followed by [5-O0-8-0x0G — H]™ and [5-OOH’-8-0x0G —
H]™ as summarized below:

[8-0x0G — H]™-W + 'O,

— [4,5-dioxetane — H]” + H,0 AH_ = —0.90 eV
2)

— [5-OOH’-8-0x0G — H]” + H,0 AH, = —0.79 eV
3)

— [5-00-8-0x0G — H]” + H,0 AH_, = —031 eV
(4)

The contrast between the complete kinetic blockage of [8-
ox0G — H]™ + 'O, and the exothermic products of [8-ox0G —
H]™W + 'O, once again demonstrates the kinetic influence of
microsolvation. That is the energized peroxides disposed of
sufficient internal excitation via water elimination and
accompanying product kinetic energy release, so that peroxides
did not decompose themselves. For the reactions of eqs 2—4,
water dissociation energy is between 0.32 and 0.47 eV. This
energy was compensated by the oxidation reaction enthalpy.
Thus, there is no penalty of becoming endothermic for the
overall reactions.

An interesting observation is that the reaction of [8-0x0G —
H]™“W + 'O, is extremely inefficient. The maximum efficiency
is <4%, despite the reaction being exothermic and without
barriers above reactants. Two factors may contribute to the low
reaction efficiency. First, the water ligand of [8-ox0G — H]™-W
may physically quench 'O,. Second, there may exist excitation
transfer-induced dissociation,”” ie., [8-0xoG — H]™W + 0,
— [8-0x0G — H]™ + H,0 + 30,. Unfortunately, neither of
these two processes could be measured or computed directly.

4. CONCLUSION

8-0x0G is one of the most common DNA lesions resulting
from reactive oxygen species and ionizing radiation, and it
becomes more oxidizable than guanine. We have investigated
the 'O, oxidation of 8-0xoG in protonated, deprotonated, and
hydrated states on the basis of ion-scattering mass spectro-
metric measurements augmented with molecular potential and
kinetic simulations, from which the dependence of reaction on
initial conditions are examined. To eliminate radicals
accompanying photosensitized oxidation,” in this work 'O,
was generated by the reaction of H,0, with Cl, in basic
solution. The 'O, oxidation of [8-0xoG + H]* is initiated by
formation of endoperoxides via concerted addition of O, to the
C4—Cs, C2—CS, or C2—C4 positions of [8-0x0G + H]*, akin
to what was proposed for neutral 8-0xoG (Scheme 1). But all
reaction pathways are hampered by high activation barriers that
render [8-0xoG + H]* nonreactive with 'O,. However, this is
not the case for the deprotonated system. The initial oxidation
stage for [8-oxoG — H]~ switches to a terminal addition of 'O,
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to the C$S position only. Reaction continues from the ensuing
[5-00-8-0x0G — H]~, evolving to 4,5-dioxetane and §-
hydroperoxide that are analogous to the oxidation products
of 8-0x0G in solution. The dichotomy between protonated and
deprotonated reactant systems implies pH dependence of the
initial oxidation of 8-0xoG. Biological significance of such pH
dependence is obvious considering the fact that pK,(N1) of 8-
ox0G is 8.5% and therefore 8-ox0G exists as a mixture of
neutral and deprotonated (>7%) forms in the physiological pH
range.

Reactions are affected by microsolvation. For [8-0x0G + H]",
the presence of a water ligand leads to a different global
minimum and modifies reaction pathways. For [8-0x0G — H]™,
hydration stabilizes peroxide products, so that they could be
captured by mass spectrometer.

To the best of our knowledge, there was no experimental
assessment of the activation barriers associated with the initial
'0, oxidation of 8-0x0G. The E_, dependence of the reaction
cross section for [8-0x0G — H]™W + 'O, measured in this
work has for the first time confirmed that the 'O, addition to
deprotonated 8-0x0G has no activation barriers above reactants,
and reaction is sufficiently exothermic that it is possible to
eliminate the water ligand from scattering complexes. This data
serves as a critical benchmark for related computation.
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