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ABSTRACT: The OH radical is a well-known mediator in the
oxidation of biological structures like DNA. Over the past
decades, the precise events taking place after reaction of DNA
nucleobases with OH radical have been widely investigated by
the scientific community. Thirty years after the proposal of the
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main routes for the reaction of *OH with adenine (Vieira, A.; Steenken, S. J. Am. Chem. Soc. 1990, 112, 6986—6994), the present
work demonstrates that the OH radical addition to C4 position is a minor pathway. Instead, the dehydration process is mediated
by the ASOH adduct. Conclusions are based on density functional theory calculations for the ground-state reactivity and highly
accurate multiconfigurational computations for the excited states of the radical intermediates. The methodology has been also
used to study the mechanism giving rise to the mutagens 8-oxoA and FAPyA. Taking into account the agreement between the
experimental data and the theoretical results, it is concluded that addition to the CS and C8 positions accounts for at least
~44.5% of the total *OH reaction in water solution. Finally, the current findings suggest that hydrophobicity in the DNA/RNA

surroundings facilitates the formation of 8-oxoA and FAPyA.

B INTRODUCTION

Oxidation of DNA plays a major role in serious diseases like
cardiovascular disorders,"” dlabetes, retlnopathles, cancer,’

alglng,6 and many others.”® Oxidation is mainly mediated by
reactive oxygen species (ROS), a family of highly unstable
compounds formed during regular metabohsm and by
exogenous agents like solar radiation,” infections, "’ pollutants, 1
etc. Despite natural defenses against ROS, cellular damage is
unavoidable in situations when the balance between damaging
and protecting processes is impaired. Among the ROS, the
most important species able to modify DNA/RNA nucleobases
(NBs) is the OH radical (*OH), which can lead to NB and
sugar lesions, strand breaks, and DNA—protein cross-links.'>"?
Even though we now have a good understanding of the
enzymatic reparation of DNA/RNA oxidative lesions (see the
2015 Nobel Prize in Chemistry'*), some aspects of the
processes causing the damage remain unclear. *OH is able to
react rapidly, at almost diffusion-controlled rates, yielding a
variety of omdlzed products depending on the reaction
conditions.”” All accumulated evidence indicates that OH
radical reacts with NBs via three distinct mechanisms, (a) one-
electron oxidation, (b) addition to the C5=C6 bond of
pyrimidines and the C4=CS and N7=C8 bonds of purines,
and (c) abstractlon of H atoms from the NBs and sugar
moieties.”” These processes have been extensively studied in
isolated NBs, nucleosides, and nucleotides in solution as model
systems'®™>" in order to understand the intrinsic properties of
the building blocks, as a previous step in the comprehension of
the events in the DNA environment. A correct interpretation of
the relatively simple systems is therefore of paramount
importance in the field of DNA damage.
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Oxidation of adenine (A, see Figure la) has attracted the
attention of the scientific community since the 1970s.”*~** On
the basis of the pioneer works carried out by Van Hemmen®*
and O’Neill and co-workers,”® Vieira and Steenken proposed
two main pathways for the A + *OH reaction in a series of
papers reported in the late 1980s:'°™"® (a) addition to the C4
position followed by dehydration of the corresponding A4OH
adduct to produce (A—H)* and (b) addition to the C8 position
followed by opening of the imidazole ring. The first process was
tracked by the decay in optical density (OD) at ~400 nm,
considering that this absorption signal is produced by the
A40OH radical, while the ring opening of the ABOH species was
assigned to the increase in OD at ~330 nm (see Figure 1b).
The assignments were based on the O, quenching rates of both
~330 and ~400 nm bands, assuming faster reactions of A4OH
and A8OH toward O, as compared to the ASOH
quenching,'®'® This assumption was based on the distinct
estimated spin-density distributions among carbon and
heteroatoms for each radical. No real evidence supports,
however, the hypothesis. Difficulties in the determination of the
C4/CS regioselectivity arise not only from the fast decom-
position of the A4OH/ASOH species, which undergoes “"OH
loss on the microsecond scale, hampering its experimental
detection. The chemical structure of A also complicates the
resolution, since the C4 and CS5 positions do not allow
substitutions, making the synthesis of photolabile precursors of
C4- or CS-centered radicals impossible, a strategy recently used
in pyrimidine NBs (see ref 26 and references cited therein).
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Figure 1. (a) Structure and atom numbering of adenine (A). (b) Experimental UV—vis spectra of A at 2 (circles) and 30 (triangles) ys after reaction
with *OH. Reprinted with permission from ref 16. Copyright 1990 American Chemical Society. (c) Experimental UV—vis spectra of A** (red line)
and ANH (blue line). Reprinted with permission from ref 28. Copyright 2016 American Chemical Society.

Both A4OH and ASOH are transformed to the oxidant (A—
H)* species, identified as the radical dehydrogenated from the
—NH, group (ANH). Kobayashi’’ and Banyasz et al.**
reported the UV—vis spectrum of ANH (see blue circles in
Figure 1c). It is characterized by a sharp signal at the ~300—
350 nm region and a broad band at the ~450—550 nm. Other
research groups reported similar spectra.’”™*” It becomes
apparent from the comparison of the recorded spectra
displayed in Figure 1b,c that the characterization of the ring-
opening reaction carried out by Vieira and Steenken'® is
questionable since the authors tracked the A8OH breakage at
~330 nm, where the abundant radical ANH exhibits an intense
absorbance. In addition, the reported O, quenching rates, pH
dependencies, activation parameters, substituent effects, and
conductance experiments'® indicate that the processes
occurring at ~330 and ~400 nm are of a different nature.'®
This fact rules out the interpretation that decomposition of
A40H, previously ascribed at ~400 nm, also causes the buildup
at ~330 nm (due to formation of ANH). An important
question arises at this point: if the buildup at ~330 nm is
caused by ANH, as shown in Figure 1c, what is responsible for
the decay at ~400 nm? It seems therefore timely to reinterpret
the experimental recordings in light of modern theoretical
calculations.

In the last years, a series of quantum-chemistry studies have
contributed in the understanding of the purine NBs reaction
with OH radicals.”>™** Density functional theory (DET)
calculations using the wB97X-D functional (hereafter, DFT/
@-B97X-D method) carried out by Milhej and Sauer’
suggested that dehydrogenations from both the —NH, group
and C2 positions are preferred over H atom loss from the C8
position. Analysis of the reaction rate constants including
tunneling effects indicated that only addition to the C8 position
competes with the dehydrogenations, and both addition and H
atom abstractions have the same contributions to the overall A
+ °OH rate constant. Slower reaction constants were obtained
when including solvent effects.”> Naumov and von Sonntag®
documented in 2008 the energetics of the dehydration process
of the hydroxyl radical adducts of A and some ring-opening
intermediates employing the DFT/B3LYP method. The H
atom loss was found to be exothermic for the A4OH and
ASOH adducts but clearly endothermic for the A8OH radical.
Three intermediates for the ring-opening reaction of the ASOH
were considered: ASEN, ASFORM, and A8N9 (see Figure 2).
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Only ASFORM was reported to be energetically more stable
than the ASOH adduct.
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Figure 2. Imidazole-ring-opened radicals studied by Naumov and von
Sonntag.*®

Munk et al.”” studied the ring-opening processes of the *OH
adduct of guanine at the C8 position (G8OH) and reported a
water-assisted proton transfer from the —OH moiety to the N7
atom to form the corresponding O-centered radical. A few
years later, Sevilla and co-workers® studied in detail the
dehydration mechanism of the G4OH and the GSOH adducts
of guanine, ascribing the initial "OH loss to the presence of a
metastable complex with zwitterion character, followed by
deprotonation of the aforementioned G4OH/GSOH adducts.
The authors concluded that both dehydration and direct H
atom abstraction channels are competitive.”®

Theoretical calculations have been also used to interpret the
UV—vis spectra of the radical intermediates. Cheng et al.*’
assigﬁned the signals recorded experimentally at ~330 and ~400
nm ° to the ANH species (ie., the dehydrogenated adenine at
N° position) on the basis of time-dependent (TD)-B3LYP
calculations. However, the assignation cannot be correct since it
is demonstrated in the experiments that the signals are caused
by different species.'®'® Finally, the authors suggested that the
broad band at ~520—650 nm could be caused by absorptions
of the ring-opened radical intermediates.

To the best of our knowledge, high-level ab initio
multireference computations on the excited states of the radical
intermediates have not been carried out in the previous studies.
Moreover, a satisfactory agreement between experimental
interpretations and theoretical calculations on the A + *OH
reaction mechanisms has not been yet reached. Disagreements
arise from the regioselectivity of the first-step reaction. Early
experimental works progosed that addition to C4 position is
the preferred pathway,'°™'®** whereas theoretical estimations
favor the C5 position.34’39 In the present paper, we report
evidence that supports a more favorable and competitive
addition to the C5 and C8 positions, and we clearly
demonstrate that the C4 channel must be considered a
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Scheme 1. Chemistry of the *OH Addition to A”
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2G and G¥ energies (kcal/mol) are computed with the M06-2X-(PCM) method, except the G values of A**, ANH, and A2C, which are computed
using the CCSD(T)-(PCM)//M06-2X-(PCM) approach. All vertical absorptions (4, in nm) are calculated with the CASPT2//CASSCEF protocol.
The reported energies of the radical intermediates are relative to the A + *OH reactants. A8ZW is complexed with three water molecules (see text).
G energies of the oxidized systems 8-oxoAoh and 8-oxoAco are calculated according to the equation A + *OH — 8-oxoAoh/8-ox0Aco + *H. G
energies of the reduced systems HA and FAPyA are calculated according to the equation A + *OH + *H — HA/FApyA.

significantly minor pathway. Optical changes at ~400 nm are
explained in terms of the oxidation/reduction of the ring-
opened A8OH derivatives, while the intense band recorded at
~330 nm is mainly assigned to the absorbance of ANH species.
The complete mechanism for the formation of the 8-oxoA*"*'
and FAPyA"™ mutagens from the A8OH radical is also
documented Finally, by using data from product analysis
studies'® and theoretical kinetic constants, it is estimated that in
water solution approximately the ~44.5% of the total *OH
yield adds to A (~26.5% to CS and ~18% to C8), whereas the
remaining ~55.5% is expected to react through one-electron
oxidation and H atom abstraction mechanisms.

B METHODS AND COMPUTATIONAL DETAILS

The Minnesota M06-2X functional® as implemented in the Gaussian
09 (D.01 revision) software package™ in conjunction with the
standard 6-31++G(d,p) basis set has been used for the computations
of the thermodynamic (G and G¥) parameters of the reactions.*>*®
Frequency calculations using the harmonic oscillator approximation
have been conducted in order to identify the corresponding stationary
points and to obtain the zero-point vibrational energies. The nature of
the transition states (TSs) have been confirmed by the identification of
a single imaginary frequency corresponding to the vibrational mode
along the reaction coordinate. Additionally, the connectivity between
the TSs and the corresponding reactants and products has been
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ensured by means of intrinsic reaction coordinate (IRC) calculations.
Further optimizations have been performed on the IRC final structures
in order to obtain fully relaxed geometries. The rigid-harmonic
oscillator-ideal gas approximation, which has been demonstrated to
provide acceptable values for thermodynamic properties,*” has been
used to compute the Gibbs energies at 298 K and 1 atm. The solvent
effects have been taken into account both in the geometry
optimizations and the final energies by means of the integral equation
formalism-polarized continuum model (IEF-PCM) method [hereafter,
MO06-2X-(PCM) method], using the Gaussian 09 (D.01 revision)
default settings. Three explicit water molecules have been needed for
an accurate description of the ASOH — A8ZW — A8N9
transformations, while only one has been required for the ASN9 —
A8FORM reaction.

Energy corrections on top of the MO06-2X-(PCM)-converged
structures have been performed using the highly accurate coupled-
cluster method with single, double, and perturbative triple excitations
[CCSD(T)] also using the PCM model [hereafter, CCSD(T)-
(PCM)//M06-2X-(PCM) methodology]. The M06-2X-(PCM) en-
ergies have been systematically compared with the CCSD(T)-
(PCM)//M06-2X-(PCM) results obtained for the *OH addition at
the C4 and CS positions of A and subsequent dehydration processes
(see Table S1 and Table 3), showing small deviations not significantly
larger than 2 kcal/mol for the neutral systems, thus validating the less
computationally expensive M06-2X-(PCM) level for the description of
the *OH reactivity toward A (see Scheme 1 below). The DFT/M06-
2X methodology is also in qualitative agreement with respect to ab
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initio multiconfigurational calculations, as shown in a previous study of
the *OH addition to uracil.*® Electron-transfer reactions have been
described using the CCSD(T)-(PCM)//M06-2X-(PCM) approach,
which is able to reproduce the available experimental data with
reasonable agreement (see eq 1 below).

Determination of the thermodynamic parameters of H* and "OH
species in water solution, which are poorly reproduced by quantum-
chemistry methods due to the acid—base equilibrium of water, have
required the use of experimental measurements of their solvation
energies. Thereby, for H" the Gibbs energy in solution G, (H") =
Ggos(H') + AG,(H") = =628 + (—264.61) = —270.89 kcal/mol
(=0.4317 au) taken from the literature*”*° has been used for the
calculations involving protonations/deprotonations. This strategy has
been successfully used in previous theoretical studies (see refs 49—51
and references cited therein). Other values of AG(H) with
discrepancies of 1 or 2 kcal/mol have been reported in the
literature; > >* however, such differences do not affect the conclusions
of the present work. In the case of “"OH, the solvation energy obtained
with the M06-2X-(PCM) method is G,;(TOH) = —83.59 kcal/mol
(—0.1332 au), which is grossly smaller than the reported experimental
value of G,;("OH) = —119.29 kcal/mol (—0.1901 au).>® Therefore,
the latter value has been used in the present calculations. On the
contrary, the neutral *OH species in solution is well described using
theoretical methods with the continuum model. Autrey et al>®
reported that AG;(*OH) = —3.9 + 0.3 kcal/mol (0.0062 + 0.0002
au) using photoacoustic calorimetry and ab initio calculations, whereas
the M06-2X-(PCM) method gives a similar value of —3.44 kcal/mol
(0.0055 au).

Vertical absorption energies (VAEs) of the radical intermediates in
vacuo have been computed with the highly accurate complete-active-
space second-order perturbation theory (CASPT2)//complete-active-
space self-consistent field (CASSCF) approach (hereafter, CASPT2//
CASSCF methodology),‘w_61 which means that the geometries are
optimized with the CASSCF method® and the energies are corrected
with the CASPT2 method®>** on top of the optimized structures. The
atomic natural orbital (ANO) L-type with the contraction scheme C,
N, O [4s3p1d]/H [2slp] (hereafter, ANO-L 431/21) has been used
throughout.”> The CASSCFE wave functions for the geometry
optimizations have been built including in the CAS active space
only the relevant 7 and 7* molecular orbitals (MOs) of the systems.
VAE calculations have been conducted with the whole valence space in
the CAS (for a detailed description of the CAS used in the systems see
Figures S1—S3 and Table S2) and demanding 10 roots in the State-
Average (SA)-CASSCF procedure. Computations of the A40OH,
ASOH, and AS8OH VAEs have been performed excluding the lone pair
localized in the —OH group from the active space because it does not
participate in the description of the low-lying excited states even when
the number of roots is increased to 12 or the active space is enlarged to
14 MOs. The dynamic electron correlation has been computed with
the CASPT2 method freezing the core orbitals during the perturbation
step. A level shift of 0.2 au has been used in order to minimize the
presence of weakly interacting intruder states, and the ionization-
potential electron-affinity parameter has been set to 0.0 au. The effect
of the number of roots demanded in the SA-CASSCF procedure on
the CASPT2 energies have been studied in the ASOH, ASOH,
A8N9a, and ASFORMa systems, varying from 8 to 12 roots (Tables
S3—S6, respectively). Analysis of the results shows a convergence of
the excitation energies (see Supporting Information). Oscillator
strengths (f) have been computed according to the formula

f= %EVATDMzwhere the TDM stands for the CASSCEF transition

dipole moment between the initial ¢, and final ¢, electronic states,
and TDM = (¢,ldlg,), where d is the dipole moment operator. The
present CASPT2//CASSCF computational approach has been
demonstrated to provide accurate results compared to experimental
recordings,’® and has been previously used by the authors of the
present work to correctly assign experimental transient absorption
spectroscopy signals of uracil, thymine, and cytosine radicals.>>®°

All of the multiconfigurational calculations have been performed
with the MOLCAS 8 software package.”’
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B RESULTS AND DISCUSSION

The most relevant reactions involved in the addition of *OH to
A and the fate of the formed adducts are displayed in Scheme 1.
For the sake of clarity, in the first section only the C4 and CS5
addition channels will be considered. Next, addition to C8
position and subsequent ring-opening reactions will be
discussed. Later, the experimental O, quenching rates and the
pH dependencies of the optical signals will be rationalized on
the basis of the present computations. Next, the yield of the
*OH addition to A will be estimated from theoretical kinetic
constants and previous product analysis studies. Finally, some
comments regarding of the *OH reaction with A in biological
DNA/RNA systems will be provided.

Addition to C4 and C5 Positions. According to the
experimental literature,'°™"® OH radical adds preferentially to
the C4 position of A to yield the corresponding A4OH radical
(~65%), whereas addition to the CS position has been
considered a minor path (~16%). The corresponding G and
G* for these reactions are displayed in Scheme 1. The TS for
the *OH addition to the C4 atom (G¥ = 15.77 kcal/mol) lies
~S kcal/mol above the one for the CS atom (GjF = 10.82 kcal/
mol), indicating thus a marked preference for the CS addition.
These results show discrepancies with experimental interpre-
tations,'°~'® while are in agreement with previous calculations
using the @B97X-D functional >**® Moreover, the relative
energies of A4OH and ASOH adducts are very similar to that
of the A + *OH reactants, and therefore, thermodynamic
parameters do not justify preference for one or the other.

The relevant CASPT2 vertical absorption wavelengths of
A40H and ASOH species are also displayed in Scheme 1,
whereas the complete data are summarized in Tables S7 and S8
in the Supporting Information. Both radicals absorb at the
~350 nm region; however, differences between A4OH and
ASOH appear at the ~400 nm zone. The D, — D, transition
of the first compound, predicted at 396 nm, with f = 0.005 (see
Table S7), could be responsible for the possible absorption at
~400 nm. Therefore, A4OH seems to be a reasonable
candidate to explain the decay observed at this wavelengths
in the experiments (see Figure 1b).'® However, this species has
to be considered as a minor contributor to the signal, based on
the fact that the TS energy computed for the C4 addition is
significantly higher than the TSs for the other additions (see
Scheme 1). To further support this conclusion, we have
performed several theoretical studies on the TSs of the C4 and
CS addition channels, analyzing the stability of the results upon
changing the methodology and upon modeling more accurately
the solvation process actually occurring in water. The first
analysis indicates that the result is independent from the
theoretical method. Thus, accurate electronic structure
calculations [see CCSD(T)-(PCM)//M06-2X-(PCM) results
below, Table 3)] and previous computations with different
functionals**” corroborate the energy trend. Second, explicit
solvation has been modeled at the DFT/M06-2X-(PCM) level
including six molecules of water localized in the plane of A.
Results indicate that the TS4 structure lies 4.97 kcal/mol above
the TSS one, being in full agreement with the M06-2X-(PCM)
description without explicit solvent molecules. Analysis of the
Mulliken charges of the converged structures indicate that the
carbon atom that forms the C—OH bond have significant
negative charges (—1.24 and —0.52 for the TS4 and the TSS
structures, respectively). The possible stabilization of this
charge by an additional water molecule (having in total 7 water
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molecules in the system), which could lead to a differential
solvation of the TSs, has been appraised by computing the
potential energy surface along the C—H,O coordinate as
displayed in Figures S4 and SS. Very small stabilizations (—1.13
vs —0.87 kcal/mol) have been computed for the systems,
confirming the preference for the CS channel. Moreover,
dynamic effects not considered in this work are not expected to
change this conclusion taking into account such small
interaction energies between water and A found in this region.

A40OH and ASOH radicals lose a water molecule to give the
corresponding ANH compound (see Scheme 1). On the basis
of the absence of conductance changes on a microsecond scale,
Vieira and Steenken'” suggested that the two-step mechanism
shown in Scheme 1 is ultrafast, proposing that the “OH loss is
coupled with the deprotonation of the radical cation A®*. Later
measurements of the deprotonation of adenine radical cation
on a nanosecond scale’”” support Vieira and Steenken’s
observations. On the other hand, the "OH loss was
theoretically explained in guanine adducts by Sevilla and co-
workers by the existence of a metastable complex.”® G values
for the "OH loss from A40OH and ASOH and further
deprotonation of A** shown in Scheme 1 indicate an exergonic
dehydration of the compounds. For the one-electron transfer
reaction (eq 1)

(1)

AG lies within the experimental range of —10.8 < AG < — 6.00
kcal/mol, obtained by subtracting the experimental one-
electron oxidation potential of adenosine (32.8%° — 37.6”°
kcal/mol) and that of *OH (43.6 kcal/mol).”" Deprotonation
of A** to give ANH (eq 2) is also computed to be exergonic in
—1.91 kcal/mol, which is comparable to the reported values of
<14" (experimental) and —0.7”* kcal/mol (theoretical):

A+ °OH —» A + OH AG = —7.11 kcal/mol

@)

The A®* species has two intense electronic transitions at the
~330 nm region (see Scheme 1), D, — D, and D, — Dy,
calculated at 334 and 317 nm (see Table S9), respectively. The
associated f are 0.091 and 0.168, which are values significantly
larger than those of the other radicals studied in this work.
CASSCEF dipole moment modules indicate that the D; — D,
transition should be slightly blue-shifted in water. On the other
hand, the D; — Dj transition lies at lower energies (480 nm)
and also has a large f = 0.073. On the basis of the dipole
moment modules of the Dg (4.72 D) and the D, (2.48) states,
certain red shift due to solvent effects is predicted for this
absorption. A®* also has some absorbance in the red region
(662 nm), but the f of the corresponding transition is relatively
small (see Table S9). The CASPT2 results for the optical
properties of A®* are in agreement with recent experimental
recordings”'28 (see red lines of Figure 1c) and theoretical
calculations. Banyasz et al.”® have reported the excitation
energies of A** computed with TD-M05-2X-(PCM)/6-31+G-
(dp) method including five explicit water molecules. Four
electronic transitions were estimated within the 300—700 nm
range, in particular at 303, 327, 331, and 620 nm, after red-
shifting the computed values by 0.55 eV to match the
experimental spectrum. Both CASPT2 and TDDFT methods
are coincident in the description of the optical absorptions at
~330 and ~600 nm region, however, the multiconfigurational
approach provide an additional bright transition at 480 nm.
Experimental recordings””** show a small shoulder at the ~500
nm zone, supporting therefore the CASPT2 results. Con-

AtoANH + HY AG = —1.91 kcal/mol
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versely, TD-DFT computations better reproduce the tail of the
spectrum at long wavelengths (>800 nm).>®

ANH (see Scheme 1) displays several relevant electronic
transitions in the UV—vis region, namely D, — D,, D; — Dj,
D, - D,, D, = Dy, and D, — D, predicted at 537, 450, 296,
288, and 282 nm, with associated f of 0.015, 0.019, 0.005, 0.098,
and 0.041, respectively (see Scheme 1 and Table S10). For all
of the absorptions, the CASSCF dipolar moment modules of
the excited state are significantly larger than that of the D,
ground state, indicating red shifts of the vertical absorptions
toward the experimental values. The strongest shifts are
expected for the high-energy absorptions since the difference
in the dipolar moment module between the excited and the
ground state is up to ~3 D. The optical properties of ANH
agree well with previous experimental recordings, which show
broad absorption bands at ~300—350 and ~500—700 nm.”’~*’
The TD-M05-2X-(PCM)/6-31+G(d,p) results documented by
Banyasz et al.”” are in reasonable agreement with the present
multiconfigurational outcomes. The authors reported two
electronic transitions between 400 and 800 nm, one at 527
nm and other at ~670 nm. The former absorption agrees well
with the bright CASPT?2 transition at 537 nm, whereas in the
latter region the multiconfigurational approach yield two bands
(at 740 and 640 nm) significantly darker. In contrast, the small
shoulder 8peaking at ~450—500 nm observed in the experi-
ments””* is better explained with the CASPT2//CASSCF
methodology, which predicts an electronic transition at 450
nm.

It becomes apparent from the present theoretical results and
previous experimental recordings®”*’ that the buildups
observed at ~330 and ~520—650 nm are caused by the
absorptions of ANH species. Absorption of A** at pH ~7 is
discarded since equilibrium (eq 2) is almost completely favored
in the ANH + H* direction, as demonstrated by nanosecond
spectroscopy experiments.”’

Assignation of the signals at ~330 and ~520—650 nm to
ANH excitations questions the experimental interpretations of
Vieira and Steenken.'®™'® The authors followed the ring-
opening reactions by means of the optical changes at ~330 nm;
however, they were tracking the formation of ANH instead.
Three mechanisms compete in the formation of this radical,
which accounts for ~81% of the *OH total yield:'® (a)
dehydration of ASOH (Scheme 1), (b) one-electron oxidation
of A followed by deprotonation of A** (eqs 1 and 2, and (c)
direct hydrogen abstraction from the —NH, group (not studied
in the present work). Even though a precise determination of
the dominant mechanism is challenging, recent advances
highlight the hydrogen abstraction role in the *OH reaction
with purines”®***®”* suggesting that it could represent a half of
the total *OH reaction with A.%®

Dehydrogenation from the C2 position gives rise to A2C,
which lies ~3—4 kcal/mol above the ANH compound and is
transparent in the UV—vis region (see Scheme 1 and Table
S11).

Addition to C8 Position and Ring-Opening Reactions.
OH radical adds to the C8 position of A forming ASOH (see
Scheme 1) with an experimental yield of ~18% determined by
product analysis.'® The Gibbs activation barrier for this reaction
is 9.96 kcal/mol, significantly lower than that of the addition to
C4 position and quasi isoenergetic with the barrier height of the
CS5 channel (Scheme 1). In contrast to the A4OH and ASOH
isomers, ABOH is significantly more stable than the A + *OH
reactants (G = —18.83 kcal/mol, see Scheme 1), and it
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represents a key structure in the oxidation of A. Whereas
addition to C4 and CS could be considered as reversible
reactions, oxygenation of C8 position must be contemplated as
irreversible, serving as a chemical marker of DNA oxidation."
Two products are of special relevance for this purpose, namely
8-0x0A and formamidopyrimidine-A (FAPyA) lesions.””’* The
mutagenic capability of both co gounds has been extensively
demonstrated in the literature.**”

By comparison of the Gibbs energies of A** and ASOH
displayed in Scheme 1, dehydration of the latter compound is
predicted to be highly endergonic (AG = 15.01 kcal/mol), in
agreement with Vieira and Steenken early 1nterpretat10n51618
and Naumov and von Sonntag conclusions.’® Instead, ASOH
undergoes a series of relatively intricate ring opening reactions,
where the intermediates are eventually oxidized to yield 8-ox0A
(oxoAoh, enol form, or 8-oxoAco, keto form) or reduced to
produce FAPyA. It is not surprlslng then that 8-o0xoA is formed
in higher yields than FAPyA" since the reactlon medium is
oxidizing due to the presence of ANH,'® which has oxidant
character according to eq 3:

ANH + e +H" > A (3)

A8OH radical has a bright Dy state lying at 344 nm (see
Scheme 1 and Table S12). Thus, it absorbs in the same UVA
region as that of ASOH. It is therefore reasonable to ascribe the
band at ~330 nm recorded 2 us after the generation of

*OH'®" to the optical absorptions of ASOH, ASOH, and
ANH species.

A number of pathways leading from the A8OH radical to the
final products HA, 8-oxoAoh, 8-oxoAco, and FAPyA have
been studied in the present work. Oxidation of ASOH to give
8- oonoh (see Scheme 1) was employed by Vieira and
Steenken'® to quantify the oxidation at C8 position using the
strong oxidant [Fe(CN)s]™ and HPLC for the product
analysis, assuming that oxidation by [Fe(CN)4] ™ occurs before
ring-opening processes. In the present study, we have estimated
the redox properties of ASOH by computing the Gibbs energy
differences involved in the process of removing or adding an
electron (e”) and a proton (H*). Nevertheless, the actual redox
reaction involving the radical will also depend on the redox
potentials of the species present in the environment. Reduction
of ABOH yields the 7-hydro-8-hydroxypurine HA, as displayed
in Scheme 1. The thermodynamics of the reaction are highly
exergonic, albeit HA is not observed in the experiments
probably due to further tautomerization to the more stable
FAPyA isomer.””* Three tautomerization mechanisms have
been computed in the present work (see Scheme S1): (i)
unimolecular ring-opening followed by H transfer from the
oxygen to the N9 atom (see Figure S6 for the IRC
computations), (ii) protonation at the N9 position followed
by deprotonation from the oxygen atom, and (iii) deprotona-
tion from the oxygen atom followed by protonation at the N9
position. Process i can be considered slow due to the high
activation barrier (AG¥ ~ 35 kcal/mol), whereas process ii is
predicted to be more favorable based on the computed energy
of the protonated intermediate (AG = 17.72 kcal/mol).
According to these results, it is expected that acid conditions
will accelerate the HA — FAPyA tautomerization. The possible
explicit participation of water molecules has also been explored;
however, neither the reaction complex nor the TS have been
encountered, probably due to the low hydrogen acceptor
capacity of the N9—H position. The closed-shell compound
HA absorbs at the UVC region of the electromagnetic spectrum
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and consequently lies out of the A + *OH spectrum displayed
in Figure 1b.

Ring opening of ASOH involves the rupture of either the
C8—N7 or the C8—N9 bonds. The former breakage is the
precursor of the 2,5-FAPyA compound (see ref 37 for guanine
analogues), whereas the second scission leads to the FAPyA
lesion isolated from oxidized DNA.**”” For this reason, in the
present work we will focus only on the C8—N9 bond break.
Structures, energetics of the most favorable intermediates and
products, as well as the vertical absorptions are displayed in
Scheme 1. The water-assisted proton transfer from the —OH
group to the N7-centered radical proposed by Munk et al.”’ in
G8OH radical has been studied for ASOH. The number of
explicit water molecules included in the calculations has a
significant impact on the activation Gibbs energy of the
reaction, as previously noted by Munk et al.’” Thereby, the
inclusion of a single water molecule which explicitly catalyzes
the double proton transfer lead to a AGF = 16.87 kcal/mol.
However, addition of three explicit water molecules, two of
them participating in the triple proton transfer and other one
stabilizing the exocyclic —NH, group decreases the activation
barrier to AGT = 12.17 kcal/mol (see Scheme 2). In this

Scheme 2. Water-Assisted Triple Proton Transfer from
A8OH to A8ZW*

AGH=12.17
AG =9.37
protonat.
*-6 N7
* ) R | * t
A8OH - 3H20 A8ZW -- 3H20
=-457.5cm™’

“AG and AG¥ parameters (kcal/mol) are computed with the M06-2X-
(PCM) method. Thermodynamic values of the A8ZW--3H,O
complex are relative to the ASOH-+-3H,O structure (left).

mechanism (see IRC profile in Figure S7), protonation at the
N7 position takes place as the system approaches to the saddle
point, which consist of a double proton transfer between water
molecules. As a result, the A8ZW---3H,0 complex is formed,
with G = —9.46 kcal/mol (see Scheme 1). Among the
compounds studied in this work, ASZW is the only one which
has electronic transitions below 1 eV; however, the probability
is low (see Table S13). Two relevant D; - D, and D; — D,
transitions at 819 and 307 nm, with associated f values of 0.021
and 0.09S, respectively, are predicted for A8ZW (see Scheme
1). Thus, this radical might contribute to the ~330 Jm band
recorded experimentally at 30 us (see Figure 1b)."® On the
other hand, other reaction pathways like the direct f-
fragmentation of the C8—N9 bond of A8OH (see Scheme
S2) or the 1,2 H-shifts in ASOH or A8ZW (see Scheme S3) are
significantly more energetic.

Structures and Gibbs free energy changes related to the ring
opening reaction of A8ZW are shown in Scheme 3, while
energetics relative to the starting A + °*OH reactants are
displayed in Scheme 1. Thus, C8—N7 bond cleavage leads to
the more stable intermediate ASN9a with a AG¥ = 10.24 keal/
mol. The thermally accessible barrier at room temperature for
the ring-opening reaction and the more stable A8N9a species
makes this pathway favorable. In the presence of an adequate e
and H* donor, A8N9a can be reduced to the more stable
closed-shell system FAPyA. On the other hand, A8ZW can be
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Scheme 3. Ring-Opening Reaction of ASZW*

AG*=10.24
»

K3
ﬁﬁ*x — W\_ § L
A8N9a -+ 3H,0

A8ZW --- 3H,0
v(i) = -306.9 cm™

t AG=-1.25

“AG and AG* parameters (kcal/mol) are computed with the M06-2X-
(PCM) method. Thermodynamic values of the A8N9a---3H,O
complex are relative to the AS8ZW---3H,0 structure (left).

oxidized to 8-oxoAco with a Gibbs free energy of —8.93 kcal/
mol with respect to the starting A + *OH reactants (see
Scheme 1). This compound is significantly more stable than its
tautomer 8-oxoAoh. The fate of ASOH is therefore governed
by the presence of oxidants (yielding 8-0x0A) or reductants
(yielding FAPyA) in the reaction medium. The relatively large
amount of ANH, an oxidizing agent (see eq 3), points to a
more probable formation of 8-ox0A, which agrees with the 5:2
ratio of 8-0x0A/FAPyA determined experimentally.'®

Spectroscopy of A8N9a is very interesting because it absorbs
in the three regions of interest (~330, ~400 and ~520—650
nm);'¢ see Scheme 1. The relevant transitions are D; — D,, D,
— Dg, and D; — Dy, predicted at 639, 398, and 338 nm, with
associated f values of 0.012, 0.013, and 0.048, respectively (see
Table S14). Analysis of the dipole moment module of the
excited and ground states reveals that the two latter absorptions
will be red-shifted in water solution. Therefore, in light of these
CASPT?2 results, the D, — Dy transition of A8N9a can be
safely assigned to the band observed at ~400 nm.

The detailed reaction mechanism of A8N9a to produce the
more stable ASFORMa species is displayed in Scheme 4. The

Scheme 4. Water-Assisted Tautomerization from ASN9b to
ASFORMb”

A8N9a
AE*=~4.13

A = 337-358, A= 324-349,

308, 568-773 AGF = 4.80 375, 488-582
AG =027 t AG =-9.35

water-assisted o 5
H transfer
» b%
-~ s ~ 8
/

A8N9b - H,0 () = 1390.4 o A8FORMb - H,0

“G and G¥ parameters (kcal/mol) are computed with the MO06-
2X(PCM) method, whereas vertical absorptions (4, in nm) are
calculated with the CASPT2//CASSCEF protocol in the absence of any
water molecule.

A8NO9b rotamer is involved in the process, with a rotation
barrier estimated to be ~4 kcal/mol (see Figure S8). ASN9b
can be transformed to ASFORMbD through a low-energy water-
assisted H transfer process (AG¥ = 4.80 kcal/mol). The
process is significantly exergonic, and the reverse activation
barrier is of 14.15 kcal/mol. ASFORMa has two intense D; —
D, and D, = Dj transitions at 333 and 310 nm, with associated
f values of 0.091 and 0.054, respectively (see Table S16). These
transitions contribute to the band recorded at the ~330 nm
region (see Figure 1b).'® In addition, the D, — Dy absorption
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computed at 377 nm and slightly red-shifted in water is
expected to contribute to the experimental shoulder centered at
~400 nm.'® No significant differences between the spectro-
scopic features of the ABN9 and ASFORM rotamers are noted
(see Tables S14—S17).

From the reaction mechanisms shown in Schemes 1—4, it is
reasonable to conclude that ASOH undergoes relatively fast
(microsecond scale) ring-opening reactions according to the
ASOH — A8ZW — A8SN9 — ASFORM transformations (see
Figure 3). The TS from A8ZW to A8N9a is the highest energy

A8OH

l <\\ //4 A8FI‘)RM
8-0x0A A =~400 nm FAPyA

Figure 3. Energetics (in kcal/mol) of A4OH/ASOH dehydration and
ABOH ring-opening processes. Dashed lines are used to connect the
Gibbs energies of two species.

structure in this process (G* = 0.78 kcal/mol) and must
overcome two consecutive barriers of 12.17 (ASOH — A8ZW)
and 10.24 (A8ZW — A8N9) kcal/mol. Despite the fact that
A8ZW represents a stabilization of 3.00 kcal/mol from the first
TS, the overal ASOH — A8N9 transformation can be
considered the bottleneck of the process that produces the
most stable ASFORM radical. Nevertheless, it is expected that
this energy barrier can be surmounted at neutral pH and room
temperature, which agrees with the fact that FAPyA is
measured after *OH reaction with A (~2%).'¢ Tunneling
effects can be important in the acceleration of the ASOH —
A8ZW transformation and other hydrogen or proton transfer.
Meanwhile, acid conditions are also expected to facilitate the
process (see below). On the other hand, the ASFORM ring
closure to yield ASOH, although possible, should be considered
slower on the basis of the 14.15 kcal/mol energy barrier
computed for its transformation to A8N9 (see Scheme 4 and
Figure 3). Even though the intermediates ASZW and A8NDY are
going to be oxidized or reduced to some extent, energetics
favor ASOH and A8FORM structures. The finding is in
agreement with previous suggestions’®’” and confirms these
radicals as the main precursors of 8-oxoA and FAPyA
mutagens, respectively. Moreover, according to the optical
properties computed for the radicals oxygenated at the C8
position (see Scheme 1), transformation of these intermediates
to the closed-shell systems 8-oxoA and FAPyA is predicted
here to cause the decay in OD recorded at ~400 nm from 2 to
30 ps (see Figure 1b).'® All the oxidized or reduced final
products studied in this work absorb at UVC or shorter
wavelengths (see Tables 520—S23).

On the Quenching of A4OH, A50H, and A8OH by O,.
O, is often used to trap organic radicals, and it is especially
useful to study mixtures of species with different oxidation
rates. The A4OH/ASOH/A8OH formation ratio from A and
the OH radical'® was inferred from experimental data based on
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their different reactivity toward O,. Vieira and Steenken
assumed that ASOH is more reactive toward oxygen as
compared to A4OH and A8OH because a larger spin density
distribution among carbon atoms should appear in the first
radical, whereas in the second and the third ones more spin
density should lie on the nitrogen atoms.'® The present
calculations of the spin-density distributions using the Mulliken
approach (Table S24) agree only partially with the assumptions
of Vieira and Steenken.'® Whereas ASOH shows significant
spin density over the C2, C4, and C6 positions (and small on
N® atom), A4OH does not have unpaired electron density
among the N1 and N3 positions, and thus, it should behave as a
carbon-centered radical. On the other hand, ABOH has a spin
density of 0.48 at N7 position and makes this species a more
clear N-centered radical. Despite the small discrepancies
between Vieira and Steenken assumptions for the spin
densities'® and the present Mulliken values, the energy barriers
of the A4OH, ASOH, and A8OH reactions with O, computed
in this work (see Table S24 and Figures S9—S17) agree well
with the reactivity trend suggested in the experimental
studies.'® The oxidation barriers are 2.76—3.92 kcal/mol for
ASOH, 6.21—7.56 kcal/mol for A4OH, and 10.61—15.97 kcal/
mol for ASOH. Additionally, A8N9 has similar energy barrier
heights as compared to those of ASOH (Figures S18 and S19,
11.10—13.63 kcal/mol), whereas ANH and A** have activation
energies (see Figures $20—527).

In the original experimental report,16 the authors were not
able to explain the quenching rate constants (kg,) of the optical
signals at ~330 and ~400 nm due to incorrect spectroscopic
ascriptions of the optical bands.'® However, the study using the
CASPT2//CASSCF method and the reaction mechanisms
proposed in this work allow to rationalize the experimental
data. The kg, values determined by Vieira and Steenken'® are
summarized in Table 1. The signal at ~400 nm, assigned here

Table 1. Interpretation of the Absorption Band Quenching
at ~330 and ~400 nm and Measured kg, at Both
Wavelengths

to the ASOH/A8N9/A8FORM radicals, has a ko, of 1.0 X 10°
M~ s which is slower than the rate related to the ~330 nm
band (ko, = 4.0 X 10° M~ s7!). The latter band is ascribed to
the dehydration of ASOH to form ANH, which is the process
responsible for the buildup at ~330 nm. Taking into account
that the ASOH + O, reactions have the lowest energy barriers
(~2.76 to ~3.92 kcal/mol), it is reasonable to conclude that the
“fast” quenching of the ~330 nm signal is caused by the ASOH
reaction with O, preventing its transformation to ANH, giving
rise to a number of peroxide derivatives. ASOH and A8N9
radicals will undergo similar reactions, however, their reaction
with O, is slower (as demonstrated by the theoretical
calculations), which explains the “slow” quenching measure-
ment recorded at ~400 nm (see Table 1). Hence, a coherent
interpretation of both theoretical and experimental findings'®
has been reached in this work.

On the pH Dependence of the ~400 and ~330 nm
Signals. The impact of pH on the optical signals of the A +
*OH reaction provides valuable information in the elucidation
of the reaction mechanisms and allows the identification of
species relevant at pH values close to biological conditions. pH
dependences of the buildup at ~330 nm (assigned to the
production of A**/ANH by dehydration of ASOH) and the
decay at ~400 nm (disappearance of ASOH/A8N9/ASFORM
by oxidation/reduction reactions) were reported by Vieira and
Steenken'® and are reproduced in Figure 4a. The buildup rates
at ~330 nm increase at low (<5) and at high (>10) pH. We
suggest that dehydration of ASOH is accelerated at low pH due
to protonation of the —OH group to form —OH,", a much
better leaving group, according to eq 4:

ASOH + H" —» A5-OH," - A" + H,0 (4)

On the other hand, the buildup rate increase (~330 nm) at
basic pH can be explained in terms of deprotonation of two
species: ASOH radical and *OH. First, we suggest that ASOH
deprotonation occurs from the —NH, group (and possibly
from other positions) before the "OH loss, yielding the ASN~
anion derivative (see Scheme 5). The —NH™ substituent is a

early stronger electron-donating group as compared to —NH, and
A (nm)  ke," (M™'s™")  interpretation® present interpretation consequently increases the electron density over the ring,
~400 1.0 x 10° A40H + O,  ASOH/ASN9/AS8FORM + facilitating the leaving of the "OH anion to yield ANH species.
0, This process differs from the dehydration mechanism shown in
~330  40+1x10°  ASOH+O,  ASOH +O, Scheme 1, where the deprotonation takes place after the "OH
“Reference 16. loss.
It is also possible that another reaction mechanism derived
from the deprotonation of *OH to produce O°” could be
a 6.0 10 b) mM Fe(CN)Z
x 104 1 400 nm x 103 0 02 04 06 08 10
L8 4 8 = T T T
ABOH/ABN9/ABFORM ox./red. 5 %
Q 20t
£ 15t ?
g 10
5
s st 7|
1 1 ]

Figure 4. (a) pH dependence at 0 °C of the buildup rates at 330 nm (ky3,) and the decay rates at 400 nm (k,q,) for the adenosine + *OH reaction.
[adenosine] = 0.4 mM. (b) Dependence of the 8-oxoAoh yield (as percentage of *OH) on the concentration of Fe(CN)*~ (circles) and on the pH
in the presence of 0.8 mM Fe(CN)*~ (squares). Adapted with permission from ref 16. Copyright 1990 American Chemical Society.
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Scheme 5. Proposed Dehydration Mechanism of ASOH at
Basic pH

NH2O @NH @NH ‘NH
"\ H* g OH~ @ N N
NZ \> B N N N N ‘ \>
Sy T SRy TSR T Sy
A50H A5N- ANH

operative at large pH values (~11—12)" since the pK, value of
*OH has been reported to be 11.54.”° This mechanism involves
the H atom abstraction exerted by O°” from the —NH, group
of A, assuming that a fraction of unaltered A is present in the
reaction medium. Scholes et al.” studied the reaction of O°~
with a series of nucleosides, concluding that the addition power
of the radical anion decreases significantly but its H atom
abstraction ability is barely affected. Consequently, it is
reasonable to postulate that H atom abstraction from the
—NH, substituent of A, yielding ANH and "OH (eq S), can
take place at high pH values, increasing the OD buildup rate at
~330 nm:

A+ O - ANH + OH (5)

The pK, value of *OH (11.54) is in agreement with the
drastic increase of the buildup apparent rate at ~330 nm
recorded at pH ~11 (see Figure 4a) and the decrease of the 8-
0x0Aoh yield observed at high pH (see Figure 4b), probably
due to the weaker addition power of O as compared to
*OH.”°

Vieira and Steenken'® proposed a possible acid inhibition for
the dehydration process through protonation at N1 or N°
positions, which converts the electron-donating group —NH,
into the electron-withdrawing substituent —NH;". The authors
argued that the reduction of electronic density over the ring
moiety hampers the leaving of the "OH anionic group. On the
other hand, they also proposed a basic inhibition resulting from
deprotonation from the alcohol group of ASOH to produce
ASO¢, blocking the "OH elimination. We suggest that, although
possible, these mechanisms have less impact on the dehydration
rates of ASOH than those shown in eqs 4 and S and Scheme §,
in light of the experimental evidence displayed in Figure 4.

Regarding the rate decrease at low pH of the optical changes
at ~400 nm (ascribed to oxidation/reduction of ASOH/
A8N9/AS8FORM), it can be related to the acid catalysis of the
ring-opening reactions, which make the opened-ring radicals
more accessible. It shall be demonstrated that disappearance of
these opened-ring radicals (A8N9 and A8FORM) is slower
than that of the closed-ring tautomer (A8OH). We will only
focus on the oxidizing processes since they are the main
mechanisms of disappearance of the radicals, as concluded from
previous product analysis studies.' First, the kinetics of the one
electron reactions of the radical intermediates is studied.
Second, the effect of acid pH on the reaction mechanisms is
analyzed. Finally, a discussion about the oxidation mechanisms
of the closed- vs opened-ring radicals is provided.

Table 2 summarizes the Gibbs activation barriers (AGg,¥)
estimated using the Marcus theory™ and the energies
computed at the CCSD(T)-(PCM)//M06-2X-(PCM) level,
according to eq 6

2

AGH = i(1 + &)

4 A (6)
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Table 2. Gibbs Energies and Activation Barriers (kcal/mol)
of Some Relevant One-Electron Transfer Reactions
Operative at Neutral and Acid pH Values, Computed with
the CCSD(T)-(PCM)//M06-2X-(PCM) Methodology

reaction AGgy AGg#
Neutral pH
ANH + ASOH — ANH™ + ASOH" 4.12 593
ANH + ASN9 — ANH™ + A8N9* 20.93 21.74
ANH + ASFORM — ANH™ + ASFORM* 8.82 9.39
Acid pH
A** + ASOHH' — A + ASOHH?* —15.10 0.67
A** + ASN9H* — A + ASN9H** 7.90 10.87
A** + ASFORMH"* — A + ASFORMH?* -8.1 0.77

where 4 is the relaxation energy of the final state (see Table S25
for the specific values) and AGgy stands for the relative Gibbs
energy between reactants and products. Results in Table 2 are
qualitative, however, they help in the understanding of the
mechanistic aspects of the *OH addition to A. At neutral pH
(top rows), ANH is postulated as the main oxidant species as
proposed by Vieira and Steenken,'® whereas at acid pH
(bottom rows) ANH is protonated to A** (pK, = 4.2)*” and
the radical intermediates are protonated at the N1 or N9
positions (see Table S25 for structural details). It can be readily
seen that A8OH radical is more easily oxidized than its opened
ring tautomers A8N9 and A8FORM. The oxidized radicals
A8OH*, A8N9*, and ASFORM" exhibit electronic transitions
at the ~370—430 nm region (see Tables S$26—S28), and
therefore, the spectroscopic decay tracked at 400 nm has to be
ascribed to the formation of the closed-shell compounds 8-
ox0oA (Tables S21 and S22), which clearly absorb at much
shorter wavelengths. In addition, protonation of the 8-
oxygenated intermediates expected at acid conditions
(ASOHH", ASN9H"*, and ASFORMH") does not significantly
shift the absorption spectra of the radicals (see Tables S29—
S31). Moreover, oxidation kinetics of ASOHH" and
ASFORMH"* are similar, whereas the AG¥; value for
A8N9H" is clearly larger than that of the former two
compounds (see Table 2).

The A8OH/A8N9/A8FORM distribution is expected to
change at acid pH since the ring-opened radicals ASN9 and
ASFORM are expected to be more accessible with respect to
neutral conditions. The cause is that at low pH the reaction
mechanism presented in Scheme 2 can be efficiently catalyzed
by the presence of H'. The ASOH transformation to A8ZW
requires protonation at the N7 site (see Figure S25) where the
proton donor is a water molecule at neutral pH. It is therefore
reasonable to expect that acid pH will significantly accelerate
this process since H' (or H;0") is a much more efficient
proton donor, increasing the production of A8ZW radical and
ultimately the yield of ASN9 and ASFORM compounds.

It is worth mentioning that the oxidation mechanisms (—e~,
—H*) of ASOH and ASN9/A8FORM are not equal since the
main final oxidation products (8-oxoAoh and 8-oxoAco) are
closed-ring structures, while ASBN9/A8FORM are opened-ring
compounds. This suggests that the opened-ring radicals ASN9
and AS8FORM must undergo an endergonic ring-closure
process to ultimately yield the 8-0x0A species. Indeed,
deprotonation of the oxidized ASFORM" species (see structure
at Table S25) from the C8 position does not open any chemical
pathway to produce 8-oxoA. Thus, ASFORM/AS8FORMH?*
species have to be necessarily converted to the more energetic

DOI: 10.1021/acs.joc.6b02393
J. Org. Chem. 2017, 82, 276—288


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b02393/suppl_file/jo6b02393_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.6b02393

The Journal of Organic Chemistry

Table 3. Comparison of the Gibbs Activation Energies (kcal/mol) and Kinetic Constants (s~') Computed for the Most

Important A + *OH Addition Channels”

*OH addition channel

method C2 C4 Cs C8 C5/CS8 rate constants ratio
AGF
»B97X-D" 12.66 13.41 10.20 5.60
®B97X-D-(PCM/Explicit)* 12.65 14.93 12.00 8.82
M06-2X7 14.66 14.54 11.40 7.56
CCSD(T)//M06-2X** 15.49 14.82 11.43 8.80
M06-2X-(PCM)“ 14.76 15.77 10.82 9.96
CCSD(T)-(PCM)//M06-2X-(PCM)*/ 15.24 15.62 10.49 10.72
k (298.15 K)
CCSD(T)//M06-2X* 5.48 x 10 1.70 x 10* 5.19 x 10* 4.40 x 10° 0.01
CCSD(T)-(PCM)//M06-2X-(PCM) %/ 8.36 X 10" 4,40 x 10" 2,54 x 10° 1,72 X 10° 1.48
Experimental Yield (%) (pH ~ 7)¢
~18

“Experimental determinations are also shown. b6-311++G(2df,2dp) basis set, taken from ref 34. “6-311++G(2df,2dp) basis set including one explicit
water molecule and PCM method, taken from ref 3S. d6—31++G(d,p) basis set, present work. “Zero-point vibrational, thermal, and entropy
contributions to energy computed at the M06-2X/6-31++G(d,p) level. /Zero-point vibrational, thermal, and entropy contributions to energy
computed at the M06-2X-(PCM)/6-31++G(d,p) level. *Data from product analysis in ref 16.

A8N9/ASN9H" radicals, which have H atoms at both N7 and
N9 positions. The mentioned ASFORMH® — ASN9H*
transformation has a barrier of AG¥ = 13.23 kcal/mol (see
Scheme $4), which is similar to the value of AG¥ = 14.15 kcal/
mol computed for the neutral ASFORM — A8N9 reaction (see
Scheme 4 and Figure 3). Later, dehydrogenation from the C8
position can trigger the ring-closure process leading to 8-
ox0Aco or its protonated analogue. Conversely, ASOH/
A8OHH' oxidation does not require a ring-closure reaction,
and deprotonation of ASOH'/A8OHH?* (see structure in
Table S25) from the C8 position directly produces 8o0xoAoh or
its protonated species. For this reason, and also taking into
account the slower electron-transfer reaction computed for
A8N9/ASNIH"' (more accessible at acid pH), it becomes
apparent that the closed-ring radicals are easily oxidized as
compared to the opened-ring tautomers. The reaction
mechanism proposed in this work supports a significant acid
catalysis of the ASOH — A8ZW transformation, increasing
therefore the abundance of A8N9 and ASFORM radicals in the
reaction medium at low pH. The slower oxidation of the latter
compounds is responsible of the decrease of the total oxidation
rate tracked at ~400 nm.

Finally, the acid catalysis of the ring-opening processes of
A8OH correlates well with the product analysis of the 8-
oxoAoh yield as a function of pH, data reported by Vieira and
Steenken'® and reproduced in Figure 4b (plot in squares). The
yield of 8-oxoAoh product drops from ~18% at neutral pH to
~5% at pH = 3. It can be rationalized by taking into account
the larger ratio of ring-opened radicals ASN9 and ASFORM
with respect to the ring-closed A8OH system, decreasing the
formation of 8-oxoAoh and favoring other disappearance
processes.

Revision of the Yield of OH Radical Addition to
Adenine. Determination of the relative yields of the three
competitive mechanisms in the *OH reaction with NBs, namely
addition to double bonds, H atom abstraction, and one-electron
reactions is challenging because requires accurate calculations
of electron transfer rates, TS structures, and tunneling effects.
The yield of addition reactions is estimated on the basis of
accurate TS computations carried out in this work and using
the ~18% of addition to C8 position determined by product
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analysis'® as a reference. Table 3 summarizes the Gibbs
activation barriers obtained with different methods for the *OH
addition to C2, C4, CS, and C8 positions (atom numbering
displayed in Figure 1a). Previous calculations in vacuo with the
®B97X-D functional,®* which are in agreement with the
present M06-2X and CCSD(T) results without the use of the
PCM method, suggested that addition to the C8 position is the
most favorable channel. Nevertheless, when solvent effects are
included in the model, the C5S and the C8 pathways become
almost degenerate and therefore competitive. Solvation can be
estimated by the analysis of the dipole moment modules ([zil)
of the TSs for the C4, CS, and C8 addition, which are 3.88,
5.88, and 3.18 D, respectively. Thus, solvent effects are
expected to stabilize to a greater extent the TS related to the
addition to the CS5 atom. On the other hand, explicit solvation
of the TS with six water molecules inverts the trend and
establishes the CS channel as the preferred pathway, as the C8
and the C4 TSs are 4.97 and 1.32 kcal/mol higher in energy,
respectively. Therefore, it can be concluded that the TSs for
both CS5 and C8 channels are quasi-degenerated in water
solution, and both pathways have to be considered competitive.
This behavior is not observed with the wB97X-D functional
accounting solvent effects by means of PCM and/or explicit
water molecules.”

In order to estimate the CS$ reaction yield, kinetic constants
have been calculated using the conventional transition-state
theory (eq 7)%"**

k= UkB_Te(—AG*/RT)

?)
where o states for the symmetry factor (two for the addition
reactions); kg, h, and R stand for the Boltzmann, Planck, and
gas constants, respectively; and AG¥ refers to the Gibbs
activation energy computed at the CCSD(T)-(PCM)//MO06-
2X-(PCM) level. Results are compiled in Table 3. It can be
readily seen that the ~5 kcal/mol energy difference of the TS
corresponding to the C4 addition in solution has a strong
impact on the rate constant, being 5 orders of magnitude
smaller than that of CS5 and C8 channels. Using the
experimental determination of the addition yield to the C8
position (~18%),'° a percentage of ~26.5% is estimated for the
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CS pathway since the ratio of the C5/C8 rate constants is 1.47.
Thus, the sum of the two channels gives rise to, at least, a
~44.5% of total *OH addition to A in water solution. On the
other hand, C4 and C2 routes can be safely considered minor
paths. The remaining ~55.5% is therefore ascribed to H atom
abstraction””** and one-electron reaction (eq 1) mechanisms.
Both processes produce ANH radical, which is expected to be
repaired to A via oxidation of ASOH. It is important to remark
that this estimation is compatible with the important role of the
H atom abstraction reactions recently reported by Milhej and
Sauer’**® and Chatgilialoglu et al.”*** for purine nucleobases.

Comments on the *OH Addition to Adenine within
the Biological DNA Environment. The understanding of the
*OH addition to A in the gas phase and water solution carried
out in this contribution allow us to make some useful
considerations regarding the regioselectivity and efficiency of
the reaction in biological DNA/RNA structures. Two main
aspects determine the rate of the addition reaction: (i) the
accessibility of the NB and each atomic position to the OH
radical and (ii) the intrinsic reactivity of each position, which
can depend on the interaction with water or other surrounding
structures. The current research sheds light on the latter issue
and the solvent effects. It has been proposed that solvent
accessibility in the microenvironment of nucleic acids is
somewhat restricted due to the hydrophobic character of the
double strand and, among other factors, the presence of DNA—
protein complexes,”® suggesting that DNA/RNA macro-
molecules should not be considered completely solvated.
Actually, a recent measurement of the dielectric constant of
DNA yielded a value of ~8,** which is ca. 1 order of magnitude
smaller than that of water. For this reason, *OH additions in
vivo should behave somehow between the descriptions
provided in vacuo and the completely solvated environment
using the PCM method and explicit water molecules. The
following specific considerations emerge from the present
work: (i) solvation of the NB surroundings increases the CS
addition rate due to a significant stabilization of the TS, raising
the CS/C8 ratio (see Table 3) and, consequently, promotes the
formation of electron holes (A*, see Scheme 1) along the
DNA/RNA structure; (ii) a more efficient solvation slightly
decreases the C8 addition rate, as demonstrated by the
comparison between the Gibbs activation barriers in vacuo
and in solution (Table 3), and consequently hampers the
formation of 8-oxoA and FAPyA mutagens, but favors their
production with respect to electron holes (A**), and (iii) ring-
opening reactions of A8OH in hydrophobic environments are
expected to be slower as compared to full solvated conditions,
since water molecules actively catalyze the chemical trans-
formations.

B CONCLUSIONS

In the present contribution, the reaction mechanisms of the
*OH addition to adenine have been studied by means of DFT/
M06-2X, CCSD(T), and CASPT2//CASSCEF calculations. The
experimental data'®™"® used as a reference in the last 30 years
have been reinterpreted on the basis of the Gibbs activation
barriers, thermodynamics, and vertical absorption energies of
the radical intermediates derived from the *OH reaction with
adenine.

The present theoretical results confirm that addition of the
OH radical to adenine in water solution gives rise almost
exclusively to the radicals ASOH and AS8OH. The latter species
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undergo ring-opening reactions followed by oxidation/reduc-
tion of the intermediates to produce the 8-oxoA and FAPyA
mutagens. The detailed mechanisms of the ring-opening
processes are reported, demonstrating that A8OH is trans-
formed to the formamidopyridine radical ASFORM on a
miscrosecond scale. Two more intermediates, namely A8ZW
and A8NY, partake in the process. Analysis of the spectroscopic
features of the radicals indicates that the 8-oxygenated radicals
A8OH, A8N9, and ASFORM absorb in the ~400 nm region.
This assignation establishes a new scenario of the spectroscopy
of the adenine + *OH reaction. It is concluded that the optical
density time decay of the si%nal at ~400 nm observed
experimentally from 2 to 30 us ° is caused by the oxidation
or reduction of the ASOH, A8N9, and AS8FORM radical
intermediates. On the other hand, optical changes at ~330 are
assigned to the formation of the dehydrogenated adenine
radical ANH, which is the result of the dehydration of ASOH.
The assignations are consistent with the reported O, quenching
rates,'® which have been reinterpreted on the basis of M06-2X-
(PCM) energy barriers, and the pH dependencies of the optical
changes at ~400 and ~330 nm.

Finally, in contrast to previous interpretations, addition to
the C4 position is of minor importance in light of the high-
energy TS determined for the process and the re-evaluation of
the experimental recordings. By combining the reaction rates
computed in the present work and product analysis data
documented by Vieira and Steenken,'® the total yield of *OH
addition to adenine is estimated to be, at least, ~44.5% in water
solution. The present results are important in the under-
standing of the adenine oxidation in the DNA environment,
where the solvation is expected to be less efficient than in water
solution. It is predicted that, for the *OH reaction with adenine
in real DNA/RNA environments, addition to the C8 position
will be the preferred addition channel, having a total adducts
distribution somewhere in between the gas-phase and the
water-solvated results. Accordingly, higher yields of the 8-oxoA
and FAPyA mutagens are expected in living cells with respect
to fully solvated nucleobases in water.
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