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Reaction Mechanism and Dynamics for C8-hydroxylation of 9-Methylguanine

Radical Cation by Water Molecules

Wenjing Zhou®® and Jianbo Liu*®P
a Department of Chemistry and Biochemistry, Queens College of the City University of New York,
65-30 Kissena Blvd., Queens, NY 11367, USA; " Ph.D. Program in Chemistry, The Graduate Center of the City
University of New York, 365 5th Ave., New York, NY 10016,USA

Abstract In contrast to their spontaneous deprotonation in aqueous solution, reactions of guanine and
guanosine radical cations with water in the gas phase are exclusively initiated by hydration of the radical
cations as reported in a recent work (Sun et al.; PCCP, 2018, 20, 27510). As gas-phase hydration
reactions closely mimic the actual scenario for guanine radical cations in double-stranded DNA,
exploration of subsequent reactions within their water complexes can provide an insight into the resulting
oxidative damage to nucleosides. Herein guided-ion beam mass spectrometry experiment and direct
dynamics trajectory simulations were carried out to examine prototype complexes of 9-methylguanine
radical cation with one and two water ligands (i.e., 9IMG*"-(H,0);.,) in the gas phase, wherein the
complexes were activated by collisional activation in the experiment and by thermal excitation at high
temperatures in the simulations. Guided by mass spectroscopic measurements, trajectory results and
reaction potential energy surface, three reaction pathways were identified. The first two reaction
pathways start with H-atom abstraction from water by the O6 and N7 atoms in 9MG** and are referred to
as HAos and HAy5, respectively. The primary products of HAq and HAy; reactions, including [9MG +
Hos]"/[9MG + Hy7]" and *OH, react further to either form [SOH-9MG + Hgg]*" and [SOH-9MG + Hy7]**
via C8-hydroxylation or form radical cations of 6-enol-guanine (6-enol-G**) and 7H-guanine (7HG*") via
Sn2-type methanol elimination. The third reaction pathway corresponds to the formation of SOH-9IMG™*
by H elimination from the complex, referred to as HE. Among these product channels, [SOH-9IMG +
Hy7]*" has the most favorable formation probability, especially in the presence of additional water
molecules. This product may serve as a preceding structure to the 8-oxo-7,8-dihydroguanine lesion in

DNA and has implications for health effects of radiation exposure and radiation therapy.

*E-mail: jianbo.liu@qc.cuny.edu. Tel: 1-718-997-3271.
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I. Introduction

Guanosine has the lowest oxidation potential (£°) among the four DNA nucleosides. E° measured
with respect to the standard hydrogen electrode is 1.29 V for guanosine, 1.42 V for adenosine, 1.6 V for
deoxycytidine and 1.7 V for thymidine.! The M06-2X theory predicted a similar order for the E° of the
constituent nucleobases: 1.40 V (guanine) < 1.75 V (adenine) < 2.00 V (thymine) < 2.18 V (cytosine).?
In parallel with oxidation tendency, guanine has the lowest adiabatic ionization energy (AIE = 7.75 £ 0.05
eV),> 4 followed by adenine (8.267 + 0.005 eV),* 5 cystine (8.66 + 0.01 ¢V) 3 and then thymine (8.82 +
0.03 eV).*¢ Pairing guanine with cytosine in double-stranded (ds) DNA further decreases the E° of
guanine by 0.28 — 0.34 V78 and the AIE by 0.75 — 0.78 ¢V 10 These properties influence electron
mobility within DNA!! and lead to the formation of guanine radical cations (G**) as a trap'? for oxidative
damage to DNA upon ionizing radiation,'? 1* photolysis,'# chemical oxidation,'® electron transfer in
DNA-metal complexes,!® 17 electrocatalytic oxidation!® !° and Type I photooxidation.?0 2!

Guanine is a weak acid with pK, of 9.2 — 9.6 for the nucleobase,?? 9.4 for 2'-deoxyguanosine and 9.25
for guanosine.!* But their pK, decreases to 3.9 once they are ionized.'3?? This creates a driving force for
deprotonation of G** at N1-proton?? both in neutral aqueous solutions (within 56 ns)?* 25 and in a low-
temperature crystal state.?-27 Spectroscopy, kinetics and dynamics for the deprotonation of the G**
monomers?* 28 and residues in oligonucleotides,>>? single-,3% 3! double-?* 3% 3! and triple-stranded DNA3?
and G-quadruploe’3-3 as well as the secondary reactions®® 37 of the resulting neutral radicals [G — H]*®
were examined by experiments and theoretical works. These studies discovered two distinctively
different scenarios: free G** monomers undergo spontaneous deprotonation prior to proceeding chemical
reactions; in contrast, G** residues in ds-DNA are stabilized through base pairing and the N1-proton (pK,
3.9) of G** is shared with the N3 (pK, 4.3)% of cytosine via G**-C 2 [G — Hy]*-[C + Ny3]*. The fate of
G*" residues within ds-DNA are thus determined by their chemical reactions with water,?® NO,,%° singlet
0,,4 cross-linking with amino acids, etc.*> These reactions lead to a variety of biological sequelae,3¢ 4345

most of which are mutagenic. An example is 8-0x0-7,8-dihydroguanine (abbreviated as OG).2%46:47 OG

2
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is the most common lesion observed in genomic, mitochondrial and telomeric DNA.#® It marks oxidative
stress within cells and tissues,**4° and is implicated in photocleavage,’® G-C — A-T mutation,’!
Alzheimer’s’? and Parkinson’s diseases,”® DNA-protein cross linking,>* 3 etc.

OG may be produced through the hydration of G**. This can be affirmed by the following two
extremes: in ss-DNA, deprotonation of G** is 5 orders of magnitude faster than hydration.?’ As the
deprotonation of N1-H reduces the feasibility of C8-hydroxylation,*” little OG is produced;> in ds-DNA,
hydration of G** instead becomes predominant and the ratio for OG formation in ds- vs. ss-DNA is 7 : 1.3!
Experimental studies of G** with water are mostly based on electron-transfer mediated photooxidation of
DNA in oxygen-free solution,? ESR and electron nuclear double resonance measurements of *OH
addition to [G + Hy7]" (protonated at N7) in a crystal’” and of G** hydration in DNA,*® and time-resolved
absorption spectroscopy measurement of G** hydration in DNA.? Augmented by computational
modeling,*”->° an 8-hydroxy-7,8-dihydropurin-7-yl radical (§OH-G*)'?2° or its protonated counterpart
[SOH-G + H]** was proposed as the most critical intermediate in the reaction of G** with H,0O, followed
by its secondary oxidation to OG.#*% However, a C8-hydroxyl intermediate had not been directly
measured by mass spectrometry, and its formation mechanism, energetics and reaction dynamics are not
fully understood.

In a previous gas-phase ion-molecule collision experiment,** we detected water-adducts of guanine-
and guanosine-derived radical cations. The purpose of the present study is to reveal downstream
conversion pathways and final products of the primary water complexes of guanine radical cations. To
discover their probable reactions, these complexes were activated by collisional activation in a guided-ion
beam experiment and by excitations at high temperatures in molecular dynamics simulations. The
remainder of the paper is organized as follows. Section II reports the experimental results for the
formation and collision-induced reactions of the water complexes with guanine and guanosine radical
cations, mostly focusing on a model system which consists of 9-methylguanine radical cation (IMG*")

and water ligands. Section III describes direct dynamics simulations and electronic structure calculations.
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Section IV reviews trajectory-predicted reaction intermediates and pathways for OMG**-(H,0),.,,
followed by the discussion of reaction potential energy surface (PES) leading from these intermediates to
experimental products and the influence of additional water ligands. Conclusions and biological
implications of the work are presented Section V.
II. Experimental Measurements and Results
1. Summary of Previous Results

In our previous work,3° reactions of water with the radical cations of guanine (9HG"**), 9-
methylguanine (9MG**), 2'-deoxyguanosine (dGuo*") and guanosine (Guo**) were measured using ion-
molecule scattering coupled with tandem mass spectrometry. Relevant findings are summarized below:
1) For all reactant radical cations, formation of an ion-water adduct represents the most favorable product
channel. This channel dominates at low collision energies (E.,), but declines at high £, due to short
complex lifetime. Figure 1 presents the formation probabilities of different complex structures in the ion-
molecule collisions of 9MG** with H,0, simulated using direct dynamics under experimental conditions.
The water binding sites in each complex are specified by the last two numbers in its notation. Besides
hydrogen-bonded (i.e., IMG**-W12a, IMG**- W16 and IMG**-W2b) and ion-dipole (i.e., IMG**-W8)
complexes, a precursor complex was identified. The average complex lifetime is 1 us at £, = 0.1 eV.
Among these complex structures, the precursor is dynamically unique with floppy complexation and no
well-defined geometry or directional hydrogen bonds. The precursor has large-amplitude intermolecular
motion, and thus allows repeated bimolecular encounters and increases the probability of locking into a
reactive orientation.
2) Hydrogen elimination (HE) products were also detected in the water reactions with 9HG**, IMG*",
dGuo** and Guo**, resulting in C8-hydroxylation of radical cations. The HE product yield increases at
high E,, which is consistent with the calculated reaction endothermicity.
2. New Measurements

To explore the chemical fate of the water adducts of guanine radical cations, the present work has
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investigated their downstream reaction dynamics and product ions upon collisional activation. IMG**
was used as a model nucleoside wherein the N9-methyl group mimics the attachment of a sugar group to
nucleobase. It was verified in our experiments’® 4! that IMG** resembles dGuo*" and Guo*" in terms of
the charge and spin density distributions and the chemical reactivities of the guanine moiety.

Experiment was conducted on a home-built guided-ion beam tandem mass spectrometer coupled with
an electrospray ionization (ESI) source.®! Instrumentation and experimental details are available in the
Supporting Information. In brief, the ion beam of IMG**-H,0O was generated by ESI of a 2:1
methanol/water solution containing 0.5 mM 9MG and 0.25 mM Cu(NO3),, in which the [Cu"(IMG);]*>*
complex formed in electrospray underwent redox separation in the source chamber of the mass
spectrometer,? 63 leading to [Cu'(9MG),]" and IMG** (both in the presence and absence of water
ligands).?® Radical cations were thermalized to room temperature in a hexapole ion guide, followed by
mass selection of IMG**-H,O (m/z 183) in a quadrupole mass filter. The mass-selected IMG**-H,O was
subjected to collision with the Xe gas within a scattering cell that surrounds an octopole ion guide.

Collisional activation and reactions of 9MG**-H,0O were realized in two steps: IMG**-H,0 + Xe —

IMG**-H,0-Xe (a transient collision complex) - [9MG**-H,0O]* (rovibrationally excited), followed by
unimolecular reactions of [IMG**-H,O]*. The Xe atom has large mass and high polarizability, allowing
for efficient translational-to-internal energy transfer (7 — Eipemar) in [IMG*H-H,0]*.646 Product ions of
collision-induced dissociation and reactions were analyzed by a second quadrupole mass filter and
counted by an electron multiplier. Reaction was measured at different center-of-mass .. The scattering
cell pressure was maintained at 0.015 mTorr. Under this condition, 9IMG**-H,O collided with the Xe gas
only once or not all, so absolute product ion cross sections and reaction energy dependence was
determined in a thin-target limit (analogous to the Beer-Lambert Law).%

A product ion mass spectrum of 9IMG**-H,0 is demonstrated in Figure 2a. Collision-induced
reactions produced three different product ions: product ions at m/z 165 correspond to elimination of a

water ligand from reactant ions, product ions at m/z 166 represent the formation of protonated [IMG +

5
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H]* via hydrogen abstraction from water, and those at m/z 151 correspond to the formation of 7H-guanine
radical cation (7HG**) and 6-enol-guanine radical cation (6-enol-G**) via methanol elimination as
discussed below. Individual product ion cross sections were measured as a function of £, from 0.05 to
4.0 eV. Results are presented in Figure 2b — d, where error bars were estimated from 5 sets of
measurement under the same conditions.

The cross section of 9IMG** (m/z 165) has already raised from zero at the lowest E.,.. This agrees
with the fact that the water elimination energy of various 9MG**-H,O structures ranges from 0.4 to 0.68
eV (see hydration energies in Figure 1). The water-elimination energy is thus within the combined
energy width of the 9MG**-H,O ion beam kinetic energy broadening (0.7 eV) and the ion internal energy
(average 0.35 eV at 298 K). As a result, even at the lowest E., a significant fraction of the 9MG**-H,0
reactant ions has sufficient energy to eliminate the water ligand.

Hydrogen abstraction (product ion m/z 166) and methanol elimination (m/z 151) reactions, on the
other hand, have shown onsets at low E,, range. Due to the reactant ion beam kinetic energy spread and
internal energy, their cross sections raised from zero before true reaction threshold energies (E£y). To

extract £, values for the two reactions, each experimental cross section was fit to an intrinsic cross section

(Ecol + Evib + Erot - EO)Z
Ecol

function o(E¢o)) = 09 . 0(E.y) 1s assumed on the basis of a modified Line-of-Centers

model,* ¢7-% where oy is an energy-independent fitting parameter, E.;, and E,, are reactant vibrational
and rotational energies, and Ej is the dissociation threshold. o(E..) needs to be convoluted with the ion
beam energy broadening.”® 7! To this end, a Monte Carlo program’? was used to sample 100000
collisions of IMG**-H,O with Xe at each E., under experimental conditions. The distributions of ion and
gas velocities and ion E;, and E, resulting from the Monte Carlo simulations were then fed into the LOC
fitting. To take into account the kinetic shift (i.e., E., in excess of true Ej is required to produce products
from a reaction intermediate complex within the mass spectrometer detection time), Rice-Ramsperger-
Kassel-Marcus (RRKM) model” was included in the fitting to decide whether each collision led to a

detectable product ion or not. A leveling-off collision energy was used in the fitting so that o(£.,;) would

6
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reach a plateau at high E,. E, was adjusted in the fitting until the convoluted o(E,) matched the
experimental data.

Note that the IMG**-H,0 ion beam consists of various conformers with different energies as
illustrated in Figure 1. For example, the precursor and 9MG**-W12a differ in energy by 0.28 eV.
Therefore, the cross-section fitting was to only provide an average threshold energy for each product ion
channel. The fitting results are plotted as red lines in Figures 2¢ — d, each of which reveals two separate
product components. The product ions of m/z 166 consist of one contribution with £, = 1.1 eV and the
other with E, = 1.4 ¢V with a branching ratio of 0.45 : 0.55; because the two thresholds are close to each
other, it was also possible to fit the cross section using an average £y = 1.2 £ 0.2 eV. The product ions of
m/z 155 have the first component with £, = 1.8 eV and the second one with £, =3.0 eV.

3. Key Questions from the Experiment

The combination of the previous ion-molecule scattering experiment of 9MG** with H,O and the
present collision-induced reaction experiment of the IMG**-H,0 complex reveals two mechanistic
regimes. The low energy regime is governed by the formation of a set of water complexes. The high
energy regime results in three different downstream product ions from the water complexes: formation of
[9MG + H]* accompanying *OH elimination, C8-hydroxylation accompanying H elimination, and
formation of 7HG*"/6-enol-G** accompanying CH;OH elimination. No radical cation deprotonation was
seen at E ., up to 2.0 eV, as the proton transfer to water from the guanine N1, exocyclic N2a and N2b, and
N9 is endothermic by 2.81, 2.64, 2.86 and 2.73 eV, respectively, per the ®@B97XD/6-31+G(d,p)
calculations.** Following the experiments, three key questions have arisen on which computational
modeling may be able to shed light: (1) what are the mechanisms and dynamics for hydrogen abstraction,
methanol elimination and C8-hydroxylation of 9MG**-H,0? (2) what is the most probable pathway
leading to ultimate OG lesion? and (3) what are the effects of additional water molecules on reaction
thermodynamics and kinetics?

III. Computational Methods
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1. Dynamics Simulations

Direct dynamics trajectory simulations were used to mimic activated IMG**-H,O resulting from
collisions with Xe, aimed at revealing probable reaction pathways and product structures of the
complexes. To explore the effects of more than one explicit water ligand, we included both 9MG**-H,0O
and 9MG**-(H,0), in the computational modeling. Initial conditions for trajectories were set up using a

chemical dynamics program Venus.” 7> Vibrational excitation of the reactants was sampled using the

nihvi
quantum Boltzmann probability distributions at a specific temperature,’ i.e., P(n;) = exp ( — T )1 —

hv; oL , .
exp ( — k,TT)] where v, and n; are the vibrational frequency and quantum number of the i mode, and T is

the simulation temperature. Quasi-classical vibrational states were simulated by giving individual
reactant atoms displacements from equilibrium and momenta that are appropriate to the initial
rovibrational state, with random phases for different modes. Reactant has zero-point energy (ZPE) in all
vibrational modes. Reactant rotational energy (E,.) was sampled from a classical Boltzmann distribution.
The Hessian-based predictor-corrector algorithm’” implemented in Gaussian 0978 was utilized to
integrate classical equations of motion. Because the reaction time scale at a typical experimental
temperature would be far too long for practical trajectory simulations (ion time-of-flight in the mass
spectrometer is up to 500 us), high simulation temperatures were used to accelerate and observe reactions
on a reasonable time scale but not overwhelmingly dissociate reaction complexes or decompose the
9MG"*" moiety in the trajectories. At high temperatures, trajectories may find reaction pathways with
activation barriers too high to be relevant to the experimental condition. However, once enough
trajectories have been collected with statistical meaningful results, all probable reaction pathways could
be identified. Their reaction PESs were mapped out on the basis of the participating reaction
intermediates, transition states (TSs) and products, and the pathways that are able to contribute
significantly to the experiment could be singled out. Besides improving simulation efficiency, trajectories

at high temperatures were able to explore multiple minima in the reactant conformational landscape and
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on the reaction PES. Thus, all the various complex structures could form and contribute to trajectory
outcomes, despite that the trajectories were initiated at a single precursor complex structure. This
demonstrates the advantage of direct dynamics simulations that calculates energy, force constants and
Hessians on the fly and allows molecules to show what reaction pathways and product structures are.

Trajectories were integrated with a step size of 0.25 amu!?-Bohr (corresponding to 0.4 fs each step in
trajectory time), with the Hessian matrix updated every five steps. This step size was small enough for
SCF convergence as well as to keep total energy and momentum conserved throughout the trajectory.
Because millions of gradient and Hessian evaluation were required for each trajectory, a modest level of
theory B3LYP/6-31G(d) was chosen. This method provided the similar calculation accuracy as
B3LYP/6-31+G(d,p) but at a less computational cost. A quadratically convergent SCF method was opted
in to integrate trajectory (i.e., SCF = XQC)” in case the conventional first-order SCF algorithm failed to
converge. Trajectories were terminated when the product separation exceeded 8 A or the trajectory
integration time reached 3 ps. gOpenMol®® was used for trajectory visualization.
2. PES Calculations

Guided by trajectory results, the reactants, intermediates, TSs and products along probable reaction
pathways were each fully optimized using two density functional theories (DFT): B3LYP and ®B97XD,
each of which is paired with the 6-31+G(d,p) basis set. It was reported that the B3LYP-calculated redox
properties of guanine are comparable to those obtained at CBS-QB3,%! while ®B97XD can improve the
orbital description of radical ions by mitigating self-interaction errors.> TSs were verified as first-order
saddle points, and the vibrational mode associated with an imaginary frequency corresponds to the
anticipated reaction pathway. Aside from local criterion, intrinsic reaction coordinate (IRC) calculation
was carried out to verify reactant/product minima connected through each TS.

To examine possible spin contamination in the doublet-state PES, energies and T1-diagnostic?® 3+ of
reaction structures were examined using the domain-based local pair-natural orbital coupled-cluster

single-, double- and perturbative triple-excitation method® DLPNO-CCSD(T)/aug-cc-pVTZ. The
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CCSD(T) theory can handle modest amounts of spin contamination in radicals (e.g., <§?> < 0.8). Finally,
as a sanity check, we explored reaction PES at the complete active space self-consistent field level
CASSCEF/6-31+G(d,p). The active spaces are (9,7) for IMG*", (6,4) for H,O, (16,11) for the 9IMG**-H,O
reaction system, and (21,15) for the 9IMG**-(H,0), system. DFT and CASSCF calculations were carried
out using Gaussian 09.”* DLPNO-CCSD(T) calculations including <$?> and T1 diagnostic were
accomplished using ORCA 4.2 .86
IV. Computational Results and Discussion
1. Trajectories of 9MG**-H,0O

We first simulated 100 trajectories of 9MG*"-H,O at a temperature of 600 K. This temperature was
close to the vibrational temperature that the reactant ions gained in ion-molecule collisions at E.,; = 1.0
eV. Nonetheless, none of the trajectories led to reactions. As rationalized previously, lack of reactions in
the trajectories at the experimental temperature was not surprising as the simulation time was several
orders of magnitude shorter than the ion detection time in the mass spectrometer. To enhance reaction
efficiencies, we simulated 100 trajectories at 1200 K, 300 trajectories at 1800 K, and 100 trajectories at
3000 K. Less than 2% of the trajectories at 1200 K were reactive whereas most of the trajectories at 3000
K showed fragmentation of the 9MG moiety, rendering these two batches of trajectories useless for
examining the chemistry of 9MG** with water. The trajectories at 1800 K, on the other hand, have
demonstrated a rich reaction chemistry. Reactive trajectories at 1800 K may be grouped into three
different categories, as illustrated by representative trajectories shown in Figures 3 — 5 and videos in the
Supporting Information. Each of them is discussed below.
1) Hydrogen abstraction from water by the N7 of 9MG** (designated as HAy; with the subscript
indicating the reaction position at guanine). This pathway, with a trajectory reaction probability of 5 +
1%, represents the most probable reaction mechanism. It leads to the formation of [9IMG + Hy;]* and
neutral *OH radical. Figure 3 plots a representative HAy; trajectory, in which the top frame plots the

system potential energy (PE, along the left axis) and the center-of-mass (CM) separation (along the right

10
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axis) between 9IMG and water in the reactant and between [9IMG + Hy,]|" and *OH in the product, and the
bottom frame plots the breaking of a rH-OH bond in water and the formation of a new rN7-H bond in
[9MG + Hy7]*. Hydrogen abstraction occurs at 280 fs, as evidenced by the crossing over of rH-OH and
rN7-H in the snapshot captured at that time. No obvious PE change was observed at the reaction
moment, and the oscillation in PE is due to reactant/product £.;, including ZPE.
2) Hydrogen abstraction from water by the O6 of 9MG** (designated as HAg). Analogous to HAyy, this
reaction produces a product pair of [9IMG + Hepg]" and *OH. The trajectory probability for HAgg is 3 £
1%. A representative trajectory and a snapshot of HA ¢ are illustrated in Figure 4. Both HAy; and HApg
may contribute to the m/z 166 product ions detected in the collision-induced reaction of 9MG**-H,O.
3) Hydrogen elimination (HE). This reaction pathway has the lowest trajectory probability (1 = 0.5 %).
It reproduces the HE product which we detected in the high-E collisions of guanine radical cations with
water.® In a HE trajectory demonstrated in Figure 5, the CM separation refers to the distance between
OMG** and water in the reactant and between 9MG** and the hydroxyl group within the product. The
reaction is initiated by water dissociation at 250 fs, followed by addition of *OH to the C8 position in
IMG** at 500 fs, forming 8OH-9MG". The system PE increases upon water dissociation and then
decreases upon the C8-OH addition.
2. Qualitative PES for 9MG**-H,0 Calculated at DFT Levels

Guided by the experimental and trajectory results, reaction coordinates of activated 9MG*"-H,O were
mapped out using B3LYP/6-31+G(d,p), as shown in Figure 6. Structures for stationary points and TSs
are depicted in ChemDraw schemes, and their Cartesian coordinates are available in the Supporting
Information. To verify the B3LYP-predicted reaction schemes, we have reoptimized all reaction
structures using ®B97XD/6-31+G(d,p). The two sets of DFT calculations are compared in Table 1.
®B97XD predicted the same reaction coordinates and product channels as B3LYP. The deviations
between B3LYP and ®B97XD-calculated reaction energies are mostly within 0.2 eV. The DFT PES
predicts that the reactions of activated 9IMG**-H,O may start with HAy;, HAos and HE, as shown in

11
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reactions (1 — 3):

TS_HA

9MG** + H,0 —> precursor ——= [IMG + Hy;]* (m/z 166) + *OH (1)
TS_HApe

9MG** + H,0 — precursor [OMG + Hog]" (m/z 166) + *OH )
TS_HE

9MG** + H,0 — precursor —=>  [8-OH-9MG]" (m/z 182) + H 3)

Note that the HE trajectory in Figure 5 shows sequential water dissociation and C8-hydroxylation.
However, the static PES calculations resulted in only a synchronous step mediated by TS HE; no
sequential HE mechanism could be identified. This is because the time delay (250 fs) between water
dissociation and C8-hydroxylation in the trajectory is comparable to the vibrational period of the TS HE
imaginary frequency, thus the two events may combine into a single reaction coordinate in TS HE.

A puzzle in the analysis of trajectory results was that the experimentally detected methanol-
elimination product channel was not reproduced in the trajectories. Note that the trajectory simulations
focused on reactions that happen at the early stage within an activated 9MG**-H,0O, consequently only
primary products could be captured in the trajectories. It is reasonable to assume that the [9MG + H]* and
*OH produced in reactions (1) and (2) further react with each other. As depicted in Figure 6, each of
[OIMG + Hy7]" and [9IMG + Hpg]" may follow two different reaction mechanisms with *OH. The first
mechanism is featured by the attack of *OH at the C8-position, leading to the formation of [SOH-IMG +
Hy7]*t and [BOH-9MG + Hgg]*" as shown in reactions (4a) and (5a). The second mechanism is mediated
by bimolecular nucleophilic substitution (Sx2)-type reaction, leading to methanol elimination and the

formation of 7HG** and 6-eno/-G** as shown in reactions (4b) and (5b).

TS_80H_Hys
9MG ** + H,0 — precursor —> [IMG + Hy;]*+- *OH ———=[8OH-9IMG + Hy]** (42)

TS_Sy2_H
IMG** + H0 — precursor — [IMG + Hyy]"- *OH ———== THG** + CH;OH (4b)

TS_80H_H
OMG** + H,0 —> precursor — [IMG + Hog]*+++ *OH ———== [SOH-9MG + Hog]** (52)

TS_Sn2_H
IMG™* + H,0 — precursor — [IMG + Hog] " *OH ———= 6-enol-G*+ CH;OH  (5b)

12
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The product ions [SOH-9MG + Hy]** and [SOH-9MG + Hpg]** of reactions (4a) and (5a) have the
same m/z (183) as the reactant complex 9IMG**-H,O and therefore could not be distinguished in product
ion mass spectra. The product ions 7HG*" and 6-enol-G** of reactions (4b) and (5b), on the other hand,
constituted the methanol-elimination products in the collision-induced experiment of IMG**-H,O. The
DFT-calculated trajectories and PES have thus rationalized all experimental product ions.

3. PES Refined by CASSCF and Comparison with Experiment

One concern in the DFT calculations is that spin contamination may not be well treated.?” To clarify
whether spin contamination brought about a severe consequence on DFT energies, we performed <S$?>
and T1 diagnostic for each reaction structure at DLPNO-CCSD(T)/aug-cc-pVTZ. Results of <§?>and T1
as well as the DLPNO-CCSD(T)-calculated reaction enthalpies were appended to Table 1. A pure
doublet state is expected to have <§%> = 0.750. According to the calculated <S?> values, most reaction
structures seem to be not severely affected by spin contamination, with their maximum <$2> being 0.767.
On the other hand, the T1 diagnostic of several reaction structures is close to or exceeds 0.02 (and
occasionally 0.03), which implies an important multiconfigurational character for these species. We also
found that the reaction structures of large T1 tend to show large differences between their DFT- and
DLPNO-CCSD(T)-calculated energies, as can be seen in Table 1.

In view of the possible deficiencies of the DFT methods, we proceeded to explore reaction PES at the
multi-reference CASSCF/6-31+G(d,p) level. The active spaces, as specified in computational methods,
are sufficiently large to include the © and ©* orbitals (and the oyo.cy3 orbital in case of Sy2 reactions) of
9MG*" and the 6o, 0¥ and npp) orbitals of H,O. The CASSCF reaction enthalpy was calculated on
the basis of the electronic energy at CASSCF(15,11)/6-31+G(d,p) and the 298 K thermal correction at
B3LYP/6-31+G(d,p), for which ZPE was scaled by a factor of 0.981.%8

The performance of CASSCF vs. B3LYP can be comprehended in Figure 6, wherein energy
differences between the two methods are indicated by green-colored gaps. On the one hand, the

CASSCF-calculated PES reproduced the reaction coordinates predicted by B3LYP, and the CASSCF-
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predicted SOMO orbitals are consistent with the B3LYP-calculated spin density distributions. On the
other hand, compared to the B3LYP values for the same structures, the CASSCF energies decreases by an
amount up to 1.0 eV, except that for [SOH-9IMG + Hy;]*" and [SOH-9MG + Hpg|** for which the energies
increase by 0.2 — 0.25 eV.

According to the CASSCF PES, the most probable product channel corresponds to the formation of
[SOH-9MG + Hy]** via HAy7 in reaction (1), followed by the formation of [SOH-9MG + Hs] ** via
HA ¢ in reaction (2). To compare reactions (1) and (2) with the experimentally measured hydrogen
abstraction threshold energy for 9MG**-H,O (Figure 2c), we used the precursor structure of 9MG**-H,O as
the reaction starting point. With respect to the precursor complex, HAy; has an activation barrier
TS HAyn7; 0f 0.98 eV and product ([9IMG + Hy;]™ + *OH) endothermicity of 0.86 eV; HAgg has an
activation barrier TS HAs of 0.89 eV and product ([9MG + Heg]* + *OH) endothermicity of 1.31 eV, all
of which are CASSCEF values. Therefore, the CASSCEF results predict £, = 0.98 eV (taken as the greater
of rate-limiting barrier and product endothermicity) for HAy; and 1.31 eV for HAgg. The two LOC-fit £,
values in Figure 2¢ (i.e., 1.1 and 1.4 eV) have closely matched the threshold energies of HAy7; and HApg
with respect to the precursor, suggesting the participation of both HAy; and HA g in the experiment.

Reactions (4b) and (5b) account for methanol elimination of collisionally activated IMG**-H,0. We
have also fit the methanol-elimination cross section in Figure 2d using the LOC model, and found it is
composed of two components with £, of 1.8 and 3.0 eV, respectively. The first £ is close to the energy
gap between the activation barrier TS Sy2 Hyy (1.52 eV at CASSCF) and the precursor complex (-0.58
eV) in reaction (4b), and the second E, matches the gap between TS Sy2 Heg (2.46 eV) and the
precursor (-0.58 eV) in reaction (5b). This observation implies that reactions (4b) and (5b) have both
contributed to product ions of m/z 151 in the experiment.

Despite the incapability of verifying reactions (4a) and (5a) in the experiment due to m/z coincidence
between reactant and product ions, the formation of their products [SOH-9MG + Hy;]** and [SOH-IMG +

Hopg]*t can be inferred from two facts. First, the cross sections of reactions (4b) and (5b) are comparable

14
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to those of reactions (1) and (2). This suggests that secondary reactions of [9MG + H]* with *OH are
significant in the experiment. Secondly, on the basis of reaction thermodynamics, reactions (4a) and (5a)
should be more productive than reactions (4b) and (5b), suggesting that the yields of [SOH-9MG + Hy,]**
and [SOH-9MG + Hgg]** should be higher than those of 7THG** and 6-eno/-G**. Notably, reactions (4a)
and (5a) represent critical steps to OG formation.

In the previous work,?® we had calculated a concerted C8-OH addition mechanism, where the OH
group of water attacks the C8-position of 9IMG** meanwhile the remaining H dissociates from the water
and binds to the N7 of 9MG**, forming the same product [SOH-9MG + Hy]** as that in reaction (4a).
However, the activation barrier for synchronized additions is 0.52 eV higher than the two-step additions
mediated by reactions (1) and (4a).

Finally, the HE reaction represents the most energy-demanding pathway with the activation barrier
TS _HE of 2.36 eV and product endothermicity of 2.31 eV above the sum of IMG** + H,O. It emerges
only at high energies, as verified in our previous experiment.>

Using the CASSCEF results, we estimated the rate constants for HAy7, HAos and HE using the TS-

a2y GlE— Eo— B0

based RRKM theory”® as k = , where d is the reaction path degeneracy, G is the

b NIE = Eroe(O)]
sum of accessible states from 0 to £ — Ey— E,,," at individual TS, N is the activated complex’s density of
states, E is the system energy, E, is the TS activation energy, E, and E, are the rotational energies for
the complex and the TS, J is the angular momentum quantum number, and X is the rotation quantum
number. Calculations were done with the RRKM program of Zhu and Hase,® where (2J + 1) K-levels
were counted in k. At the trajectory simulation temperature 1800 K, A(HAy;) is 8.15 x 10° s!, k(HAqg) is
1.71 x 10° s'' and A(HE) is 4.3 x 102 s”l. The resulting branching ratio of HAy; : HAgs : HE is 0.83 : 0.17
: 0. The kinetics results qualitatively agree with the trajectory probabilities in that the HAyy is the most
favorable product channel, followed by HAqe, whereas HE is negligible.

4. C8-OH Addition in the Presence of an Additional Water Ligand

15
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Considering the importance of hydrogen abstraction in leading to C8-hydroxylation and ultimately
the OG lesion in DNA and the fact that multiple water molecules may present around the DNA
nucleobases in vivo, it warrants exploring reactions in the presence of an additional explicit water ligand.
Figure 7 represents an inspiring water-assisted HAys trajectory in 9MG**-(H,0), which was simulated at
1200 K. The top frame of Figure 7 shows the change of PE, and the middle and bottom frames show the
changes of bond lengths in the water-assisted hydrogen abstraction: HAy; between IMG** and one H,O
ligand occurs at 50 fs (shown in the middle frame); in the meantime, the second water transfers an H atom
to the first water (shown in bottom frame).

An analogous water-assisted HA ¢ trajectory is illustrated in Figure S1. The resulting reaction PES
for the water-assisted HAy; and HA g and subsequent C8-OH additions is manifested in Figure 8.
Reaction energies are calculated at the B3LYP, ®B97XD, DLPNO-CCSD(T) and CASSCF levels of
theory, and results are compiled in the second part of Table 1.

The RRKM kinetics modeling was carried out using the CASSCF PES of 9OMG**-(H,0),. It was
found that the values of A(HAy7) and A(HAo¢) with the two water ligands are comparable to those with a
single water. At room temperature, k(HAy7) is 1.6 x 103 s and A(HAg) is 5 x 103 s! for IMG**-(H,0),.
The most important change in the presence of an additional water is that the activation barriers for the C8-
OH attack at [9MG + Hy,]" and [9IMG + Hpg]" decrease significantly (by 0.53 — 0.65 eV) and thus are no
long the rate-limiting steps. This observation has been affirmed at all four different levels of theory.

V. Conclusions

Reactions of the collisionally activated 9MG**-H,O complexes were examined using guided-ion beam
mass spectrometry. Their primary and secondary reaction mechanisms and dynamics were distinguished
and delineated using direct dynamics simulations augmented by reaction PES. The primary reactions of
9MG**-H,0 are hydrogen abstraction from the water ligand by the N7 and O6 atom of IMG**, forming
[OIMG + Hys]" + *OH and [9IMG + Hpg]" + *OH, respectively. The secondary reactions of [IMG + Hy,]*

and [9MG + Hog]* with *OH lead to C8-hydroxylation and methanol elimination. The computational

16
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modeling not only reproduced experimental observations, but also identified low-energy formation
pathways for [SOH-9MG + Hy7]*" and [SOH-9MG + Heg]*". The biological importance of [SOH-9IMG +
Hy7]" and [SOH-9MG + Hpg]" is manifested by their link to the OG lesion in DNA and in the context of
the current knowledge in the hydration vs. deprotonation of guanine radical cations. The guanine residues
in ds-DNA are paired with complementary cytosine via Watson-Crick base pairing, in which the O6 atom
of guanine is anchored to a O6(guanine)-H-N(cytosine) hydrogen bond.” On the other hand, the N7 atom
of the guanine is located at the outer edge of the base pair and may be exposed to more water molecules.
In this sense, formation of [SOH-9MG + Hy,]** is more biologically relevant.

Supporting Information

Instrumentation and experimental details, plots for water-assisted HA g4 trajectory, Cartesian coordinates
for calculated structures, and trajectory videos.
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Table 1  Relative enthalpies (eV, 298 K) of reaction species calculated at different levels of theory and
their spin and T1 diagnostic
B3LYP/ ©B97XD/ ~ DLPNO-CCSD(T)/  CASSCF/ Tl

Speci <§2>¢
pectes 6-31+G(d,p) 6-314G(dp)  augce-pVIZ*  6-31+G(d,p) > diagnostic ¢

Reactions of 9MG+-H,0

9MG™ + H,0 0.0 0.0 0.0 0.0 0.7520 0.020 (OMG™)
9MG™H,0 (precursor) -0.38 -0.42 037 -0.58 0.7518 0.019

TS HAy 0.59 0.78 1.78 0.40 0.7522 0.021

[9MG + Hy,]""OH 0.51 0.43 0.48 0.16 0.7520 0.015

[9MG + Hy]* + "OH 1.00 0.96 0.96 0.28 0.7600  0.015 ([9MG + Hy])
TS_SOH_Hy, 0.83 0.84 0.92 0.46 0.7504 0.016
[SOH-9MG + Hy, " -0.63 -0.85 -0.66 -0.38 0.7507 0.016

TS_ S\2_Hy 2.52 2.87 3.61 1.52 0.7520 0.022

7HG" + CH;OH 0.63 0.77 0.78 -0.14 0.7516 0.021 (7HG™)
TS_ HAog 0.64 0.69 248 0.31 0.7525 0.035

[9MG + Hog]" "OH 0.69 0.68 0.77 0.64 0.7502 0.016

[9MG + Hoe]* + "OH 1.30 1.28 1.21 0.73 0757  0.014 ([9MG + Hogl")
TS_SOH_Hog 1.16 1.15 1.18 0.87 0.7511 0.016
[SOH-9MG + Hog]"* -0.03 0.21 -0.12 0.17 0.7518 0.018

TS_ Sx2 Hos 3.06 3.30 3.41 246 0.7504 0.023
6-enol-G* + CH,0H 1.49 1.67 1.64 0.94 0.7522 0.025 (6-enol-G™)
TS_HE 2.65 2.85 272 236 0.7501 0.015
SOH-9MG* + H 2.32 2.19 2.06 231 0.7500 0.014(

Reactions of IMG**-(H,0),

IMG* + 2H,0 0.0 0.0 0.0 0.0 0.7520 0.020 (OMG™)
9MG*-(H,0), -0.71 -0.79 -0.68 -0.91 0.7516 0.018
TS(H,0)_HA\, 0.30 —d 1.44 0.47 0.7518 0.019
[OMG + Hy7]"-H,0--"OH 0.03 -0.11 0.02 -0.64 0.7501 0.014
TS(H,0)_8OH_Hy, 0.13 0.06 0.23 -0.19 0.7504 0.015
[SOH-9MG + Hy;]""-H,O -1.21 -1.49 -1.23 -0.93 0.7506 0.015
TS(H,0)_HAos 0.07 0.03 —d 0.33 0.7666° 0.019¢
[OMG + Hog]"-H,0--"OH 0.13 0.08 —d 0.17 0.7563¢ 0.016¢
TS(H,O0)_8OH_Hos 0.33 0.27 0.40 0.34 0.7510 0.016
[BOH-9IMG + Hgg]""-H,O -0.80 -1.05 -0.85 -0.35 0.7514 0.018

3 Calculated using the B3LYP/6-31+G(d,p) optimized geometries.

% CASSCF(9,7)/6-31+G(d,p) was used for IMG™*, CASSCF(6,4)/6-31+G(d,p) for H,O, CASSCF(15,11)/6-
31+G(d,p) for IMG**-H,0 reactions, and CASSCF(21,15)/6-31+G(d,p) for IMG**-(H,0), reactions.

) Calculated at DLPNO-CCSD(T)/aug-cc-pVTZ. <S8%> = 0 for H,O and methanol.
9 SCF calculation was not converged.

9 <$§?>and T1 diagnostic were obtained at CCSD(T)/6-31+G(d,p).
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Figure Captions

Fig. 1

Fig .2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Formation of different IMG**-H,O complex structures in the collisions of IMG**" with water.
Distribution probabilities are based on 100 trajectories simulated for IMG** + H,O at E, = 0.1
eV. Hydration sites are indicated by the last two numbers in notations. Hydration energies
(AHhydration, €V, with respect to starting reactants) were evaluated at DLPNO-CCSD(T)/aug-cc-
pVTZ//®B97XD/6-31+G(d,p) with 298 K thermal corrections.

(a) Product ion mass spectrum for collision-induced reactions of 9IMG**-H,0 at E.,; = 1.0 eV; and
(b — d) cross sections of individual product ions as a function of E,,;, where circled points are
experimental data and red lines are LOC fits.

A trajectory for hydrogen abstraction from water by the N7 of 9IMG*", simulated at 1800 K using
the B3LYP/6-31G(d) method. The top frame shows the changes of PE and reactant/product CM
separation, and the bottom frame shows variations of reactive bond lengths. A trajectory video is
provided in the Supporting Information.

A trajectory for hydrogen abstraction from water by the O6 of 9IMG*", simulated at 1800 K using
the B3LYP/6-31G(d) method. The top frame shows the changes of PE and reactant/product CM
separation, and the bottom frame shows variations of reactive bond. A trajectory video is provided
in the Supporting Information.

A trajectory for hydrogen elimination in 9MG**-H,0, simulated at 1800 K using the B3LYP/6-
31G(d) method. The top frame shows the changes of PE and CM separation between the IMG**
and water moieties in 9MG*"-H,0 and between the 9MG** moiety and 8-hydroxy group within
80OH-9IMG", and the bottom frame shows variations of reactive bond lengths. A trajectory video is
provided in the Supporting Information.

Reaction PES for 9MG**-H,O calculated at B3LYP/6-31+G(d,p) and CASSCF(15,11)/6-
31+G(d,p)//B3LYP/6-31+G(d,p), respectively. Reaction enthalpies (eV, with respect to separated
9MG** and H,0) were evaluated at 298 K.

A trajectory for water-assisted HAn7 in IMG**+(H,0), simulated at 1200 K using the B3LYP/6-
31G(d) method. The top frame shows the change of PE, and the middle and bottom frames show
the variations of reactive bond lengths. A trajectory video is provided in the Supporting
Information.

Reaction PES of OMG**-(H,0), calculated at B3LYP/6-31+G(d,p) and CASSCF(21,15)/6-
31+G(d,p)//B3LYP/6-31+G(d,p), respectively. Reaction enthalpies (eV, with respect to separated
IMG** and two H,0) were evaluated at 298 K.

21



Physical Chemistry Chemical Physics

Fig. 1
40 ~

X

)

z

®

Q

e

o
precursor W12a W16
Athdration: -0.4 -0.68 -0.58

22

- precursor

W2b
-0.37 -0.48 eV

Page 22 of 29



Page 23 of 29

Fig. 2
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Fig. 3
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Fig. 4
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Fig. 6
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Fig. 8
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