Downloaded via AM MASS SPECTROMETRY on July 4, 2024 at 22:02:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACS Partner Journal

—l Journal of the American Society for

M8 Mass Spectrometry

pubs.acs.org/jasms

Nucleoside Cation Radicals: Generation, Radical-Induced Hydrogen
Atom Migrations, and Ribose Ring Cleavage in the Gas Phase

Viaclav Zima, Owen Gladwish, Ales Marek, and Frantisek Turecek™

Cite This: J. Am. Soc. Mass Spectrom. 2024, 35, 1594-1608 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Nucleoside ions that were furnished on ribose with
a 2'-O-acetyl radical group were generated in the gas phase by
multistep collision-induced dissociation of precursor ions tagged
with radical initiator groups, and their chemistry was investigated
in the gas phase. 2'-O-Acetyladenosine cation radicals were found
to undergo hydrogen transfer to the acetoxyl radical from the
ribose ring positions that were elucidated using specific deuterium
labeling of 1’-H, 2'-H, and 4'-H and in the N—H and O—H
exchangeable positions, favoring 4'-H transfer. Ion structures and
transition-state energies were calculated by a combination of
Born—Oppenheimer molecular dynamics and density functional
theory and used to obtain unimolecular rate constants for competitive hydrogen transfer and loss of the acetoxyl radical. Migrations
to the acetoxyl radical of ribose hydrogens 1’-H, 2'-H, 3'-H, and 4’'-H were all exothermic, but product formation was kinetically
controlled. Both Rice—Ramsperger—Kassel—Marcus (RRKM) and transition-state theory (TST) calculations indicated preferential
migration of 4’-H in a qualitative agreement with the deuterium labeling results. The hydrogen migrations displayed substantial
isotope effects that along with quantum tunneling affected the relative rate constants and reaction branching ratios. UV—vis action
spectroscopy indicated that the cation radicals from 2'-O-acetyladenosine consisted of a mixture of isomers. Radical-driven
dissociations were also observed for protonated guanosine, cytosine, and thymidine conjugates. However, for those nucleoside ions
and cation radicals, the dissociations were dominated by the loss of the nucleobase or formation of protonated nucleobase ions.
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Bl INTRODUCTION system of a mass spectrometer.”” Under these conditions,
cation radicals can be selected by mass and their unimolecular

Ionization of nucleic acids by radiation produces cation and
reactions can be monitored at a high level of sensitivity and

anion radicals that undergo chemical reactions involving

homolytlc bond cleavages and proton or electron transfer specificity. Tandem mass spectrometry methods, such as UV—
reactions.'~® These reactions are fundamental for the complex vis photodissociation action spectroscopy,”’ cyclic ion
process of nucleic acid damage which, when concerning DNA, mobility,”*** and collision-induced dissociation (CID), have
has major implications in biology and medicine.” Because of provided additional means for reactive radical intermediate
the complexity of nucleic acids and the nonspecific nature of characterization.”” Bimolecular reactions of trapped ions, such
ionization that can initially affect any of the nucleobases, as electron transfer’>”’ and hydrogen—deuterium exchange,*®
studies of nucleic acid ionization have focused on model have also been utilized to characterize reactive nucleobase
oligonucleotides and chiefly used product analysis to identify cation radicals.

stable downstream reaction products ~12 Proton and hydro- We have applied charge-tagging methods to investigate
gen atom migrations in reactive ion—radical intermediates of reactions of nucleobase and sugar radicals in gas-phase ions.
nucleic acids have been studied by UV—vis spectroscopy in This consisted of docking the charge in a remote position to
aqueous solution'*~"* and by electron paramagnetlc resonance form a stable cation that is treatable by mass spectrometry and

(EPR) spectroscopy in frozen glasses.'®™"® Sevilla and co-
workers have combined EPR with deuterium labeling to assign
radical intermediates of photoinduced hydrogen abstraction
from ribose positions in ionized adenosine’’ and guano-
sine.”””" These hydrogen transfers involved excited electronic
states of the nucleobase cation radicals*" and could occur as
mono- or bimolecular reactions in the condensed phase.

An alternative approach to studying reactions of nucleic acid
cation—radicals relies on the specific generation of reactive
intermediates in the rarefied gas phase such as in the vacuum

generating the radical at a specific site by CID or electron
transfer.”” ™' In a previous study, we have used the radical-
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initiator method to investigate competitive hydrogen transfers
to an acetyl radical, *CH,CO, that was attached to ribose 5'-O
in adenosine cation radicals (Figure 1).** The charge in those

5-0O-Acetyladenosine radical 2-O-Acetyladenosine radical

Figure 1. Protonated acetyladenosine radicals as reactive intermedi-
ates of ribose hydrogen atom transfer.

cation radicals was sequestered in the adenine ring at the most
basic N-3 position, where it was stabilized by intramolecular
hydrogen bonding to the ribose oxygens.”> The stereo-
chemistry of the 5’-O-based acetyl radicals was such that it
allowed transfer of the f-facing ring hydrogen atoms from C-2’
and C-3’ as well as those from the adjacent C-5 and sterically
accessible C-4’ (Figure 1, left structure). This intramolecular
hydrogen transfer has been shown to be kinetically controlled,
favoring 3’-H and 5’-H, but exhibiting substantial primary
isotope effects. The hydrogen atom at C-1’, which if
transferred would have given rise to a C-1' radical that
according to calculations was the global energy minimum, was
sterically inaccessible and thus nonreactive.>

In the present study, we explore the regioselectivity and
stereoselectivity of ribose hydrogen migrations in nucleoside
cation radicals in which the acetyl radical was placed at 2'-O.
In this way, radical-initiated transfer of a-facing ring hydrogen
atoms, 1’-H and 4’-H, should be enabled as well as that of the
adjacent 2'-H (Figure 1, right structure). Similar to our
previous study,’” the acetyl radicals were generated by CID of
mass-selected ions that carried a radical initiator in the form of
4,4'-azobis(4-cyanopentanoic acid) or its N-ethylamide
(Scheme 1). This method has been used previously with
charged peptide®® and carbohydrate conjugates® where it

allowed for site-specific radical generation to trigger further
unimolecular reactions. Here, we use it to initiate and study
radical-induced ribose-ring cleavages in nucleoside ions. In
order to distinguish isomeric products of hydrogen atom
transfer and ring cleavage reactions, we employed conjugates
that were specifically labeled with deuterium at C-1’, C-2’, and
C-4" and in the exchangeable OH and NH positions, forming
the respective adenosine radicals A, .p**, A, p*°, Ay p™ , and
Aps*™ (Scheme 1). To provide detailed structure and energy
analysis of all relevant species, including intermediates and
transition states, we carried out an extensive conformational
search using Born—Oppenheimer molecular dynamics
(BOMD) calculations and full gradient optimization by density
functional theory (DFT). Reaction kinetics, including isotope
effects and quantum tunneling, was addressed by Rice—
Ramsperger—Kassel—Marcus (RRKM) and transition-state
theory (TST) calculations. We wish to show that hydrogen
atom migrations and subsequent ribose ring cleavages are
controlled kinetically, not thermodynamically.

B EXPERIMENTAL SECTION

Materials. Adenosine, guanosine, cytidine, and thymidine
were purchased from Sigma-Aldrich (St. Louis, MO).
Conjugates of adenosine, guanosine, and cytidine that were
esterified at 2'-O with 4,4’-azobis(4-cyanopentanoic acid-N-
ethylamide), Ap, Gp, and Cp, were synthesized as shown for A,
in Scheme 2. The thymidine conjugate, T, was esterified with
4,4'-azobis(4-cyanopentanoic acid). The synthesis involved
selective protection at 5’-O and 3’-O as a cyclic tetraisopro-
pyldisiloxane ether and protection of the adenine amine group
as an N,N-dimethylamidine. Esterification at 2'-O with 4,4'-
azobis(4-cyanopentanoic acid-N-ethylamide) followed by
deprotection yielded conjugate Ap. An analogous reaction
sequence was employed to synthesize all deuterium-labeled
adenosine conjugates as well as the cytidine conjugate C,.
Synthesis of the guanosine and thymidine conjugates, Gp and
Ty, respectively, required only protection at 5’-O and 3'-O.
Synthetic details and product characterization by NMR and

Scheme 1. Generation of 2’-O-Acetyladenosine Radicals A*®, and Structures of Deuterium-Labeled Analogues A, .,**, A, ",

+eo +eo
Ayp™, and Apg
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Scheme 2. Synthesis of Nucleoside Conjugates”
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“Reagents, solvents, and experimental details are given in the Supporting Information.

high-resolution mass spectrometry are given in the Supporting
Information.

Methods. Mass spectra were measured on a Bruker
amaZon 3D ion trap tandem mass spectrometer that was
modified for photodissociation action spectroscopy, as
described previously.*® Tons were produced by electrospray
ionization from 50:50 water—methanol solutions containing
1% of acetic acid. Ions were selected by mass and excited by
collisions with helium to produce CID-MS spectra. Action
spectra were measured in three wavelength regions that were
scanned in 2 nm steps for 210—354 and 355—409 nm and in S
nm steps over 410—700 nm. The light beam was produced
from an NL301G (Altos Photonics, Bozeman, MT, USA)
Nd:YAG laser (20 Hz) and directed into a PGI142 unit
consisting of an optical parametric oscillator that was coupled
to a second-harmonic generator. The laser pulse energies
typically ranged between 0.2 and 4.0 mJ per pulse, as measured
at each wavelength and used to calibrate the action spectra.
The reported action spectrum is an average of two measure-
ments taken on different days. High-resolution mass spectra
were measured on an Orbitrap Ascend Tribrid instrument
(ThermoFisher, San Jose, CA) at a 100 000 resolving power.
All ion assignments were corroborated by elemental
compositions that were based on accurate m/z.

Calculations. Structures were generated by Born—
Oppenheimer molecular dynamics (BOMD) calculations that
were run for 20 ps with 1 fs steps using the Berendsen
thermostat’” at 510 and 610 K. Initial adenine protonation was
at N-3, which is known to be the most basic position in
adenosine.” These trajectory calculations were performed with
PM6-D3H4® which complements the semiempirical Hamil-
tonian with dispersion and hydrogen-bonding interactions.
The high-end Cuby4 platform™ was used in all trajectory
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calculations using MOPAC.*” Two hundred snapshots were
selected at regular intervals from 20 000 points in the BOMD
trajectories and fully gradient optimized with PM6-D3H4.
Several selected low-energy structures were further optimized
with B3LYP*' to provide harmonic frequencies and then
reoptimized with M06-2X.** These calculations were run with
the 6-31+G(d,p) basis set within the spin-unrestricted open-
shell formalism. The MO06-2X/6-31+G(d,p)-optimized geo-
metries were used to calculate single-point energies which were
carried out with M06-2X and the aug-cc-pVTZ,* def2tzvpp,**
and def2qzvpp™ basis sets. Calculations with the aug-cc-pVTZ
(1357 basis functions) and def2qzvpp (1704 basis functions)
basis sets gave very similar relative energies with a 0.9 kJ mol™*
root-mean-square deviation. Excited states were calculated by
time-dependent density functional theory (TD-DFT)*° using
MO06-2X/6-31+G(d,p). Previous benchmarking to equation-of-
motion CCSD calculations has shown that M06-2X was
adequate for excitation energies and oscillator strength
calculations of peptide and nucleic acid cation radicals.*”**
Atomic charge and spin densities were calculated by natural
population analysis (NPA)* of the M06-2X/def2qzvpp wave
functions. All standard DFT calculations were run with
Gaussian 16 (Revision B.01) that was licensed from Gaussian,
Inc. (Wallingford, CT). Vibronic absorption spectra were
obtained from TD-DFT calculations of vertical excitation in
300 Wigner configurations®>”" at 350 K that were produced
from normal coordinates and sorted out according to their
Boltzmann factors. Typically, 25—30 excited states were used
in vibronic spectra calculations. These calculations were run
under Newton X, Version 2.05% Rice—Ramsperger—Kassel—
Marcus (RRKM)>* calculations of unimolecular rate constants
were run with the QCPE program®* that was recompiled> and
run under Windows 10. Transition-state energies were taken
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from the M06-2X/aug-cc-pVTZ calculations; scaled harmonic
frequencies and moments of inertia were from the 6-
31+G(d,p)-optimized structures. Rotations were treated
adiabatically, and the microscopic k(E, J, K) rate constants
were Boltzmann averaged over the distribution of rotational
states at 310 K. Tunneling effects®® were approximated by
analysis of parabolic barriers using the potential energy surface
curvature in the transition states as inferred from the imaginary
frequencies for the motion along the reaction coordinates.
Harmonic frequencies were scaled by 0.97S. Intrinsic reaction
coordinate (IRC) calculations®” were performed on M06-2X/
6-31+G(d,p) potential energy surfaces to connect transition
states to reactants and products.

B RESULTS AND DISCUSSION

Adenosine Radicals. Acetyladenosine cation radicals were
generated by two-step CID of the (A, + H)" precursor ions at
m/z 557 as shown in Scheme 1. The relevant spectra are
shown in Figure Sla (Supporting Information). In the first
step, CID-MS? resulted in the combined loss of N, and the
CgH3N,O ethylamide side chain, forming a fragment ion at
m/z 376 (Figure Sla). This ion was isolated and subjected to
the next CID-MS® step, leading to loss of methylpropene
nitrile (C4,HsN) and formation of the acetyladenosine cation
radical A** (m/z 309.1050, C;,H;sN;O;, Figure S1b). This
sequence was analogous to that used for the generation of
adenosine-3'-O-acetyl radicals.”” The deuterium-labeled ions,
A p™ Ay p™, Ay p™, and Apg™®, were generated analogously
from the respective labeled conjugates.

CID-MS* of A** (Figure 2) furnished a spectrum that
displayed major dissociations forming fragment ions by loss of

250
100 4 CoHiNsO
201 ~CH,C00*
> 80
7
c CeHgNe CHgN:O
£ 60- 136
< 136 202 o 266
—CH,0, +o

2 - — A
= CgHgNsO (309)
€ . 1J64 200 202 —CH;CO'l

0 Trev T L‘IAIL ‘u‘Ln 1 |‘|l| ' m/z

100 120 140 160 180 200 220 240 260 280 300 320 340

Figure 2. CID-MS* spectrum of 2’-O-acetyladenosine cation radical
A" (m/z 309.1050, C,,H,NO5).

CH,CO* (m/z 266) and CH;COO*® (m/z 250). Formation of
these fragment ions involved hydrogen transfer to the acetyl
radical followed by cleavage of the CH;CO—-O and
CH;COO—C-2’ bonds, respectively. In addition, ring cleavage
resulted in the formation of a C;H{N;O" (m/z 164) fragment
ion which was identified as protonated 9-formyladenine on the
basis of deuterium labeling at C1’ (Figure S2b, Supporting
Information). A glycosidic bond cleavage gave protonated
adenine (CsHgN;") at m/z 136. Several minor fragment ions
were formed either directly from A*™ or by consecutive
dissociations of the ribose ring. Loss of acetic acid proceeded
from A**, giving rise to a weak fragment ion at m/z 249 (<5%).
Consecutive dissociations of the prominent m/z 250 ions
formed ions at m/z 202 by loss of (CH,O + H,0) and m/z
201 by loss of (C3H4O; + H,0), as established by accurate
mass measurements. It should be noted that the fragment ion
relative intensities somewhat depended on the experimental
conditions, in particular, collisional activation in the 3D ion
trap or quadrupole mass analyzer. Full spectra comparisons are
given in Figures S2a—c (Supporting Information).

Deuterium labeling allowed us to identify the fragment ions
and track the hydrogen atoms that were involved in the
migrations. Starting with protonated adenine whose formation
requires a hydrogen atom transfer onto the nucleobase, we
found that 1’-H was involved at only ca. 1%, as evidenced by
the ratio of the m/z 137 and 136 ion intensities in the
spectrum of A;.p** (Figure 3). A substantial fraction of
hydrogen atom transfer involved 2'-H, as shown by a 64%
fraction of m/z 137 (CsH;DN;") in the spectrum of A,.p**
(Figure 3). The contribution of 4’-H was minor in A,.p"™
(5%), indicating that this hydrogen was not substantially
transferred to adenine. The OD groups in Aps** collectively
contributed 30% of deuterium transfer to adenine (Figure 3).

Loss of acetoxyl radical was the most prominent dissociation
of the 2'-O-acetyladenosine cation radicals (Figure 2). The
dissociation required a hydrogen atom to be transferred onto
the *CH,COO group from a sterically accessible position on
the ribose or adenine moieties. The results obtained by
deuterium labeling (Figure 4) showed low participation by 1’
D, 2'-D, and all exchangeable D in the acetoxyl loss. Accurate
mass measurements established that the weak peaks at m/z
250 from A, ,** and A, ** in Figure 4 were entirely due to
the loss of acetic acid (Am = 60.0211 Da, C,H,0,). The main
source of deuterium came from 4'-D, amounting to up to 55%
of the acetoxyl loss. The high-resolution CID-MS* spectrum of

V)
99% 64% 95% 70%
Azp* Agp* n Aps**
36%
30%
5%
135 136 137 135 136 137 138 4135 136 137 138 138 139 140 141
m/z m/z m/z m/z

Figure 3. Intensity profiles of isotopologues of the C;HgN;* fragment ion. The percentages are based on integrated peak areas.
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Figure 4. Intensity profiles of isotopologues of the fragment ion by loss of CH;COO® from (a) A*®, (b) A; *®, (c) Ay.p*®, (d) Ay.p*®, and (e)
{

the m/z 310.1128 (C,,H;,DNO;)** ion from A, "™ showed
a 100/8S ratio of the [m/z 250.0933]/[m/z 251.0996] ion
intensities corresponding to the respective losses of
CH,DCOO® and CH;COO°®. The high-resolution data
indicated that the contribution of CH;COOH loss from
Ay p'™® at m/z 250.0918 was negligible.

Loss of acetyl radical (Am = 43.0183 from high-resolution
measurements) was a major dissociation of the 2'-O-
acetyladenosine cation radicals that was characteristic for the
acetyl radical at 2’-O (Figure 2), which distinguished it from
the 5'-O-acetyl radicals reported previously.”” The spectra of
the deuterium-labeled radicals revealed practically no involve-
ment in the acetyl loss of deuterium atoms from the labeled
positions. This was indicated by the CID-MS* spectra that
showed no mass shift for the fragment ions, giving m/z 267 for
loss of CH,CO® from A, p**, Ay p**, and A, p*® and m/z 271
by loss of CH;CO® from Ap*™® (Figure S). Evidently, the

—-CH,CO* —-CH,CO* —-CH,CO* —CH;CO*

A1-_D+. A2'—D+. A4'»D+. AD""]&
L L A S e T T T T T T T

266 267 268 269 266 267 268 269 266 267 268 269269 270 271 272
m/z m/z m/z miz

Figure S. Intensity profiles of isotopologues of the fragment ion by
loss of CH;CO".

formation of the acetyl group must have been triggered by a
hydrogen transfer from an unlabeled ribose (H-3’ or H-5') or
adenine (H-2 or H-8) position that must have differed from
the isomerization that preceded the loss of CH;COO® (Figure
4).

The nature of the primary m/z 267 and 250 fragment ions
was further investigated by CID-MS® in combination with
deuterium labeling. Upon collisional activation, both of these
even-electron ions dissociated by loss of the ribose residue to
form prominent C;H(N" ions of protonated adenine.
However, the distribution of deuterium in the protonated
adenine in the CID-MS® spectra of these even-electron ions
was different from those originating from the radicals. For
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example, the spectrum of the m/z 267 ion (loss of CH;CO®)
from A, p** (Figure S3a) showed a different [C;HN:*]/
[CsH;DN;*] fragment ion ratio, favoring the light ion, which
indicated that the proton transferred onto the adenine moiety
also originated from ring positions other than C-2’. The
spectrum of the m/z 267 ion from A " further indicated
that deuterium transfer from C-1’ was absent (Figure S3b). In
contrast, the spectra of the m/z 251 ions by loss of CH;COO*
from A, p** and A, p** were indistinguishable (Figure S3c
and S3d), both showing a dominant formation of protonated
adenine (m/z 136) by glycosidic bond cleavage.

Adenosine Cation—Radical Structures and Energies.
Ion dissociations in combination with deuterium labeling
indicated the main radical-driven reactions of the gas-phase
ions. To further characterize the relevant species and their
reactivity, we obtained the optimized structures and relative
energies of the starting 2’-O-acetyladenosine cation radical, its
several isomers, transition states for isomerization, reaction
intermediates, and products. The calculated energies relative to
the lowest energy conformer of 2’-O-acetyladenosine cation
radical (1**) are compiled in Table 1; the M06-2X/def2qzvpp
energies along with zero-point vibrational energies were used
to display 0 K enthalpies and 310 K Gibbs energies (italic
numerals) in reaction schemes that in each case refer to the
particular reactant (Schemes 3—8).

1’-H-Migration onto the acetyl radical in 1"* was mildly
exothermic, AGj;o(1™* — 2**) = =25 kJ mol ™, forming the 1'-
radical 2*°. Structure 2** showed partial separation of atomic
charge and spin density between the adenine ring and the
ribose moiety, as determined from natural population analysis
(NPA)* of the UM06-2X/def2qzvpp wave function. Adenine
ring protonation contributed 67% of ion charge, whereas 90%
of the spin density was in the ribose ring where 1'-C (76%)
and the ring oxygen atom (10%) were the major spin sites.
This distribution was similar to that reported for protonated
2’-deoxyadenosin-1’-yl radical that carried a combined 89% of
spin density within the 2'-deoxyribose ring.”® The separation
of charge and spin density in different parts of the cation
radical satisfied the classification of 2** as a distonic ion.””®’
The isomerization by 1’-H migration proceeded via a six-
membered cyclic transition state (TS1) that was 139 kJ mol ™
above 1** (Scheme 3). TS1 had the characteristics of an early
transition state, as evidenced by the different distances between
the migrating 1’-H and the 1’-C and acetyl carbons. The
overall conformation of the adenosine moiety was conserved
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Table 1. Relative Energies of 2’-Acetyladenosine Cation Radicals

. ab
relative energy

ion/reaction MO06-2X/6-31+G (d,p)
1" 0.0
2+ —-18
3* —6.4
4% —38
s =23
6** 1.0
TS1 140
TS2 145
TS3 150
TS4 125
TSS 102
7+ 16
TS6 106
8+ 103
9* + CH,COO* 140
TS7 156
10" 85
11* + CH,CO* 118

MO06-2X/aug-cc-pVIZ MO06-2X/def2qzvpp

0.0 0.0
-20 =21
9.2 —-10
—41 —41
-26 —26
3.4 3.9
140 139
146 146
148 148
124 124
94 94
4.3 3.3
94 94
88 87
128 125
145 144
72 70
112 108

“In kJ mol™". bIncluding B3LYP/6-31+G(d,p) zero-point energies and referring to 0 K.

Scheme 3. Optimized Structures and Energies for 1** — 2**
Isomerization
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1+ (0.0 kJ mol”) 2% (-21)
TS1(139) (-25)

upon reaching TS1 from 1%, as judged by the N3—H--5"-O
hydrogen bond that remained at 1.910—-1.912 A. The
geometry flattening at 1’-C upon hydrogen abstraction forced
an elongation of the N3—H:--5’-O hydrogen bond to 1.959 A
in 2*°.

Isomerization by 2'-H migration in 1"* was calculated to be
mildly exothermic, AGy;o(1** — 3**) = —14 kJ mol ™/, forming
the 2’-radical 3** (Scheme 4). NPA of 3"* showed 98% of spin

Scheme 4. Optimized Structures and Energies for 1"* — 3*°
Isomerization
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density within the ribose ring with 2'-C (83%), 2’-O (6%), and
3’-O (5%) being the major spin-density carrying sites. The
positive charge was partitioned between the protonated
adenine and acetylribose moieties in a 65/35 ratio. The
pertinent transition state for 2'-H migration (TS2) was at 146
k] mol™! relative to 1** and involved a five-membered cyclic
arrangement of the involved atoms. TS2 showed very similar
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distances of the migrating 2’-H from 2’-C and the receiving
acetyl methylene carbon (Scheme 4).

In contrast to 1'-H and 2'-H that were sterically accessible
to the acetyl radical in 1*°, 3'-H was situated on the opposite
(B) face of the ribose ring, which necessitated a dihedral angle
distortion for 3'-H migration to occur in order to form the new
C—H bond. This was reflected by the geometry of the
pertinent transition state for 3’-H migration (TS3) as shown in
Scheme 5. The migration, forming radical 4*°, was calculated

Scheme S. Optimized Structures and Energies for 1"* — 4*°
Isomerization

Y

N
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G IR § A
L/Q\) e '% \5—
TS3 (148) 4+ (-41)
(-45)

to proceed via a six-membered cycle in which 3’-H was
brought to the acetyl carbon within 1.423 A, indicating an early
transition state. Reaching TS3 was associated with a substantial
distortion of the 3’-H—3'-C—2'-C—2-O dihedral angle that
went from 154° in 1** to 6° in TS3.

This distortion imposed strain on the ribose ring that
resulted in a significantly higher energy for TS3, which was at
148 kJ mol™" relative to 1**. The TS energy increase may be
slightly mitigated by the shorter hydrogen bond between N3—
H and 5’-O in TS3 (1.858 A) compared to that in 1** (1.912
A). Overall, the 1** — 4" isomerization was substantially
exothermic with AG;;o(1** — 4**) = —45 kJ mol™', forming
the 3’-radical as the global energy minimum of the 2’-O-
acetyladenosine cation radical set. The spin density in 4™ was
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almost exclusively (>99%) localized within the ribose ring with
3’-C (79%) and 3’-O (13%) being the major contributors.
Migration of 4’-H was calculated to have the lowest TS
energy (124 kJ mol™ relative to 1**) and proceeded via an
eight-membered cyclic transition state (TS4, Scheme 6). The

Scheme 6. Optimized Structures and Energies for 1"* — §*°
Isomerization
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isomerization formed cation radical §** that was at AGy, =
—30 kJ mol ™! relative to 1**. Ton 5** was another example of a
distonic ion in which the charge and spin densities were
separated between the adenine and the ribose rings. Most of
the spin density was carried by 4'-C (84%) and ring-O (10%)
with minor delocalization onto nearby 5’-O (3%) and 3'-H
(3%). Regarding the hydrogen migration to °*CH,COO,
reaching 4'-H required conformational changes in the ribose
ring as evidenced by the 4’-H—4'-C—3'-C—3'-O dihedral
angle that changed from —31° in 1™ to —51° in TS4. As a
result, TS4 developed a shorter N3—H--5'-O hydrogen bond
(1.722 A), which may have contributed to its stabilization and
lower energy (Scheme 6).

The distonic nature of 2**—5"* sharply contrasted with the
electronic structure of the canonical 2’-O-acetyladenosine
cation radical (6**). Ion 6** showed ca. 90% of spin density to
be delocalized among several atoms in the adenine ring (Figure
6). In addition, the canonical isomer was less thermodynami-
cally stable than the distonic ions, as discussed previously for
2'-deoxyadenosine.>”

Further reactions of the intermediate C-based radicals were
computationally studied for $™°, which was indicated to be
involved in hydrogen transfer on the basis of experimental
deuterium labeling results. The radical site at 4’-C was
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Figure 6. Canonical isomer 6"° with NPA atomic spin densities. The
energies are relative to 1°°.
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expected to promote homolytic cleavage of the bonds at the
adjacent atoms, O—1'-C and 3’-C—2'-C, respectively, via a
standard f-elimination mechanism. The reaction sequence
initiated by cleavage of the O—1'-C bond is shown in Scheme
7. The transition state (TSS) was found at an O—1'-C bond
elongation to 1.844 A, indicating an early transition state at
120 k] mol™! above 5. The continuing bond cleavage was
associated with a conformational change that strengthened the
4’-0---3-H hydrogen bond in intermediate 7*°. The ring
opening in 5 was overall 29 kJ mol™' endothermic. The
radical at 1’-C in 7" weakened the 2’-C—2'-O bond that
dissociated reaching a transition state (TS6) at 120 kJ mol™
above 5" (Scheme 7). The low TS6 energy was achieved
owing to a conformational change that formed a strong
hydrogen bond between the leaving acetoxy group and the
charging proton at N-3 (Scheme 7). Past TS6, the loss of the
acetoxyl radical proceeded via an ion—radical complex (8*,
113 kJ mol™' above 5** ) to reach the thermochemical
threshold of the product ion 9% at 151 kJ mol™". The TS
energies at TSS and TS6 (Scheme 7) can be compared with
that of TS4 (Scheme 6) when expressed as a reverse hydrogen
migration in 5** (Erg,e, = 150 kJ mol ™', relative to 5**). These
TS energies indicated that TS4 for the 4’-H migration in 1**
was the highest saddle point on the potential energy surface,
leading to acetoxyl radical loss and forming ion 9*. The
comparable energies for TS4 and the (9* + CH;COO®)
products increased the probability of $*° existing as a long-
lived intermediate, whereas its interconversion with 7** via
TSS was expected to favor the former on the basis of their
relative Gibbs energies, AG3o(5** — 7**) = 22 kJ mol™
(Table 1). This is further discussed later in the paper by using
the calculated rate constants.

The radical at 1’-C in in 7** may suggest weakening of the
3’-C—4'-C bond to possibly facilitate a competitive loss of an
isomeric C,H;0, radical in the form of HOCH,CO®.
However, this was excluded by deuterium labeling experiments
that showed no deuterium incorporation in the C,H;0, radical
eliminated from Aps*® (Figure 4).

An alternative pathway for the ring opening in 5™ was
considered to proceed by radical-facilitated cleavage of the
adjacent 3'-C—4'-C bond via TS7 (Scheme 8). The calculated
TS7 energy (170 kJ mol™" relative to 5**) was substantially
higher than that of TSS, and also the open-ring intermediate
10** was destabilized against 5*°. The energy data indicated
that this alternative pathway was unlikely to be competitive
with the pathway initiated by cleavage of the 1-C—O bond
shown in Scheme 7.

Isomerization and Dissociation Kinetics. We used the
calculated TS structures and energies to assess the kinetics of
the competitive hydrogen atom transfers onto the 2'-O-acetyl
radical in 17° and its isotopologues. The RRKM rate constants
for the hydrogen atom migrations from 1'-C, 2’-C, 3’-C, and
4'-C, denoted as ky .y, ky.py, k3., and k., respectively, are
plotted in Figure 7a. Consistent with its lowest TS4 energy, the
migration of 4’-H was kinetically favored, giving the largest rate
constant over the entire energy scale. The relative rate
constant, k.q(4'-H) = ky_p/(kyy + kyy + ks + kg,
indicated that 4’-H migration should be a dominant process,
contributing >80% over most of the energy scale (Figure 7b).
Isotope effects were considered for the migration of 4'-D that
were relevant for the experimental fraction of 4'-D transfer.
The k. (4’-D) in Figure 7b showed that even in the presence

rel
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Scheme 7. Ring Opening in 4'-Radical 5** and Loss of Acetoxyl Radical

5** (0.0) ——

- v a2 707 ¢
K .,_(ﬂ’,;a\"\ ® :
ol OV o

o v TS6(120)

’?.“

O N/
¢\

8** (113)

—

!

—_—

4
N
L\ \/

g
Y
Q

l
?/:\ 7** (29)

N

| P
¥

v

\ s

el \/

A
Y

——
~CH,CO0O0*

y

9* (151)

Scheme 8. Alternative Pathway for the Ring Opening in 4'-
Radical 5*°
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of a primary isotope effect, 4’-D should amount to >60% of all
hydrogen transfer.

This RRKM-based result was somewhat higher than the 55%
fraction of 4’-D migration that was indicated by the loss of
CH,DCOO® from A, _p (Figure 4). A plot of the calculated
primary and secondary isotope effects (Figure S4) showed that
the primary isotope effect for the 4’-D migration, expressed as
ky 11/kyp, converged to ca. 2 at the highest energies, while the
higher order isotope effect of 4’-D on the competitive 1'-H
migration was very small (<1.04). This meant that the fraction
of 4’-D migration was predicted not to significantly decrease
even at high internal energies to make up the difference
between the calculated fraction of k,4(4'-D) and the fraction
determined experimentally on the basis of the CH,DCOO®
loss. The difference between the calculated and the
experimental branching ratios for the 4'-D migration was
likely due to minor inaccuracies in the calculated TS energies.
Although M06-2X potential energy surfaces for nucleobase and
nucleoside radicals have been previously found to be
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semiquantitatively accurate, as established by matching them
against CCSD(T)/6- 311++G(3df2p) and CCSD(T)/com-
plete basis set energles, 3% even minor energy adjustments in
a few kJ mol™' range would lead to significant changes in the
calculated absolute and relative relative constants.

The 4'-H transfer showed a significant kinetic shift,*"
expressed as the difference between the internal energy needed
to observe dissociation on the experimental time scale and the
threshold energy defined by E(TS4). Considering a 0.05 s time
scale for ion trap dissociations, >50% dissociation would
require internal energies of >236 kJ mol™' (Figure 7b),
indicating a kinetic shift of AE, > 236—124 = 108 kJ mol™!
for the fastest hydrogen transfer.

Ring opening in 5™ required only 120 kJ] mol™' in TSS,
which was below the dissociation threshold for the loss of
acetoxyl radical (Scheme 7). This raised the possibility of
reversible isomerization of $** and the open-ring intermediate
7** prior to further 2’-C—2'-O bond dissociation via TS6,
affecting the overall dissociation kinetics. The RRKM rate
constants for the $™* — 7%° and reverse 7°° — §°°
isomerization’s, kg and k_g, respectively, favored the reverse
ring closure up to 350 kJ mol™' internal energy, keeping a
larger fraction of the intermediates as the ring-closed ion §*°
(Figure 8a). Since both §** and 7** are intermediates produced
from 1** via TS4, the rate of their formation from the
precursor needs to be considered. From the Figure 7b data it
followed that achieving a >1% conversion of 1** to §**
required an internal energy of E > 190 k] mol™' relative to
5** . Considering a >100 kJ mol™" kinetic shift for the final
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Figure 7. (a) RRKM rate constants for competitive hydrogen atom
migrations in 1*%; (b) relative rate constants for 4’-H and 4'-D
migrations and the energy-dependent fraction of 1** surviving after 50
ms.

dissociation, leading to >250 kJ mol™' internal energy in
dissociating 5*°, the fast equilibration of 5** and 7** should
still favor the former.

An interesting corollary of the Scheme 7 kinetics was that
the acetoxyl radical in complex 8" did not efficiently abstract a
hydrogen atom from ion 9* to form acetic acid, which would
be an exothermic reaction. This was evidenced by the low
relative intensity of the (A — CH;COOH)** fragment ion (4—
5%) in all CID-MS* spectra in Figure 4. This indicated that the
separation of CH;COO® and 9" in 7** was faster than the
competitive hydrogen atom abstraction.

Relevant to the experimental conditions in the ion trap
where ions undergo multiple collisions with the bath gas, we
also considered the isomerization and dissociation kinetics
under the high-pressure limit, as characterized by transition-
state theory (TST).>® The rate constants were calculated for
the 1’-H, 1'-D, 4’-H, and 4'-D migrations, as plotted in Figure
SSa (Supporting Information). Both reactions were affected by
primary deuterium isotope effects, ky/kp, that ranged between
2.2 and 2.8 for both the 1’-H/D and the 4’-H/D migrations.
The calculated isotope effects increased to 2.6—3.6 for both 1'-
H/D and 4’-H/D migrations upon inclusion of quantum
tunneling (Figure S5b).°° This was consistent with the
potential energy profiles for both migrations that were
obtained from intrinsic reaction coordinate calculations’’
using M06-2X/6-31+G(d,p) in which both energy barriers
showed very similar widths (Figure 9a). The TST branching
ratio for the 1’-H migration was calculated as k;'_(rel) = ky 5/
(ky.yq + kyp) for competition with the 4’-D migration, which
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Figure 8. (a) RRKM rate constants for the reversible hydrogen atom
migrations in 5** and 7** ; (b) mole fractions of 5§** and 7** as a
function of internal energy on a scale related to 5" . The vertical
dashed lines show the 1% kinetic threshold for the §** formation from
1.

was relevant for the ion relative intensities in the Figure 4
spectrum.

The calculated k;_y(rel) ranged between 0.1 and 0.2,
accounting for the fraction of 1’-H migration in competition
with the major 4'-D migration. This fraction was substantially
lowered for the 1’-D migration competing with 4'-H, k.. (rel)
= ky.p/(kyp + kyg) = 0.01—0.04 (Figure 9b), which was
compatible with the Figure 4 data for A} ™. However, the
TST analysis showed that isotope effects alone could not
account for the low fraction of 4’-D migration, as shown by the
CID spectra. The calculated mole fractions of A™ reacting on
the 50 ms time scale (Figure 9b) indicated >50% conversion at
effective temperatures T > 580 K, which appeared reasonable
for ion excitation under ion trap conditions.”>~%

UV-Vis Action Spectroscopy. The results from the
isomerization kinetics raised the question of the nature of A**
generated and stored in the ion trap with respect to its
retaining the acetoxyl radical structure 1*° or undergoing
spontaneous isomerization to ribose-ring radicals 2**—5** . We
addressed this question by measuring the UV—vis photo-
dissociation (UVPD) action spectrum of A** (m/z 309) that
was generated in the ion source by the CID-MS® sequence
(Scheme 2). The UVPD action spectrum was obtained in the
210—700 nm wavelength region covering valence electron
excitations. No photon absorption leading to photodissociation
was observed above 400 nm (<3.1 eV). The spectrum (Figure
10a) showed a strong composite band consisting of two
components with maxima at 260 and 280 nm. The separate
maxima were evident from the m/z 136 channel that also
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Figure 9. (a) Potential energy profiles for the 1’-H and 4'-H
migrations in 1™ . The reaction coordinate is in mass-weighed
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fractions of 1** and (4'-D)-1"* remaining after SO ms. Branching
ratios for the 1’-H and 1'-D transfer were calculated as the respective
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showed a weak band at 212 nm. In addition, there was a broad
band with a maximum at 330 nm that was observed chiefly in
the m/z 164 ion channel. The calculated vibronic absorption
spectra of 1**, 2**, 3**, and 5** (Figure 10b—d) showed major
bands with maxima at 240—260 nm that arose from vertical
excitations in the 230—240 nm region. The vibronic envelopes
of these major bands showed some distinctive features. For
example, the spectrum of 1** (Figure 10b) showed two bands
at 252 and 270 nm that were reminiscent of the split band in
the action spectrum (Figure 10a). Perhaps more structurally
significant was the broad band at 330 nm that had no analogy
in the vibronic spectrum of 1*°. Absorption in the 300—360
nm region was calculated for the vibronic spectrum of 2*°. This
was analogous to other adenine ions having a radical at 1'-C,
such as in 9-methylene (1H) adenine cation radical,*® in which
the radical p orbital was conjugated with the adenine 7-
electronic system, leading to a lower excitation energy. The
formation of 2*° was qualitatively consistent with the
calculated rate constants for the hydrogen transfer kinetics
that predicted 2*° as a minor product. In view of the isotope
labeling results and theoretical rate constants for hydrogen
migration, the action spectrum of A™ can be interpreted as
representing a mixture of 2'-O-acetyl radical 1** and ribose
radicals 2** and §*°.
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A salient feature of the adenosine cation radical dissociations
was the directing effect of the ribose radical site created by
hydrogen transfer to the acetoxyl radical. In 5'-O-acetyl
radicals, a dominant transfer of 3’-H produced a 3'-C radical
intermediate that underwent ring cleavage by consecutive 4'-
C—0O and 1'-C-2'-C bond dissociations, resulting in the
formation of the 9-formyladenine cation as a major product.*”
Notably, 4’-H was nonreactive, and losses of acetyl and
acetoxyl radicals were only minor dissociations of 5'-O-
acetyladenosine radicals. In the 2'-O-acetyl radical 1*°, the
hydrogen migration involved 4'-H, creating the 4'-C radical
intermediate (5**) that initiated ring cleavage by 1’-C—O
bond dissociation, resulting in the dominant loss of CH;COO*
(Scheme 7). Thus, the position of the radical in the ring was
the determining reactivity factor.

The CH;CO® radical formed in CID-MS? of A*® (Figure 2)
rather unexpectedly did not include hydrogen atoms from 1'-,
2'-,4'-C, or OH and NH, as established by deuterium labeling
(Figure 5). This indicated that the formation of CH,CO®
proceeded via a different mechanism than that of the related
CH,COO®, which involved 4'-H migration via TS4 (Scheme
6). We tentatively propose that CH;CO® was formed in two
steps as sketched in Scheme 9. The first step could involve
homolytic cleavage of the 2’-O—COCH,® bond in 1*®
forming ketene in a complex with the adenosine radical. This
would remove the steric constraints of the 2’-O—COCH,®
ring configuration, allowing the ketene molecule to reach to
more remote ribose positions for hydrogen atom transfer.
Energetically, the 0 K ketene hydrogen atom affinity forming
CH;CO® was calculated as 239 kJ mol™' (based on
CCSD(T)/complete basis set + zero-point vibrational
energies), which was competitive for abstracting a hydrogen
atom from the ribose radical. However, establishing a definite
mechanism for the acetyl radical formation from A*® would
require more extensive isotope labeling in all ribose positions
along with product ion structure analysis.

Cation Radicals of Guanosine, Cytidine, and Thymi-
dine. We employed the radical initiator method to generate
other 2'-O-acetylnucleoside radicals. The nucleoside con-
jugates of guanosine, cytidine, and thymidine, G, C,, and
T, respectively (Scheme 2), were synthesized analogously to
the adenosine conjugate A,. Gas-phase cations were produced
by electrospray ionization and subjected to CID for radical
generation. The CID-MS" spectra of the protonated guanosine
conjugate and its dissociation intermediates are shown in
Figure 11a—c. The CID-MS? spectrum of the conjugate (G, +
H)", m/z 573) resulted in a side-chain dissociation associated
with the loss of N, that produced the intermediate ion at m/z
392 (Figure 11a). However, this desired dissociation competed
with the glycosidic bond cleavage by loss of guanine (m/z
394), which was the major channel. CID-MS? of m/z 392
resulted in the loss of C,H;N, forming the 2’-O-acetylguano-
sine cation radical at m/z 325, as established by its accurate
mass (Figure 11b). The spectrum showed that the side-chain
cleavage in the m/z 392 intermediate was in part outcompeted
by the glycosidic bond cleavage, forming protonated guanine at
m/z 152 (Figure 11b). CID-MS* of mass-selected m/z 325
again resulted in a dominant glycosidic bond cleavage, forming
competitively protonated guanine (m/z 152) and guanine
cation radical (m/z 151). Dissociations that were triggered by
the acetoxyl radical resulted in the competitive loss of C,H;0°
and C,H;0,° to give ions at m/z 282 and 266, respectively
(Figure 11c). These were analogous to the m/z 266 and 250
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Scheme 9. Proposed Mechanism for the Loss of CH;CO® from 1*®
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Figure 11. (a) CID-MS? of (GP +H)* (m/z 573). (b) CID-MS? of the m/z 392 intermediate showing the formation of the 2'-O-acetylguanosine

cation radical at m/z 325. (c) CID-MS* of m/z 325.

ions from CID of A** (Figure 2), indicating that the radical
initiator technique could be employed to study hydrogen atom
abstraction in guanosine cation radicals. However, the overall
low efficiency of the radical reactions was an impediment to a
detailed mechanistic study.

Investigations of the formation and properties of 2'-O-
acetylcytidine and 2’-O-acetylthymidine cation radicals fol-
lowed the above-outlined approach for adenosine and
guanosine. CID-MS" of the protonated cytidine conjugate
(C, + H)* (m/z 533) resulted in side-chain cleavage (m/z 352,
Figure 12a) which, however, was a minor dissociation. The
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main products were formed by glycosidic bond cleavage and
loss of cytosine (m/z 394, 376), as established by accurate
mass measurements. CID-MS® of the m/z 352 intermediate
also resulted in a dominant glycosidic bond cleavage, yielding
the m/z 241.0933 (loss of cytosine) and 112.0500 (C,H(N,O,
protonated cytosine) ions along with the desired m/z 285.0942
ion (C;;H,sN;O, Figure 12b). Finally, CID-MS* of the mass-
selected m/z 285 ion chiefly showed glycosidic bond cleavage,
forming the cytosine ion (m/z 112) and only minor products
of radical-induced loss of C,H;0° and C,H;0,* (Figure 12c).
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CID-MS" of the thymidine conjugate (T, + H)" at m/z 521
resulted in several competing dissociations by loss of water,
thymine, and N, (Figure S6, Supporting Information).
Although a C;¢H,(N;O4™ intermediate from side-chain
dissociation was formed, it was not further investigated
because of its low intensity and the overall complexity of the
spectrum.

The different behavior upon CID of the adenosine,
guanosine, and cytidine cation radicals can be related to the
stability of the glycosidic bonds in the nucleoside ions that
dissociate in competition with the azoalkane C—N=N-C
bond cleavages triggering the dissociation of the side chain.
The azoalkane dissociation in the ion conjugates can be
considered a charge-remote reaction that is analogous to
thermolysis of azoalkanes. The pertinent energy data have been
known from the thermolysis of 4,4'-azobis(4-cyanopentanoic
acid) in aqueous solution for which an activation energy was
measured as E, = 132.2 k] mol™.%” Another analogue, tert-
butyldiazapropadiene, had E, 124.7 kJ mol™.°° These
energies can be compared to the threshold energies measured
by Wu and Rodgers for CID of protonated adenosine (164 kJ
mol™),* guanosine (115 kJ mol™),”" and cytidine (112 kJ
mol™"),”" forming the corresponding protonated nucleobases.
According to the energy data, azoalkane side-chain dissociation
was expected to predominate in the adenosine conjugate (A, +
H)*, as indeed observed in the Figure S1 spectrum
(Supporting Information). The decreasing formation of
intermediates of azoalkane side-chain cleavage from (G, +
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H)* and (C, + H)" (Figures 11a and 12a, respectively) was
consistent with the low dissociation energies for the competing
formation of protonated g7uanine and cytosine according to the
Wu and Rodgers data.’””" Interestingly, glycosidic bond
cleavage was also favored in guanine and cytosine radical
intermediates, as shown in Figures 11b and 11c and 12b and
12, respectively, but not in the adenine intermediates (Figure
S1b, Supporting Information). Both the energy threshold for
the loss of acetoxyl radical (125 kJ mol™, Table 1) and the
lowest TS for the 4'-H migration in 1** (124 kJ mol~', Table
1) were below the energy needed for the adenine ion
formation, presuming that the glycosidic bond cleavage in
the adenosine ion was not significantly affected by the 2'-O-
acetyl radical. The fact that the radical-driven reactions
competed with the glycosidic bond cleavage in 2'-O-
acetylguanosine and 2’-O-acetylcytidine cation radicals in-
dicated that their energetics were similar to that in 1"°, which
was consistent with the above-mentioned energy data for
protonated guanosine and cytidine.”””"

B CONCLUSIONS

Adenosine 2'-O-acetyl radicals were found to undergo specific
transfer of 4'-H that triggered ring cleavage and loss of acetoxyl
radical. In parallel, the cation radicals underwent loss of acetyl
radical that, however, did not involve hydrogen transfer from
1'-H, 2'-H, and 4’-H and likely proceeded by a different
mechanism involving ion—molecule complexes. By comparing
radical dissociations in isomeric 2’-O-acetyl and §'-O-
acetyladenosine cation radicals, we can conclude that the
radical reactions are regiospecific as well as stereospecific. The
regiospecificity affected the final product formation that
differed for the isomeric radicals. The stereospecificity affected
the transition-state energies that determined the reaction
kinetics. Energy and kinetic analysis of the dissociation
reactions in both 2’-O-acetyl and 5’-O-acetyladenosine cation
radicals indicated that intramolecular hydrogen transfer was
the rate-determining step for both radical systems. The
regiospecificity and energetics of these reactions represent
benchmarks for intermolecular radical reactions relevant to
nucleic acid damage.
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