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ABSTRACT: We report the generation of gas-phase riboguano- T
sine radicals that were tagged at ribose with a fixed-charge 6-
(trimethylammonium )hexane-1-aminocarbonyl group. The radical
generation relied on electron transfer from fluoranthene anion to
noncovalent dibenzocrown-ether dication complexes which formed
nucleoside cation radicals upon one-electron reduction and crown- 006
ether ligand loss. The cation radicals were characterized by 004
collision-induced dissociation (CID), photodissociation (UVPD), 002 4
and UV—vis action spectroscopy. Identification of charge-tagged 0.00
guanosine radicals was challenging because of spontaneous 250 300 350 400 450 500 550 600 650 700
dissociations by loss of a hydrogen atom and guanine that
occurred upon storing the ions in the ion trap without further
excitation. The loss of H proceeded from an exchangeable position
on N-7 in guanine that was established by deuterium labeling and was the lowest energy dissociation of the guanosine radicals
according to transition-state energy calculations. Rate constant measurements revealed an inverse isotope effect on the loss of either
hydrogen or deuterium with rate constants ki = 0.25—0.26 s™" and kp, = 0.39—0.54 s™'. We used time-dependent density functional
theory calculations, including thermal vibronic effects, to predict the absorption spectra of several protomeric radical isomers. The
calculated spectra of low-energy N-7-H guanine-radical tautomers closely matched the action spectra. Transition-state-theory
calculations of the rate constants for the loss of H-7 and guanine agreed with the experimental rate constants for a narrow range of
ion effective temperatures. Our calculations suggest that the observed inverse isotope effect does not arise from the isotope-
dependent differences in the transition-state energies. Instead, it may be caused by the dynamics of post-transition-state complexes
preceding the product separation.
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1. INTRODUCTION further reactions. Our previous computational investigations
have indicated that (G + H)® and its 9-methyl derivative are

Guanine (G) is the most readily oxidized nucleobase of a low
extremely strong bases (pK, ~ 20) that are expected to undergo

ionization energy (7.85 €V)" and standard oxidation potential

(0.81—1.58 V).”™* As a result, guanine is readily ionized to a fast and complete protonation by solvent or another proton
cation radical by electron transfer to another nucleobase cation donor.” Consistent with this analysis, (G + H)* that was
radical formed by random DNA ionization.>® In contrast to transiently produced in a (GG + 2H)** dinucleotide by electron
oxidation, guanine has the largest negative reduction potential transfer in the gas phase underwent fast exothermic intra-
among the nucleobases (—2.76 eV) ,> which makes the guanine molecular protonation forming a stable dihydroguanine cation
anion radical extremely reactive toward electron loss and radical.” The high reactivity of (G + H)* has so far thwarted

protonation. Regarding electron attachment, the 9-methylgua-
nine-1-methylcytosine anion radical pair has been studied
experimentally in the gas phase,” and the calculated electron
density indicated that the ionizing electron resided in the
cytosine ring. The thermodynamics of proton transfer in the
guanine-cytosine (C) anion radical pair has been studied by
density functional theory (DFT) calculations® that pointed out
the role of solvation. Protonation of transient nucleobase anion
radicals proceeds rapidly in solution,” producing reactive neutral
hydrogen atom adducts, such as (G + H)®, which can undergo

attempts to generate it as a stable species for spectroscopic
studies. In particular, a UV—vis absorption spectrum of (G + H)*®
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Scheme 1. Reaction Sequence for the Generation of Charge-Tagged Guanosine Radicals
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is needed to characterize the radical’s electronic states for
transient monitoring by fast spectroscopy.

We now report that guanosine radicals of the (G + H)* type
can be generated as isolated species in the gas phase from
conjugates 1" and 27 that are tagged with a nonreactive fixed-
charge group. This approach is illustrated in Scheme 1 where the
fixed-charged tag is a 6-(trimethylammonium)hexane-1-amine
group attached via a carbamate linker to O-5" of the ribose
moiety. The conjugates are protonated by electrospray
ionization (ESI) to form the respective doubly charged ions,
(1 + H)*" and (2 + H)*, that are stored in an ion trap and
partially discharged by an ion—ion reaction with fluoranthene
anion radical.

Although the electron transfer direction is not specifically
controlled in the ion—ion reaction and can result in discharging
either positively charged group, reduction of the trimethylam-
monium group would produce a highly unstable hypervalent
ammonium radical of submicrosecond lifetime,"""* which is
likely to completely dissociate on the experimental time scale of
several milliseconds. In contrast, cation radicals of the (G + H)*
type, such as (1 + H)** and (2 + H)** resulting from electron
transfer to the guanidine moiety, are amenable to isolation by
mass and further interrogation by tandem mass spectrometry
and action spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Solvents (methanol, water,
acetic acid) of HPLC quality were purchased from Fisher
Scientific (Pittsburgh, PA), distilled to remove dissolved sodium,
and stored in Pyrex vessels. Deuterated solvents (>99% D
content) were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA). 2,3:11,12-Dibenzo-18-crown-6-ether
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(DBCE) was purchased from Sigma-Aldrich (St. Louis, MO)
and used as received. Guanosine conjugate 1" was synthesized
from riboguanosine (Scheme S1), purified by preparative
HPLC, and characterized by electrospray and collision-induced
dissociation (CID-MS*) mass spectra, as described in the
Supporting Information. Conjugate 2* was prepared in situ by
deprotection of the 2/,3’-O-isopropylidene group with 60/40
trifluoroacetic acid/water for 10 min at room temperature. After
evaporation of solvent to dryness, the product was redissolved in
50/50/1 methanol—water—acetic acid and characterized by
high-resolution mass spectrometry (Table S1). Mass spectra
were measured on a Bruker amaZon Speed 3D ion trap mass
spectrometer that was modified for action spectroscopy
measurements, as described previously."”” Collision-induced
dissociation (CID) spectra were measured at 0.20 (low
excitation amplitude) and 0.40 (high excitation amplitude)
instrument power settings. Action spectra were monitored in
three wavelength sections, 210—354, 355—409, and 410—700
nm, using two laser pulses, and the laser pulse energies were
measured at each experimental wavelength. The photofragment
ion intensities were normalized to the number of photons per
pulse. The reported spectra were averaged over two runs
measured at different days. H/D exchange in (1* + DBCE + H)*"
and (2* + DBCE + H)** was achieved in a D,0/CD,0D/
CH;COOD solution, and the D content in the gas-phase ions
was sustained by introducing D,O vapor in the enclosed
electrospray volume.

2.2. Calculations. Born—Oppenheimer Molecular Dynam-
ics (BOMD) calculations were performed as described
previously.'*"* Briefly, multiple tra)ectorles were run with the
valence-electron PM6-D3H4 calculations'® for 20 ps with 1 fs
steps using the Berendsen thermostat'” at 410—610 K and under

https://dx.doi.org/10.1021/jasms.0c00459
J. Am. Soc. Mass Spectrom. 2021, 32, 772—785


http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=sch1&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://dx.doi.org/10.1021/jasms.0c00459?ref=pdf

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

509
—CHj (1+H)*
494
434.5%*
100 ]
> 80 7
£ .
C 4
L 60+
£ 1 495 500 505 510
0 1
£ 40 4
© ] T
& ] -G N
20 1 358
(a)O ‘l""I""I""ll'"'I' f ™ m/z
150 200 250 300 350 400 450 500 550
469
—CH, (2+H)™
414,52+ 454
100 ]
> 80 §
£ ]
c 4
L 60
E 4
2 ] -
2 ] \ 455 460 465 470
% 0 1 —-N(CH;)s '\‘ _______
3 ] -G 410 [
207 318 \ j l J
(b)ollll |'L'| 1 m/z

150 200 250 300

350 400 450 500 550

Figure 1. ETD spectra of complexes (a) (1 + DBCE + H)*" at m/z 434.5 and (b) (2 + DBCE + H)** at m/z 414.5.

the Cuby4 platform.'® The PM6-D3H4 calculations were run
with MOPAC 16."” Two hundred snapshots were extracted at
regular intervals from 20000 steps in each trajectory, reoptimized
with PM6-D3H4, and the list of structures was compacted by
sorting out duplicates. Selected low-energy conformers were
reoptimized with B3LYP/6-31+G(d,p)*° to provide harmonic
frequencies. These were used to calculate enthalpies and
entropies at 310 K corresponding to the experimental temper-
ature. Hindered rotors were identified by the procedure included
in Gaussian 16°"** and used to correct the calculated entropies.
Another set of optimized structures were obtained by M06-2X/
6-31+G(d,p)*’ geometry optimizations, followed by M06-2X/6-
311++G(2d,p) calculations of single-point energies. Transition
states were located by a stepwise procedure. First, the potential
energy surface along the reaction coordinate was mapped by a
stepwise bond lengthening in low-energy reactant conformers,
and the TS was gradient-optimized to the first-order saddle point
with one imaginary frequency. Several thus-obtained transition
states were then treated by BOMD at 610 K using the Cuby4
platform in which the bond lengths in the reaction center were
fixed at their original TS values while the other internal
coordinates were dynamically free. Snapshots from these runs
were sorted out by DFT while keeping the TS coordinates fixed,
and the resulting conformers were sorted out by energy. Finally, a
search was performed for low-energy geometries to arrive at the
final, conformationally optimized, TS structures which were
confirmed by harmonic frequency analysis. Isotopologue
frequencies were calculated using the B3LYP harmonic force
constants. Excited-state calculations were performed with time-
dependent DFT** (TD-DFT) with M06-2X/6-31+G(d,p) for
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50 excited states. The choice of this functional and basis set for
TD-DFT was based on our previous benchmarking”**° against
equation-of-motion coupled cluster calculations”’ for other
nucleobase radicals. Vibronic transitions were calculated for 12—
24 excited states from Wigner configurations™”’ that were
generated from 198 harmonic vibrational modes of (2 + H)**
using the Newton X 16 program.*® Typically, 300 lowest energy
configurations were selected by their Boltzmann factors for TD-
DFT calculations.

3. RESULTS AND DISCUSSION

3.1. Cation-Radical Formation, Characterization, and
Dissociation Kinetics. Electrospray ionization of 1" and 2*
yielded doubly charged ions, (1 + H)** and (2 + H)*,
respectively, that were characterized by accurate mass measure-
ments and collision-induced dissociation (CID) spectra (Figure
Sla,c). The CID spectrum of (2 + H)*" (m/z 234.6) was very
simple, displaying the complementary (G + H)* and
CsH,oN,O;" fragment ions formed by cleavage of the glycosidic
C-1'-N-9 bond (Figure S1c). The CID spectrum of (1 + H)**
(m/z 254.5) displayed additional fragment ions from the
dioxolan ring cleavage (m/z 299, Figure Sla). The CID
spectrum of 1* (m/z S08) was also measured for reference
(Figure S1b). However, electron transfer to (1 + H)*" and (2 +
H)*" resulted in a complete dissociation, forming the 1* and 2"
ions and fragments by loss of NMe;, while the desired (1 + H)**
and (2 + H)** cation radicals were absent (Figure S2a,b). This
result was not completely unexpected, in view of the substantial
exoergicity of electron transfer to the dications and the fragility of
nucleoside radicals.>"** To facilitate the formation of stable (1 +
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H)" and (2 + H)"™ we generated by electrospray ionization
doubly charged noncovalent complexes of (1 + H)** and (2 +
H)** with 2,3:11,12-dibenzo-18-crown-6-ether (DBCE) (m/z
414.5 and 434.5, respectively) and used these for ion—ion
electron-transfer reactions with the fluoranthene anion.'® The
resulting spectra indicated the formation of stable cation-radicals
at m/z 509 and 469 for (1 + H)** and (2 + H)"*, respectively
(Figure 1a,b). We also generated the (D4-1 + D)** and (Dg-2 +
D)** radicals in which all the exchangeable N—H and O—H were
replaced by deuterium (m/z S14 and 476, Figure S3a,b). The
ETD spectra of the DBCE complexes still showed that,
regardless of the protecting groups on ribose, the guanosine
cation radicals underwent substantial dissociation. The main
dissociations were loss of H, CHj3, and guanine, as annotated in
the Figure 1a,b and Figure S3a,b spectra.

The loss of H or D was the most facile dissociation that
occurred even upon storing the cation radicals in the ion trap
without any activation. In addition, a spontaneous loss of
guanine was also observed as a minor dissociation. The peaks of
the mass-selected (1 + H)**, (D,-1+D)**, (2+ H)**, and (D¢-1
+ D)** ions showed tails on the low m/z sides that were
indicative of metastable species that dissociated prior to resonant
ejection from the ion trap (Figure 2a,b).>>~ These tails were
particularly prominent at short storage times and gradually
diminished as the ions were kept longer in the ion trap (Figure
S4a,b). We utilized these spontaneous dissociations of mass-
selected ions at m/z 509, m/z 514, m/z 469, and m/z 476 for (1 +
H)**, (D,-1+D)**, (2 +H)**,and (D42 + D)**, respectively, to
monitor the reaction kinetics and determine the apparent
unimolecular dissociation rate constants. The logarithmic plot
for the (D,-1 + D)** relative intensity was linear, giving the rate
constant, kp(1) = 0.58 s™! (r* = 0.999) (Figure 2c), for the
overall dissociation which was composed of the rate constants for
the competitive loss of D, kp(D-loss)(1) = 0.54 s™" and loss of
guanine, kp(G-loss)(1) = 0.03 + 0.006 s™". The plot for (1 +
H)** was less tight (r* = 0.978), giving the overall rate constant
k(1) = 0.28 57" that was composed of ky;(H-loss)(1) = 0.26 s
and k;(G-loss) (1) =0.02 4 0.005 s~". Thus, the loss of hydrogen
exhibited an inverse isotope effect of ky(H-loss)(1)/kp(D-
loss)(1) = 0.48.

The kinetic plot for the (2 + H)** relative intensity (In x(H),
Figure S4c) showed a linear part after ca. 400 ms that was least-
squares fitted giving the combined rate constant for both
dissociation channels as ki;(2) = kyy(H-loss ) (2) + ky;(G-loss) (2)
=0.28 s™" with the correlation coefficient of * = 0.99. From the
combined rate constant and the product ion intensity ratios we
obtained ky(H-loss)(2) and ky;(G-loss)(2) as 0.26 and 0.02 +
0.005 s7', respectively. At earlier ion residence times, the plot
showed a steeper descent with an apparent k;;(2) = 0.62 and a
poorer fit * = 0.95. The plot for (Dg-2 + D)** (x(D), Figure S4c)
showed an overall linear function with kp(2) = kp(D-loss)(2) +
kp(G-loss)(2) = 0.45 s™! and r* = 0.99, although the first few
points up to 100 ms also indicated a faster dissociation. The
faster-dissociating (2 + H)** and (D4-2 + D) ** ions were likely to
belong to fractions that were nonresonantly excited upon ion
isolation and underwent CID. In contrast, the longer-lived ions
were likely to be thermalized to undergo spontaneous
dissociations. From the k(2) we obtained the rate constants
kp(D-loss)(2) and kp(G-loss)(2) as 0.39 and 0.06 = 0.02 s7},
respectively. The kinetic data indicated that the dissociation of
the long-lived ions (2 + H)** also displayed an inverse isotope
effect of kyy(H-loss(2)/kp(D-loss)(2) = 0.65 that was of a similar
magnitude as that measured for (1 + H)**.
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Figure 2. Peak profiles for (a) (1+H)** and (b) (D,-1 + D)** ions that
were isolated by mass and stored without excitation in the ion trap for 2
s. (¢) Logarithmic kinetic plots of precursor ion relative intensities for (1
+H)* and (D41 + D)**, respectively, with lines of least-squares fits.

The (1 + H)** and (2 + H)** ions, as well as their deuterated
analogues, were further investigated by CID-MS®. Upon low-
energy excitation, the (2 + H)** ion chiefly lost an H atom and
guanine (m/z 318). Note that the m/z 468 peak due to loss of H
was in part obscured by the metastable tail of the m/z 469
precursor (Figure 3a). At higher excitation amplitudes, (2 + H)**®
underwent further dissociations by a combined elimination of
guanine and C,H;0, from the ribose ring (m/z 259), and a
carbamate elimination forming the m/z 203 fragment ion
(Figure 3b). CID-MS? at high excitation amplitudes of (D¢-2 +
D)** displayed an equal loss of H and D (Figure 3c), which
contrasted with the spontaneous dissociation leading to a
predominant loss of D (Figure 2b). The clean elimination of D,-
G (m/z321) from (Dg-2 + D)*®, as well as the isotope mass shifts
in the other fragment ions (m/z 259 — m/z261,and m/z203 —
m/z 205), clearly indicated that there was no exchange between
the guanine deuterium atoms and hydrogen atoms in other parts
of the ion.
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Figure 3. CID-MS? spectra of (a) (2 + H)** at a low excitation amplitude; (b) (2 + H)** at a high excitation amplitude; (c) (Ds-2 + D)** at a high
excitation amplitude. Insets show the precursor ion and H/D-loss peak profiles.
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Figure 4. CID-MS? spectrum of (1 + H)**. Inset shows the precursor ion and H-loss peak profiles.

The CID spectrum of (1 + H)** (Figure 4) showed additional
fragment ions besides those by loss of H (m/z 508) and guanine
(m/z 358). Loss of trimethylamine (m/z 450) in combination
with loss of H (m/z 449) was substantially more abundant than
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for (2 + H)**. The CID spectrum of (1 + H)"* newly displayed
fragment ions at m/z 344, 343, and 272. The m/z 344 and 343
ions were formed by elimination of C¢H,N O, the latter
following a hydrogen atom loss. Note that the m/z 343 fragment
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Figure 6. UV—vis action spectra of (2 + H)**. (a) Sum of photofragment ion relative intensities. (b) Individual photofragment channels.

ion is prominent in the CID spectrum of 1* (Figure S1b),
indicating a methyl transfer to the guanine ring. A similar
dissociation was seen in the UVPD spectrum of 2% (m/z 303,
Figure SSb) and also for adenosine conjugate cation radicals, as
has been reported recently.*” This reaction is facilitated by an
interaction of the trimethylammonium group in the conjugate
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with the guanine ring which functions as a nucleophile in singly
charged ions. Note that methyl transfer is absent in CID of
doubly charged ions (Figure Sla,c) where the charged
trimethylammonium and protonated guanine ring are kept

apart by Coulomb repulsion. The m/z 272 and 258 ions are

https://dx.doi.org/10.1021/jasms.0c00459
J. Am. Soc. Mass Spectrom. 2021, 32, 772—785


http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig6&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://dx.doi.org/10.1021/jasms.0c00459?ref=pdf

Journal of the American Society for Mass Spectrometry

Research Article

pubs.acs.org/jasms

probably formed by cleavages within the ribose ring following
the loss of guanine and methylguanine.

3.2. Action Spectra. The fragment ions identified by CID-
MS? were selected for monitoring the photodissociation of (1 +
H)** and (2 + H)**. The action spectrum of (1 + H)"® was
composed of the abundant m/z 508, 358, 343, and 272
photofragment ions. The combined m/z 358, 343, and 272
photofragment ion intensities are plotted in Figure Sa. This
showed composite bands with maxima at 260 and 330 nm and a
broad band at 600 nm. The loss of guanine (m/z 358) channel
was the main contributor to the 600 nm band, whereas the 260
and 330 nm bands had contributions from all major channels
(Figure Sb). The m/z 508 channel (loss of H) displayed another
band at 210 nm and a broad featureless band between 400 and
580 nm. However, the m/z 508 peak was partly obscured by the
low-mass shoulder of the m/z 509 precursor because of its
metastable dissociation that was most pronounced in regions of
low photodissociation conversion. This made the intensity
measurements at m/z 508 difficult, and it may have affected the
action spectrum based on this ion channel.

The action spectrum of (2 + H)*® was monitored at m/z 468,
318, 259, and 203. The combined spectrum is shown in Figure
6a, and the individual fragment ion channels are plotted in Figure
6b. The action spectrum displayed absorption bands at 270 and
330 nm and a broad band at 580 nm. Similar to (1 + H)**, the
580 nm band was mainly due to the m/z 318, loss of guanine,
channel which likely represented a low-energy dissociation,
dominating atlow photon energies. The 330 nm band was split in
the m/z 318, 259, and 203 channels that showed small
wavelength shifts from 330 nm for the m/z 203 channel to 340
and 350 nm for the m/z 318 and m/z 259 channels, respectively.
These shifts were probably caused by energy-dependent
competitive kinetics of these dissociations, whereby the low-
energy m/z 318 channel showed the longest wavelength band
onset and maximum. The intensity of the 11/z 468 (loss of H) ion
was again affected by an overlap with the metastable shoulder of
the m/z 469 precursor ion, especially in wavelength regions of
low absorbance. We attempted to mitigate this interference by
fitting the m/z 469 and m/z 468 with Gaussian profiles and
integrating those while ignoring the metastable tail. Never-
theless, this procedure was imperfect, and the remaining
interference may explain the featureless bands at 400—500 nm
and above 600 nm in the m/z 468 channel (Figure 6b).

The action spectrum of (2 + H)** is to be matched against the
action spectra of the closed-shell dication (2 + H)** having a
protonated guanine ring (Figure SSa) and cation 2" with a
neutral guanine moiety (Figure SSb). The spectrum of (2 + H)*"
displayed three bands with maxima at 245, 260, and 285 nm that
were traced by both major photofragment ions which were (G +
H)* at m/z 152 and its complementary ion formed by loss of
guanine (m/z 317). The spectrum of 2" also showed three bands
with a major absorption at 240 nm that was carried by the
rearrangement ion at m/z 303. The other bands at 265 and 280
nm had contributions also from the other photofragment ions at
m/z 152 and m/z 317. The spectrum of (2 + H)*" indicated a 10
nm red shift for all three bands compared to the spectrum of 2*
that can be attributed to the guanine ring protonation. Note that
the guanine z-electron system is the only chromophore
absorbing in this wavelength region. More significantly, the
spectra of the closed-shell ions did not display any absorption
above ca. 300 nm. Thus, the characteristic bands in the action
spectrum of (2 + H)** (340 and 580 nm) can be unequivocally
assigned to electron excitations in the guanine radical.
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3.3.lon Structures and Action Spectra Assignment. We
carried out extensive calculations of cation—radical structures
pertinent to (1 + H)** and (2 + H)**, as well as their ion
precursors, dissociation products, and transition states leading to
major dissociations. The primary goal of these calculations was
to assign the action spectra, with a secondary goal of establishing
the relative energies of guanine ion and radical protomers and
their conformers. Starting with (1 + H)"*, we used Born—
Oppenheimer Molecular Dynamics (BOMD) calculations to
map the conformational space of guanine, ribose, and the
carbamate side chain and then applied DFT for full gradient
optimization of low-energy structures identified by BOMD. The
relative energies of (1 + H)"® protomers with hydrogen
attachment sites at guanine positions N-3, O-6, N-7, and NH,
(N-10) are summarized in Table 1. The DFT calculations

Table 1. Relative Energies of Cation Radicals (1 + H)**

. ab
relative energy’

M06-2X/° 6-31+G(d,p) MO06-2X/9? 6-311++G(2d,p)

ion

1a** 0 (0) 0 (0)

1b** 9.5 (5.7) 9.0 (5.2)
1c™ 3.1(02) 4.9 (2.0)
1d* 6.4 (2.7) 6.6 (2.9)
le™ 12 (8.1) 14 (10)
1f* 24 (22) 24 (23)
1g™ 56 (62) 61 (67)

“In kJ mol™}; bIncluding scaled B3LYP/6-31+G(d,p) zero-point
energies and referring to 0 K unless stated otherwise. “Relative free
energies at 310 K in parentheses. dSingle-point energies on M06-2X/
6-31+G(d,p) optimized geometries.

indicated very close relative free energies of protomers
protonated at N-7 (1a** and 1b**), N-3 (1c*® and 1d**), and
0-6 (1e**) (Figure 7) where the differences were within the
usual accuracy limits of the DFT methods employed. Thus, no
preference for either structure could be inferred from the energy
calculations. The low-energy (1 + H)"* ions displayed some
interesting structural features that are briefly discussed here. In
contrast to the cation radicals, energy analysis of the (1 + H)>*
dications gave N-7-protonated tautomers as the lowest free-
energy structures (Figure S6). This result was consistent with the
preferred protonation at N-7 in gas-phase guanine36'37 and
guanosine.38

The low-energy N-7-H cation—radical tautomers (1a** and
1b**) were pyramidized at C-8, displaying a high atomic spin
density at this position (Figure 7). The charge-carrying side
chain was folded toward the guanine ring such that the proximate
trimethylammonium hydrogens were within 2.7 A of the radical
carrying C-8. The N-3-H tautomers (1c** and 1d**) showed a
high spin density at C-2 which was pyramidized. The side chain
in these tautomers was folded to become sandwiched with the
guanine ring, but the closest approach of the trimethylammo-
nium hydrogens was toward O-6, not the C-2 radical center. The
O-2-H tautomers (1e** and 1f**) carried most of the spin density
at C-6. The side chain was folded with the proximate
trimethylammonium hydrogens approaching N-7 within 2.4 A.
Finally, the less stable ion 1g"® had a substantial spin density at
C-2, and the side chain was tightly folded toward the guanine
ring with O6---H distances within 2.3 A. The side chain folding
was chiefly due to charge-dipole interactions between the
trimethylammonium group and the ring N or O atoms of high
electron density. Hydrogen bonding involving the carbamate
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Figure 7. M06-2X optimized structures of low-energy (1 + H)** isomers. Atom color coding is as follows: cyan = C, blue = N, red = O, gray = H. The
side-chain aliphatic hydrogens were hidden to avoid clutter. Major atomic spin densities are shown as purple italics.
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broadening of the transition lines by convolution with Lorentzian functions at 10 nm full width at half-maximum (fwhm).

linker was less important, as judged from the CO—N-H:--ring N
distances which were 2.41, 2.90, and 2.76 A in 1a*, 1c**, and
le**, respectively. Ion 1g** was different as it developed a strong
hydrogen bond between the NH; group and the carbamate
carbonyl at 1.75 A.

We used TD-DFT to calculate electronic excitations in 1a™*—
1g™ that were plotted in Figure 8 for the lowest energy
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conformers. The others are shown in Figure S7. Comparison of
the calculated spectra with the action spectrum of (1 + H)**
revealed a match of the long-wavelength band (4,4, = 550 nm) of
1a** (Figure 8a) with the band of (1 + H)"* in same region
(Figure Sa). Similarly, the calculated bands of 1a** at 240 and
290 nm found a match with the action spectrum bands at 260 and
340 nm, considering a vibronic red shift and band broadening. A
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Figure 9. M06-2X-optimized structures of low-energy (2 + H)*® isomers. Atom color coding is as follows: cyan = C, blue = N, red = O, gray = H. The

side-chain aliphatic hydrogens were hidden to avoid clutter.

similar match was observed for the other N-7-protonated low-
energy conformer 1b** (Figure S7a). In contrast, the other
guanine protomers, 1c**, 1e*®, and 1g"* and their conformers
displayed various degrees of mismatch with the action spectrum
in the characteristic 500—600 and 300—400 nm regions (Figure
8b—d). Thus, the action spectrum of (1 + H)** pointed to the N-
7 protonated tautomer 1a*® or its low-energy conformer 1b*°.

We further addressed the structures, energies, and absorption
spectra of isomers pertaining to (2 + H)**. The optimized
geometries of the lowest energy conformations of tautomers
2a"*—2f"*, originating from ions protonated at the basic N-1, N-
3, N-7, and O-6 sites, are shown in Figure 9, for relative energies
see Table 2. The N-7-protonated isomers 2a*® and 2b*® were the
lowest free energy ions that differed in the exo and endo
configuration at the pyramidal N-7 atom. These two forms were
calculated to be freely convertible by inversion at N-7. The
transition-state energy for the inversion, when corrected for
zero-point vibrational energy, was below those of 2a** and 2b*°.
Another isomer (2¢**), having an inverted configuration at C-8,
was slightly higher in energy. In addition to 2a**—2¢**, we found
the N-3-H tautomer (2d**) and the O-6-enol form (2f**) to be
within 10 kJ mol™" of 2a*®. Thus, according to the optimized
structures and energies, there was no particular preference for
either guanosine radical tautomer. It may be noted that the
ordering of free energies for 2a**—2f"* was affected by the ion
entropies. Because of the side-chain flexibility, the low frequency
modes were treated as hindered rotors according to McClurg et
al,*” resulting in upward entropy corrections.

The optimized structures of 2a**—2f** displayed close
similarities with those of 1a**—1g**, as far as the interactions
between the charged side chain and the radical-carrying guanine

780

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

. a,b
relative energy’

MO06-2X/° 6-31+G(d,p)  M06-2X/“? 6-311++G(2d,p)

2a** 0 (0) 0 (0)
2b* 3(-34) 42 (-2.1)
2c* 5.9 (7.8) 6.3(82)
2d** —8.6 (1.4) —3.7 (6.4)
2e** 6.2 (11) 9.3 (14)
2 7.9 (4.0) 8.3 (4.3)
2g™ —66 (—65) —65 (—64)
2h** —14 (-15) —14 (-14)
2i 8.0 (7.0) 8.1 (7.2)
25+ 57 (56) 59 (59)
2k 74 (66) 75 (67)
21 —11 (0.6) —13 (~1.6)
3"+ H* 62 (35) 59 (32)
4"* + Guanine 52 (—6.9) 46 (—13)
TS1 92 94
D,-TS1 103¢ 105°
TS2 92 104

TS3 106 106

TS4 101 104
D,-TS4 107°¢ 110°
TS5 95 97

“In kJ mol™; bIncluding scaled B3LYP/6-31+G(d,p) zero-point
energies and referring to 0 K unless stated otherwise. “Relative free
energies at 310 K in parentheses. “Single-point energies on M06-2X/
6-31+G(d,p) optimized geometries. “Relative to D,-2a**.
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ring were concerned. For example, the N-7-H tautomers 2a**—
2¢** showed folded conformations in which the trimethylam-
monium group was in the vicinity of the radical-carrying
imidazole ring, a situation also encountered with 1a** and 1b*°.
The absence of the rigid 1,3-dioxolan ring in 2a"*-2f** affected
the ribose ring conformation. For example, the O-2—C-2'—-C-
3'—0-3 dihedral angle in 2a** (31.0°) was larger than in 1a**
(—3.5°). However, the side-chain conformation allowing the
ion-dipole interactions was established to a similar manner in
2a** and 1a**, as set up by the similar O-5—C-5'—C-4'—-C-3’
dihedral angles (54.7° and 43.7° respectively). Thus, the
presence of the dioxolan ring in 1a™*—1g"™® had only a minor
effect on the ion conformations and tautomer relative free
energies.

For the optimized structures of 2a*®, 2d**, and 2f"° we
calculated TD-DFT electronic excitations that were expanded to
300 configurations at 310 K to provide vibronic spectra. Because
of the size of these ions and the large number of low-oscillator
strength excited states in open-shell systems, we limited the
number of excited states included in the vibronic calculations to
12—24 states to cover the wavelength range in the visible and
near-UV regions. The calculated vibronic spectra along with the
excited state assignments are shown in Figure 10. The spectrum
of 2a** (Figure 10a) displayed a broad band at 569 nm due to an
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excitation to the first (A) excited state. This calculated band,
including its vibronic broadening, was in a close agreement with
the S80 nm band in the action spectrum (Figure 6a). The
transition to the A state was identified as a dipole-allowed 7, —
m* excitation from the singly occupied molecular orbital
(SOMO, MO126) to the virtual orbital space (Figure S8).
The next three transitions for 2a*® (B, C, and D excited states at
395, 374, and 357 nm, respectively), with the pertinent vibronic
broadening, gave rise to the broad composite band at 350—450
nm. These excitations occurred from the SOMO to molecular
orbitals of the Rydberg (B state) and mixed 7, *-Rydberg (C and
D states) type (Figure S8). The intense transition to the I state
(306 nm) was due to a 7, > 7,* type excitation from the doubly
occupied MO12S, occurring within the a-MO manifold. Finally,
another intense transition to the Y state (239 nm) was also of the
7, = m.* type occurring from the doubly occupied MO125, but
within the -MO manifold. In contrast, the absorption spectrum
of the N-3-H tautomer (2d**) displayed only very weak
transitions in the visible and near-UV regions, as exemplified
by the A and B states at 476 and 355 nm (Figure 10c). The major
bands at 225—230 nm in the calculated vibronic spectrum of
2d** were not prominently represented in the action spectrum.
These combined features eliminated 2d** as a plausible structure
candidate. The absorption spectrum of the O-6-H tautomer

https://dx.doi.org/10.1021/jasms.0c00459
J. Am. Soc. Mass Spectrom. 2021, 32, 772—785


http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00459/suppl_file/js0c00459_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00459?fig=fig10&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://dx.doi.org/10.1021/jasms.0c00459?ref=pdf

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Research Article

Scheme 2. M06-2X/6-31+G(d,p)-Optimized Transition States, Intermediate Complexes, and Dissociation Products”
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(2£"*) did show some similarities with the action spectrum due
to excitation to the B-L states in the 270—400 nm region (Figure
10b). However, the band pertaining to the transition to the A
state (541 nm) was spread over a broad range of wavelengths
upon vibronic broadening and did not represent a recognizable
feature. Similarly, the most intense transition in 2f** at 216 nm
(Figure 10b) was not realized as an intense band in the action
spectrum. On the basis of this comparison, and considering the
match of the closely related 1a™* absorption spectrum with the
action spectrum of (1 + H)** (Figure 8a), we conclude that both
these gas-phase ions were N-7-H tautomers.

3.4. lon Dissociations and Isotope Effects. The
spontaneous loss of H and guanine from thermal (1 + H)**
and (2 + H)* suggested that these dissociations had low
activation energies, similar to those previously reported for
adenosine conjugates.”> The spontaneous loss of H chiefly
(>95%) involved the exchangeable hydrogens in (1 + H)** and
(2 + H)*, as evidenced by the spectra of the D-labeled
analogues. Upon collisional activation of (D¢-2 + D)**, there was
a 50/50 loss of H and D from the guanine moiety (Figure 3c,
inset). Loss of H can proceed in 1la**—1g** and 2a**—2f"* to
convergently form the lowest energy guanine N-1-H tautomer,
such as 3* (Scheme 2). We used BOMD and DFT calculations to
determine the transition states (TS) for the dissociation of the
N-7—Hbond in 2a** and 2b**. The loss of H from 2a** had a low
threshold energy of AH,,,, = 59 k] mol™" (Table 2). Transition
states for N-7—H bond dissociations, TS1—TS4, were found at
94—106 kJ mol ™" relative to 2a*® (Table 2). The dissociating
bonds showed a moderate N-7---H separation in TS1 and TS2,
1.492 and 1.477 A, respectively (Scheme 2), and similarly for
TS3 and TS4 (Scheme S2). The conformationally optimized
structures of TS1—T84 revealed substantial changes in the side
chain folding compared to those in 2a** and 2b**. In general,
reaching the T'S was associated with a side-chain unfolding away

782

from the imidazole ring, regardless of the syn- or anti-facial
position of the departing hydrogen atom. The N-7—H bond
dissociation led to the formation of a weak complex of the H
atom with the guanosine conjugate, as represented by 2j™° and
2k** (Scheme 2). The conformational diversity of TS1—TS84, as
well as their similar energies, indicated that there may be multiple
transition states for the N-7-H loss, converging to conformers of
the reaction product 3",

The dissociation by loss of guanine (Scheme 3) was calculated
to produce ion 4*° and the N-7-H tautomer of neutral guanine at
a very low threshold energy (46 kJ mol™!, Table 2), which was
further reduced for the calculated free energy change because of
the gain of rotational and translational entropy of the products,
resulting in an exoergic dissociation (AG,y, 3,0 = —13 kJ mol™")
overall. Because of the protonation pattern in 2a**® the neutral
guanine molecule was formed as the most stable N-7-H
tautomer.””~*' Investigation of the dissociation pathway for
the loss of guanine revealed multiple transition states differing in
the side-chain conformation. The lowest energy TSS was 97 kJ
mol " relative to 2a** (Table 2) and was stabilized by hydrogen
bonding between the side-chain carbamate and guanine NH,
groups (Scheme 3). The separation of N-9 and C-1" in TSS was
remarkably small (1.872 A, Scheme 3), indicating a bond
elongation of only 0.43 A (30%) in an early transition state.
Accordingly, the N-9—C-1" bond dissociation was exoergic,
forming an ion—molecule complex (21"*), which was at —13 kJ
mol ™" relative to 2a** at 0 K.

We used the lowest energy TS1 for transition-state-theory
calculations of the thermal rate constant for the loss of H from
2a**and 2b** (k). The calculated ky;, as well as the rate constant
for the guanine loss (kg,,), bracketed the experimental rate
constants in the same narrow interval of temperatures of 340—
355 K (Figure S9), which were consistent with the typical
effective temperatures of ions stored in ion traps.*”~* The
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Scheme 3. Loss of Guanine from Conjugate 2a***
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“Relative 0 K energies in k] mol™" in parentheses.

calculated rate constant ratio in this temperature interval, k;,,/
ky = 0.079—0.099, was close to the experimental ratio (0.077—
0.096). However, TST calculations yielded lower rate constants
for the loss of D from D,-2a**, thus indicating a substantial
regular isotope effect (Figure S9). This computational result
chiefly followed from the standard zero-point energy effect of D
substitution that increased the energy of D,-TS1 relative to D-
2a** from 94 to 105 kJ mol™' (Table 2). We note that the
calculated ratios of partition functions for the TS1 and reactants
at 350 K were Q*/Q = 2.28 and 2.76 for TS1/2a** and D.-TS1/
D,-2a"®, respectively, favoring D,-TS1 by about 20%. However,
this small enhancement was insufficient to overcome the much
larger effect of increased activation energy.

Inverse isotope effects are usually explained by an isotope-
dependent coupled equilibrium that prefers the labeled form
(equilibrium 1sotope effect).**~* We examined a possible
equilibration of 2a** involving a H-7 or D-7 transfer to an
adjacent position. A 1,2-migration of H-7 to C-8 would form ion
2g** (Scheme S2) which was substantially more stable than 2a**
(Table 2). However, formation of 2g** as an intermediate would
have increased the barrier for H loss to 124 kJ mol ™!, which was
inconsistent with the rapid kinetics of H/D ejection. Moreover,
loss of both D and H should be expected had 2g™® been an
intermediate, in stark contrast with the experimental results for
the spontaneous dissociation. 1,2-Hydrogen atom migration to
C-5 would form isomer 2i** of comparable energy as 2a*®.
However, attempts to locate the TS for the 1,2-H migration
resulted in dissociation, making 2i** and another low-energy
isomer (2h*®) kinetically inaccessible from 2a**. A tentative
explanation of the isotope-effect discrepancy between experi-
ment and TST theory can be invoked from the properties of the
potential energy surface post-TS1. The departing hydrogen
atom can be temporarily retained in a complex (2k** or 2j*°,
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Scheme 2), which was calculated to be a potential energy
minimum in equilibrium with 2a*® or 2b™*. Complex 2j** was
isoenergetic with the products (both at 59 kJ mol™ relative to
2a**, Table 2), which was due to a stabilizing refolding of the side
chain in 3* which must have involved a free- energy barrier
(Scheme 2). Similarly, complex 2k*®, which was a local energy
minimum but above the lowest energy products, owed its
existence to a side-chain conformation change on the route to 3*
that was associated with a free-energy barrier. Unfortunately,
calculating these energy barriers turned out to be very
demanding and we did not pursue it. Importantly, the reverse
H--N-7 recombination in 2k"® was calculated to be 5.7 fold
faster at 350 K than the D--N-7 recombination in D,-2k**. Thus,
if the overall dynamics of the loss of H and D from complexes
2j** or 2k"® and their D--isotopologues preferred the departure
of the heavier isotope, the inverse isotope effect could be
attributed to an isotope-dependent coupled equilibrium
involving H-atom complexes with the conformers of product
ion 3". This could be investigated by all-electron molecular
dynamics starting from the transition state and including
vibrationally excited H-atom complexes. However, because of
the open-shell nature of the system and relatively small variations
of the potential energy surface, such calculations would require
an ab initio Hamiltonian and a basis set of good quality to capture
the dissociation kinetics, which is beyond the scope of the
present work.

4. CONCLUSIONS

Elusive guanosine radicals representing hydrogen atom adducts
to guanine, (G + H)*®, were generated for the first time in the gas
phase in the form of conjugates carrying a fixed-charge
trialkylammonium group. The successful generation necessi-
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tated an indirect approach, consisting of electron transfer
dissociation of a noncovalent crown-ether complexes of the
doubly charged conjugates. This technique appears to be
generally applicable to forming fragile biomolecular radicals in
the gas phase. The charged tag was transparent in the 210—700
nm range, and its absorption did not interfere with that of the
nucleoside radical that can be studied by ion action spectros-
copy. Charge-tagged guanosine radicals represent a case of
transient intermediates that are susceptible to spontaneous
dissociation that makes them a challenging target for
experimental studies. At the same time, the conformational
flexibility of the charged tag requires Born—Oppenheimer
molecular dynamics to adequately treat the ion thermodynamics
and obtain conformationally optimized transition states. Despite
these difficulties, we were able to spectroscopically characterize
the ions as being guanosine N-7-H radical tautomers. The
absorption bands in the visible and near-UV regions of the
spectrum were found to be characteristic of guanosine radicals of
this position-specific (G + H)*® type while distinguishing them
from other radical protomers. This UV—vis absorption
characteristic can be used to identify guanine radicals in more
complex guanine-containing oligonucleotide and DNA radicals
of relevance for DNA damage. The guanine radical dissociations
were found to display a large inverse isotope effect on the
spontaneous loss of H. Accurate treatment of this effect using ab
initio molecular dynamics appears to be necessary to explain this
interesting observation.
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