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Abstract: The chemistry of singlet O2 toward the guanine
base of DNA is highly relevant to DNA lesion, mutation, cell
death, and pathological conditions. This oxidative damage is
initiated by the formation of a transient endoperoxide
through the Diels–Alder cycloaddition of singlet O2 to the

guanine imidazole ring. However, no endoperoxide forma-
tion was directly detected in native guanine or guanosine,

even at ¢100 8C. Herein, gas-phase ion–molecule scattering
mass spectrometry was utilized to capture unstable endo-
peroxides in the collisions of hydrated guanine ions (proton-

ated or deprotonated) with singlet O2 at ambient tempera-
ture. Corroborated by results from potential energy surface
exploration, kinetic modeling, and dynamics simulations, var-
ious aspects of endoperoxide formation and transformation
(including its dependence on guanine ionization and hydra-

tion states, as well as on collision energy) were determined.
This work has pieced together reaction mechanisms, kinet-

ics, and dynamics data concerning the early stage of singlet
O2 induced guanine oxidation, which is missing from
conventional condensed-phase studies.

Introduction

DNA of living systems is constantly exposed to endo- and exo-

genously generated reactive oxygen species.[1] Of the four DNA
nucleobases, electronically excited singlet oxygen (1O2) oxidizes
guanine exclusively.[2] Oxidation of guanine in isolated nucleo-

sides and short oligonucleotides gives rise to spiroiminodi-
hydantoin (Sp) and guanidinohydantoin (Gh) ;[2g] whereas the

guanine moiety in isolated and cellular DNA is mainly oxidized
to 8-oxo-7,8-dihydroguanine (8-oxoG).[2m] The consequences of
1O2-induced primary and secondary oxidative lesions of
guanine[2h, k, m, 3] are implicated in photocleavage, mutagenesis,

carcinogenesis, and cell death.[4] By mispairing with adenine
during replication, 8-oxoG gives rise to G·C!T·A transver-
sion—a somatic mutation in cancers.[5] Sp and Gh are even
more mutagenic, leading to G to C and G to T transversions.[6]

The formation of 8-oxoG is also related to neurological disor-

ders responsible for Alzheimer’s and Parkinson’s diseases,[7]

and triggers DNA–protein cross-links.[8]

Much mechanistic work on guanine oxidation was carried

out by using photosensitized 1O2
[9] oxidation of oligonucleo-

tides and isolated[2q]/cellular[2c] DNA in the presence of dyes

and light (or naphthalene endoperoxide, which released
1O2

[10]). It has been assumed that an endoperoxide is the initial

intermediate, leading to the formation of final oxidation prod-

ucts of guanine. However, the verification of endoperoxide for-

mation is not straightforward because of the instability of the
endoperoxide and its reactivity with water.[2a, 11] So far, the only

information on this mechanism was extrapolated from trap-
ping and NMR spectroscopic characterization of an endoperox-
ide formed in the photo-oxidation of 2’,3’,5’-O-(tert-butyldi-

methylsilyl)-8-methylguanosine at ¢78 8C, presumably because
substitution of the labile C8-H of guanine with an alkyl group

stabilized the endoperoxide. When warmed to ¢30 8C, 8-
methylguanosine endoperoxide decomposed back to starting
reactants through a retro-Diels–Alder reaction.[2a] Attempts to
detect endoperoxide formation in native and other guanosine

derivatives failed, even down to ¢100 8C.[11]

The purpose of this work was to investigate 1O2 chemistry
with guanine in the gas phase. We used isolated protonated
([G + H]+) and deprotonated ([G¢H]¢) guanine as targets, and
probed their reactions with “clean” 1O2 produced through the

reaction of H2O2 and Cl2 in basic solution[12] without the forma-
tion of radical byproducts. Transient endoperoxides were

formed in the collisions of guanine ions with 1O2 at ambient

temperature, and detected directly by a guided-ion-beam
tandem mass spectrometer. Different aspects of endoperoxide

formation were examined, including its dependence on colli-
sion energy (Ecol), and guanine ionization and hydration states.

Experimental results were corroborated by kinetic modeling
and dynamics simulations, leading to new insights into the
early stage of the reaction of 1O2 with guanine, with a focus on

the formation and transformation of oxidation intermediates.
This work has exemplified that gas-phase ion–molecule

reactions[13] are able to probe the intrinsic reactivity of DNA
bases[14] and the effect of an explicit water ligand.
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Results and Discussion

1. Structures of gas-phase guanine in different ionization
and hydration states

Guanine has keto–enol and N9H–N7H tautomerization.[15] As il-
lustrated in Figure 1, the 7H-keto tautomer, with the H atoms
positioned at N1 and N7, represents the global minimum,
whereas the 9H-ketone, with H atoms at N1 and N9, represents

the second lowest lying tautomer. Based on B3LYP/aug-
cc-pVQZ//B3LYP/6-311 + + G** calculations, the 7H- and 9H-

ketones represent 69 and 24 % of the guanine population at
298 K, respectively. The remaining population is shared by
three enol tautomers. All of these tautomers were detected by
gas-phase spectroscopy.[15a–e]

Twenty-nine tautomers were identified for [G + H]+ (as sum-

marized in Figure S1 in the Supporting Information), involving
O, C, and different N sites as proton acceptors and presenting

large energy differences. Four low-energy tautomers lie within
0.2 eV (see Figure 1), including keto–amino tautomers

([G + H]+_1 with a population of 90.6 %, and [G + H]+_4,

<0.1 % population) and enol–amino tautomers ([G + H]+_2,
8.9 %, and [G + H]+_3, 0.4 %). The most stable tautomer is

formed by protonation of the N9 of the 7H-ketone (or N7 of
the 9H-ketone).[15f, g, j, 16] The B3LYP/aug-cc-pVQZ-calculated

proton affinity of the 7H-ketone is 964 kJ mol¢1, which is in
agreement with the experimental values of (951�48)[17] and

959.5 kJ mol¢1.[18]

We found 15 tautomers for [G¢H]¢ , including deprotonation
of N1, the imidazole N, and the amino group[19] of neutral tau-

tomers. The C8 site is much less acidic than those of the N
sites and was excluded.[19b] The structures of [G¢H]¢ are pre-
sented in Figure S2 in the Supporting Information, and those
within 0.2 eV energy range are included in Figure 1. Consistent

with the literature,[15j, 16b, c, 19b] deprotonation of N1 and N7 of
the 7H-ketone leads to the two most stable deprotonated tau-

tomers, [G¢H]¢_1 and 2, with B3LYP/aug-cc-pVQZ-calculated

298 K populations of 75 and 15 % and gas-phase acidities
(GPA) of 1384 and 1388 kJ mol¢1, respectively. For comparison,

the experimental GPA value is (1389�13) kJ mol¢1.[19a]

The initial geometries of the monohydrated ions were ob-

tained by adding a water molecule to the [G + H]+ and [G¢H]¢

Figure 1. Low-lying tautomers of G, [G + H]+(H2O)0,1, and [G¢H]¢(H2O)0,1. The numbering scheme and nomenclature are presented. Dashed lines indicate
hydrogen bonds. Bond lengths are shown in æ. Relative energies [eV] and hydration energies (presented in parentheses) were evaluated based on the sum of
electronic energy calculated at the B3LYP/aug-cc-pVQZ//B3LYP/6-311 + + G** level with thermal correction (298 K) at the B3LYP/6-311 + + G** level.

Chem. Eur. J. 2016, 22, 3127 – 3138 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3128

Full Paper

http://www.chemeurj.org


tautomers in Figure 1, and then optimizing the structures at
the B3LYP/6-311 + + G** level. Different hydrogen-bonding

sites and orientations of the water ligand were considered. The
converged structures are reported in Figures S3 and S4 in the

Supporting Information. Most hydrates form cyclic complexes
through two hydrogen bonds. Such water-binding motifs are

similar to those found for neutral guanine.[15i, 16b, 20] The
hydration energy was calculated by using Equation (1):

Ehydration ¼ Eðbare ionÞ þ EðH2OÞ¢EðclusterÞ ð1Þ

in which E(bare ion), E(H2O), and E(cluster) are the energies of
bare ion, water, and the hydrate of the same ion tautomer, re-

spectively. The most stable protonated and deprotonated
monohydrates are formed by a water hydrogen bonded to the

carbonyl and N7H sites concurrently. They account for 98 and
97 % of the protonated and deprotonated monohydrates,

respectively.

On the basis of their overwhelming populations, [G + H]+_1,

[G¢H]¢_1, [G + H]+_1···W67 and [G¢H]¢_1···W67 represent
reactant structures in corresponding gas-phase reactions with
1O2.

2. Fate of isolated guanine endoperoxide

We first examined the gas-phase reactions of 1O2 with bare

[G + H]+ and [G¢H]¢ over the center-of-mass Ecol range of 0.1–

1.0 eV. The experiment was performed on a guided-ion-beam
tandem mass spectrometer,[21] as described in the Experimental

and Computational Section. [G + H]+ and [G¢H]¢ ions were
generated by electrospray ionization (ESI). To eliminate radicals

and other reactive oxygen species that accompany with photo-
sensitization of 3O2, 1O2 was produced from Reaction (1).[22]

H2O2 þ Cl2 þ 2KOH! 1O2=
3O2 þ 2KClþ 2H2O ð1Þ

The surprise was that all protonated/deprotonated guanine
molecules survived 1O2 attack. No oxidation products were de-

tected. The only consequence of guanine–1O2 scattering was
collision-induced dissociation, including elimination of NH3 and

NHCNH from [G + H]+ [14n,p, 23] and NH3 and HNCO from

[G¢H]¢ .[14r, 23, 24]

Nonreactivity of [G ++ H]++ toward 1O2 : To explore the origin of
this nonreactivity, we have mapped out the potential energy

surface (PES) associated with the reaction coordinate for [G +

H]+ + 1O2. Intersystem crossing of [G + H]+ + 1O2! 3[G + H]+ +
3O2 was excluded because the threshold for this electronic ex-
citation transfer (0.99 eV) was near the maximum experimental

value of Ecol ; consequently the reaction system remained in the

singlet state. Calculation results are summarized in Figure 2.
B3LYP/6-31 + G* was chosen for most of our calculations be-

cause this DFT method has been successfully used in probing
the 1O2 oxidation of 6-thioguanine,[25] the transformation of 8-

oxoguanine,[26] and the [4++2] cycloaddition of 1O2 onto histi-
dine.[27] Energies of critical intermediates were refined by using

single-point calculations at the CCSD(T)/6-31 + G* level. To as-
certain if our calculations might be invalidated by large contri-
butions from species other than the Hartree–Fock configura-
tion,[28] CASSCF(10,10)/6-31 + G* was performed for the most

critical structures, PC+ , TS1a+ , and 5,8-OO-[G + H]+ , along the
cycloaddition path shown in Figure 2. In all cases, the coeffi-

cient of the Hartree–Fock configuration exceeded 0.95. We

also inspected the quality of the single-reference electron cor-
relation approach with T1 diagnostic for TS1a+ and 5,8-OO-
[G + H]+ . The T1 values derived from CCSD(T) calculations are
0.0180 and 0.020, respectively, which indicate that the static
contribution to the total electron correlation can be neglected.
These tests suggest that our calculations are appropriate for

describing the most important part of the reaction. Notably,
Grìber et al. examined the stability of the endoperoxide and
8-peroxide derivatives of neutral guanine by using various
methods,[29] and found that multireference calculations were
not necessary.

Two reaction pathways may be inferred from the PES in
Figure 2. The first one corresponds to reactants!reactant-like

precursor PC+!TS1a+!5,8-OO-[G + H]+!TS1b+ , TS1c+ , and
TS1d+!5-OH-8-oxoG+ , followed by TS1e+_1!8-oxo[G¢H]+ +

H2O or TS1e+_2![Sp + H]+ . The reaction is initiated by the

Diels–Alder cycloaddition of the O2 moiety to the imidazole
C5¢C8 bond, leading to a protonated endoperoxide, 5,8-OO-

[G + H]+ . We have explored the possibility of forming a 4,8-en-
doperoxide by running a relaxed PES scan along the approach

of one O atom of O2 toward C4. The rO¢C4 bond length was
continuously varied, and all other coordinates were optimized

at each step. However, the PES avoided cycloaddition to

C4¢C8, but instead converged to 5,8-OO-[G + H]+ . The 5,8-OO-
[G + H]+ species may rearrange to 5-OH-8-oxoG+ through

consecutive activation barriers: the dioxo bridge breaks at
TS1b+ , followed by intramolecular H transfer from C8 to N7 at

TS1c+ , and then from N7 to C5-O at TS1d+ . The ensuing 5-OH-
8-oxoG+ species may eliminate a water, producing 8-
oxo[G¢H]+ . The reaction enthalpy (DHrxn) for 8-oxo[G¢H]+ +

H2O is ¢3.38 eV, but the transition states (TSs) amount to a bar-
rier of 0.92 eV. Alternatively, 5-OH-8-oxoG+ may rearrange to

form [Sp + H]+
,
[30] which involves migration of the C6 acyl

group to C4 at TS1e+_2, with DHrxn =¢4.06 eV.
In the second pathway, the reactants first form an open

adduct, 8-OO[G + H]+ , through the addition of 1O2 to the C8

position.[29] However, a more energetically favorable formation
path for 8-OO[G + H]+ is through interconversion from 5,8-OO-
[G + H]+ without a backward barrier, as verified by a relaxed

PES scan. The 8-OO[G + H]+ species has an intramolecular zwit-
terionic nature, as indicated by population analysis. We were

concerned that it might suffer from charge over-delocalization
in the B3LYP calculation. Grìber et al. reported that some DFT

methods incorrectly predicted the stability of neutral guanine

endoperoxide versus its 8-peroxide.[29] Fortunately, this was not
the case for our system. We used MP3/aug-cc-pVTZ//MP2/

6-31 + G* to benchmark the energy gap between 5,8-OO-
[G + H]+ and 8-OO[G + H]+ , which was ¢2.1 eV. The CCSD(T)/

6-31 + G*//B3LYP/6-31 + G*-predicted energy gap (¢1.64 eV)
was comparable to this benchmark. The 8-OO[G + H]+ species
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interconverts to 8-OOHG+ via TS2b+ . The latter evolves to 8-
OOHG+_1 and 2 via TS2c+_1 and 2, respectively. The 8-
OO[G + H]+ species may also rearrange to 8-OOHG+_1 and 2

via TS2c+_1’ and 2’, respectively. The 8-OOHG+ , 8-OOHG+_1,
and 8-OOHG+_2 species are all 8-hydroperoxides; the differ-

ence is which H is abstracted to form ¢OOH. The 8-OOHG+_
1 species opens the imidazole ring through dehydration, yield-

ing pyrimidine-like cyclic-[NHC(NH2)NC(=NCO)C(=NH)C(=O)]+ .
The 8-OOHG+_2 species eliminates a water molecule from C8,

producing 8-oxo[G¢H]+ .
However, the intermediates and products resulting from

these two pathways may all be discounted at low Ecol because

of high activation barriers. The only exception is 5,8-OO-[G +

H]+ , which has favorable energetics. However, 5,8-OO-[G + H]+

was not present in the product mass spectra. The mechanistic
importance of an intermediate also depends on its lifetime, so

we used the Rice–Ramsperger–Kassel–Marcus (RRKM)[31] theory

to calculate dissociation rates leading from 5,8-OO-[G + H]+ . At
low Ecol, only one dissociation channel is appreciable for 5,8-

OO-[G + H]+ , namely, decay back to reactants. The rotational
quantum number, K, was treated as active in evaluating the

rate constant, k(E, J), and all (2J + 1)K-levels were counted as
shown by Equation (2):[32]

kðE; JÞ ¼ d
h

PJ

K¼¢J

G½E ¢ E0 ¢ Eþr ðJ; KÞ¤
PJ

K¼¢J

N½E ¢ ErðJ; KÞ¤
ð2Þ

in which d is the reaction path degeneracy; G is the sum of

states from 0 to E¢E0¢Er
† at TS1a+ ; N is the reactant density of

states; E is the system energy; E0 is the dissociation threshold;

and Er and Er
† are the rotational energies of 5,8-OO-[G + H]+

and TS1a+ , respectively. The orbital angular momentum, L, was
estimated from the collision cross section, scollision, that is, L =

mvrel(scollision/p)1/2, in which m and vrel are the reduced mass and
relative velocity of collision partners, respectively. The proper-

ties of 5,8-OO-[G + H]+ and TS1a+ were described by using
B3LYP-calculated frequencies, polarizabilities, and moments of
inertia.

The most critical kinetic insight obtained from RRKM analysis

is that, at Ecol � 0.2 eV (at which complex mediation is expect-
ed to be important), the lifetime of 5,8-OO-[G + H]+ is only 30–

130 ms. For comparison, the time-of-flight of product ions
through the octopole and the second quadrupole of the mass

spectrometer is 400–500 ms in this Ecol range. As a result,
5,8-OO-[G + H]+ was too short-lived to be detected by MS.

Figure 2. Reaction coordinate for [G + H]+ + 1O2. Inset shows the reaction coordinate for [G + H]+(H2O) + 1O2, in which water evaporation prompts the forma-
tion of a stable endoperoxide. Energies (relative to reactants) were calculated at the B3LYP/6-31 + G* level, including thermal corrections at 298 K. Energies of
critical intermediates were refined by using single-point CCSD(T)/6-31 + G* calculations, as indicated by asterisks.
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Influences of guanine ionization : Although both protonated
and deprotonated guanine are not reactive with 1O2, the gua-

nine ionization state affects the reaction profile, particularly
the reaction intermediates. The PES for the reaction of [G¢H]¢

with 1O2 is shown in Figure 3 a. To facilitate a comparison of
the PESs of different ionic states, the corresponding structures

are assigned identical names, but with + /¢ superscripts to dis-
tinguish between ionization forms. Similar to the protonated
system, the reaction of [G¢H]¢ first forms an endoperoxide,

5,8-OO-[G¢H]¢ , or a peroxide, 8-OO[G¢H]¢ , two of which un-
dergo interconversion. In contrast to 5,8-OO-[G + H]+ , which
may break the dioxo bridge, no such pathway was found for
5,8-OO-[G¢H]¢ . The 8-OO[G¢H]¢ species may evolve to form

8-OOH[G¢2H]¢ and its tautomeric isomer 8-OOH[G¢2H]¢_1;
the latter undergoes water elimination to give 8-oxo[G¢3H]¢ .

Based on RRKM analysis, a kinetically favorable pathway for
the deprotonated system is [G¢H]¢+ 1O2!PC¢!TS1¢!
5,8-OO-[G¢H]¢!8-OO[G¢H]¢!TS2c¢_1!8-OOH[G¢2H]¢_1.
We calculated the rate constants leading from

8-OOH[G¢2H]¢_1 to 8-oxo[G¢3H]¢ , back to 8-OO[G¢H]¢ , and
rounding into 8-OOH[G¢2H]¢ . They were 4 Õ 10¢5, 3 Õ 105, and
6 Õ 10 s¢1, respectively, at Ecol = 0.1 eV. It follows that

8-OOH[G¢2H]¢_1, if formed, overwhelmingly converts back to
its predecessor 8-OO[G¢H]¢ . Neither 8-oxo[G¢3H]¢ nor
8-OOH[G¢2H]¢ were significant. In this scenario, the total
lifetime of PC1¢ , 5,8-OO-[G¢H]¢ , 8-OO[G¢H]¢ , and 8-

Figure 3. Reaction coordinates for a) [G¢H]¢+ 1O2 and b) [G¢H]¢(H2O) + 1O2. The geometries of hydrated species in b) are identical to their dehydrated ana-
logues in a), except with a water attached to C6O and N7H. Energies (relative to reactants) were calculated at the B3LYP/6-31 + G* level, including thermal
corrections at 298 K. Energies of critical intermediates were refined by using single-point CCSD(T)/6-31 + G* calculations, as indicated with asterisks.
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OOH[G¢2H]¢_1 determines the length of time the system was
trapped as a peroxide adduct. This lifetime was less than 5 ms

at low Ecol, and was mostly spent on 5,8-OO-[G¢H]¢ .
Consequently, no intermediates survived mass analysis.

To further explore the collision dynamics, we followed 100
trajectories for [G¢H]¢+ 1O2 at Ecol = 0.1 eV, simulated at the

B3LYP/6-31G level by using a direct dynamics method.[33] Of
the trajectories, 35 % belonged to direct, nonreactive collision
(i.e. , fly-by without forming complexes), and the remainder

formed electrostatically bonded PC¢ , some of which evolved
to endoperoxide. However, upon termination of the trajecto-
ries (ca. 3 ps), most of the complex-forming trajectories de-
cayed back to separated or loosely bonded reactant pairs. Less

than 2 % remained as the endoperoxide structure. It was not
practical to propagate the trajectories long enough to exhaust

all endoperoxides, but they were anticipated to eventually

decay back to reactants on the basis of RRKM analysis.
One concern in the collisions of [G¢H]¢ with 1O2 is the possi-

bility of electron transfer. The electron detachment energy for
[G¢H]¢ is 3.00 eV, calculated at the B3LYP/6-311 + + G** level.

Assuming that the electronic excitation energy (0.98 eV)[34] and
electron affinity (0.45 eV)[35] of O2 could be used to drive

electron transfer, this reaction is endothermic by 1.57 eV, and

thus, could not occur in the Ecol range of 0.1–1.0 eV.

3. Capturing endoperoxide formation in microhydrates

Both statistical modeling and dynamics simulations indicated

that 1O2 oxidation of gaseous [G + H]+ and [G¢H]¢ produced
endoperoxides, yet these intermediates ultimately decom-

posed to starting reactants. This result reproduced the same
instability problem, and thus, the failure of capturing endoper-

oxide in solution.[2a, 11] To trap and measure endoperoxide in
the gas phase, we had to figure out how to relax the initially

excited intermediate. Such energy relaxation was realized in

hydrated guanine ions because endoperoxides were indeed
detected as end products in 1O2 collisions with [G + H]+(H2O)

and [G¢H]¢(H2O).
The oxidation product for the reaction of [G + H]+(H2O) (m/z

170) + 1O2 was observed at m/z 184. This product channel can
be attributed to liberation of a water ligand from a nascent hy-

drated endoperoxide. The reaction cross section is shown in
Figure 4 a, over the Ecol range of 0.1 to 1.0 eV. The product

mass spectrum taken at Ecol = 0.1 eV is also shown in the inset
of Figure 4 a. A similar endoperoxide product channel was
detected at m/z 182 for the reaction of [G¢H]¢(H2O) (m/z

168) + 1O2. Its product mass spectrum and cross section are
shown in Figure 4 b.

The reaction cross sections for both [G + H]+(H2O) + 1O2 and
[G¢H]¢(H2O) + 1O2 increase with decreasing Ecol, which indi-

cates that there are no activation barriers above the reactants.

This observation is consistent with our calculated activation
barriers for cycloaddition. These two systems have a similar re-

action efficiency (ca. 2 %) at the lowest Ecol value, estimated
from sreaction/scollision, in which scollision is the greater of the ion-in-

duced dipole capture cross section[36] and hard-sphere collision
cross section. However, the efficiency for [G + H]+(H2O) drops

more quickly than that of [G¢H]¢(H2O) in the high-energy
regime.

Relaxation of peroxide by water evaporation “cooling”: The

experimental results of hydrated guanine ions indicate that the

oxidation of [G + H]+ and [G¢H]¢ is able to move on to stable
products with the addition of a water ligand. First, let us look
at the influence of microsolvation on the PES of [G + H]+ + 1O2,
as illustrated in the inset of Figure 2. To differentiate between

similar species in the dry and hydrated systems, we include
a water ligand in the acronyms for the hydrated structures.

Similar to that for [G + H]+ + 1O2, an energetically favorable
pathway for the hydrated system corresponds to the formation
of monohydrated 5,8-OO-[G + H]+(H2O). Except for the addi-

tional water ligand, the structures of the hydrated endoperox-
ide and the related TS are identical to those of their dehydrat-

ed analogues. The fate of the endoperoxide was, however,
changed upon hydration. The driving force for this change

came from the ejection of the water ligand from the hydrated

endoperoxide. The water dissociation energy is 0.45 eV, which
is below the dissociation threshold of the 5,8-OO-[G + H]+

moiety. Water dissociation and accompanying product kinetic
energy release efficiently removed the reaction heat of forma-

tion carried by nascent 5,8-OO-[G + H]+ , producing stable 5,8-
OO-[G + H]+ (DHrxn =¢0.07 eV). In this context, a single water

Figure 4. Reaction cross sections and efficiencies (dark gray lines against the
right axis) for a) [G + H]+(H2O) + 1O2!5,8-OO-[G + H]+ + H2O and
b) [G¢H]¢(H2O) + 1O2!5,8-OO-[G¢H]¢+ H2O. Insets show product mass
spectra taken at Ecol = 0.1 eV.
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molecule resulted in a big change to the oxidation of [G + H]+ ,
and enabled capture of the otherwise unstable endoperoxide

in the gas phase.
Compared with the protonated system, microsolvation had

even more profound influences on the reaction of [G¢H]¢+
1O2. As shown in Figure 3 b, water evaporation may lead to for-
mation of three possible peroxides, as indicated by shaded
arrows, which are 5,8-OO-[G¢H]¢ , 8-OOH[G¢2H]¢ , and 8-

OOH[G¢2H]¢_1, with DHrxn =¢0.69, ¢1.80, and ¢1.09 eV, re-
spectively. Albeit the least energetically favorable of the three
structures, 5,8-OO-[G¢H]¢ was verified as the most abundant

product in trajectory simulations (see below), due to the least
convoluted reaction path and lowest activation barrier. We

also evaluated the possibility of losing water from 8-
OO[G¢H]¢(H2O); however, it was 0.1 eV endothermic and thus

unlikely to compete with the other processes.

Dynamics insights from trajectory simulations : The water

evaporation cooling mechanism was further supported by
direct dynamics trajectory simulations. We integrated 200 tra-

jectories for [G¢H]¢(H2O) + 1O2 at Ecol = 0.1 eV. Figure 5 exempli-
fies a representative scattering, resulting in 5,8-OO-[G¢H]¢ and

a separated water molecule. The top frame in Figure 5 shows

the change in potential energy, the approach of reactants, and
the separation of products (as indicated by the center-of-mass

distances r([G¢H]¢¢O2) and r([G¢H]¢¢H2O)) during the trajec-
tory. The bottom frame in Figure 5 plots two new C¢O bonds

being formed in the endoperoxide. The trajectory verifies the
reaction pathway proposed in Figure 3 b. The formation of en-

doperoxide occurs at 1.5 ps, followed by repeated dissociation

and reassociation of the endoperoxide bridge until water is
eliminated at 5.8 ps. By the end of trajectory, water is

separated from 5,8-OO-[G¢H]¢ by 9 æ.
Dynamics simulations show that, of the total 200 trajecto-

ries, more than 60 % formed complexes, but most of these
trajectories decayed back to reactants; only 5 % remained as
the endoperoxide structure until the end of the trajectories.
The low branching ratio of reactive trajectories agrees with the

low reaction efficiency measured in the ion-beam experiment.

One factor that may contribute to the low oxidation efficien-
cy of guanine is that the water ligand may physically quench
1O2. In the present experiment, we were not able to probe
physical quenching of 1O2, and the quasi-classical trajectories

could not simulate the physical quenching of 1O2. Viggiano
et al. discovered that in the reaction of OH¢(H2O) + 1O2 excita-

tion transfer-induced water dissociation followed a direct colli-

sion mechanism.[37] By assuming that similar direct excitation
transfer-induced water dissociation occurred in the collision of

[G¢H]¢(H2O) with 1O2, this would account for 22 % of the
trajectories in which 1O2 attacked the water ligand directly.

In summary, the trajectory results verified complex
mediation during guanine oxidation, identified the endo-

peroxide structure captured in the product mass spectra, and

qualitatively reproduced the low reaction efficiency.

4. How closely does the gas-phase guanine mimic the
oxidation of its nucleoside?

It is necessary to examine similarities and differences between
the 1O2 oxidation of free guanine and that of the guanosine

nucleosides in DNA, so that we may extrapolate gas-phase
findings to solution models. Scheme 1 outlines the oxidation
products for dGuo + 1O2 in aqueous solution.[2a–j, l–s, 26a] For
clarity, we omitted products produced in low yields or those

observed occasionally.[2k,n]

In contrast to gas-phase guanine, which has the predomi-

nant 7H-keto form, the guanosine moiety adopts the N9-sub-
stituted form, in which the N9 atom links to a sugar through
a glycosidic bond. Consequently, different from guanine, which

has the conjugated diene portion of the imidazole ring cen-
tered at C5=C4¢N9=C8, dGuo has the corresponding conjugat-

ed center located at C4=C5¢N7=C8. Cycloaddition of 1O2 to
dGuo occurs across C4¢C8, leading to an endoperoxide, 4,8-

OO-dGuo.[2a] The first step toward degradation of this highly

active 4,8-OO-dGuo is rearrangement into 8-OOHdGuo. Subse-
quent loss of a water molecule from 8-OOHdGuo leads to an

quinonoid intermediate, the C5=N7 bond of which is suscepti-
ble to nucleophilic attack.[2g–i,s] The addition of water to C5=N7

yields 5-OH-8-oxodGuo, the fate of which depends on the re-
action pH and temperature. At low pH and temperature, 5-OH-

Figure 5. A representative trajectory shows the formation of 5,8-OO-[G¢H]¢

in the collision of [G¢H]¢(H2O) + 1O2 at Ecol = 0.1 eV. A video of the trajectory
is available in the Supporting Information.
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oxodGuo hydrates, breaks C5¢C6, and loses CO2 to form
dGh.[2g, 26a] High pH and temperature, on the other hand, favor

the rearrangement of 5-OH-oxodGuo into dSp through an acyl
shift. The transformation of 5-OH-8-oxodGuo into dGh and

dSp, as well as the interconversion between dSp and dGh,
have been calculated by Burrows, Schlegel and co-workers.[26]

In these reactions, explicit molecules of water are needed to

complete hydrolysis and assist proton transfer. The formation
of 8-oxodGuo represents a competitive reduction path of 8-

OOH-dGuo, albeit minor.[2b,e] Another minor product is 4-OH-8-
oxodGuo, which is formed by breaking the peroxide linkage.[2p]

To evaluate the resemblance between the oxidation of gua-
nine and dGuo, we first explored the possibility of forming Gh-

and Sp-like products in gas-phase [G + H]+ + 1O2. As shown in

the PES of Figure 2, endoperoxide 5,8-OO-[G + H]+ may break
the peroxide linkage, leading to the formation of 5-OH-8-

oxoG+ . As reported by Munk et al.[26b] (see Figure 4 in
ref. [26b]), 5-OH-8-oxoG+ may interconvert to protonated

[Gh + H]+ . Figure 2 also suggests a route for the formation of
protonated [Sp + H]+ from 5-OH-8-oxoG+ . In contrast to the

case of dGuo, no reactive or catalytic water is needed for the

formation of [Sp + H]+ from [G + H]+ + 1O2, although the
system must cross barriers.

We were curious if deprotonated Sp and Gh could evolve in
the oxidation of gas-phase [G¢H]¢ . No clear route was found
leading to [Gh¢H]¢ from deprotonated endoperoxide; this was
not very surprising when considering the requirement of acidic

conditions to produce dGh from dGuo. On the other hand, the
formation of [Sp¢H]¢ may be realized at high energies
through the downstream product 8-oxo[G¢3H]¢ formed from

5,8-OO-[G¢H]¢ . As illustrated in Figure 6, hydrolysis of 8-
oxo[G¢3H]¢ gives rise to 5-OH-8-oxo[G¢2H]¢ , and the latter

interconverts into 5-O-8-oxo[G¢2H]¢ through intramolecular
proton transfer at TS3b¢ . Finally, 5-O-8-oxo[G¢2H]¢ evolves

into [Sp¢H]¢ through an acyl shift at TS3c¢ . This

process becomes feasible only in the presence of a reactive
water molecule. Such a scenario is similar to the mechanism

proposed for the oxidation of neutral guanosine by Burrows
and co-workers.[2s]

Apart from Gh and Sp, the 1O2 oxidation of gas-phase
[G + H]+ and [G¢H]¢ leads to the formation of 8-oxo[G¢H]+ ,

5-OH-8-oxoG+ , and 8-oxo[G¢3H]¢ , which resemble the
8-oxodGuo and 4-OH-8-oxodGuo products shown in Scheme 1.

The major difference between guanine and guanosine arises
from N9 substitution and the deprotonation sites. This differ-

ence is carried over into the structures of the corresponding
endoperoxides, that is, 5,8-endoperoxide for guanine versus

4,8-endoperoxide for dGuo. Thus, the guanine model study

mimicked some, but not all, of the reactivity of the guanosine
nucleoside. 9-Methylguanine might be a better model

compound, and a study of the 1O2 reaction of protonated/de-
protonated 9-methylguanine is currently underway.

Conclusion

The starting stage for singlet O2 oxidation of the guanine nu-
cleobase is believed to be the formation of an endoperoxide

through a [4++2] cycloaddition. However, this transient endo-
peroxide is extremely unstable, and was only detected previ-

ously by low-temperature photosensitized oxidation of an 8-

methyl-substituted guanosine derivative by NMR spectroscopy.
We were able to capture peroxide intermediates in the colli-

sions of gas-phase hydrated guanine ions (in both protonated
and deprotonated states) with chemically generated singlet O2

at room temperature by using guided-ion-beam mass spec-
trometry. Reaction PESs, kinetic modeling, and dynamics simu-

lations strongly support a 5,8-endoperoxide structure. The suc-

cessful capture of the 5,8-endoperoxide was due to relaxation
of the excited intermediate product through water cluster

dissociation. Possible pathways, leading from gas-phase endo-
peroxide to oxidation products Sp, Gh, and 8-oxoG, were

discussed under conditions that mimicked acidic and basic
solutions.

Experimental and Computational Section

Chemical generation of 1O2

1O2 was generated by the reaction of H2O2 + Cl2 + 2 KOH!O2

(ca. 85 % X3Sg
¢ and ca. 15 % a1Dg) + 2 KCl + 2 H2O.[22] An 8 m solution

of KOH (10.5 mL) was added to a 35 wt % aqueous solution of
H2O2 (20 mL) in a sparger, which was immersed in a chiller at

Scheme 1. The 1O2-mediated oxidation paths and products of 2’-deoxyguanosine (dGuo) in aqueous solution.
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¢19 8C. The resulting mixture was degassed quickly. Cl2 (3.4 sccm,
�99.5 %, Sigma–Aldrich) was mixed with He (53.5 sccm) and bub-
bled through the H2O2/KOH slush. All Cl2 reacted with H2O2. Gas-
eous products were passed through a cold trap at ¢70 8C to
remove water vapor. Only 1O2, 3O2, and He remained in the
downstream gas.

Before leaking into the scattering cell of the mass spectrometer for
ion–molecule reactions, the concentration of 1O2 in the gas was de-
termined by measuring the 1O2 emission (a1Dg!X3Sg

¢ , n= 0–0)[34]

at l= 1270 nm in an optical emission cell. Emission from the cell
was collected by using a plano-convex lens, passed through an op-
tical chopper (SRS model SR540) and a 1270 nm interference filter,
and focused into a thermoelectrically cooled InGaAs detector
(Newport model 71887) coupled with a lock-in amplifier (SRS
model SR830). Amplifier output was converted to absolute 1O2 con-
centration based on a calibration.[38] To reduce the residence time,
and therefore, the wall- and self-quenching of 1O2, the entire 1O2

generator was continuously pumped with a mechanical pump, and
the pressure of the apparatus was maintained at 13 torr through
a pressure relay (Cole–Parmer 00244OW). Pumping continuously
replaced quenched O2 with fresh 1O2, so that a maximum 1O2

concentration was available for ion–molecule reactions.

The 1O2 generator also produced 3O2. Fortunately, 3O2 does not
react with singlet closed-shell molecules because the reaction is
spin-forbidden. To verify the nonreactivity of guanine ions toward
3O2, control experiments were performed under the same
conditions as those used for 1O2, except that Cl2 used in the 1O2

generator was replaced by O2 gas.

Gas-phase ion–molecule reactions

Reactions of protonated and deprotonated guanine ions with 1O2

were carried out by using a homemade guided-ion-beam tandem
mass spectrometer, which was described previously,[21] along with
the operation, calibration, and data analysis procedures. The appa-

ratus consisted of an ion source, radiofrequency (rf) hexapole ion
guide, quadrupole mass filter, rf octopole ion guide surrounded by
a scattering cell, second quadrupole mass filter, and a pulse-
counting detector.

A sample solution for generating [G + H]+ was prepared in HPLC-
grade methanol/water (2:1 v/v) containing 0.05 mm guanine hy-
drochloride (99 %, Alfa Aesar), and that for [G¢H]¢ was prepared in
methanol/water (3:1) containing 0.5 mm guanine (98 %, Aldrich)
and equimolar NaOH. The solution was sprayed into the ambient
atmosphere through an electrospray needle at a flow rate of
0.05 mL h¢1. The ESI emitter was biased at 2.4 and ¢2.2 kV to pro-
duce positively and negatively charged species, respectively.
Charged droplets entered the source chamber of the mass spec-
trometer through a desolvation capillary. The capillary was held at
100 V for positive ions and ¢90 V for negative ones, and the dis-
tance between the emitter tip and the entrance of the capillary
was 1 cm. Liquid droplets underwent desolvation as they passed
through the heated capillary, converting to gas-phase ions in the
source chamber. Under mild heating conditions, not all of the sol-
vent was evaporated, resulting in hydrated ions. In the experiment,
the capillary was heated to 136–140 8C to optimize the intensities
of dehydrated [G + H]+ and [G¢H]¢ , and 112–115 8C for mono-
hydrated [G + H]+(H2O) and [G¢H]¢(H2O). Increasing the ratio of
water modestly in the ESI solution favored the intensities of
monohydrates.

A skimmer with an orifice of 0.99 mm was located 3 mm from the
capillary end, separating the source chamber and the hexapole ion
guide. The skimmer was biased at 22 V for positive ions and ¢16 V
for negative ones. Ions were transported into the hexapole at
a pressure of 24 mTorr, and underwent collisional focusing and
cooling to about 310 K. Ions subsequently passed into a conven-
tional quadrupole for selection of specific reactant ions. Reactant
ions were collected and focused into the octopole ion guide,
which trapped ions in radical direction, minimizing loss of the reac-
tant and product ions resulting from scattering. The octopole was
surrounded by the scattering cell containing neutral reactant gas.

Figure 6. The PES for the water-assisted formation of [Sp¢H]¢ from 8-oxo[G¢3H]¢ , constructed at the B3LYP/6-31 + G* level, including thermal corrections at
298 K. A movie of the intrinsic reaction coordinate (IRC) trajectory is available in the Supporting Information.
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The cell pressure was measured by using 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, were mass an-
alyzed by the second quadrupole, and counted. The initial kinetic
energy distribution of the reactant ion beam was determined by
using a retarding potential analysis,[39] that is, by measuring the in-
tensity of the ion beam while scanning the direct current (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 (ELab). ELab was converted into Ecol between ions and 1O2 mol-
ecules in the center-of-mass frame by using the equation Ecol =
ELab Õ mneutral/(mion + mneutral), in which mneutral and mion were the
masses of neutral and ionic reactants, respectively. The intensities
of the reactant ion beam were 1 Õ 106 counts s¢1 for dehydrated
[G + H]+ and [G¢H]¢ and 2 Õ 105 counts s¢1 for their monohydrates.
Ion intensities were constant within 10 % during the experiment.
The initial kinetic energy of the ion beam was 0.9 to 1.1 eV, and
the energy spread of the beam was 0.6 eV, which corresponded to
0.1 eV in the center-of-mass frame for the collisions of [G + H]+

(H2O)0,1/[G¢H]¢(H2O)0,1 with 1O2. Reaction cross sections were calcu-
lated from the ratios of reactant and product ion intensities (under
single ion–molecule collision conditions), the pressure of 1O2 in the
scattering cell (= cell pressure Õ the fractional abundance of 1O2),
and the effective cell length. The scattering cell pressure was set at
0.25 mtorr, containing 5 % of 1O2/3O2 and 95 % of He. Under these
conditions, guanine ions underwent, at most, a single collision
with O2. Ions also collided with He, but the heavy-ion–light neutral
molecule combination made these collisions insignificant at low
Ecol.

Electronic structure calculations, RRKM modeling, and
dynamics simulations

Structures of reactants, intermediates, TSs, and products were opti-
mized by using the Gaussian 09 program (rev. D.01).[40] The B3LYP/
6-31 + G*, B3LYP/6-311 + + G**, B3LYP/aug-cc-pVQZ, and CCSD(T)/
6-31 + G* levels of theory were used for most calculations. The
single-reference-based methods were validated by running CASSCF
and T1 diagnostics on critical reaction intermediates. The accuracy
of the CCSD(T) and B3LYP energies were checked by using the
MP3/aug-cc-pVTZ//MP2/6-31 + G* results as a benchmark. The im-
portant structures along the most relevant reaction paths were
also calculated at the wB97xD/6-31 + G* level. The results from
B3LYP and wB97xD functionals were in good agreement (see the
Supporting Information), except that the energies of TS2a+ and
TS2a¢ in Figures 2 and 3 increased by about 0.4 eV at wB97xD;
however, both B3LYP and wB97xD confirmed that TS2a+ and
TS2a¢ were mechanistically insignificant. Restricted–unrestricted in-
stability was checked for the DFT calculations. For those without
stable wave functions in restricted calculations, unrestricted DFT
was performed and no spin contamination was found. Tautomer
searching was conducted for all reactant ions, and their most
stable tautomers were used as the starting structures in reaction
coordinates, RRKM modeling, and trajectory simulations. All TSs
were verified as first-order saddle points, and the vibrational mode
with an imaginary frequency corresponded to the associated reac-
tion pathway. IRC calculations were carried out for identified TS
structures to make sure that the TSs were located between the
correct energy minima. DFT-calculated vibrational frequencies and
zero-point energies were scaled by a factor of 0.968 and 0.988,[41]

respectively. Relative energies were obtained by including thermal
corrections at 298 K. RRKM[31] rates were calculated with the pro-

gram of Zhu and Hase[42] by using a direct state count algorithm
and scaled DFT frequencies and energetics.

Direct dynamics simulations for the collisions of [G¢H]¢ and
[G¢H]¢(H2O) with 1O2 were carried out at Ecol = 0.1 eV by using
Venus software[43] interfaced with the Gaussian 09 program. Due to
the computational cost, a modest basis set was needed for a large
set of dynamics trajectory simulations. To select a suitable level of
theory, we performed relaxed PES scans for approach of 1O2 to
guanine ions in several orientations with various methods (includ-
ing MP2/6-21G, MP2/6-31G, B3LYP/6-21G, B3LYP/6-31G, and B3LYP/
6-31G*). We then compared these results to benchmark calcula-
tions consisting of single-point calculations at the geometries sam-
pled in the relaxed PES scans at the B3LYP/6-311 + + G** and
QCISD/cc-pVDZ levels of theory. Unfortunately, MP2 methods fre-
quently ran into convergence failure. The PES shapes of the B3LYP
methods with different basis sets were in reasonable agreement;
the principle difference was that the well was slightly shallower
when calculated with small basis sets. On the basis of the overall
level of agreement and computational cost, we chose B3LYP/6-31G
for trajectory integration. A small batch of reactive and nonreactive
trajectories was repeated at the B3LYP/6-31 + G* level. The differ-
ence between the trajectory outcomes with these two basis sets
was below that of statistical uncertainty. Therefore, B3LYP/6-31G
was expected to reasonably describe the gross dynamics feature of
1O2 attack.

The initial separation between collision partners was set at 8.0 æ
(at which the attractive potential between reactants was only
a few meV), with a collision impact parameter of 0 æ. The vibra-
tional and rotational temperatures of all reactants were set at
300 K, which were chosen to mimic the ion–molecule experiment.
Quasi-classical Boltzmann sampling[44] was used to select vibration-
al and rotational energies.

The Hessian-based predictor–corrector algorithm[33b] was used for
numerical integration of the classical equations of motion, with the
Hessian matrix being updated every five steps. A step size of
0.25 amu1/2 Bohr (corresponding to a step size of 0.5–0.6 fs in tra-
jectory time) was used for trajectories. The initial guess of molecu-
lar orbital for each DFT calculation was obtained from the previous
step, and the total energy of the system was checked during the
simulation to ensure that the energy was conserved to better than
10¢4 hartree. The SCF = XQC option was adopted for the trajectory
integration, so that a quadratically convergent SCF method was
used in case the conventional first-order SCF algorithm failed to
converge within allotted cycles. Trajectories were terminated when
the product separation exceeded 8.1 æ. A total of 300 trajectories
were accomplished in the work, each taking about 340 cpu hours
on an Intel 12 core based computational cluster. gOpenMol[45] was
used for trajectory visualization. Analysis of individual trajectories
and statistical analysis of the trajectory ensemble were performed
by using programs written for these purposes.
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