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Computational Study of Oxidation of Guanine by Singlet Oxygen
(1Dg) and Formation of Guanine:Lysine Cross-Links

Bishnu Thapa,[a] Barbara H. Munk,[a] Cynthia J. Burrows,[b] and H. Bernhard Schlegel*[a]

Abstract: Oxidation of guanine in the presence of lysine can
lead to guanine–lysine cross-links. The ratio of the C4, C5
and C8 crosslinks depends on the manner of oxidation.
Type II photosensitizers such as Rose Bengal and methylene
blue can generate singlet oxygen, which leads to a different

ratio of products than oxidation by type I photosensitizers
or by one electron oxidants. Modeling reactions of singlet

oxygen can be quite challenging. Reactions have been ex-
plored using CASSCF, NEVPT2, DFT, CCSD(T), and BD(T) calcu-
lations with SMD implicit solvation. The spin contamination

in open-shell calculations were corrected by Yamaguchi’s
approximate spin projection method. The addition of

singlet oxygen to guanine to form guanine endo-

peroxide proceeds step-wise via a zwitterionic peroxyl inter-

mediate. The subsequent barrier for ring closure is smaller
than the initial barrier for singlet oxygen addition. Ring
opening of the endoperoxide by protonation at C4@O is
followed by loss of a proton from C8 and dehydration to

produce 8-oxoGox. The addition of lysine (modelled by meth-
ylamine) or water across the C5=N7 double bond of 8-

oxoGox is followed by acyl migration to form the final spiro
products. The barrier for methylamine addition is significant-
ly lower than for water addition and should be the domi-

nant reaction channel. These results are in good agreement
with the experimental results for the formation of guanine–

lysine cross-links by oxidation by type II photosensitizers.

Introduction

DNA can be damaged by a wide variety of reactive oxidation

species, such as hydroxyl radical, peroxyl radical and singlet
oxygen. Singlet molecular oxygen (1O2) can be generated from

diverse processes such as the type II photosensitization,
thermal decomposition of peroxides and other chemical reac-
tions.[1–3] Photosensitization involves a transfer of energy suffi-
cient to excite triplet ground state molecular oxygen, 3O2

(38@g) to its lowest excited singlet state (1Dg).[4, 5] Due to its
highly electrophilic nature, singlet molecular oxygen is capable
of oxidizing a wide range of molecules including phenols, sul-
fides, and amines. When it is present in a cellular environment,
singlet oxygen can react with nucleobases and amino acids.

The most frequent target of oxidative attack on nucleobases is
guanine since it has the lowest oxidation potential. The reac-

tion of singlet oxygen with guanine in DNA leads to the forma-

tion of various intermediates including 8-oxo-7,8-dihydrogua-
nine (8-oxoG). When 8-oxoG is incorporated in DNA, it can

alter replication. When other reactive nucleophiles, such as

amino acids, are present in the cellular environment, oxidized
guanine intermediates can undergo further modifications. A
common example is the formation of DNA–protein cross-links

(DPC). DPC formation can lead to cellular damage, mutations,
cancer, etc.[6–13] Therefore, the reaction of singlet oxygen with

DNA and further reactions of oxidatively damaged DNA have
been a subject of extensive research.[14–20] In particular, the re-
actions of singlet oxygen with guanine has drawn significant
attention because of the wide variety of reaction pathways,

intermediates and products, and their dependence on the
reaction conditions and structural context.[14, 15, 19, 21–30]

A large number of experimental studies have investigated
oxidative damage of isolated nucleobases, single-stranded and
double-stranded DNA by singlet oxygen.[22–34] It is widely

accepted that the singlet oxygen addition to the guanine in
aqueous solution results in the formation of a guanine endo-

peroxide intermediate (Scheme 1). In this geometrically strain-
ed cyclic intermediate, the 5-membered endoperoxide ring
opens to form 8-hydroperoxyguanine (8-OOH-G) (atom num-

bering for guanine is shown in Scheme 2). Dehydration of 8-
OOH-G followed by loss of the C8 proton and rearrangement

results in the formation of spiroiminodihydantoin (Sp).
Alternatively, reduction of 8-OOH-G produces the widely
known guanine oxidation intermediate 8-oxoG, which then

can react with O2 or undergo further oxidation to produce oxi-
dized products such as Sp, guanidinohydantoin (Gh), and 2,5-

diamino-4H-imidazolone (Iz).[14, 16–18] Different reaction condi-
tions such as change in pH, presence of other nucleophiles

and additional oxidizing agents along with the singlet oxygen
can increase the diversity of the final products.[17, 26, 30, 34] Even
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solvent water can act as a nucleophile
to react with oxidized guanine inter-

mediates to produce Sp and other fur-
ther oxidized products.[17, 23, 30, 32] It has

also been proposed that a second

singlet oxygen can react with 8-oxoG to
form Sp.[14, 17, 24–26, 35]

The presence of any nucleophiles
along with water and/or singlet oxygen

can produce a mixture of products including Sp.[30, 34] A wide
range of amino acids including lysine, histamine, and arginine

have been found to act as nucleophiles, reacting with oxidized

forms of guanine to produce cross-links with DNA bases. The
presence of lysine in the reaction mixture has been found to

produce predominantly C5-lysine-substituted-Sp and to sup-
press the formation of Sp. Similarly, the presence of ammonia

favors the formation of C5-NH2-substituted-Sp.[34] The forma-
tion of DPC is not limited to oxidation by singlet oxygen. Nu-

merous experimental studies have been carried out to explore

the formation of DNA–protein cross-links with isolated nucleo-
bases and single- and double-stranded DNA under different

oxidative environments.[12, 17, 30, 36–48] Various oxidizing agents
such as hydroxyl radicals, sulfate radicals, carbonate radicals,

organic carcinogens such as aldehydes, transition-metal ions
such as NiII, CrVI, FeII, FeIII, IrIV, and ionizing radiation, UV-, and

visible light with photosensitizers are also found to induce

DPC formation.[30, 36–38, 40, 49–53] The spectrum of the DPC products
depends on the nature of the oxidizing agent.[30] In a previous

study, we investigated the formation of guanine:lysine cross-
links in the presence of benzophenone, a type I photosensitiz-

er.[54] In the present work, we examine the oxidation of gua-
nine by singlet oxygen produced by a type II photosensitizer,

and the subsequent formation of guanine:lysine cross-links.
Several theoretical studies have explored the mechanism of

singlet oxygen addition reaction across double bonds by using
density functional theory (DFT) and multireference
methods.[55–66] These studies involve 1,2- or 1,4-type additions

of singlet oxygen across double bonds to form an endoperox-
ide, reactions analogous to the current study. Closed shell

single-reference calculations cannot describe singlet oxygen

properly because of its multireference character. Broken sym-
metry, open shell DFT calculations struggle to provide a suitable

description of singlet oxygen because of spin contamination
from its lower lying triplet state. This can cause sizeable errors

in the energy unless spin projection is used to remove the
contamination. The problem can exist not just in the reactant

but also in the transition states (TSs) and intermediates.[58]

Even multi-configuration self-consistent field calculations, that

include primarily non-dynamic correlation, can have difficulties
because of the lack of dynamic electron correlation, requiring

complete active space self-consistent field (CASSCF) calcula-

tions along with second order perturbation theory corrections
(e.g. CASPT2, NEVPT2, etc.) or multi-reference configuration

interaction (MRCI) calculations.[57 –59] For example, a study by
Sevin and McKee[58] exploring the reaction of singlet oxygen

with 1,3-cyclohexadiene showed significant spin contamination
in open-shell B3LYP calculations of some of the TSs and inter-

mediates as well as for singlet oxygen, and required CASPT2

calculations to obtain good agreement with the experimental
barrier.

Only a few computational studies have explored the reac-
tion mechanism for singlet oxygen addition to guanine.

Dumont et al. have examined the performance of various den-
sity functionals in calculating the stability of the endoperoxide

intermediate versus the zwitterionic peroxyl intermediate, and

find that LC-BLYP gives the best agreement with higher level
calculations.[67] They have also compared 1O2 addition to gua-

nine and adenine, and find guanine is more readily oxidized
than adenine, in agreement with experiment.[68] Dumont et al.

used QM/MM calculations and MD simulations to examine
guanine oxidation in B-helical DNA and find that the 1O2 addi-

tion transition state, the zwitterionic intermediate and the

endoperoxide are strongly stabilized by the DNA environ-
ment.[68, 69] Their DFT study using the LC-BLYP functional with

the 6–31 + G* and DZP + + basis sets in aqueous solution
showed that the 4,8-OO-guanine endoperoxide is formed via

a zwitterionic intermediate. However, these DFT calculations
did not address spin-contamination from low-lying triplet

states in open shell calculations of singlet oxygen and the tran-
sition states for addition. This can lead to significant changes
in barrier heights and reaction energies. Mendez-Hurtado

et al.[70] circumvented the problem of spin contamination in
the singlet state of oxygen by using the spin pure triplet state

energy and adding the experimental energy that corresponds
to the singlet–triplet gap for their study of histidine oxidation

by singlet oxygen. This approach eliminates the necessity of

dealing with the multireference character of singlet oxygen to
some extent. However, the problem still remains since the

transition states and intermediates can have significant spin-
contamination, and no experimental singlet–triplet gaps are

available to correct their energies. In a related study, Lu
et al.[71, 72] used guided ion-beam mass spectrometry and DFT

Scheme 1. Formation of spiroiminodihydantoin products from guanine and singlet oxygen in aqueous medium in the presence of lysine.

Scheme 2. Numbering
of atoms in guanine.
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calculations to examine the gas phase reactivity of singlet
oxygen with protonated and deprotonated guanine. Singlet

oxygen addition to protonated guanine produced 5,8-OO-gua-
nine endoperoxide in a concerted reaction, while deprotonat-

ed guanine reacted with singlet oxygen in a step-wise fashion
and formed 4,8-OO-guanine endoperoxide.

The yield of the various cross-link products between guanine
and lysine has been shown to depend on the nature of the

oxidizing agent.[30] In our previous study,[54] we investigated the

mechanisms for the formation of guanine:lysine adducts in the
presence of benzophenone, a type I photosensitizer. The pres-
ent study explores the oxidation of guanine by singlet oxygen,
generated by a type II photosensitizer, and the subsequent
reaction pathways for nucleophilic addition of lysine to form
guanine:lysine adducts. As discussed above, the DFT calcula-

tions of singlet oxygen are problematic due to the spin con-

tamination from its low-lying triplet state. This problem may
persist in the TSs and the intermediates following the singlet

oxygen addition. Approximate spin projection methods can
eliminate the spin contamination from other spin states. In this

study, the energies of spin contaminated, broken symmetry
(BS) structures are corrected using Yamaguchi’s approximate-

spin projection method.[63, 65] A range of methods (CASSCF,

NEVPT2, B3LYP, wB97XD, LC-BLYP, CCSD(T), and BD(T)) has
been used to explore the potential energy surface for singlet

oxygen addition to guanine and subsequent reaction with
water and lysine. As in our previous studies, the sidechain of

lysine is modeled by methylamine (this lowers computational
cost without reducing the accuracy). A minimum energy path-

way has been identified based on the energies and barriers of

each reaction step.

Results and Discussion

Scheme 1 shows the pathways for the addition of singlet

oxygen (1Dg) to guanine and the subsequent addition of meth-
ylamine or water to form substituted-spiroiminodihydantoin

products. The reactions were explored with a range of theoret-
ical methods: DFT, CCSD(T), BD(T), CASSCF and NEVPT2. The

treatment of singlet oxygen and its reactions can be challeng-

ing for some levels of theory. Since the addition of singlet
oxygen to 1,3-cyclohexadiene has been investigated experi-

mentally and computationally, we examine this reaction first in
order to calibrate the methods used for singlet oxygen plus

guanine. After examining the addition of singlet oxygen to the
guanine to form endoperoxide, we looked at the reaction path

from the endoperoxide to 8oxoG and nucleophilic addition fol-
lowed by ring rearrangement to form substituted-spiroiminodi-

hydantoin products.

(a) Addition of singlet oxygen to 1,3-cyclohexadiene

The experimental difference between the singlet and triplet

states of oxygen is 22.4 kcal mol@1.[73] Table 1 shows the calcu-
lated result for various levels of theory. CASSCF/6–31 + G(d,p)

calculations with an active space of 12 electrons and 8 orbitals

give a singlet–triplet energy gap of 21.5 kcal mol@1 for the mo-
lecular oxygen (the active orbitals are shown in the Supporting

Information). Corrections for dynamic correlation by second
order perturbation theory (CASPT2 and NEVPT2) improves the

value by a few kcal mol@1. Closed-shell calculation of singlet
oxygen at the B3LYP/6–31 + G(d,p) level of theory has a spin

restricted to unrestricted instability and optimizes to a stable
open-shell electronic structure that has a spin-squared value
<S2>&1.0. This broken symmetry singlet oxygen has about

50 % contribution from the lowest triplet (38@g) state and is
10.4 kcal mol@1 higher than the ground state triplet. Similar

spin-contaminations and singlet–triplet energy gaps are calcu-
lated with other DFT functionals. Using the Yamaguchi approx-

imate spin-projection method (AP)[74–76] to correct the energy

of spin-contaminated open-shell singlet oxygen, the energy
difference between singlet and triplet states of oxygen

becomes 20–23 kcal mol@1 with various DFT functionals,[65] in
good agreement with the experimental value. Similarly,

CCSD(T), and BD(T) calculations with Yamaguchi approximate
spin-projection yield singlet–triplet energy differences within

a few kcal mol@1 of the experimental value. All the energies dis-

cussed below for broken symmetry, open-shell states calculat-
ed with DFT, CCSD(T), and BD(T) are corrected to the spin-pure

state using the Yamaguchi approximate spin-projection
method.

The gas phase energetics for the [4++2] addition of singlet
oxygen to 1,3 cyclohexadiene to form the endoperoxide have

been computed with B3LYP, wB97XD, LC-BLYP, BD(T), CASSCF

and NEVPT2, and are compared with experimental[77] and cal-
culated[58] results from the literature in Table 1. The relative en-

ergies calculated using CASSCF/6–31 + G(d,p) with an active
space of 16 electrons in 12 orbitals are lowered by 10–20 kcal

Table 1. Relative energies (with ZPE) calculated for the formation of endoperoxide from 1,3-cyclohexadiene and singlet oxygen using various levels of
theory in the gas phase with the 6–31 + G(d,p) basis set.

B3LYP[a] wB97XD[a] LC-BLYP[a] BD(T)[a,b] CASSCF[a,b] NEVPT2[a,b] CASPT2[c,d] Experiment

1O2–3O2 20.8 23.50 21.85 19.4 21.5 23.4 24.7 22.4[e]

Reactant 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TS 3.34 3.21 8.24 10.02 23.58 11.22 6.50 5.50[f]

Intermediate @9.46 @12.63 @16.79 @3.91 10.58 @5.93 @5.50
Product @31.48 @39.59 @47.71 @36.27 @16.86 @39.40 @33.60

Reactant = 1,3-cyclohexadiene + 1O2, Product = 2,3-dioxabicyclo[2.2.2]oct-5-ene. [a] 6-31 + G(d,p) basis set. [b] using B3LYP/6–31 + G(d,p) optimized geome-
try and zero-point energy. [c] 6-31G(d) [d] Ref.[58] [e] Ref[73] [f] Ref.[77]
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mol@1 when dynamic electron correlation is taken into account
by NEVPT2/6–31 + G(d,p) and CASPT2/6-31G(d) calculation. The

NEVPT2, spin projected BD(T) and spin projected LC-BLYP barri-
ers are 3–6 kcal mol@1 higher than experiment while the spin

projected B3LYP and wB97XD barriers are 2 kcal mol@1 lower
than experiment. Except for CASSCF, the calculations find the

intermediate more stable than the reactants and the overall re-
action strongly exothermic. Even though the singlet oxygen
and the intermediates involved here have multireference char-

acter, spin-projected DFT (B3LYP and wB97XD, in particular)
perform reasonably well in predicting the relative energetics

for the [4++2] addition of singlet oxygen to 1,3-cyclohexadiene.
By extension, B3LYP and wB97XD functionals plus spin projec-

tion should also provide good estimates of the energetics for
singlet oxygen addition to guanine to form guanine endo-

peroxide.

(b) Addition of singlet oxygen to guanine and formation of
the endoperoxide

Possible pathways of the formation of guanine endoperoxide

from singlet oxygen and guanine are presented in Scheme 3
and some of the intermediate structures with relevant bond

lengths are shown in Figure 1. The relative enthalpies (DH at

298 K) are listed in Table 2 and are shown in Figure 2 and

Figure 3.

There are two orientations for singlet oxygen addition to the
guanine to form the endoperoxide, namely, syn and anti with

respect to the guanine ring. The anti-addition is a three-step
process while the syn-addition can be one step or two steps,

as shown in Scheme 3. The syn-addition of singlet oxygen
could follow a concerted, synchronous Diels–Alder reaction

mechanism as has been found in a number of symmetric alter-

nate hydrocarbons such as benzene, naphthalene, and anthra-
cene derivatives.[57, 61] However, the concerted [4++2] addition of

a singlet oxygen across C8@C4 of guanine is not likely to be
synchronous because of the different reactivity of the C8 and

C4 sites. A two-dimensional scan of the C4···O and C8···O coor-
dinates is shown in Figure 4. As guanine and singlet oxygen

approach each other, they start with similar C4···O and C8···O

distances. Shortening the C8···O distance is clearly preferred
over shortening the C4···O distance. The latter is unfavorable
because it would disrupt the aromaticity of the six-membered

Scheme 3. Addition of singlet oxygen to guanine to form guanine endo-
peroxide (the most stable structures and lowest energy reaction path are
shown in red).

Figure 1. Transition states and intermediates for the formation of guanine
endoperoxide optimized with SMD-B3LYP/6–31 + G(d,p) in aqueous solution.

Table 2. Relative enthalpies calculated for the formation of guanine endoperoxide from guanine and singlet oxygen using various levels of theory with
the 6–31 + G(d,p) basis set in aqueous solution with SMD solvation.

B3LYP wB97XD LC-BLYP CCSD(T)[a,b] BD(T)[a,b] CASSCF[b]

(20 e,14 o)
CASSCF[a,b]

(20 e,14 o)
CASSCF[a,b]

(14 e,11 o)
NEVPT2 a[b]

(14 e,11 o)

G + 1O2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1-syn 2.8 4.1 8.7 5.8 4.4 16.5 19.5 23.7 7.1
TS1-anti 6.5 9.9 13.0 11.4 14.0 32.2 36.9 40.4 19.9
1 (diradical) 2.7 1.3 @0.9 5.0 8.3 29.3 – 35.7 12.9
2(zwitterion) @3.2 @5.0 @9.3 @4.9 @4.8 10.5 11.7 19.3 9.6
TS2 (diradical) – – – – – 29.4 – – –
TS2 (zwitterion) 4.4 2.3 -0.9 2.6 2.7 17.8 20.9 25.3 15.0
3 (diradical) – – - - – 25.6 – – –
4(zwitterion) @4.0 @6.9 @10.4 @7.1 @7.0 9.7 14.6 17.3 @0.2
TS3 (closing) @0.2 @3.4 @4.9 @6.3 @6.6 15.1 13.3 18.1 5.5
5 @1.6 @8.7 @15.4 @13.0 @13.0 1.4 4.0 15.6 0.2

[a] Geometry optimized with SMD/B3LYP/6–31 + G(d,p). [b] Enthalpy correction at 298 K with SMD/B3LYP/6–31 + G(d,p)
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ring in guanine. The reaction path descends to the syn C8-OO
intermediate, which can close to the endoperoxide via a small

barrier.
Since the singlet oxygen addition occurs on the imidazole

fragment of the guanine, the possibility of the synchronous
concerted addition was further explored by comparing with

singlet oxygen addition to the methyl-substituted imidazole.
We indeed find a synchronous concerted pathway that forms

imidazole endoperoxide with a reaction barrier of DG = 8.9 kcal

mol@1 with B3LYP (9.0 kcal mol@1 with wB97XD). This addition
barrier is in good agreement with the reported free energy
barrier of 8.6 kcal mol@1 for histidine using CCSD(T) calcula-
tions.[70] This supports the premise that the conjugation in

guanine prevents simultaneous addition at C4 and C8, thereby
favoring initial addition of the singlet oxygen at C8.

The closed-shell optimized TS for non-synchronous syn-addi-

tion of singlet oxygen to C8 of guanine has a spin restricted to
unrestricted instability. Open-shell optimization shows that

TS1-syn has a small amount of spin contamination (<S2> =

0.34) resulting from mixing with the lower-lying triplet state.

After spin projection, the enthalpy barrier is calculated to be
2.8 kcal mol@1 with B3LYP (wB97XD = 4.1 kcal mol@1, CCSD(T) =

5.8 kcal mol@1). Similar to 1O2 + cyclohexadiene, the addition

barrier and the energies of the intermediates are too high with
CASSCF (Table 2, Figure 2). When dynamic electron correlation

is added using NEVPT2, the barrier is in better agreement with
the DFT, CCSD(T) and BD(T) calculations.

Intermediate 4 formed by syn addition of 1O2 has an elon-
gated O@O bond, 1.48 a, and a short C8@O bond, 1.37 a

(Figure 1), and is a closed shell structure with no restricted to

unrestricted instability and no diradical character. It has a net
Mulliken charge of @1.0 on the O@O fragment and + 1.0

charge delocalized throughout the guanine ring (mostly on
C4-C5-N7), and can thus be characterized as a zwitterion, as

found by Dumont et al.[68] Ring closure of 4 to guanine endo-
peroxide 5 has only a small barrier (B3LYP = 3.8 kcal mol@1,

wB97XD = 3.5 kcal mol@1, CCSD(T) = 0.8 kcal mol@1, NEVPT2 =

5.7 kcal mol@1). Although the B3LYP functional predicts the
guanine endoperoxide 5 to be 2.4 kcal mol@1 less stable than 4,

the other DFT functionals, CCSD(T), and BD(T) calculations pre-
dict the endoperoxide to be more stable than 4 by about

2–6 kcal mol@1. Dumont et al. found similar results for the rela-
tive stabilities with wavefunction methods and a variety of

density functionals.[67–69]

Closed-shell DFT calculations of the transition state for the
anti-addition of singlet oxygen at C8 of guanine also have spin

restricted to unrestricted instabilities. Optimization of singlet
TS1-anti with open-shell DFT shows strong mixing with the

higher spin states (<S2> = 1.00). After spin projection, the
enthalpy barriers for the anti-addition of singlet oxygen

(B3LYP = 6.5 kcal mol@1, wB97XD = 9.9 kcal mol@1, LC-BLYP =

13.0 kcal mol@1, CCSD(T) = 11.4 kcal mol@1, BD(T) = 14.0 kcal
mol@1, NEVPT2 = 19.9 kcal mol@1) are 4–6 kcal mol@1 higher than

the barriers for syn-addition computed at the same level of
theory (Table 2, Figure 3). These values are considerably lower

than the barriers previously reported for closed shell DFT calcu-
lations.[68]

Figure 2. Relative enthalpies for the formation of guanine endoperoxide
from syn-addition of singlet oxygen to guanine using various levels of
theory with the 6–31 + G(d,p) basis set in aqueous solution using SMD. All
the spin-contaminated DFT, CCSD(T), and BD(T) energies are spin-projected.

Figure 3. Relative enthalpies for the formation of guanine endoperoxide
from anti-addition of singlet oxygen to guanine using various levels of
theory with the 6–31 + G(d,p) basis set in aqueous solution using SMD. All
the spin-contaminated DFT, CCSD(T), and BD(T) energies are spin-projected.

Figure 4. Potential energy surface for singlet oxygen addition to the guanine
ring as a function of the C4···O and C8···O distances. The vertical axis shows
the energy (without ZPE) in kcal mol@1 with respect to the sum of the
energies of infinitely separated guanine and singlet oxygen. The surface is
calculated with the B3LYP/6–31+ G(d,p) level of theory with SMD solvation
and approximate spin projection (see Figure S3 for the surface without spin
projection).
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The anti-addition of 1O2 can produce two inter-
mediates, a broken symmetry open-shell structure,

1 (with short O@O bond, 1.33 a, and elongated C8@O
bond, 1.51 a) and a closed-shell structure, 2 (elongat-

ed O@O bond, 1.48 a and short C8@O bond, 1.39 a).
Intermediate 1 is a singlet diradical with one electron

in a p* antibonding orbital of the O@O fragment and
the other electron delocalized on the C4-C5-N7 part

of the guanine ring. Structure 1 also shows a large

amount spin contamination (<S2> = 1.0) from the
triplet state, and after projection is still approximately
5–10 kcal mol@1 higher in energy than 2. Similar to
the syn-C8-O-O adduct 4, the closed-shell anti-adduct

2 is a zwitterion with a net Mulliken charge of @1.0
on the O@O fragment and + 1.0 charge delocalized

in the guanine ring (mostly on the C4-C5-N7 frag-

ment). Dumont et al.[68] also found the anti-zwitterion
to be more stable than the diradical. Rotation around

the C8@O bond of the anti-adducts 1 and 2 results
the formation of the syn-adduct, 4. With open shell

DFT, as the O@O fragment in diradical 1 is rotated
about C8@O bond to an N9-C8-O-O dihedral angle of @176.08,

the singly occupied p* orbital interacts with the singly occu-

pied p orbital of guanine ring to form the zwitterion inter-
mediate, 4. The B3LYP barriers for rotation from anti- to syn-

are 2.1 and 7.6 kcal mol@1 for 1 and 2, respectively. Similar rota-
tional barrier was also reported by Dumont et al.[68] For the

closed-shell structures such as 2, 4, and 5 relative energies cal-
culated with CCSD(T) and BD(T) are expected to be quite rea-

sonable. As shown in Table 2, the relative energies for these

closed shell structures calculated with wB97XD are in good
agreement with CCSD(T) and BD(T) whereas the LC-BLYP tends

to over-stabilize these structures. The energies of the inter-
mediates are too high with CASSCF, while the NEVPT2 calcula-

tions are in somewhat better agreement with the DFT, CCSD(T)
and BD(T) (Table 2, Figures 3).

In summary, the stepwise syn-addition of the singlet oxygen

to guanine to form the endoperoxide is the most favorable
pathway, and is preferred over the stepwise anti-addition of

singlet oxygen by 4–6 kcal mol@1. The barrier for the syn-addi-
tion of singlet oxygen to the C8 of guanine to form C8-O-O-

guanine zwitterion intermediate is in the range of 3–8 kcal
mol@1 and should be the rate-determining step for the forma-

tion of the endoperoxide. The barriers for rotation and for ring
closure are small and the endoperoxide is more stable than
the zwitterionic intermediates. Guanine is the preferred site for
1O2 addition. Corresponding calculations on adenine show that
the barriers for 1O2 addition are 3–4 kcal mol@1 higher than for

guanine, and the formation of the zwitterionic intermediate is
endothermic rather than exothermic (see Table S1 and

Figures S4, 5 in the Supporting Information).

(c) Reaction of guanine endoperoxide to form 8-oxoG and
8-oxoGox

Figure 5 shows the relative enthalpies calculated for the
pathways shown in Scheme 4. Protonation of 4,8-guanine

endoperoxide, 5, results in the opening of the 5-membered

endoperoxide ring to form the 8-OOH-cationic intermediate, 6.

Direct deprotonation from C8 of guanine endoperoxide 5
causes cleavage of O@O bond, resulting the formation of 4O-8-

oxoguanine anionic intermediate 6’AN (Figure 5), which can
then be protonated (pKa = 9.0) forming 6’. This process has

a forward reaction barrier of 27.3 kcal mol@1 for the simultane-
ous ring opening and the transfer of a proton to the imidazole

and is exothermic by 86 kcal mol@1. Alternatively, intermediate

6 can undergo deprotonation from C8 (pKa =@13.1) or from
N1 (pKa = 5.9) to form neutral intermediates 7 or 7’, respective-

ly. Loss of the proton from C8 of 6 forming 7 restores the pla-
narity of the guanine framework, hence is calculated to be

quite acidic. The transfer of H from N1 of 7 to the OH of C8-
OOH and loss of H2O produces 8-oxoGox, 8 (see Scheme 4). Al-
ternatively, as discussed in the literature,[15, 25, 26] in the presence

of reducing agents such as thiols (e.g. glutathione, cysteine,
etc.), dimethyl sulfide or Fe2+ , the intermediate 8-OOH-gua-

nine, 7 could be reduced to form 8-oxoG, 8’. A series of experi-
ments by Burrows and co-workers has shown that the de-

hydration of 6 is a major pathway leading to the formation of
Sp in the case of guanine nucleotide.[30, 32, 34] In the case of

double-stranded DNA, however, 7 can be reduced to form 8-
oxoG.[14–19] Reduction of 7 with dimethyl sulfide is calculated to
have a reaction barrier of 7.9 kcal mol@1. This indicates that if

the reducing agent is present in the solution, the reduction of
7 can be a competitive pathway to form 8-oxoG (Figure 5).

The formation of 8-oxoGox via dehydration is calculated to be
the more favored pathway (barrierless) over O@O cleavage

(barrier height of 27.3 kcal mol@1) or reduction (barrier height

of 7.9 kcal mol@1 for Me2S). Therefore, only the reaction of
8-oxoGox is included in the following discussion.

Figure 5. Relative enthalpies for the formation of 8-oxoG and 8-oxoGox from the endo-
peroxide calculated at the SMD/wB97XD/aug-cc-pVTZ//SMD/wB97XD/6–31 + G(d,p) level
of theory. The solid black line corresponds to the O@O bond cleavage pathway forming
7’. The solid blue line corresponds to the reduction of intermediate 7 by Me2S. The red
line corresponds to the dehydration pathway leading to form 8-oxoGox. The solid red line
represents the most favored pathway.
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(d) Nucleophilic addition reaction 8-oxoGox to form
substituted spiroiminodihydantoin

In a second addition step, methylamine or a water molecule
can add across the C5@N7 double bond of 8-oxoGox (8),

shown in Scheme 4 and Figure 6, and reported in our
previous paper.[54] The addition of water is calculated to have

a forward barrier of 7.1 kcal mol@1 with wB97XD (9.6 kcal mol@1

with B3LYP) while the addition of methylamine is a barrierless

process. The water adduct, 9 loses a proton from C5@OH

(pKa = 6.3) to form an anionic intermediate, 9AN. Anion 9AN,
then undergoes acyl migration from C5 to C4 of the guanine

ring and forms 10AN, which upon protonation forms the final
product, spiroiminodihydantoin, Sp (10).[30, 32, 78] The C5-methyl-

amine adduct 11, can directly deprotonate from C5@NH2 and
form the anionic intermediate 12AN (pKa = 3.0) or undergo tau-

tomerization to form neutral intermediate 12 (barrier height
DH = 2.9 kcal mol@1. Both 12 and 12AN can undergo a 1,2 shift

of the acyl group. The 1,2 acyl group migration of 12 and
a proton rearrangement results the formation of the final tau-

tomeric 5-methylamine-Sp products, 14 and 14’ (5-NHCH3-Sp).
C5-methylamine-Sp, 14 and 14’ are thermodynamically slightly

more stable compared to the unsubstituted Sp, 10. Since
the barrier calculated for the methylamine addition to C5 of
8-oxoGox is significantly lower than the barrier for water addi-
tion, 5-NHCH3-Sp (14’) should be the dominant reaction prod-
uct. This result is in good agreement with the experimental
finding of 5-Lysine-Sp (100 %)[30] and 5-NH2-Sp (83 %)[34] as the
major cross-link products with lysine and ammonia, respective-

ly.

Conclusion

The energetics for the aqueous-phase reaction of guanine with

singlet oxygen (1Dg) and the formation of Sp and 5-NHCH3-Sp
are shown in Figure 7. The energies have been calculated by

DFT (B3LYP and wB97XD functionals) with SMD implicit solva-

tion. Initial formation of guanine endoperoxide from guanine
and singlet oxygen has been further investigated with LC-BLYP,

CCSD(T), BD(T), CASSCF and NEVPT2 calculations. Open-shell
DFT, CCSD(T) and BD(T) calculations of singlet oxygen have sig-

nificant spin-contamination from the lower-lying triplet state.
The spin-contamination is not limited to the singlet oxygen

but is also present in some of the TSs and intermediates. Spin-

pure states are obtained by using Yamaguchi’s approximate
spin-projection method and by CASSCF and NEVPT2 calcula-

tions. The addition of singlet oxygen to guanine is favored
over addition to adenine by 3–4 kcal mol@1. The formation of

guanine endoperoxide proceeds in a step-wise fashion and the
zwitterionic pathway is favored over the diradical pathway by

more than 5 kcal mol@1. The singlet oxygen can add to C8 of

guanine either syn and anti with respect to the guanine ring.
The barrier calculated for the syn-addition of singlet oxygen is

4–6 kcal mol@1 lower than for anti-addition. The initial addition
of singlet oxygen is the rate limit step since the barrier for the
ring closure of the zwitterion intermediate is smaller than for
the initial addition of singlet oxygen. The opening of the

endoperoxide ring in 5 through protonation at C4@O to form
protonated intermediate 6 is strongly favored over the O@O

bond cleavage to form 4-hydroxy-8-oxo-guanine 6’.
Deprotonation of C8 in the 8-OOH-guanine cationic intermedi-
ate 6 produces 8-hydroperoxyguanine, 7. Loss of a water mole-

cule after proton rearrangement forms oxidized 8-oxoguanine
(8-oxoGox). In the presence of a suitable reducing agent, the

reduction of 7 could compete with dehydration, leading to the
formation of the thermodynamically more stable intermediate

8-oxoG observed in the experiments. The barrier for the meth-

ylamine addition across the C5@N7 double bond of 8-oxoGox

(8) is significantly lower than for the water addition. The meth-

ylamine-adduct and water-adduct undergo further rearrange-
ment reactions to produce final products 5-NHCH3-Sp and Sp.

Based on the energetics calculated here, 5-NHCH3-Sp should
be the dominant product. Our observations are in good agree-

Scheme 4. Pathways for the formation of 8-oxoG, 8-oxoGox, Sp and 5-
NHCH3-Sp from guanine endoperoxide via the addition of water or methyl
amine (pathway shown in red is the lowest energy).
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ment with the available experimental results.[30, 34] Lowering the
pH of solution would decrease the concentration of un-

protonated methylamine, thereby favoring the formation of Sp
or Gh over 5-NHCH3-Sp.

Computational Methods

Geometries were optimized with B3LYP,[79–81] LC-BLYP[80–82]

and wB97XD[83] density functional methods in aqueous
solution using the 6–31 + G(d,p)[84–88] basis set and the
SMD[89] implicit solvation model for aqueous solution.
Optimized geometries were confirmed to be minima
with no imaginary frequencies. Transition states (TSs)
were verified to have only one imaginary frequency with
a vibrational mode corresponding to the movement
from reactants to products. The transition states were
further tested by calculating the intrinsic reaction coordi-
nate (IRC) to connect the transition state with reactants
and products.[90, 91] Transition states for the addition of
nucleophiles across a double bond included an explicit
water molecule. When assisted by an additional water
molecule, these transition states are six-membered rings
and have significantly lower barriers compared to non-
assisted transition states with four-membered rings. The
deprotonation and protonation processes were modeled
by using imidazole and imidazolium (pKa 6.9) as a proton
accepter and donor, respectively, as a computational
equivalent to an experimental buffer of pH 7. More accu-
rate single point energies were calculated using the aug-
cc-pVTZ basis set[92] in aqueous solution using the geo-
metries optimized with the 6–31 + G(d,p) basis set. Since
reactions with singlet oxygen may involve structures
with multi-reference character, transition states and inter-

mediates for the formation of guanine endoperoxide were
also optimized using complete active space self-consistent field
(CASSCF)[93–96] calculations with an active space of 20 electrons and
14 orbitals (see Figure S1 in the Supporting Information for the de-
tails of the orbitals). Additional energy calculations for the forma-
tion of guanine endoperoxide were obtained using CCSD(T),[97, 98]

Figure 7. Summary of the lowest energy pathway for the formation of Sp and 5-NHCH3-Sp from the singlet oxygen addition to the guanine ring followed by
the nucleophilic addition of water or methylamine. Relative enthalpies (kcal mol@1) are calculated with SMD-wB97XD/aug-cc-pVTZ//SMD-wB97XD/6–
31 + G(d,p) level of theory. The spin contamination in singlet oxygen, TSs and intermediates are corrected with the Yamaguchi approximate spin projection
method. The black line on the left corresponds to the addition of water and the red line corresponds to the methylamine addition. The solid red line repre-
sents the most favored pathway.

Figure 6. Relative enthalpies for the formation of Sp and 5-NHCH3-Sp from the addition
of water or methylamine to 8-oxoGox calculated at the SMD/wB97XD/aug-cc-pVTZ//SMD/
wB97XD/6–31 + G(d,p) level of theory. The black line corresponds to the addition of
water and the red line corresponds to the addition of a methylamine. Pathways involving
anions are shown as dashed lines. The solid red line represents the most favored path-
way. The pathways leading to the structure 8 are shown in Figure 5.
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BD(T),[99] CASSCF (14 electrons in 11 orbitals active space and 20
electrons in 14 orbitals active space, see SI for details), and
NEVPT2[100, 101] (14 electrons and 11 orbitals active space) single
point computations with the 6–31 + G(d,p) basis set and the SMD/
B3LYP/6–31 + G(d,p) optimized geometries. Most calculations were
carried out with the development version of Gaussian series of
programs;[102] the NEVPT2 calculations were carried out with
ORCA.[103]

Spin-unrestricted DFT, CCSD(T), and BD(T) calculations of open
shell singlets may have significant spin contamination from the
lowest triplet states. The energies of spin contaminated broken
symmetry (BS) calculations have been corrected using Yamaguchi’s
approximate spin projection (AP) method.[63, 65] The spin-projected
total energy of a singlet state (EAP) is given by Equation 1:

EAP ¼ aEBS @ bEHS ð1Þ

in which

a ¼ S2iHS
6

S2h iHS@ S2h iBS

b ¼ S2iBS
6

S2h iHS@ S2h iBS

EBS is the energy of broken symmetry, spin unrestricted sin-
glet state and EHS is the energy of the high spin (triplet) state.
The spin contamination in the triplet state is assumed to be
negligible.
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