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ABSTRACT: We report the generation and spectroscopic study of
hydrogen-rich DNA tetranucleotide cation radicals (GATC+2H)**
and (AGTC+2H)"*. The radicals were generated in the gas phase
by one-electron reduction of the respective dications (GATC
+2H)*" and (AGTC+2H)*" and characterized by collision-induced
dissociation and photodissociation tandem mass spectrometry and
UV—vis photodissociation action spectroscopy. Among several
absorption bands observed for (GATC+2H)*®, the bands at 340
and 450 nm were assigned to radical chromophores. Time-
dependent density functional theory calculations including vibronic
transitions in the visible region of the spectrum were used to
provide theoretical absorption spectra of several low-energy
tetranucleotide tautomers having cytosine-, adenine-, and thy-
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mine-based radical chromophores that did not match the experimental spectrum. Instead, the calculations indicated the formation of
a new isomer with the 7,8-H-dihydroguanine cation radical moiety. The isomerization involved hydrogen migration from the
cytosine N-3—H radical to the C-8 position in N-7-protonated guanine that was calculated to be 87 kJ mol™" exothermic and had a
low-energy transition state. Although the hydrogen migration was facilitated by the spatial proximity of the guanine and cytosine
bases in the low-energy (GATC+2H)"** intermediate formed by electron transfer, the reaction was calculated to have a large negative
activation entropy. Rice—Ramsperger—Kassel-Marcus (RRKM) and transition state theory kinetic analysis indicated that the
isomerization occurred rapidly in hot cation radicals produced by electron transfer with the population-weighed rate constant of k =
8.9 X 10’ s™. The isomerization was calculated to be too slow to proceed on the experimental time scale in thermal cation radicals at

310 K.

B INTRODUCTION

Tonization of DNA by high-energy particles generates transient
cation radicals that undergo subsequent chemical reactions.'
Among those, reactions involving electron transfer along the
DNA double strand have been investigated most frequently by
experiments that focused on the kinetics and downstream
analysis of radical products formed by reactions with solvent or
other components in the reaction mixture.” ® In contrast to
electron transfer, proton transfer between an ionized and
neutral nucleobase has been considered to occur in guanine—
cytosine (G—C) and adenine—thymine (A—T) Watson—Crick
pairs. Experimental studies of oligonucleotides tagged with
oxidizable groups have revealed rapid deprotonation of
guanine cation radicals.”® Proton transfer between base pairs
has been investigated in solution’ " and studied in silico by
density functional theory (DFT) calculations to indicate the
proton recipient position.'*”"* In a gas-phase study of the G—
C cation radical complex, O’Hair and co-workers have utilized
infrared multiphoton dissociation action spectroscopy to assign
the ion structure as resulting from a proton transfer between
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the nucleobases."” However, there have been few reports
addressing the possibility of proton transfer along the DNA
strand in cation radicals."

Recently, we have generated several dinucleotide cation
radicals in the gas phase and studied their structure and
reactivity using UV—vis photodissociation (UVPD) action
spectroscopy in combination with tandem mass spectrometry
and time-dependent DFT calculations.”*™** In our approach,
the cation and radical moieties were generated on separate
nucleobases in the form of the respective proton and hydrogen
atom adducts. The nucleobase radicals have been found to
have specific spectroscopic signatures when studied by UVPD
action spectroscopy that allowed us to assign the position of
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Scheme 1. Formation of (GATC+2H)"*
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the hydrogen atom determining the radical site. One feature
that has been found by our studies was interbase hydrogen
atom transfer that spontaneously occurred in (AA+2H)** and
(GG+2H)"** dinucleotide cation radicals within milliseconds of
their formation.””*" We observed that, while interbase
hydrogen transfer from (C+H)® to (G+H)* was substantially
exothermic and therefore thermodynamically favored, it
occurred to a different extent in dinucleotide cation radicals
(CG+2H)*™ and (GC+2H)** because of kinetic constraints
imposed by the backbone conformation.”’ This raised the
question of the thermodynamics, kinetics, and mechanism of
hydrogen atom migration in larger oligonucleotide cation
radicals. Here, we report the generation and spectroscopic
investigation of tetranucleotide cation radicals containing
combinations of all four DNA nucleobases, as in (GATC
+2H)"* and (AGTC+2H)"*. We wish to show that these large
and complex systems are amenable to detailed structural
analysis by UV—vis action spectroscopy and electronic
structure calculations.

B EXPERIMENTAL SECTION

Materials and Methods. DNA tetranucleotides GATC
and AGTC were custom-synthesized by Integrated DNA
Technologies (Coralville, IA) and used as received. Mass
spectra were measured on a modified Bruker amaZon Speed
3D ion trap mass spectrometer equipped with an auxiliary ion
source for electron transfer dissociation (ETD) and coupled to
a laser.” The tetranucleotides were dissolved in 50:50:1
acetonitrile—water—acetic acid at 10—20 uM concentrations
and electrosprayed into the ion trap. The doubly charged ions,
(GATC+2H)*" or (AGTC+2H)*", were selected by mass and
subjected to one-electron reduction by ion—ion reactions with
fluoranthene anion radicals at a 150 ms reaction time. The
resulting cation radicals were again selected by mass in the ion
trap and probed by laser photodissociation. The laser beam
was provided by an EKSPLA NL301G Nd:YAG laser (Altos
Photonics, Bozeman, MT, USA) working at 20 Hz frequency
and 3—6 ns pulse width. The photon pulses were treated by a
PG142C unit (AltosPhotonics, Bozeman, MT, USA) which
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incorporated a third harmonic generator and optical para-
metric oscillator coupled with an optional second harmonic
generator to enable wavelength tuning in the range of 210—
700 nm. The laser beam (6 mm diameter) exiting the PG142C
unit was aligned and focused into the ion trap. The laser pulse
energies were measured at each experimental wavelength using
an EnergyMax-USB J-10MB energy sensor (Coherent Inc.,
Santa Clara, CA, USA) to calibrate the action spectra. The
measured photofragment ion intensities were normalized to
the number of photons per pulse.

Calculations. Precursor (GATC+2H)>" dication structures
were obtained for 18 combinations of protomers in which
protons were placed in the basic positions on different
nucleobases, which were N-7 on G, N-1 or N-3 on A, O-2
or O-4 on T, and N-3 or O-2 on C. Conformation analysis of
the dications was performed by Born—Oppenheimer molecular
dynamics (BOMD) calculations using the semiempirical all-
valence-electron PM6 method®* supplemented with correc-
tions for dispersion and hydro§en bonding interactions, PM6-
D3H4,”® and run by MOPAC?® under the Cuby4 platform,”’
as described previously.”> BOMD trajectories were run for 20
ps at 410—610 K using the Berendsen thermostat algorithm.*®
Selected low-energy conformers from the BOMD runs of each
protomer were reoptimized by density functional theory
(DFT) calculations using the B3LYP,” wB97X-D,* and
M06-2X>" hybrid functionals. The B3LYP calculations of
dications were performed with the 6-31G(d,p) basis set to
provide harmonic frequencies that were used to calculate ion
enthalpies and entropies at the ion trap temperature (310 K).
The wB97X-D and M06-2X calculations were carried out with
the 6-31+G(d,p) basis set to provide the electronic terms. The
combined electronic, enthalpy, and entropy terms were
combined to produce free energies that were used to rank
conformers of each protomer. In addition, solvation energies in
water were calculated with ®B97X-D/6-31+G(d,p) using the
polarizable continuum model.>> The lowest-free-energy gas-
phase ions in each group were used for the selection of
protomers in the charge-reduced tetranucleotide cation
radicals. Cation radical structures were optimized by B3LYP
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Figure 1. ETD-MS? spectra of (a) (GATC+2H)*" and (b) (AGTC+2H)** ions at m/z 587.5. Insets show the charge reduced ions at m/z 1175.
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Figure 2. CID-MS? spectra of (a) (GATC+2H)** and (b) (AGTC+2H)** ions at m/z 11785.

and M06-2X calculations with the 6-31+G(d,p) basis set that the M06-2X/6-31+G(d,p) optimized geometries. Atomic spin
were run within the spin unrestricted formalism. Single-point densities were calculated using the natural population
energies were calculated with M06-2X/6-311++G(2d,p) on analysis™ of the M06-2X/6-31+G(d,p) wave functions.
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Based on our previous benchmarks,** we selected UMO06-
2X/ 6—31+G(d,p) for time-dependent DFT calculations™ of an
extensive set of vertical and vibronic transitions in the cation
radicals. Vertical excitations were calculated for 90—145
excited states to probe transitions within the experimentally
studied region of 210—700 nm. To calculate vibronic
excitations, we used 300 Boltzmann-ranked ground-state
configurations that were generated by the Newton X
program®® from the B3LYP/6-31+G(d,p) calculated harmonic
normal modes of each cation radical at 310 K and submitted
for TD-DFT calculations. The number of excited electronic
states in these vibronic TD-DFT calculations (12—13) was
chosen to include excitations with wavelengths down to ca. 270
nm, covering the structurally characteristic part of the
experimental wavelength range of 210—700 nm. All of the
electronic structure calculations were performed with the
Gaussian 16 (revision A.03) suite of grograms.37 Rice—
Ramsperger—Kassel—Marcus calculations®® were run with a
QCEP program™ that was recompiled for Windows 7.** The
calculations were performed in the 88—795 k] mol™" energy
range with 2.092 kJ mol™" (0.5 kcal mol™") steps and with a
direct count of quantum states for the 387 and 386 normal
modes in the reactant and transition state, respectively.
Rotations were treated adiabatically, and the microcanonical
k(EJK) rate constants were Boltzmann-averaged over the
population of rotational states at 310 K. Transition state theory
calculations used the standard formula with the M06-2X/6-
311++G(2d,p) activation energy and partition functions based
on B3LYP/6-31+G(d,p) normal-mode vibrational analysis.

Bl RESULTS AND DISCUSSION

lon Formation. Cation radicals (GATC+2H)** and
(AGTC+2H)** were generated from the tetranucleotides, as
shown for (GATC+2H)"* in Scheme 1. Electrospray
ionization (ESI) of the tetranucleotide solutions produced
the respective dications, (GATC+2H)*" and (AGTC+2H)>,
as the dominant ion species at m/z 587.5 (Figure Sla,b,
Supporting Information). The dications were isolated by mass
and partially reduced by electron transfer in ion—ion reactions
with fluoranthene anions. These reactions yielded (GATC
+2H)** and (AGTC+2H)"** cation radicals at m/z 1175 as the
main products (Figure lab), that were accompanied by
fragment ions by loss of water (m/z 1157) and backbone
cleavage (m/z 965). The cation radicals were isolated by mass
and interrogated by MS?® collision-induced dissociation (CID)
and UVPD spectra.

CID of both (GATC+2H)** and (AGTC+2H)** (Figure
2a,b) proceeded with elimination of the dehydrocytidine
radical moiety (CoH;,N;0;, 210 Da) from the 3’-terminus,
producing the dominant even-electron fragment ions at m/z
965 that were also observed to form spontaneously upon
electron transfer (Figure la,b). This dissociation was
analogous to the standard backbone cleavage and formation
of dy ions upon fragmentation of even-electron nucleotide
cations.""** Loss of neutral 3’-cytosine (m/z 1064) and 5'-
guanine (m/z 1024) nucleobases was observed as minor
dissociations of (GATC+2H)** (Figure 2a), whereas loss of
terminal nucleobases (A and C) from (AGTC+2H)"* was
negligible (Figure 2b). Consecutive dissociations of the ds ions
were investigated by further CID-MS® (Figure S2a,b,
Supporting Information) and MS* (Figure S3ab). These
spectra revealed a loss of guanine (m/z 814) from both
d;(GAT)" and d;(AGT)", whereas loss of adenine (m/z 830)
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was significant only from the S’-position in d;(AGT)". The
loss of the S'-terminal nucleobase was followed by an
elimination of the 3’-phosphoric acid, giving fragment ions at
m/z 716 and 732 from d;(GAT)* and d;(AGT)*, respectively.
The nucleobase positions in these cations clearly affected the
dissociations, with the 5'-base dissociating more readily.
Photodissociation and Action Spectra. UVPD of
(GATC+2H)** was first investigated at 245 nm, where regular
DNA®™ as well as DNA gas-phase ions have absorption
bands.*® The spectrum (Figure 3a) showed a dominant
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Figure 3. UVPD spectra (245 nm, two laser pulses) of (a) (GATC
+2H)** and (b) (AGTC+2H)"* ions at m/z 1175. The inset in part a
shows the dependence of precursor ion relative intensity on the
number of laser pulses.

fragment ion at m/z 716 which we assigned to a secondary
elimination of guanine and H;PO, from the dj ion. Another
possibility, the isobaric (z; — C)* ion with the same theoretical
C,sH;,N,0,,P, composition, was less likely because of the
absence in the spectrum of its z; precursor at m/z 827. The
pulse-dependent measurement (inset in Figure 3a) showed a
complete depletion of the (GATC+2H)** precursor ion after
>6 laser pulses at 245 nm. The UVPD spectrum of (AGTC
+2H)** (Figure 3b) was different, showing a dominant d
fragment ion at m/z 965 but little further dissociation by loss
of nucleobases or H;PO,. A prominent fragment ion at m/z
412 can be assigned to the consecutive elimination of guanine
and H;PO, from the d,* ion (m/z 661). The similarity of the
CID and UVPD spectra is remarkable. Despite the different
excitation modes and energetics, the spectra displayed the
same type of dissociations that involved backbone cleavages

https://dx.doi.org/10.1021/acs.jpcb.0c01693
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and phosphoester eliminations. This indicated that the excited
electronic states in the radicals accessed by UVPD were rapidly
converted to vibrationally hot ground electronic states to drive
the dissociations. This is analogous to the ultrafast internal
conversion of excited electronic states in nucleobases and
nucleosides, as studied in solution*®*’ and the gas phase.48_51

The fragment ions identified by single-wavelength UVPD
were then used to monitor the action spectra of (GATC
+2H)™ and (AGTC+2H)"™* in the 210—700 nm range. The
action spectrum of (GATC+2H)*®, when expressed as a sum
of photofragment ion channels (Figure 4a), displayed several
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Figure 4. UVPD action spectra of (GATC+2H)** plotted as (a) sum
of fragment ion intensities and (b) mass resolved photodissociation
channels.

bands with maxima at 220, 250, 270, 290, 340, 450, and what
appeared as a very weak band at 575 nm. The main
contribution to the 220 nm band was from the d;* fragment
ion channel (Figure 4b) that also showed maxima at 280, 340,
and 450 nm. The other major channel, represented by the m/z
716 ion, showed band maxima at 220, 270, 330, and 450 nm,
The m/z 814 channel, assigned as (dy — G)*, showed bands
with maxima at 250, 300, 330, and 450 nm (Figure 4b).

The action spectrum of (AGTC+2H)** (Figure Sa)
displayed bands with maxima at 220, 255, 280, 330, and 570
nm, the last pertaining to a broad band stretching between 520
and 620 nm. The individual photofragment channels were
represented by the d;" ion (m/z 965) with maxima at 220, 270,
290, 335, and 570 nm, and the m/z 412 ion appearing at 260
and 320 nm (Figure Sb). Overall, the action spectra of (GATC
+2H)** and (AGTC+2H)** displayed differences in both the
intensities of the bands in the visible region of the spectrum
and the contributions of individual fragmentation channels to
bands at 260 and 340 nm. In particular, the channels
represented by consecutive dissociations, such as those of
(dy; — G)* and (d; — G — H3PO,)*, were more intense with
(GATC+2H)*".

The action spectra of (GATC+2H)"*® and (AGTC+2H)"*
were substantially different from the gas-phase absorption
spectra of neutral adenine and guanine that have been reported
by Clark et al. to display major bands with maxima at 252 and
274 nm, respectively.*> The spectra of gas-phase thymine and
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cytosine have not been reported although calculations by
Sapunar et al. have suggested absorption bands with maxima at
253 nm for thymine and 292 and 235 nm for cy‘cosine.43 Thus,
the 250—280 nm bands in the action spectra of the cation
radicals may indicate absorption by neutral nucleobases. In
contrast, the long-wavelength bands at 4 > 300 nm can be
unequivocally assigned to radical chromophores produced by
electron transfer. We also obtained reference action spectra of
singly and doubly protonated GATC and AGTC (Supporting
Figure S4a,b and Figure SSab, respectively) that were quite
similar to the action spectra of dinucleotide mono- and
dications reported previously.”” In particular, the spectra of
both (GATC+2H)** and (GATC+H)' showed composite
bands with maxima at 265 nm, another intense band below
210 nm, but no absorption above 300 nm (Figure S4a,b).

Precursor Dication Structures. To interpret the action
spectra of the cation radicals and assign structures, we
undertook a systematic computational study of precursor
dications and cation radicals produced upon one-electron
reduction. First, we addressed the question of protonation sites
in the tetranucleotides to assess the energetically favorable
dication protomers and their conformations in the gas phase.
The energetically favored protonation sites in nucleobases and
nucleosides have been studied previously by experiment and
theory.”' ~°' The standard numbering of ring positions in DNA
nucleobases is shown in Scheme 2.

Adenine is known to favor protonation at N-1, with N-3 and
N-7 being the other possible protonation sites.’" >3
Guanine favors protonation at N-7 and, to a lesser extent,
0-6.°>°¥3%%7 Cytosine is promiscuous in that it favors
protonation at N-3 and O-2 to a very similar extent.**”®!
Thymine, which is the least basic DNA nucleobase,” favors
protonation at O-2 and 0-4.° By combining these protonation
sites for placing two protons in different nucleobases in
(GATC+2H)**, we generated 18 theoretical protomers. These
were labeled according to the proton positions; for example,
G7C3 refers to the structure protonated at guanine N-7 and
cytosine N-3. For each protomer, we generated several initial
ad hoc conformations that were subjected to BOMD

https://dx.doi.org/10.1021/acs.jpcb.0c01693
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Scheme 2. Ring-Position Numbering in DNA Nucleobases
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calculations yielding 20 ps trajectories at 310 K. After selecting structure of G7C3a (Figure S6, Supporting Information)
200 conformers at 100 fs intervals from each trajectory, the showed slightly longer N3—H:--O—P and N7-H--O-P H-
structures were fully gradient-optimized with the goal of bonds but overall was very similar to that from M06-2X. This
identifying the lowest energy conformers. Selected low-energy indicated that the tight H-bonding of S’-guanine to the
structures from this round of geometry optimizations were phosphate and the 3’-OH contributed to a folded structure in
further reoptimized with B3LYP to provide harmonic which the guanine and cytosine nucleobases were in proximity.
frequencies and identify local energy minima. One hundred Such a folding of nucleotide dications, as presented by G7C3a,
B3LYP structures were used for the final rounds of is unprecedented. For example, low-energy conformers of (GC
optimizations that were performed with @B97X-D and MO06- +2H)*" and (CG+2H)>" have been found to prefer extended
2X and the 6-31+G(d,p) basis set. Single-point M06-2X structures, minimizing Coulomb repulsion between the
energies and wB97X-D solvation energies in water were also charged nucleobases. Evidently, increasing both the size of
obtained, and the dications were ranked by free energy (Table the dication and the number of intramolecular hydrogen bonds
1). The M06-2X/6-311++G(2d,p) relative energies are in tetranucleotides overcomes charge repulsion interactions to
allow low-energy folded structures to develop.
Table 1. Relative Free Energies of (GATC+2H)>" Dications The pairing of the formally distant protonated 5’-G and
_ . neutral 3'-C was also indicated for the second lowest energy
GRS G gas-phase structure G7Ala (Figure 6). This ion showed two
ion ®B97X-D* Mo6-2X" wB97X-D(aq)* G—C hydrogen bonds, and the conformation was further
G7C3a 0 0 0 buttressed by H bonding between the adjacent A and T,
G7Ala 12 0.2 37 resulting in separated G—C and A—T pairs. Hydrogen bonding
G7A3 26 10 22 between protonated and neutral nucleobases occurred to
AIC2 44 13 66 various extents in the other low-energy dication isomers.
Al1C3a 18 17 22 Strong G—C hydrogen bonds were found in structures G7A3,
G7C3b 29 24 42 A1C2, A1C3a, G7Alb, A1C3b, and A3C2b. Structure
G7A1b 29 26 50 A1C3b, which was substantially stabilized by solvation in
A3C2a 46 29 22 water, showed G—T and C—T hydrogen bonds, whereas the
A1C3b 43 30 3 protonated adenine ring was not internally solvated. Other
A3C2b 49 36 22 combinations of internucleobase hydrogen bonding were G—A
“In kJ mol ™. bIncluding B3LYP/6-31G(d,p) zero-point energies and and C—T in G7C3b and G-T in A3C2a (Figure 6).
310 K enthalpies and entropies. “Based on @B97X-D/6-31+G(d,p) Cation Radical Structures Following Electron Attach-
optimized structures. “Based on M06-2X/6-31+G(d,p) optimized ment. The structures of low-energy dications served as
structures. “Including polarizable continuum model solvation energies starting points for the geometry optimization and conforma-
in water dielectric. tional analysis of cation radicals. Attachment of an electron to
(GATC+2H)** dications of the G7C3 type resulted in several
discussed in the text. The Table 1 data indicated that the cation radicals from which we selected two lowest-energy
energetically favored protonation motifs in the order of conformers, G7rC3a and G7rC3b (Figure 7, Table 2). Radical
increasing free energies were G7C3, G7Al, G7A3, AlC2, G7rC3a had a high spin density in the reduced cytosine ring,
A1C3, and A3C2 that had at least one conformer within 30 kJ as indicated by the calculated NPA spin populations.™
mol™" of the G7C3 global minimum. The structures of the Interestingly, the structural features that were characteristic
lowest-energy conformers of each protonation motif are shown of the precursor dication (G7C3a), which were the G—C
in Figure 6. Since the dications were formed by protonation in hydrogen bonds and the A-N-3—H"---~O—P zwitterion dipole,
electrospray microdroplets and then transferred to the gas were largely conserved in G7rC3a. In contrast, electron
phase containing the solvent vapor, relative free energies in attachment leading to G7rC3b triggered substantial con-
both solution and the gas phase can play a role in determining formation changes. This cation radical also had a reduced
the tautomer formation. cytosine ring, which, however, was not H-bonded to the other
The lowest free-energy dication structure in both the gas nucleobases. Instead, G7rC3b developed hydrogen bonds
phase and aqueous environment (G7C3a) had a zwitterionic between the protonated guanine and neutral thymine and
structure in which a phosphoester proton moved to the adenine bases, resulting in a globular conformation (Figure 7)
adenine N-3 position (Figure 6). This structure showed two that was disfavored against G7rC3a by low entropy.
very short hydrogen bonds, one at 1.436 A for adenine N3— The low-energy cation radical produced from dications of
H-O—P and the other at 1.471 A for guanine N7—H--O—P. the G7Al type (G7A1rT) had a more unusual structure,
In contrast, the only internucleobase hydrogen bond in G7C3a showing a radical site in a thymine hydrogen adduct (Figure
was between C—N3—H and T—02. The ®B97X-D-optimized 8). This was likely created by intramolecular proton transfer
3510 https://dx.doi.org/10.1021/acs.jpcb.0c01693
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Figure 7. M06-2X optimized structures of low-energy cytosine-based
radicals. The atom color coding is as in Figure 6.

from G-N-7—-H to an intermediate thymine anion radical
formed by electron capture. Related zwitterionic intermediates
with protonated G and A and anion-radical T were obtained as
local energy minima but were at substantially higher energies
than G7AI1rT. Cation radical G7AlLrT displayed a large
number of internucleobase hydrogen bonds, resulting in a
globular structure of low entropy.

Electron attachment to dications of the G7A3 type produced
adenine radicals with only minor changes of the conformation
relative to the precursor dication G7A3, as illustrated with
G7rA3 (Figure 8), which was the lowest-energy conformer in
this group. Reduction of dications of the A1C2, AIC3, and
A3C3 type yielded cytosine radicals, as illustrated by the
respective lowest-energy conformers within each group,
Al1rC2, A1rC3, and A3rC3 (Figure 7). Finally, reduction of
A3C2 dications placed the electron in the adenine ring in low-
energy cation radicals such as rA3C2 (Figure 8). Overall, the
cation radicals of different protonation types showed a larger
spread of relative energies than did the respective dications.

3511

Table 2. Relative Free Energies of (GATC+2H)** Cation
Radicals

relative energy™”

ion® radical sites” MO06-2X%"
G7rC3a C4,6 0 (0)
G7rC3b C4,6 3 (16)
G7ALT T4,6 8 (35)
G7rA3 A26 45 (49)
Al1rC3 C4,6 45 (49)
A3rC3 C4,6 55 (55)
rA3C2 A2,6 74 (70)
AlrC2 C4,6 91 (93)
G7rA8 A2,6,9 —72 (=55)
rG78a G7,5,9 —87 (=72)
rG78b G7,5,9 =51 (-29)
G7rC3a — TSy 68
rG78a — d;" + w,* 159 (75)
rG78a — d;* + w,"* 132 (47)

“In kJ mol™". “Including B3LYP/6-31+G(d,p) zero-point energies
and referring to 0 K. “rA, rC, rG, and rT refer to the nucleobase
harboring the additional hydrogen atom at the indicated ring position.
Sites of highest atomic spin densities in nucleobases. “Single-point
MO06-2X/6-311++G(2d,p) energies on M06-2X/6-31+G(d,p) opti-
mized structures. "Relative free energies at 310 K in parentheses.

To assign the experimental action spectrum of (GATC
+2H)"®, we first obtained electronic excitation energies and
absorption band intensities for 60—100 excited states of low-
energy (GATC+2H)** cation radicals to cover the exper-
imental wavelength range down to below 210 nm. The excited
states were calculated by TD-DFT M06-2X/6-31+G(d,p) that
we have previously benchmarked on equation-of-motion
coupled cluster calculations of nucleobase cation radicals.**
The calculated spectra of all of the cytosine-based radicals
(G7rC3a, G7rC3b, A1rC3, A3rC3, and A1rC2 (Figure S7a—
e, Supporting Information) as well as the thymine-based
radical G7A1rT (Figure S7f) showed very weak bands at 4 >
300 nm that were incompatible with the action spectrum of
(GATC+2H)**. The adenine-based radicals G7rA3 and
rA3C2 showed weak bands in the 480—S560 nm interval
(Figure S7g/h) but again no significant absorption in the 300—

https://dx.doi.org/10.1021/acs.jpcb.0c01693
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Figure 8. M06-2X optimized structures of low-energy thymine-,
adenine-, and guanine-based radicals. The atom color coding is as in
Figure 6.

380 nm range that could match the band in the action
spectrum. The calculated electronic transitions are summarized
in Supporting Tables S1—S11.

Cytosine—Guanine Isomerization. The above-described
results indicated that the GATC cation radicals did not retain
the expected primary cytosine or adenine radical units after
being generated by electron transfer to the protonated
nucleobases. To interpret the experimental data, we considered
other chromophores formed by isomerization of the lowest-
energy charge-reduced structures. Cation radical G7rC3a had a
close interaction between the protonated guanine and radical-
carrying cytosine rings that led to a low-energy transition state
(TSmlg) for cytosine N-3—H migration to the C-8 position in
guanine (Scheme 3). The optimized geometry of TSpmig
indicated that it was an early transition state that was only
68 k] mol™' above the G7rC3a reactant (Table 2). The
isomerization was exothermic (AH, = —87 kJ mol ™, Table 2),
yielding 7,8-dihydroguanine cation radical rG78a (Scheme 3).
Another dihydroguanine cation radical conformer of AH, =
—51 kJ mol™' (rG78b, Table 2) could also be formed
exothermically from G7rC3a. It is noteworthy that the
isomerization within the G—C system also resulted in a proton
transfer from adenine N-3—H to the proximate phosphate

anion, collapsing the zwitterion and reforming the neutral
adenine base (Scheme 3). An alternative isomerization of
G7rC3b by cytosine hydrogen migration to adenine C-8 was
also substantially exothermic to form radical G7rA8 (AH, =
—72 kJ mol™!, Table 2). However, an interaction between the
3'-terminal cytosine and internal adenine rings to allow N-3—
H atom migration would require a substantial reorganization of
the ion conformation to reach the transition state. In particular,
the TS for the H-migration favored a near linear arrangement
of the involved C-8---H-"N-3 atoms which was 154 in TS,
(Scheme 3). Such an arrangement was difficult to achieve for
the C — A migration where it was expected to result in an
interruption of multiple hydrogen bonds in G7rC3b, which
would be associated with a substantial increase of potential
energy and a higher-energy transition state.

TD-DFT absorption spectra were calculated for rG78a,
rG78b, and G7rA8, including vibronic transitions for 12—13
excited states (Figure 9a—c). The limited number of excited
states in these calculations was dictated by the large number of
vibrational configurations (300) in the ground-state cation
radicals to be considered for TD-DFT vertical excitations in
these rather large open-shell systems of 1773 basis functions
(2964 primitive gaussians). All three spectra showed
transitions in the 300—400 nm region that were vibronically
broadened beyond 450 nm for rG78a and G7rA8, and even
beyond 550 nm for rG78b. The effect on the vibronic spectra
of the ion conformation in rG78a and rG78b was remarkable,
and it can be attributed to an enhancement of transition
moments to the dark B (for rG78a) and B and C (for rG78b)
states in thermal ions (Supporting Tables S9—S11). The low
(A—D) excited states corresponded to 7 — 7* transitions
within the dihydroguanine moiety, as shown for rG78a (Figure
10). No G — T* charge-transfer excitation was indicated for
the low excited states that could have been facilitated by the
thymine proximity and electron affinity.” This can be
explained by the unfavorable orientation of the interacting
dipoles that are nearly perpendicular due to the position of the
guanine and thymine rings in rG78a (Scheme 3). On the basis
of spectra match and isomerization feasibility, we assigned
rG78a as the dominant component of (GATC+2H)"® cation
radicals produced by electron transfer.

Energetics and Kinetics of (GATC+2H)** Formation.
The observation of nondissociating cation radicals upon

Scheme 3. Isomerization of (GATC+2H)** Cation Radicals
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Figure 9. M06-2X/6-31+G(d,p) TD-DFT spectra and optimized
structures of (a) rG78a, (b) rG78b, and (c) G7rA8. The black-line
band shapes are from artificial broadening of the calculated excitation
lines by convolution with Lorentzian peak shapes at 10 nm full width
at half-maximum. The red-line band shapes are from 300 vibronic
calculations of 12—13 excited states in the wavelength range shown by
brackets. Green bars show the errors in the calculated oscillator
strength.

electron-transfer reduction of (GATC+2H)*' and (AGTC
+2H)** raised the question of the electron transfer energetics
and the cation radical stability. Previous studies of DNA
dinucleotides and RNA dinucleotide chimeras have reported
extensive dissociation of cation radicals upon electron
transfer.””?' In contrast, hexanucleotide cation radicals have
been reported to be stable when produced by electron transfer
to the corresponding dications.”> The energetics of the cation
radical formation was evaluated from the enthalpies of the
ion—ion reactions for (GATC+2H)** (eq 1):

(GATC+2H)** + fluoranthene™*

— (GATC+2H)"* + fluoranthene (1)

A previous study of the electron transfer energetics concluded
that electron detachment from the anion forms the
fluoranthene molecule in its ground (S,) electronic state.®*
Thus, the energy balance in eq 1 (AH,,,) can be expressed by
the enthalpy terms for the ground states of the reactants and
products, according to eq 2, where AH; are the pertinent
enthalpies of formation at the experimental temperature, RE <
0 is the adiabatic recombination energy of (GATC+2H)"*, and
EA > 0 is the electron affinity of fluoranthene.®*

3513

Figure 10. M06-2X/6-31+G(d,p) molecular orbitals representing the
ground (X) and low excited electronic states in G78ra. Excitation
wavelengths and oscillator strengths (f) are also shown.

AH_ = AH¢(fluoranthene) + AH/(GATC+2H)"*
— AH{(fluoranthene) * — AHf(GATC+2H)2Jr
= RE(GATC+2H)"* + EA(fluoranthene) (2)

The RE(GATC+2H)™ was calculated as —562 kJ mol™,
which was combined with the calculated EA(fluoranthene) =
82 kJ mol ™' to give AH,,, = —486 kJ mol ™. Note that, in this
estimate, we used the calculated EA(fluoranthene) rather than
the reported experimental value (61 kJ mol™*)® in an effort to
in part compensate the inaccuracies of DFT calculated
energies. The AH,, is partitioned between the reaction
products to increase their internal energy. We presumed that
the partitioning proceeded by the relative vibrational and
rotational heat capacities in (GATC+2H)"* (68.5 J mol™' K™')
and fluoranthene (10.6 J mol™ K'), providing an initial
vibrational excitation in (GATC+2H)** as AEgy = 486 X
68.5/(68.5 + 10.6) = 412 kJ mol™' (Figure 11). The total
energy of (GATC+2H)"* was then obtained as a convolution
of the ET excitation energy and the internal (vibrational)
energy distribution in the (GATC+2H)*" precursor dication
that was based on the vibrational state count at 310 K. This
gave the maximum of the internal energy distribution in
(GATC+2H)** formed by electron transfer as E,,, = 604 kJ
mol ™" with the distribution shown in Figure 11.

The internal energy distribution was used to calculate the
distribution-weighed RRKM rate constant (ki) for the
exothermic isomerization of G7rC3a to rG78a (eq 3), where
k(E) is the RRKM rate constant. The calculated RRKM rate
constants are shown in Figure 11.

kisom = /oo k(E)P(E) dE

ETS

(©)

Using the shifted P(E) function from Figure 11, one obtains
Kisom = 8.9 X 10° s7', indicating >99% isomerization within 1
ms and a complete isomerization on the experimental time

https://dx.doi.org/10.1021/acs.jpcb.0c01693
J. Phys. Chem. B 2020, 124, 3505-3517



The Journal of Physical Chemistry B pubs.acs.org/JPCB
6 © kiom(E
5 ] X, Grga = / #ﬁ-)km{l _ e_(kisom(E)+kcool)t}P(E) dE
44 (8)
3 Since we do not know the energy dependence of the coohn§
x 27 rate, we considered a typical range of 100—500 s '.°
g 4] AE,,, = 233 kJ molt According to eq 8, this gave x,g7g, = 0.986—0.935, indicating
o Jrmmmm——— that >93% of the primary (GATC+2H)** radicals can be
expected to isomerize to the more stable rG78a. In contrast,
1 following thermalization to 310 K, the calculated transition-
24 : state-theory rate constant (kye.m = 0.049 s™') would allow only
(ay 3 ——— A B 0.7% isomerization on the 150 ms time scale of the
100 200 300 400 SO0 800 700 800 measurement (Supporting Table S12). The isomerization
8x10 | (GATC+2H) (GATC+2H) was substantially slowed down by a negative entropy change in
the TS, AStg = —49.5 ] mol™' K™' at 310 K. Likewise, RRKM
6x10% 1 calculations for ki, when averaged over the vibration state
g ax10" | distribution in G7rC3a at 310 K (k;,,,, = 0.031 s™'), indicated
AEgr =412 kd/mol negligible (0.5%) isomerization. These results strongly
2x10% | suggested that the isomerization was driven by vibrational
excitation acquired upon electron transfer.
(b) 0 == . The threshold energy for the dissociation of rG78r to the d;
100 200 300 400 S0 600 700 800

Energy (kJ mol™)

Figure 11. Top panel: RRKM rate constants for the G7rC3a —
rG78a isomerization. Bottom panel: calculated vibrational energy
distributions in the G7C3a dication at 310 K and G7rC3a after
electron transfer.

scale of 150 ms. However, because of the He buffer gas in the
ion trap, the hot ions formed by ET are expected to undergo
collisional coohng that can be expressed as a competitive first
order process (eqs 4—7) where in brackets are the time-
dependent mole fractions and k., is the cooling rate constant.

[G7rC3aly,
—T - _(kisom kcool) [G7rC3a]h°t (4)
d[rG78a]
ar = 1sem[G7rC3a]hot (%)
d[G7rC3a]mol _
T 0ol G7rC3al; (6)
x(G7rC3a) = [G7rC3alyy, + [G7rC3al,qy @

Solution of eqs 4—6 gave the mole fraction of isomerized
rG78a, as shown in eq 8:

fragment ion and the dehydrocytidine radical w,* (Scheme 4)
was calculated as 159 k] mol™", which provided the lower limit
for the transition-state energy. We note that the cytosine
radical w,* was not the lowest-energy neutral fragment, as the
ribose-C-4 radical isomer w,’® was 30 kJ mol™" more stable
(Scheme 4). We did not attempt to computationally locate the
transition states and intermediates for the potentially
complicated backbone cleavage involving a phosphoester
elimination. The fact that the dissociation proceeded to ca.
30% over 150 ms (Figure la) indicated an effective rate
constant of ca. 2.5 s7*. The dlssoc1at10n was expected to exhibit
a substantial kinetic shift (AE,;,).% Figure 10 shows that the
kinetic shift for the G7rC3a — rG78a isomerization was 233
kJ mol™" to give ko = 2.5 7"

Considering a similar kinetic shift for the dissociation and
combining it with the estimated excitation energy from ET
(412 kJ mol™"), one can estimate the TS energy for the dy ion
formation at ca. 200 kJ mol™".

B CONCLUSIONS

The results of this combined experimental and computational
study allow us to arrive at the following conclusions. Stable
tetranucleotide DNA cation radicals are formed by electron
transfer to dications generated by electrospray ionization. UV—
vis photodissociation of the mass-selected cation radicals
follows fragmentations that are similar to those induced by
collisional activation. This indicates that the excited electronic

Scheme 4. Dissociation of rG78a

https://dx.doi.org/10.1021/acs.jpcb.0c01693
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states accessed by photon absorption undergo fast internal
conversion to highly excited vibrational states of the ground
electronic state. The de-excitation of the cation radicals is
probably analogous to the ultrafast internal conversion of
excited electronic states in nucleobases, as previously studied
by fast spectroscopy in solution. Interpretation of the UV—vis
action spectra by TD-DFT vibronic analysis indicated that the
cytosine-based radicals that were initially formed by electron
transfer underwent fast rearrangement by hydrogen migration,
forming low-energy 7,8-dihydroguanine cation radicals. The
rearrangement was facilitated by the proximity of the cytosine
and guanine nucleobases in the charge-reduced cation radicals
and proceeded via a low-energy transition state that was
characterized computationally and by reaction kinetics analysis.
The present results further indicate that the structure and
properties of simpler systems, such as dinucleotide radicals,
cannot be readily extrapolated to larger, more complex,
oligonucleotides with more intricate networks of intra-
molecular interactions between the nucleobases. The tetranu-
cleotide cation radicals studied here represent the current limit
of size and complexity that is amenable to computational
analysis of vibronic UV—vis absorption spectra. Further
research with larger DNA oligonucleotide radicals, including
those produced from DNA duplexes, is likely to rely on
experimental action spectroscopy and empirical assignment of
radical-related chromophores.
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