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By using the time-resolved chemically induced dynamic nuclear
polarization technique, we show that the neutral guanosyl radical,
G(-H)*, formed in the reaction of guanosine-5'-monophosphate with
a triplet-excited 3,3',4,4'-tetracarboxy benzophenone in neutral
aqueous solution, protonates readily at the N7 position with the
formation of a new guanosyl cation radical (G**)'.

The first studies on DNA photoreactions were started more
than 50 years ago. Up to now a large amount of information
about basic DNA photochemistry, in model systems as well as
in isolated and cellular DNA, has been accumulated. Now it is well
known that UV light can interact with DNA either by direct
absorption or via photosensitization by endogenous or exogenous
chromophores present in drugs, cosmetic agents, metabolites,
etc."” Photosensitizers cause certain types of DNA damage accord-
ing to the properties of their excited states and their location in
the cell, including reactions with photosensitizers under UV light,
leading to the formation of short-lived radicals of easily oxidized
nucleotides." Guanine is the main target of one-electron oxidation
reactions, as it has the lowest oxidation potential among all DNA
components.’ Upon one-electron oxidation, guanine is converted
into a cation radical (G**). The guanine cation radical can
deprotonate to form the neutral guanine radical G(-H)*,* and
these two radicals are involved in the subsequent processes of
pathological DNA damage.® Therefore, there have been numerous
publications on the formation and behavior of guanine radicals
both as a nucleotide and as part of single strand and duplex
DNA.*” However, despite continuous studies on guanine radical
intermediates, there is still no common opinion on the structure
and reactivity of these particles.

Recently Choi et al. using time-resolved resonance Raman
spectroscopy combined with pulse radiolysis have proposed a
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new guanine cation radical species (G**)’ that results from
protonation at the N7 position of the neutral guanine radical
G(-H)*.® The authors reported that this reprotonation reaction
rapidly occurs in neutral aqueous solution at a rate constant of
8.1 x 10° s~". The common guanine cation radical G** proto-
nated at the N1 position has a pK, value of 3.9,° and is not
expected to be formed in neutral aqueous solution. The work by
Choi et al initiated a lively discussion about the possibility of
formation of a new guanine cation radical (G*')’ and its
structure.”® This hypothesis was surprisingly suitable for an
explanation of the unusual behavior of the kinetics of CIDNP
(chemically induced dynamic nuclear polarization) detected by
us during the photoreaction of guanosine-5-monophosphate
(GMP) with the photosensitizer, 3,3',4,4’-tetracarboxy benzo-
phenone (TCBP). The unusual behavior was a change in sign of
CIDNP for both reaction participants on the microsecond
timescale, which was an indication of structural changes of at
least one of the short-lived radicals formed in the photochemical
reaction. In the present study, we approached the question of
this CIDNP sign change from the perspective of the protonation
reaction suggested by Choi et al. The term CIDNP means
non-equilibrium nuclear spin-state populations produced in
chemical reactions that involve radical pair intermediates.
These are detected as enhanced absorptive or emissive signals
in the NMR spectra of diamagnetic products of radical reactions.
The amplitude and sign of the CIDNP signal depend on the
magnetic parameters of the radicals (g-factors and HFC constants)
and therefore allow determination of the radical structure."
CIDNP is a time-dependent effect. CIDNP is formed in short-
lived radical pairs and is maintained for the time of diamagnetic
relaxation in the reaction products, the signals of which are
detected by NMR. The time-resolved version of the CIDNP method
(TR-CIDNP) allows us to easily separate the contributions from
geminate and bulk processes and to determine the rate constants
of the radical reactions.'* By using TR-CIDNP it is possible to
follow the kinetics of radical transformations: when the magnetic
resonance parameters of the secondary radical do not coincide
with those of the primary one, the detected CIDNP kinetics
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Chart 1 Structures of the compounds studied.

differs from that obtained under conditions when no radical
transformation takes place. This method is very helpful
when radical reactions are not accompanied by changes in
the optical absorption spectra, or when short-lived radicals
have low absorption coefficients, or when radical absorption
spectra are overlapped, or when EPR techniques are not
applicable due to the low concentrations and short lifetimes
of the radicals under study in aqueous solution at room
temperature.

In the present work, CIDNP effects were detected in neutral
aqueous solution during the cyclic photoreaction, including the
photochemical formation of guanosyl radicals in the quenching
reaction of the triplet-excited TCBP by GMP (see structures in
Chart 1) and the subsequent radical termination which restores
the initial compounds. We used GMP instead of dGMP that was
used by Choi et al. However, since the structural changes studied
here are associated with the guanyl base, we believe that the choice
of the RNA nucleotide instead of the DNA one did not affect the
obtained results. The choice of the dye is based on the fact that
benzophenone (BP) is the classical model chromophore for the
study of different photosensitized damages in nucleosides,
oligonucleotides, and DNA."”> BP shows a high oxidizing
ability and is able to oxidize all nucleobases.'®> However, an
essential drawback of using non-substituted BP for studying
photo-induced electron transfer reactions is the poor solubility
of BP in water. Introduction of hydrophilic substituents (e.g.,
carboxylic groups) into BP increases its solubility in water, and
hence allows one to study the photooxidation reaction of DNA
and its components in aqueous solution. We checked four
commercially available water-soluble benzophenone derivatives
for CIDNP in photoreactions with GMP, which are 3- and 4-
carboxy benzophenones, 4,4’-dicarboxy benzophenone, and
TCBP; only in the case of TCBP, the reaction of GMP with the
triplet-excited dye was highly reversible and did not lead to the
formation of byproducts.

The photochemical reaction between the triplet excited TCBP
and GMP in a wide pH range was investigated by us earlier.*
According to these findings, at neutral pH the reaction between the
fully deprotonated *TCBP and neutral guanosine proceeds via
proton coupled electron transfer (PCET) and leads to the formation
of a ketyl radical of TCBP (TCBPH") and a neutral guanosyl radical
(G(-H)*), which recombine giving rise to geminate CIDNP. The
geminate reactions are as follows:

TCBP - 3TCBP (1)
STCBP + G —% TCBPH® + G(-H)* )
TCBPH® + G(-H)* — TCBP + G (3)
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Fig. 1 (a) H CIDNP spectra, detected in the photoreaction of 2 mM
3,3',4,4'-tertracarboxy benzophenone and 20 mM guanosine-5'-
monophosphate in 50 mM sodium phosphate buffer at pH 6.9 at variable
time delays after the laser pulse. The delays are ascending from 0O (top)
to 100 ps (bottom spectrum). (b) *H CIDNP spectra detected in the
photoreaction of 2 mM 3,3’,4,4’-tertracarboxy benzophenone and 2 mM
guanosine in 50 mM sodium phosphate buffer at pH 6.9. The upper
spectrum was taken immediately after the laser pulse, and the lower
spectrum at 100 us after the laser pulse.

In eqn (1)-(3), G stands for the guanyl base of GMP. Fig. 1
shows '"H CIDNP spectra at 400 MHz obtained in the photo-
reaction of TCBP and GMP in 50 mM sodium phosphate buffer
at pH 6.9 at variable time delays after the laser pulse increases
from 0 to 100 ps. The CIDNP sign, I', is determined in terms
of simple CIDNP rules,"” ie., I' = sgn(Ag) x sgn(4), for the
geminate recombination product and for the triplet precursor
of the radical pair. In this case, Ag = g, — g, is the difference in
the g-factor of the radicals, where index 1 refers to the radical
where the observed nucleus with the hyperfine coupling con-
stant (HFCC) 4 is located, while index 2 refers to the partner
radical. By this definition, the sign of Ag is opposite for the
polarization of nuclei in the partner radical. NMR signals in the
upper spectrum (detected without delay after the laser pulse)
correspond to polarization formed in the geminate recombina-
tion processes, whereas the lower spectra (detected at 1-100 ps
after the laser pulse) show the CIDNP formed in the termination
of freely diffusing radical pairs (F-pairs) in bulk. For F-pairs,
the CIDNP sign stays the same as for G-pairs with a triplet
precursor.'®> The lower spectrum enhanced absorption (4) is
observed for H8 of GMP and for H5,5 of TCBP (very small in
the latter case) while emission (E) is observed for H2,2" and
H6,6’ of TCBP (Fig. 1a). In this case, the polarization signs
correspond to signals originating from the pair consisting of a
TCBP radical (g = 2.0035,"° App o < 0, Apser < 0, Aps s > 0%7),
and a neutral guanosyl radical (g = 2.0034, Ags < 0). In the
spectra that correspond to a delay of 3 pus and more after the
laser pulse, the CIDNP signs for both GMP and TCBP are
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inverted: emission (E) for H8 of GMP and for H5,5 of TCBP
while enhanced absorption (4) is observed for H2,2’ and H6,6’
of TCBP. The reason for this CIDNP sign change can be a
change in the sign of either Ag or HFCC. The inversion of the
CIDNP sign for both reactants unambiguously indicates that
the sign of Ag for freely diffusing radical pairs (F-pairs) is
opposite to that for the geminate pairs.

To make sure that the detected CIDNP sign inversion is
associated with the structural change of the purine base but not
of the phosphate group, we checked CIDNP effects in the photo-
reaction of TCBP and the nucleoside guanosine (Guo, Fig. 1b). The
results are qualitatively the same: CIDNP spectra obtained in the
photoreaction of Guo with the triplet-excited TCBP have opposite
phases of the corresponding signals at time delays of 0 and 100 ps
after the laser pulse. This result confirms that the CIDNP sign
change is caused by a change in the radical structure of the purine
base, but not by the protonation of the phosphate group.

Fig. 2 shows the CIDNP kinetics which is determined by
structural changes resulting in Ag sign inversion. The larger
amplitude of polarization at the opposite sign gained by TCBP
in comparison with GMP is a consequence of the longer nuclear
relaxation time of H6,6’ in the TCBPH* radical than that of HS in
the guanosyl radical (see ESIt for details). We propose the follow-
ing explanation for the sign change in Ag. Since the reaction is
fully reversible (no signals of products other than the starting
compounds are observed in the CIDNP spectra), the only possible
structural change responsible for the inversion of the Ag sign is a
change in the protonation state of the radicals during protonation
or deprotonation. The g-factor values are known to be noticeably
different for guanosyl radicals in various protonation states: 2.0037
for the guanosyl cation radical protonated at the N1 position,
2.0034 for the neutral guanosyl radical, and 2.0036 for the guanosyl
anion radical.” The g-factor of the TCBP radical (grcgp) is 2.0035.'°
As observed in our previous investigation, the geminate CIDNP
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Fig. 2 H CIDNP kinetics, obtained by the photoreaction of 2 mM 3,3’,4,4/-
tetracarboxy benzophenone and 20 mM guanosine-5-monophosphate
in 50 mM sodium phosphate buffer at pH 6.9: squares — for H8 of GMP

and circles — for H6,6’ of TCBP. A and E denote enhanced absorption and
emission of the NMR signals, respectively.

21264 | Phys. Chem. Chem. Phys., 2017, 19, 21262-21266

View Article Online

Communication

originating from pairs consisting of a TCBP radical and a guanosyl
radical changed its sign twice upon pH variation from 1.3 to 13.2."*
The neutral guanosyl radical with pK, = 10.8 is stable on the
timescale of 100 ps'® and deprotonates only in a highly basic
solution in the reaction with OH™."* Thus, we exclude depro-
tonation of the neutral guanosyl radical as the origin of the
CIDNP sign change. The protonation at the N1 position with
the formation of a guanosyl cation radical having pK, = 3.9° is
thermodynamically unfavorable in neutral aqueous solution. The
alternative is the protonation at the N7 position as suggested by
Choi et al® It is reasonable to assume that the guanosyl radical
protonated at the N7 position, as that protonated at the N1
position, has a g-factor, gc, higher than the g-factor of the neutral
guanosyl radical, gy, and the g-factors increase in the sequence
an < greep < go, causing the CIDNP sign change in time.
Thus, the scheme of the bulk reactions is as follows:

k !
G(-H)* +H" -5 (G*) (4)
TCBPH® + G(-H)* — TCBP + G (5)
TCBPH® + (G*)’ - TCBP + G + H' (6)

The neutral guanosyl radical G(-H)* is converted into the cation
radical (G**)’ (eqn (4)). In the two types of F-pairs, nuclear
polarization of opposite signs is observed (eqn (5) and (6)). The
mechanism of CIDNP sign change for the protons of TCBP with
negative HFCCs in the intermediate radical (H2,2’ or H6,6') is
illustrated by the schematic representation of the EPR spectra
of the G(-H)*, TCBPH®, and (G*")' radicals (Scheme 1). EPR
resonance frequencies for neutral and cation GMP radicals are
denoted as vy and v respectively. For simplicity, only a single
spin-1/2 nucleus of TCBPH® is considered, which results in
splitting of the EPR line into two components (v, and vg EPR
frequencies). The differences in EPR frequencies, vx—Vy, VoV,
vg-Vn, and vp-1, are indicated for the radical pairs with the
nucleus in the o- and B-state, respectively. A larger frequency
difference for the radical pairs {TCBPH* G(-H)*} and {TCBPH"®
(G*")'} gives rise to a faster triplet-singlet interconversion in the
corresponding nuclear spin state. Triplet-singlet interconversion

G(-H)*
\\ \Iu i VIS_VN
-k ; JE\\TCBPII' H
H VeV, _A \r“—\rc .
§ J§L @
Av, Av(, it
R = -
. . V(EPR)
v“=vT(BP+A/2 Vi Visis Vi vu:v'r(‘BP_A/z
A<0

Scheme 1 Schematic representation of triplet—singlet interconversion
based on the EPR spectra of G(-H)* (top), TCBPH* (middle), and (G**)’
(bottom). Only a single spin-1/2 nucleus in TCBPH*® with negative HFCC
is considered.
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Scheme 2 Protonation of the G(-H)* radical as a source of CIDNP sign
change in products of reactions of guanosyl and TCBP radicals. The
g-factors of the radicals G(-H)*, TCBPH®, and (G**)’ are denoted as gy,
9gtcep. and gc, respectively. A and E denote enhanced absorption and
emission of NMR signals for the corresponding protons, respectively.

is a necessary step for the termination of the radical pair in the
singlet state resulting in the formation of polarized products.
For the {TCBPH* G(-H)*} pair, the conversion is faster for the
B-state giving rise to the initial negative CIDNP in the product,
whereas for the {TCBPH® (G*')’} pair the situation is opposite:
the frequency of triplet-singlet interconversion is higher for the
a-state, resulting in a positive CIDNP at a later time. Similar
considerations are applicable to the explanation of the CIDNP
sign change for H8 of GMP.

The CIDNP signs for all nuclei resulting from spin evolution
of the two types of radical pairs are shown in Scheme 2. Thus,
our observations are in agreement with the findings of Choi
et al. who demonstrated that the neutral guanosyl radical
G(-H)* is converted to the protonated guanosyl radical (G**) at
a rate constant of 8.1 x 10° s™* in 100 mM sodium phosphate
buffer at pH 7.4.° Based on the simulation of the CIDNP kinetics
(see ESIY), the observed rate constant of protonation of G(-H)* was
determined to be k, = (1.8 + 0.4) x 10° s~ *. This rate constant is of
the same order of magnitude as reported by Choi,® but is too low
for quantitative agreement even if we take into account a two-fold
decrease in rate constant due to the deuterium isotope effect.'®
However, the experimental conditions of the present study and
those from ref. 8 do not completely match, making a quantitative
comparison impossible here.

Conclusions

In conclusion, by using the TR CIDNP technique we have
obtained irrefutable evidence for the protonation of the neutral
guanosyl radical G(-H)* in neutral aqueous solution. The G(-H)*
radical conversion and the formation of the secondary guanosyl
cation radical (G**)’ are manifested in the inversion of the
CIDNP sign for the TCBP and GMP protons in the course of the
reaction indicating a change in the magnetic resonance para-
meters of the radical pair due to structural changes in the
guanosyl radical. It is important to note that using only TCBP as
a photosensitizer we could follow the protonation process
by detecting the CIDNP sign change: the g-factor of the TCBP
radical favorably lies in between the g-factors of the two types
of guanosyl radicals, thus providing an indispensable piece of

This journal is © the Owner Societies 2017

View Article Online

PCCP

CIDNP evidence for the reaction under study. It should be
noted that the recent work by Wasielewski et al. in which
authors have observed the formation of the G cation radical
in DNA hairpins linked with diphenylacetylenedicarboxamide®
corroborates the results presented here. Our work not only
strongly supports Choi’s findings but also allows us to give an
estimate of the g-factor of the guanosyl radical protonated at
N7 as being larger than the g-factor of the partner TCBP
radical (2.0035) and being nearly equal to that of the guanosyl
radical protonated at N1 (g¢ = 2.0037). At present, studies under
systematic variation of experimental conditions aimed at deter-
mination of the pK, value of the elusive guanosyl radical
protonated at N7 are in progress in our laboratory.
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