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ABSTRACT: In DNA, guanine is the most susceptible to
oxidative damage by exogenously and endogenously produced
electronically excited singlet oxygen (1O2). The reaction mecha-
nism and the product outcome strongly depend on the nucleobase
ionization state and structural context. Previously, exposure of a
monomeric 9-methylguanine radical cation (9MG•+, a model
guanosine compound) to 1O2 was found to result in the formation
of an 8-peroxide as the initial product. The present work explores
the 1O2 oxidation of 9MG•+ and its dehydrogenated neutral form
[9MG − H]• within a Watson−Crick base pair consisting of one-
electron-oxidized 9-methylguanine−1-methylcytosine [9MG·
1MC]•+. Emphasis is placed on entangling the base pair structural
context and intra-base pair proton transfer with and consequences
thereof on the singlet oxygenation of guanine radical species. Electrospray ionization coupled with guided-ion beam tandem mass
spectrometry was used to study the formation and reaction of guanine radical species in the gas phase. The 1O2 oxidation of both
9MG•+ and [9MG − H]• is exothermic and proceeds barrierlessly either in an isolated monomer or within a base pair. Single- and
multi-referential theories were tested for treating spin contaminations and multi-configurations occurring in radical−1O2 interactions,
and reaction potential energy surfaces were mapped out to support experimental findings. The work provides a comprehensive
profile for the singlet oxygenation of guanine radicals in different charge states and in the absence and the presence of base pairing.
All results point to an 8-peroxide as the major oxidation product in the experiment, and the oxidation becomes slightly more
favorable in a neutral radical form. On the basis of a variety of reaction pathways and product profiles observed in the present and
previous studies, the interplay between guanine structure, base pairing, and singlet oxygenation and its biological implications are
discussed.

1. INTRODUCTION
Guanine represents a dominant target for one-electron oxidation
and ionization due to its lowest oxidation potential (E°) and
ionization potential (IP) within DNA components. The E°
versus NHE for DNA nucleosides are in the order of 1.29 V for
guanosine <1.42 V for adenosine <1.6 V for deoxycytidine <1.7
V for thymidine.1,2 The adiabatic IPs for the corresponding
nucleobases3−5 and other DNA building blocks6,7 are in the
order of 7.75 eV for guanine <8.27 eV for adenine <8.66 eV for
cytosine <8.82 eV for thymine <8.9−9.5 eV (HPO4

2− and
H2PO4

−) <9.4−9.7 eV for deoxyribose in the gas phase, and
these are lowered to 4.42 eV for guanine <4.81 eV for adenine
<4.91 eV for cytosine <5.05 eV for thymine by water solvation
and stabilization in aqueous solutions.8,9 Complementary base
pairing with cytosine in double-stranded DNA further decreases
guanine E° by 0.28−0.34 V10,11 and IP by 0.75−0.78 eV.12,13 As
a result, the formation of the guanine radical cation (G•+) is
facile upon photoionization,5,14 ionizing radiation,15,16 chemical
oxidation,17 electron transfer between metal complexes bound

to DNA,18 electrocatalytic oxidation,19 type I photooxidation,20

and so forth. Electron holes that are created by oxidation of
other nucleobases may also migrate from the locus of formation
to guanine sites.21 All of these render the formation of G•+ an
ultimate trap for oxidative damage to DNA.16

Neutral guanine is a weak base with a pKa of 9.4 for N1;
nevertheless, G•+ becomes acidic with a pKa of 3.9.15 An isolated
G•+ or that within single-stranded DNA would lose its N1-
proton to water and form a dehydrogenated neutral radical [G−
H]• within 56 ns.22,23 This scenario, however, changes in
double-strandedDNAwherein G•+ is retained by sharing its N1-
proton with the N3′ (pKa 4.3)24 of cytosine (C) within a
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Watson−Crick base pair.12,23,25−28 Scheme 1 illustrates intra-
base pair proton transfer (PT) in a model system, 9-
methylguanine−1-methylcytosine radical cation ([9MG·
1MC]•+), of which the methylation at guanine N9 and cytosine
N1′mimics ribose in nucleosides. Spin density and electrostatic
potential (ESP) maps in the scheme provide a graphical display
of spin and charge distributions and how they are influenced by
PT. PT dynamics in [9MG·1MC]•+ was recently examined in
our laboratory on the basis of collision-induced dissociation
(CID) tandem mass spectrometry augmented by density
functional theory (DFT) and coupled-cluster theory calcu-
lations.28 The experiment verified the coexistence of conven-
tional 9MG•+·1MC (population 87%) and its proton-trans-
ferred counterpart [9MG − HN1]•·[1MC + HN3′]+ (population
13%) in the gas phase, and the two structures had similar
dissociation energies. However, an intriguing observation is that
the base pair dissociation is nonstatistical. CID product ions
were overwhelmingly dominated by the fragments generated
from a PT structure, that is, [9MG − HN1]•·[1MC + HN3′]+ →
[9MG−H]• + [1MC+H]+ ≫ 9MG•+·1MC→ 9MG•+ + 1MC,
which is contrary to what would happen in a statistical reaction
framework. This indicates that, in an excited/activated base pair,
intra-base pair PT forms dehydrogenated neutral guanine
radicals and thereof prompts the biological significance of this
species.
Intra-base pair PT not only leads to rare tautomer and

spontaneous point mutation29,30 but also affects DNA
oxidatively generated damage. Illustrative of the latter are the
different post-ionization conversions of G•+ versus [G − H]•.
Transformation of G•+ begins with C8-water addition,31 leading
to the formation of a C8-hydroxylated [8-OH-G + H]•+, which
was proposed on the basis of EPR/electron nuclear double
resonance measurement of OH• addition to a single crystal of
N7-protonated guanine32 and recently confirmed by the
reaction of G•+ with water in the gas phase.33,34 This structure
mediates the formation of the most common base lesion 8-oxo-
7,8-dihydroguanine.35,36 Neutral [G − H]•, on the other hand,
does not react with water37 or lead to 8-oxo-7,8-dihydrogua-

nine.38 The products are dictated by the oxidation of [G − H]•

to a 5-hydroperoxide-guanine and then a 5-hydroxyl-guanine,
followed by reduction to a spiroiminodihydantoin and a 5-
carboxamido-5-formamido-2-iminohydantoin.39 Alternatively,
[G − H]• may be oxidized to a 2,5-diaminoimidazolone and a
2,2,4-triamino-2H-oxazol-5-one.40

Very recently, we investigated the reaction of singlet oxygen
(1O2) with radical cations of guanine, 9-methylguanine, 2′-
deoxyguanosine and guanosine.41 Singlet O2 is one of the
reactive oxygen species generated in living systems through
enzymatic and nonenzymatic reactions, type II photosensitiza-
tion, chemical excitation, and so forth.42,43 Singlet O2 causes
DNA damage,35,44−47 and lesions are initiated exclusively at the
guanine residues.35,44−68 Our work found that the 1O2 oxidation
of the guanine radical cation leads to the formation of an 8-
peroxide,41 from which a variety of products evolve. Note that
under normal biological conditions, the encounter probability of
1O2 with guanine radical species is low due to their low local
concentrations and short lifetimes. However, the situation
changes under strong cellular oxidative stress, which creates an
imbalance between production and accumulation of reactive
oxygen species in cells and the ability of a biological system to
scavenge these reactive species. For example, ionizing radiation
and/or one-electron oxidants interact with DNA in the presence
of 1O2. Such concurrent processes of 1O2 and nucleobase
radicals are in fact utilized in a combination of ionization
radiation-based radiotherapy and 1O2-based photodynamic
therapy for cancer treatment, in which synergistic effects are
anticipated.69−71

In the present work, we extend the study to the 1O2 oxidation
of [9MG·1MC]•+. The equilibrium ensemble of 9MG•+·1MC
⇌ [9MG −H]•·[1MC + H]+ provides guanine in two different
reactant structures. Guided by the prior understanding of
9MG•+ with 1O2, we sought to explore the following issues: (i)
similarities and differences between the reactivities of 9MG•+

versus [9MG−H]• toward 1O2, (ii) influence of Watson−Crick
H-bonding on the 1O2 oxidation product and energetic profile,

Scheme 1. Intra-Base Pair PT of 9MG•+·1MC⇌ [9MG−HN1]•·[1MC +HN3′]+, with Spin Density Contour Plots (Top) and ESP
Maps (Bottom) Generated at ωB97XD/6-31+G(d,p)
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and (iii) influence of intra-base pair PT on 1O2 oxidation and
vice versa.
The paper is organized as follows. The experimental setup and

methods are described in Section 2. Computational approaches
are reported in Section 3. In Section 4, a previous experiment of
9MG•+ with 1O2 is recapitulated, followed by a new theoretical
analysis of this system and comparison of singlet oxygenation of
9MG•+ versus [9MG − H]•. We then present the experimental
and theoretical results of 9MG•+·1MC⇌ [9MG−H]•·[1MC +
H]+ with 1O2. The biological implications of the present findings
are discussed in Section 5, followed by conclusions in Section 6.

2. EXPERIMENTAL PROCEDURES
2.1. General. 9MG (Aldrich, 98%), 1MC (enamine, 95%),

Cu(NO3)2 (Alfa Aesar, 99.999%), KOH (Fisher Chemical, >
85%), H2O2 (Acros Organics, 35 wt %), methanol (HPLC
grade, Fisher Chemical), water (HPLC grade, J.T. Baker), Cl2
(99.5%, Sigma-Aldrich), and He (99.995%, Praxair) were used
as received.
Singlet O2 was generated in the reaction of H2O2 + Cl2 +

2KOH→ 1O2/3O2 + 2KCl + 2H2O.
72,73 Briefly, 10.5 mL of 8 M

KOHwas added to 20 mL of 35 wt % aqueous H2O2 in a sparger
that was immersed in a chiller held at −18 °C. 3.42 sccm of Cl2
was mixed with 53.5 sccm of He within a gas proportioner and
bubbled through the H2O2/KOH slush. Cl2 reacted completely
with H2O2 and produced a mixture of 1O2, 3O2, and water. The
gaseous products passed through a cold trap (kept at−70 °C) to
remove water vapor. Only 1O2, 3O2, and He remained in the
downstream gas. The absolute concentration of 1O2 in the gas
mixture was determined by measuring 1O2 phosphorescence
(a1Δg → X3Σg−) at 1270 nm using a photodetection system
consisting of an emission cell, optical lenses, a 1270 nm
interference filter, a thermoelectrically cooled InGaAs photo-
detector (Newport 71887), and a lock-in amplifier (Stanford
Research Systems SR830).74 A steady 1O2 gas flow with a
concentration of 15% was produced for conducting an ion-
molecule reaction.

2.2. Formation of a Base Pair Radical Cation and Ion-
Molecule Reactions. Recently, electrospray ionization (ESI)-
tandem mass spectrometry has emerged as a new approach for
the formation and reactions of nucleobase radical cations in the
gas phase.28,33,34,41,75−82 In this work, formation of [9MG·
1MC]•+ and its reaction with 1O2 were carried out on a home-
made ESI guided-ion beam scattering tandem mass spectrom-
eter. Details of the apparatus have been reported in our previous
work.33,83 A methanol/water (v/v = 3:1) solution of 9MG,
1MC, and Cu(NO3)2 in equimolar concentrations (0.25 mM)
was freshly prepared and sprayed into the air through an ESI
needle at a rate of 0.06 mL/h. The [CuII(9MG)n(1MC)4−n]•2+

complexes27 formed in the electrospray entered the source
chamber of the mass spectrometer through a desolvation
capillary which was heated up to 194 °C. A 1.0 mm-orifice
skimmer was located 3mm away from the end of the desolvation
capillary, separating the source chamber and a hexapole ion
guide. The capillary and skimmer were biased at 100 and 19 V,
respectively, with respect to the ground. The electrical field
between the capillary and the skimmer prompted redox charge
separation-induced dissociation of [CuII(9MG)n(1MC)4−n]•2+

upon collisions with background gas (1.7 τ) in the source
chamber, from which [9MG·1MC]•+ was formed.27,28,33,41,77,78

Monohydrated [9MG·1MC]•+·H2O was produced in a similar
manner except that the ESI solution was made in a 2:1
methanol/water mixture.

Radical cations were transported into the hexapole ion guide
for collisional focusing, energy dumping, and thermalization to
310 K, followed by mass selection in a quadrupole mass filter.
After themass section, ion beam intensities were 5× 104 counts/
s for [9MG·1MC]•+ and 1 × 104 counts/s for [9MG·1MC]•+·
H2O. The initial kinetic energy of the ion beamwas 0.9 eV in the
laboratory frame with a full width at half-maximum of 0.6 eV, as
measured using retarding potential analysis84 at the entrance of
an octopole ion guide. The mass-selected ion beam was then
injected into the octopole that passed through a scattering cell
containing reactant gas. In addition to providing radio frequency
potential that trapped ions in the radial direction, the octopole
ion guide was biased at a variable DC potential. The DC offset
decelerated or accelerated the mass-selected ion beam to a well-
defined kinetic energy in the laboratory frame (Elab), thereby
controlling the collision energy (Ecol) between radical cations
and 1O2 in the center-of-mass frame, as Ecol = Elab ×mneutral/(mion
+ mneutral) where mion and mneutral denote the masses of ionic and
neutral reactants, respectively. The scattering cell pressure was
maintained at 0.25 mτ (including 1O2, 3O2, and He). At this
pressure, guanine radical cations had at most single collisions
with O2.
Product ions resulting from the ion-molecule reaction and the

remaining reactant ions were collected by the octopole, passed
into a second quadrupole mass filter for mass analysis, and
extracted toward a pulse-counting electron multiplier detector.
As ion-molecule collisions were carried out in a thin-target limit
that is analogous to the Beer−Lambert law,85 the reaction cross
section could be calculated from the ratio of product/reactant
ion intensities at each Ecol, the pressure and the concentration of
1O2 in the scattering cell, and the effective cell length. Note that
the guanine radical cation does not react with 3O2,

86 as we
verified in a control experiment using pure 3O2 as the reactant
gas.

3. COMPUTATIONAL ANALYSIS
3.1. Approximately Spin-Projected DFT. Geometries of

reaction structures including reactants, intermediates, transition
states (TSs), and products were fully optimized at the
unrestricted ωB97XD/6-31+G(d,p) level of theory. This
range-separated functional was chosen as it mitigates self-
interaction errors and improves the orbital description of radical
ions87 than the B3LYP functional, the latter introducing severe
spin contamination in the guanine radical cation.37 Vibrational
frequencies were calculated to confirm that stationary points are
energy minima on the reaction potential energy surface (PES)
with no imaginary frequency, while TSs are first-order saddle
points and their only imaginary frequencies represent the
anticipated reaction coordinates. Intrinsic reaction coordinate
calculations were carried out to further ascertain that TSs are
connected to correct reactant/product minima. Basis set
superposition errors (BSSEs, which occur when a finite basis
set stabilizes the base pair more than the separate bases and thus
overestimates the base pairing energy)88 were calculated to be
<0.05 eV using the counterpoise method89,90 and have been
corrected for in reaction PES. DFT calculations (including spin
densities and ESP maps) were accomplished using Gaussian
16.91

The calculation of the reaction PES for a radical with 1O2 is
challenged by multi-configuration wavefunctions originating
from the mixed open- and closed-shell character of 1O2.

92 The
spin-restricted DFT cannot describe the static correlation
arising from the two degenerate π* orbitals and overestimates
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the 1O2 excitation energy by 0.7 eV, whereas the unrestricted
broken spin-symmetry DFT brings about spin contamination
from 3O2 and underestimates the excitation by 0.5 eV.

93−95 This
problem affects not only the 1O2 reactant but also the
intermediates and TSs for 1O2 addition to the guanine
radical.41,79,80 In the latter case, the target doublet state
2[[9MG·1MC]•+(↑)···1O2(↑↓)] not only suffers from spin
contamination of a lower-energy lying quartet state 4[[9MG·
1MC]•+(↑)···3O2(↑↑)] but also mistakenly converges to a
lower-energy but incorrect doublet state 2[[9MG·
1MC]•+(↓)···3O2(↑↑)].
To avoid crossing to 2[[9MG·1MC]•+(↓)···3O2(↑↑)], charges

and sp ins o f ind iv idua l f r agments in 2[[9MG ·
1MC]•+(↑)···1O2(↑↓)] were specified using guess = fragments
in the DFT calculation. To correct for spin contaminations in
1O2 and 1O2-adducts, Yamaguchi’s approximate spin projection
scheme96 was applied. The spin-projected DFT energy is given
by

=E E E
S S

S S

S S

S S

2 2

2 2

2 2

2 2

HS
exact
BS

HS BS
BS

BS
exact
BS

HS BS
HS

(1)

where EBS and S2 BS refer to the energy and the average value of
the total spin angular momentum operator for the broken-
symmetry, low-spin target state (before annihilation of spin
contamination) and EHS and S2 HS represent counterparts for
the high-spin state. When spin contamination is negligible,
S2 BS is close to its exact value S2

exact
BS defined as

= +N N
2

N N
2

1S2
exact
BS i

k
jjjjj

y
{
zzzzz (2)

where Nα and Nβ are the numbers of α and β electrons,
respectively. S2

exact
BS is zero for 1O2 and 0.75 for radical−1O2

adducts.80

3.2. Coupled-Cluster Theory. Besides the S2
assessment

at ωB97XD/6-31+G(d,p), the domain-based local pair-natural
orbital coupled-cluster single-, double-, and perturbative triple-
excitations method DLPNO-CCSD(T)97 coupled with the aug-
cc-pVQZ basis set98,99 was employed to assess the spin
contamination in the reaction structures using the T1
diagnostic,100,101 wherein =T t n/1 1 (i.e., the Frobenius
norm of the single-excitation amplitude vector divided by the
square root of the number of electrons correlated). Empirically,
a T1 value that is greater than 0.02 for a closed-shell system or
greater than 0.03 for an open-shell system indicates severe
multiconfigurational characters or nondynamical correlation
effects, which require other important configurations as
references in the treatment of nondynamic electron correla-
tion.100

The inclusion of a perturbative correction for triple excitation
in CCSD(T) compensates for the deficiencies of a single-
determinant reference to some extent. Therefore, DLPNO-
CCSD(T) is able to partially include non-dynamical correlation
effects. For closed-shell systems, the coupled-cluster theory is
considered as a gold standard102 of quantum chemistry with its
accuracy comparable to experiments. The DLPNO-CCSD(T)
T1 diagnostic and energy calculations were carried out using
ORCA ver. 4.2.103

3.3. Multi-Reference Active Space Self-Consistent
Field Method. To cross check the reliability of different

theories in the treatment of radical−1O2 interactions, reactions
of 1O2 with monomeric 9MG•+ and [9MG − H]• were
subjected to the multi-reference active space self-consistent field
method CASPT2/6-31G(d,p) calculations.104,105 Compared to
the complete active space self-consistent field (CASSCF)106

method that treats electron correlation energy in an unbalanced
way by considering only those that correspond to active orbitals
(i.e., static correlation), CASPT2 adds dynamical correlation to
the CASSCF wave function using the second-order perturbation
theory. The additional dynamical correlation is essential for
modeling the 1O2 reaction with guanine, as the CASSCFmethod
significantly overestimated the reaction activation barriers and
product energies for neutral guanine,63 9MG•+41 and 9-methyl-
8-oxoguanine radical cation (9MOG•+).79 On the other hand,
the CASPT2 method provided reliable reaction energetics for
1O2 with 9MG•+, 9MOG•+, and 8-bromoguanine radical cation
(8BrG•+).80

CASPT2 calculations were carried out using OpenMolcas ver.
21.06.107,108 The shift parameter for ionization potential-
electron affinity was set to 0.25 a.u.109 The size of the active
space was (9, 7) for 9MG•+ and [9MG − H]•, (12, 8) for 1O2,
and (21, 15) for the adducts. The active space included the O2
σO(2s)−O(2s), σ*O(2s)−O(2s), σO(2p)−O(2p), π±1, π*±1, and
σ*O(2p)−O(2p) orbitals and the guanine π orbitals that participate
in and/or affect the 1O2-addition. The reaction enthalpy (ΔH)
reported in this work is based on the sum of electronic energy
calculated at a specific level and thermal correction to 298 K
calculated at ωB97XD/6-31+G(d,p), including the zero-point
energy, which was scaled by a factor of 0.975.110

4. RESULTS AND DISCUSSION
4.1. Singlet Oxygenation of Monomeric 9MG•+ versus

[9MG − H]•. 4.1.1. Review of the 9MG•+ Reaction with 1O2.
Before examining the singlet oxygenation of a base pair, the
findings frommonomeric 9MG•+ with 1O2 are recapitulated.

41 A
9MG•+-O2 adduct was detected in the 1O2 oxidation of 9MG•+.
The reaction is exothermic and barrierless. In fact, the large
reaction heat release had decomposed most of the 9MG•+-O2
adduct within a time scale shorter than the mass spectrometer
time-of-flight (∼102 μs). As a consequence, the majority of
product ions escaped mass spectrometric detection. In order to
overcome this unfavorable reaction kinetics, monohydrated
9MG•+·H2O was used instead. In this case, heat release from the
1O2 addition was used up mostly for eliminating the water ligand
and for product kinetic energy release, which in turn relaxed the
internal excitation energy and, thus, stabilized the 9MG•+-O2
product. Reaction efficiency, estimated by the ratio of the
reaction cross section to the Langevin ion-capture cross
section,111 was maximum (1.4%) at the lowest experimental
Ecol (0.05 eV), decreased with increasing Ecol and became
negligible above 0.6 eV. This indicates that the reaction is
mediated by a complex which becomes short-lived and
insignificant at high energies.

4.1.2. New Theoretical Results. In our previous work,41 a
conventional ωB97XD/6-31+G(d,p) method was utilized to
identify reaction pathways for 9MG•+ + 1O2, augmented by
single-point energy calculations at DLPNO-CCSD(T)/aug-cc-
pVTZ, CASSCF(21,15)/6-31+G(d,p), and CASPT2(21,15)/
6-31G(d,p). In the present work, we have reoptimized reaction
structures using spin-unrestricted ωB97XD/6-31+G(d,p),
recalculated DFT energies using approximate spin projection,
and refined DLPNO-CCSD(T) energies using a large basis set
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Scheme 2. Probable Pathways and Products for the 1O2 Oxidation of 9MG•+ and 9MG•+·1MC, in which Dashed Lines Represent
Intra-Base Pair H-Bonding
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aug-cc-pVQZ. Reaction structures are depicted in Scheme 2.
Note that in view of the similarities between the reactions of

9MG•+ and 9MG•+·1MC (vide infra), the scheme combines the
two reaction systems wherein dashed lines represent H-bonding

Figure 1. Reaction PES for (left) 9MG•+ + 1O2 and (right) [9MG − H]• + 1O2 calculated at different levels of theory (DLPNO-CCSD(T) and
CASPT2 failed to locate a correct precursor, as discussed in the main text). For 4-, 5-, and 8-peroxides and corresponding TSs, enthalpies for both syn-
and anti-conformers are provided, with the anti listed in parentheses.
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in 9MG•+·1MC and should be ignored for a monomeric 9MG•+.
Their Cartesian coordinates are provided in the Supporting
Information.
The reaction is initiated at a precursor complex

2[9MG•+(↑)···1O2(↑↓)], from which four pathways may evolve.
The first three pathways represent C4-, C5-, and C8-terminal
additions, each of which is illustrated in green, blue, and black

colors, respectively, in Scheme 2. Each addition leads to a
peroxide structure with syn- and anti-configurations with respect
to the imidazole ring. For example, the C8-addition produces a
syn-[8-OO-9MG]•+ via an activation barrier syn-TS8 and anti-
[8-OO-9MG]•+ via anti-TS8. The pair of rotamers may
interconvert via a rotation barrier rot-TS8 (not shown in the
scheme). The structures of [8-OO-9MG]•+ have a radical site on

Table 1. Energies (eV) of Reaction Species Calculated at Different Levels of Theorya

aValues for base pairs are shown in the gray shaded area.
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the O2 moiety. These peroxide radicals are quite reactive and
able to abstract a hydrogen atom in DNA, particularly
considering that the C8 of guanine has access to the sugar
moiety as a likely abstraction site.112 Note that [4-OO-9MG]•+

and [5-OO-9MG]•+ may interconvert via TS4−5, and [5-OO-
9MG]•+ may transform to a 4,5-dioxetane via TS5−45. The
fourth pathway is a concerted cycloaddition of O2 across the

imidazole C5−C8 bond via TS58, leading to the formation of a
[5,8-OO-9MG]•+ endoperoxide, as illustrated in red color in the
scheme. [5,8-OO-9MG]•+ may also form from [8-OO-9MG]•+

via TS8−58. No feasible pathway was found for 4,8-cyclo-
addition despite this being the most likely pathway in the 1O2

reaction with neutral guanine/guanosine.48,63

Table 2. S2
and T1 Diagnostic for Reaction Species along with Their Energy Differences between Different Levels of Theorya

aValues for base pairs are shown in the gray shaded area. bThe values refer to the guanine reactant; for 1O2, S2
= 0 and T1 = 0.015.
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Figure 1 shows a comparison of the reaction PES profiles
constructed at three different levels of theory: spin-projected
ωB97XD/6-31+G(d,p), DLPNO-CCSD(T)/aug-cc-pVQZ,
and CASPT2(21,15)/6-31G(d,p). Table 1 reports reaction
energetics for each pathway calculated at these levels. Table 2

reports S2
and T1 values, ΔDLPNO‑CCSD(T)−ωB97XD (i.e., the

difference between the DLPNO-CCSD(T)- and spin-projected
ωB97XD-calculated enthalpies), and ΔCASPT2−ωB97XD for each

species. The S2
and T1 diagnostic allow us to view how a

multi-reference character evolves along individual pathways.
Besides the 1O2 reactant, the precursor complex ( S2

=
1.717) presents severe multiconfigurational effects. A cautionary
note in modeling a 1O2 reaction with a doublet state is that
according to spin density analysis, the lowest-energy doublet
precursor complex in the DLPNO-CCSD(T) and CASPT2
calculations corresponds to a 2[9MG•+(↓)···3O2(↑↑)] rather
than a 2[9MG•+(↑)···1O2(↑↓)]. For this reason, the energies of
precursor complexes at these two levels are indicated by
question marks in Figure 1.
The correct doublet state 2[9MG•+(↑)···1O2(↑↓)] was

obtained by using a direct sum of 9MG•+(↑) and 1O2(↑↓) as
an initial guess, as visualized in Scheme 3. The S2

value of
2[9MG•+(↑)···1O2(↑↓)] indicates that this configuration is a
mixture of a pure doublet ( S2

= 0.75) and a pure quartet ( S2

= 3.75). For this reason, a 4[9MG•+(↑)···3O2(↑↑)] state was

included in the approximate spin projection of the precursor
(see Scheme 3).
Large S2

and, concurrently, large ΔCASPT2−ωB97XD (−0.26 −
−0.28 eV) were also observed in syn-TS8 and anti-TS5 (see
Table 2). Relievingly, at all levels of theory, energies of TS5 and
TS8 fall below that of the precursor complex. This indicates that
C5- and C8-additions are actually barrierless, rendering TS5 and
TS8 irrelevant (and thus not shown in Figure 1). The remaining
intermediates and TSs have ΔCASPT2−ωB97XD within 0.15 eV,
indicating good agreement between the two theories.
On the other hand, reaction structures present large

ΔDLPNO‑CCSD(T)−ωB97XD, which ranges from −0.24 to −0.52 eV.
DLPNO-CCSD(T) also predicted significantly higher reaction
barriers and product energies in the 1O2 reaction with 9MOG•+

than ωB97XD and CASPT2.79 It indicates that DLPNO-
CCSD(T) is insufficient to describe the electronic structure of a
completely degenerated system due to the lack of an adequate
non-dynamical correlation.
In sum, all three theories have reached a qualitative agreement

in terms of reaction pathways and all have identified [8-OO-
9MG]•+ as the most probable product ion. The spin-projected
ωB97XD and CASPT2 are able to produce quantitatively
consistent PES. The formation exothermicity (−0.75 − −0.78
eV) of syn-[8-OO-9MG]•+ is higher than the 9MG•+·H2O
binding energy (0.7 eV),41 which rationalizes the experimental
finding of 9MG•+·H2O + 1O2 → [8-OO-9MG]•+ + H2O.

4.1.3. [9MG − H]• versus 9MG•+. Figure 1 shows the PES for
[9MG − H]• + 1O2 constructed at the same levels of theory as

Scheme 3. Doublet and Quartet 9MG•+···O2 and [9MG − H]•···O2 Complexes with Spin Density Distributions Calculated at
ωB97XD/6-31+G(d,p)
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those for 9MG•+ + 1O2. In each frame of Figure 1, pathways of
the same type in [9MG − H]• + 1O2 and 9MG•+ + 1O2 are
plotted side by side in a similar color scheme, and the same set of
nomenclatures was adopted for intermediates and TSs in the
two systems. This allows easy comparison between the two
systems. Despite the different charge states of [9MG − H]•

versus 9MG•+, [9MG − H]• essentially follows the same
reaction coordinate and produces the same type of products as
9MG•+ (also see the reaction structure of [9MG −H]• + 1O2 in
Scheme S1 in the Supporting Information). The major
difference is the missing of a pathway leading from [5-OO-
9MG − H]• to [5,8-OO-9MG − H]•, but this pathway is less
likely to be important as there is a concerted pathway leading to
5,8-addition.
Compared to those of 9MG•+, the C5- and C8-terminal

additions and 5,8-cycloaddition of [9MG − H]• become more
energetically favorable as the corresponding TSs and products
decrease in energy by 0.1−0.3 eV. The only exception is the C4-
addition, for which the energies of TS4 and [4-OO-9MG −H]•

increase by 0.2 eV than those of 9MG•+. However, the C4-
addition does not represent a favorable pathway in either system.
It can therefore be concluded that [9MG − H]• should possess
the same reactivity toward 1O2 as, if not higher than, 9MG•+.
Again, the spin-projectedωB97XD andCASPT2(21,15) have

predicted similar reaction energetics for most reaction structures
of [9MG − H]• + 1O2, whereas the DLPNO-CCSD(T)
calculated energies are generally lower by more than 0.2 eV (see
Table 2).

4.2. Reaction Products and Cross Sections of [9MG·
1MC]•+ with 1O2. Similar to that in the 1O2 reaction with dry
9MG•+, products in the 1O2 reaction with dry [9MG·1MC]•+

were not directly detected with the mass spectrometer. This was
again because any O2-adducts forming in the reaction
decomposed to starting reactants due to internal excitation
gained from the reaction heat release, and product decom-
position happened within the mass spectrometer time-of-flight.
The CID of [9MG·1MC]•+ by O2 was observed at high

energies,28 but this is not of primary interest here and will not be
discussed further. To capture transient oxidation products of the
base pair, [9MG·1MC]•+·H2O was then used as the target
reactant ion, as we did in the experiment of 9MG•+·H2O with
1O2. Product ions of [9MG·1MC]•+·H2O (m/z 308) + 1O2 were
indeed observed atm/z 322, which corresponds to the liberation
of a water ligand from the adduct [9MG·1MC-O2]•+·H2O.
Figure 2a shows a representative product ion mass spectrum. No
oxidation product ions were observed in the collisions of 1O2
with monomeric [1MC +H]+ or [1MC +H]+·H2O, which rules
out the reactivity of the cytosine moiety toward 1O2. Neither was
a 9MG•+-O2 or a [9MG•+-O2]·H2O adduct detected, indicating
that the 1O2 oxidation did not lead to base pair dissociation.
Reaction cross reaction and efficiency for [9MG·1MC]•+·

H2O + 1O2 are shown in Figure 2b as a function of collision
energy in the center-of-mass frame. The efficiency was measured
to be 1.2% at Ecol = 0.05 eV, 0.8% at 0.1 eV, and less than 0.1% at
energies above 0.2 eV. Uncertainties in the cross sections were
determined from four sets of measurements. The energy-
dependent 1O2 oxidation behavior of [9MG·1MC]•+ closely
matches that of the monomeric 9MG•+. The reaction efficiency
of [9MG·1MC]•+ is strongly suppressed by collision energy, and
it decreases even faster at high energies than that of 9MG•+. The
strong suppression is again attributed to the reduced complex
intermediacy at high energies.
[9MG·1MC]•+·H2O has multiple conformers because of

various water-binding motifs and intra-base pair PT.28 The three
lowest-energy conformers are provided in Scheme 4, with their
Cartesian coordinates reported in the Supporting Information.
The hydration energy of [9MG·1MC]•+·H2O (ΔHhydration =
ΔHmonohydrate − ΔHdry ion − ΔHwater) arises largely from a
charge−dipole interaction, and the interaction energy of the
water ligand with the 9MGmoiety is comparable to that with the
1MC moiety. Based on the ωB97XD/6-311++G(d,p) calcu-
lations,ΔHhydration of the most important conformer (population
= 55%) is 0.48 eV, that for the second important conformer
(population = 22%) is 0.41 eV, and that for the third important

Figure 2. (a) Product ion mass spectrum for [9MG·1MC]•+·H2O + 1O2 acquired at Ecol = 0.05 eV and (b) product ion cross section and reaction
efficiency (right axis) as a function of Ecol.

Scheme 4. Probable Structures of [9MG·1MC]•+·H2O Calculated at ωB97XD/6-311++G(d,p)
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one (population = 15%) is 0.40 eV. We have also identified a PT
structure of the third conformer, but it has an insignificant
population and is thus ignored. The sum of three conformers
accounts for 92% of the monohydrated reactant ions in the
experiment. It implies that the formation exothermicity of the
product ions which were detected in the experiment should be at
least no less than 0.4 eV, as only in this case was the reaction
system capable of eliminating the water ligand barrierlessly upon
O2-addition. The present result has thus provided a benchmark
thermodynamic measurement, which will be used in the next
section to determine the reliability of PES calculations.

4.3. Reaction PES for [9MG·1MC]•+ with 1O2. The
comparison of single nucleobase reaction PESs calculated at
different levels of theory has verified that the spin-projected
ωB97XD and CASPT2(21,15) are able to reach consistent
reaction energetics but not the DLPNO-CCSD(T). As the
increasing number of molecular orbitals in [9MG·1MC]•+ has
made it difficult to choose/swap active orbitals in CASPT2
calculations, the spin-projected ωB97XD was used as a cost-
effective yet reliable approach for constructing base pair PESs.
DLPNO-CCSD(T) was used mainly for the T1 diagnostic.
Reaction PESs constructed at spin-projected ωB97XD are

shown in Figure 3. Reaction energies, S2
, and T1 diagnostic

results for the 9MG•+·1MC and [9MG − H]•·[1MC + H]+
systems are appended to Tables 1 and 2 (in gray shaded cells), so
that a direct comparison could be made with their single
nucleobase analogues. Similar to what was seen in the reactions
of single nucleobases, the DLPNO-CCSD(T) energies for base
pair reaction structures are −0.18 to −0.49 eV lower than their
spin-projected ωB97XD energies due to the aforementioned
deficiency in the CCSD(T) calculations.
Comparison of the 1O2 oxidation of monomeric guanine

radicals versus those within a base pair aids our understanding of
how structural context influences DNA oxidative damage.
Consequences on reaction pathways are revealed as follows:
(1) Effect of intra-base pair PT: 9MG•+·1MC and [9MG −

H]•·[1MC + H]+ follow essentially the same reaction
pathways, except for the lack of a 4,5-addition pathway in
9MG•+·1MC. The formation of an 8-peroxide represents
the most probable product channel with no barriers above

the reactants, followed by a 5-peroxide. On the other
hand, 5,8-cycloaddition and C4-addition are both
endothermic and have been ruled out by the experiment.

(2) Effect of base pairing: 9MG•+·1MC presents a reactivity
toward 1O2 similar to that of the 9MG•+ monomer. The
differences are the lack of a stepwise 4,5-addition leading
from [4-OO-9MG]•+·1MC and a stepwise 5,8-addition
leading from [5-OO-9MG]•+·1MC. Similarly, [9MG −
H]•·[1MC+H]+ presents the same types of 1O2 reactions
as those occur to the [9MG − H]• monomer.

(3) Electrostatic effect: for bothmonomeric nucleobases and
those within a base pair, the neutral guanine radical
presents up to 0.3 eV favorability for C5-addition, C8-
addition, 5,8-cycloaddition, and 4,5-addition. This is
because a neutral [9MG−H]• moiety is more favored by
electrophilic 1O2 attack.

(4) Effect on reaction energetics: singlet oxygenation
renders the proton-transferred base pair structure more
stable than the conventional structure. [9MG − H]•·
[1MC + H]+ is 0.05 eV higher in energy than 9MG•+·
1MC, but the peroxide products of [9MG−H]•·[1MC +
H]+ (except 4-peroxide) either present the same energy as
or become more stable than the corresponding products
of 9MG•+·1MC. The implication is that an oxidized base
pair becomes in favor of a proton-transferred structure.

(5) Effect on base pair strength: singlet oxygenation slightly
increases base pairing energy in a conventional structure,
whereas it significantly decreases base pairing energy in a
proton-transferred structure. The complexation energy
(with BSSE corrections) is 2.24 eV for 9MG•+·1MC
versus 2.20 eV for [9MG − H]•·[1MC + H]+; after O2
addition, it becomes 2.26 eV for syn-/anti-8-OO-9MG•+·
1MC versus 2.01−2.05 eV for syn-/anti-[8-OO-9MG −
H]•·[1MC + H]+. Similarly, the complexation energy is
2.30 eV for syn-/anti-5-OO-9MG•+·1MC versus 2.01−
2.06 eV for syn-/anti-[8-OO-9MG − H]•·[1MC + H]+.

Figure 3. Reaction PES for (left) 9MG•+·1MC + 1O2 and (right) [9MG − H]•·[1MC + H]+ + 1O2, calculated at spin-projected ωB97XD/6-
31+G(d,p). For 4-, 5-, and 8-peroxides and corresponding TSs, enthalpies for both syn- and anti-conformers are provided, with the anti listed in
parentheses.
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5. COMPARISON WITH PREVIOUS SYSTEMS AND
BIOLOGICAL IMPLICATIONS

The experimental and computational studies of the 1O2 reaction
with deprotonated guanine−cytosine ([G·C − H]−) were
reported by our laboratory.66 A unsubstituted guanine possess
two tautomeric structures: 9H-guanine (9HG) with H atoms
positioned at N1 and N9 and 7H-guanine (7HG) with H atoms
at N1 and N7;64 therefore, the base pair system consists of 9HG·
[G − HN1′]− and 7HG·[C − HN1′]− as well as their PT
conformers [9HG − HN1]−·[C − HN1′ + HN3′] and [7HG −
HN1]−·[C −HN1′ + HN3′]. As a consequence, 1O2 oxidation gets
entangled with guanine tautomerization and intra-base pair PT.
Using [G·C − H]−·H2O as the reactant ion, the conformer-
averaged reaction cross section was measured to be 0.75 Å2 at
Ecol = 0.1 eV (corresponding to a reaction efficiency of 1.1%).
Accordingly, the reactivity of [G·C − H]− appears to be
comparable with that of [9MG·1MC]•+ (0.8%) at the same
energy.
Themajor differences between the base pair radical cation and

its deprotonated counterpart are reaction pathways and product
structures. Direct dynamics trajectory simulations were used to
mimic tautomer-specific reactions of [G·C − H]− under
experimental conditions. It was found that the 9HG-containing
[G·C −H]− favors stepwise formation of a 4,8-endoperoxide of
guanine, while the 7HG-containing [G·C − H]− prefers a
concerted formation of a 5,8-endoperoxide of guanine. Neither
of the two product channels appears in the reaction of [9MG·
1MC]•+. The only common feature for [9MG·1MC]•+ and [G·
C−H]− is that the PT conformers have lower activation barriers
for 1O2 addition than their conventional conformers.
A variety of oxidation behaviors were also reported for singlet

oxygenation of neutral guanosine (forms a 4,8-endoperoxide via
a concerted cycloaddition),48 [9HG + H]+ (forms a 5,8-
endoperoxide via a concerted cycloaddition),64 [9HG − H]−

(forms a 5,8-endoperoxide via a concerted cycloaddition),64

9MG•+ (forms an 8-peroxide),41 [9MG + H]+ (forms a 5,8-
endoperoxide via a concerted cycloaddition),65 and [9MG −
H]− (stepwise addition starting with the formation of an 8-
peroxide and subsequently evolving to a 4,8-endoperoxide).65

These findings demonstrate the interplay between guanine
structure and oxidizability. Guanine ionization, tautomerization,
N9-substitution, and intra-base pair PT are all crucial in
determining oxidation mechanisms, dynamics, kinetics, and
products.

6. CONCLUSIONS
The present work has assessed the chemistry of 1O2 with a 9MG
nucleobase in a radical cation versus a dehydrogenated neutral
radical and either as an isolated monomer or paired with a
complementary cytosine within a Watson−Crick base pair. The
guided-ion beam experimental findings were rationalized in light
of theoretical modeling using the approximately spin-projected
ωB97XD/6-31+G(d,p), DLPNO-CCSD(T)/aug-cc-pVQZ,
and multireferential CASPT2(21,15)/6-31G(d,p) methods.
The combined experimental and theoretical work reveal the
following points: (i) initial 1O2 addition to guanine radicals in
different structural contexts all leads to an 8-peroxide structure.
The reaction is exothermic with no activation barriers above the
starting reactants. The product exothermicity is high enough to
liberate a water ligand bound to the reaction system; (ii) the
distinctively different 1O2 reaction pathways of the guanine
radical cation than those of a neutral guanine molecule and

protonated/deprotonated guanine ions emphasize the strong
dependence of the nucleobase oxidation mechanism on the
ionization states; (iii) intra-base pair PT enhances the
oxidization efficiency by lowering the reaction activation barriers
and/or stabilizing products; (iv) other probable reaction routes
include a concerted 5,8-cycloaddition to the formation of an
endoperoxide [5,8-OO-9MG]•+ and C4- and C5-terminal
addition pathways to the formation of a [4-OO-9MG]•+ and a
[5-OO-9MG]•+ and then to a dioxetane [4,5-OO-9MG]•+.
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(61) Dumont, E.; Gruber, R.; Grüber, E.; Morell, C.; Aranda, J.;
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