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Jungkweon Choi*,* " Sachiko Tojo*,' Doo-Sik Ahn,® Mamoru Fuijitsuka,*

Shunichi Miyamoto,"” Kazuo Kobayashi,' Hyotcherl Ihee,*!

bl and Tetsuro Majima*™

(Abstract: Despite numerous experimental and theoretical
studies, the proton transfer accompanying the oxidation of
2’-deoxyadenosine 5-monophosphate 2’-deoxyadenosine 5'-
monophosphate (5'-dAMP, A) is still under debate. To ad-
dress this issue, we have investigated the oxidation of A in
acidic and neutral solutions by using transient absorption
(TA) and time-resolved resonance Raman (TR®) spectroscopic
methods in combination with pulse radiolysis. The steady-
state Raman signal of A was significantly affected by the so-
lution pH, but not by the concentration of adenosine (2-
50 mm). More specifically, the A in acidic and neutral solu-
tions exists in its protonated (AH"(N1+H™)) and neutral (A)
forms, respectively. On the one hand, the TA spectral
changes observed at neutral pH revealed that the radical
cation (A"") generated by pulse radiolysis is rapidly convert-
ed into A'(N6—H) through the loss of an imino proton from
N6. In contrast, at acidic pH (<4), AH?"(N1+H™) generated

-

by pulse radiolysis of AH*(N1+H") does not undergo the\
deprotonation process owing to the pK, value of AH?"(N1+
H™), which is higher than the solution pH. Furthermore, the
results presented in this study have demonstrated that A,
AH"(N1+H™), and their radical species exist as monomers
in the concentration range of 2-50 mm. Compared with the
Raman bands of AH"(N1+H™), the TR® bands of AH?" (N1 +
H") are significantly down-shifted, indicating a decrease in
the bond order of the pyrimidine and imidazole rings due to
the resonance structure of AH?T(N1+H™). Meanwhile,
A’(N6—H) does not show a Raman band corresponding to
the pyrimidine+ NH, scissoring vibration due to diproton-
ation at the N6 position. These results support the final
products generated by the oxidation of adenosine in acidic
and neutral solutions being AH?"(N1+H™) and A"(N6—H),
respectively.

/

Introduction

The oxidation and reduction of DNA are central to the DNA
damage and repair processes. For example, in a biological
system, oxidative DNA damage is initiated by the radical cat-
ions of nucleotides generated during the oxidation of DNA. In
this regard, the radical species generated during the oxidation
and reduction of the four nucleobases (A, T, G, and C) have re-
ceived considerable attention in the biochemical and biomedi-
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cal sciences. Considering the redox potentials of the four nu-
cleobases (A, T, G, and C)," Tand C, with the highest oxidation
potentials, are relatively easily reduced to the radical anions
T~ and C, whereas G and A, with lower oxidation potentials,
are easily oxidized to the radical cations G'* and A"*." In ad-
dition, the oxidation and reduction of DNA includes a proton-
transfer process. For example, monomeric G'* in aqueous solu-
tion quickly converts into the neutral radical (G(N1—H))
through the loss of the imino proton at N1 (deprotona-
tion).”'"*" |n double-stranded DNA, proton transfer takes
place in the G'"-C base pair from N1 of G to N3 of C; G'*
-C—G'(N1—H)-C*(N3+H").2* Moreover, Wu et al. reported
an unusual deprotonation behavior, namely the loss of an
amino proton from N2 instead of the imino proton at N1 of
G'" within the G quadruplex.””! Recently we demonstrated that
reprotonation at the N7 position of G (N1—H), which is formed
by the deprotonation of G'*, occurs with a rate constant of
8.1x10°s™" in 100 mm sodium phosphate buffer (pH 7.4):
G (N1—H) +H"—(G )" This reprotonation process at the N7
position of G'(N1—H) was independently confirmed by Moro-
zova et al.™"”

Despite numerous experimental and theoretical studies,
however, there is still no consensus on the dynamics of proton
transfer nor on the structures and reactivities of the radical
species of the four nucleobases. In particular, the dynamics of
proton transfer accompanying the oxidation of 2’-deoxyadeno-
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sine 5-monophosphate (5-dAMP, A) has been debated. Fur-
thermore, the formation of dimeric AA"" and its pK, are also
under debate. Generally, the dynamics of proton transfer are
greatly influenced by the pK, values of the nucleobases as well
as by the pH of the solution. In this regard, it is critical to accu-
rately determine the pK, values of adenosine and its radical
species. The pK, of A has been experimentally and theoretically
determined to be approximately 4,"*'® which indicates that
adenosine exists in its protonated (AH") and neutral (A) forms
in acidic and neutral pH solutions, respectively. Thus, the oxi-
dation of AH™ in acidic pH solutions should be significantly
different to that of A in neutral pH solutions and should
induce the generation of different radical species, namely
AH?" and A'", respectively (see Scheme 1). However, the re-
sults of several studies have suggested that A even in acidic
pH solution exists as the neutral form A, not AH™.7”""""'" Conse-
quently, these results suggested that A in acidic solution is
converted into A"t by one-electron oxidation and can further
transform into A'(N6—H) by subsequent deprotonation.” """
Moreover, the results of some studies have suggested that free
A bases, such as 5-dAMP and 2'-deoxyadenosine monohy-
drate, associate to yield the stacked form (AA) in high-concen-
tration solutions (>10 mm) with the one-electron oxidation of
AA resulting in the formation of a dimer radical cation (AA"")
stabilized by charge resonance.”'” Sevilla and co-workers sug-
gested that the pK, of A"* isolated in solution is vastly different
to that of A" in AA"": The pK, values are less than 1 for
monomeric A" and approximately 7 for AA**.""

In this work, to directly monitor the dynamics of proton
transfer in adenosine radical species, we investigated in detail
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Scheme 1. Oxidation and deprotonation of adenosine in acidic and neutral
pH solutions.
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the oxidation of free A in both acidic and neutral pH solutions
by using transient absorption (TA) and time-resolved resonance
Raman (TR®) spectroscopic methods in combination with pulse
radiolysis. Pulse radiolysis, which has been long used as a
useful method to selectively and efficiently generate radical
ions by irradiation with high-energy electrons, is a novel tool
for investigating intermediate species such as radicals and radi-
cal ions when used in combination with other spectroscopic
techniques. Indeed, transient absorption (TA) spectroscopy in
combination with pulse radiolysis is a useful method for study-
ing the reactivities of radical ions generated in various reaction
systems.'*'®2% Fyrthermore, TR® spectroscopy in combination
with pulse radiolysis is a powerful technique for studying the
structures of radical species involved in a reaction
system.[*2"?J The results presented herein reveal that A exists
in its protonated (AH"(N1+HT)) and neutral (A) forms in
acidic (pH <4) and neutral pH (pH>5) solutions, respectively.
At neutral pH, A"", formed by the one-electron oxidation of A,
is rapidly converted into the radical A'(N6—H) through the loss
of an imino proton from N6 (deprotonation). However, at
acidic pH (<4), AH?"(N1+4H™), generated with a rate constant
of (6.240.5)x10°s™" by the pulse radiolysis of AHT(N1+H™),
does not undergo the deprotonation process because its pK, is
higher than the pH of the solution. Moreover, the data show
that A, AH"(N1+H™), and their radical species exist as mono-
mers in the concentration range of 2-50 mm. We note that the
TR® spectra of AH?T(N1-+H™) and A" generated during the
pulse radiolysis of AH"(N1+H") and A, respectively, are re-
ported for the first time and are interpreted in terms of the
structural changes accompanying the proton dynamics.

Results and Discussion

According to the previous reports that the pK, of A is approxi-
mately 4,7"*'% A exists as AH" in acidic solutions (which in
this work is defined as solutions with pH <4). Therefore, the
oxidation of AH™ in acidic solutions by pulse radiolysis should
induce the generation of radical species such as AH?" and A""
(see Scheme 1). In acidic solutions, protons can bind to the N1,
C2, N3, N6, N7, and C8 positions of adenosine. Based on the
results of their ab initio and DFT calculations, Turecek and
Chen suggested that N1-protonated adenosine, AH"(N1+H™),
is the most stable cationic tautomer in the gas phase, water
clusters, and bulk solution.”” Therefore, we first investigated
whether in acidic solutions A exists preferentially in the N1-
protonated form AH*(N1-+H™).

To verify the existence of AH"(N1+H™) in acidic solutions,
we measured the steady-state Raman spectrum of A in acidic
solution and compared it with that measured in neutral solu-
tion. As shown in Figure 1a, the Raman spectrum of A mea-
sured in acidic solution (pH 2.6) is very different to that mea-
sured in neutral solution (pH 7.0). The differences in the Raman
spectra are probably due to the protonation of the purine
moiety (pK,~4), and thus we attribute the Raman spectra
measured at pH 2.6 and 7.0 to AH" and A, respectively. As de-
picted in Figure 1a, the steady-state Raman spectrum of A
shows intense bands centered at 1308, 1339, 1377, 1421, 1481,
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Figure 1. a) Steady-state Raman spectra of 20 mm AH™ and 20 mm A at

pH 2.6 and 7.0. b) Concentration dependence of the steady-state Raman
spectra of A at pH 7.0 (from bottom to top: 2 (black), 4 (red), 10 (orange), 20
(green), and 50 mm A (blue)).

1508, and 1580 cm~', whereas the steady-state Raman spec-
trum of AH™ shows intense Raman bands centered at 1331,
1414, 1509, and 1562 cm™'. The Raman spectra of AH™ and A
recorded in this study are consistent with those reported by
Lord and Thomas.”” In addition, the calculated Raman activi-
ties of AH*(N1+H™) and A agree well with those of AH* and
A measured in the present study (see Figure S1 in the Support-
ing Information), which supports the idea that the proton
binds to the N1 position of A in acidic solution to form AH™
(N1+H¥). The Raman bands of A at neutral pH have been as-
signed (Table 1) on the basis of the results of the calculations
and the assignments of the Raman spectra of 5-dAMP report-
ed previously by Bailey etal.,”™ Lord and Thomas,* Fodor
and Spiro,”® Fujimoto etal.,”” and Toyama et al.”® The two
strong bands at 1308 and 1339 cm™' correspond to pyrimidine
(Pyr) ring stretching vibrations, and the bands at 1377, 1421,
1481, 1508, and 1580 cm™' have been assigned to pyrimidine
(Pyr) +imidazole (Im), Im, Pyr+Im, Im, and Pyr ring stretching
vibrations, respectively. The weak Raman band at 1604 cm™'
has been attributed to the Pyr+NH, scissoring vibration.
Based on the intense calculated Raman activities of AH* (N1 +
H*) (see Figure S1 in the Supporting Information), the Raman

CHEMISTRY

A European Journal

Full Paper

bands centered at 1331, 1414, 1509, and 1562 cm™' have been
assigned to Pyr(N7C5+ C8N7), Im, Im, and Pyr ring stretching
vibrations, respectively. The weak Raman band at 1610 cm™'
has been attributed to the Pyr+ NH, scissoring vibration. As
shown in Table 1, the Raman bands (1610 and 1509 cm™") of
AH*(NT+H"), with a high contribution from the
OHN6H —dC6N6H’ stretching mode, are slightly shifted to a
higher energy relative to those of the neutral form A, whereas
protonation results in a shift to a lower energy of the Pyr ring
stretching mode (1560, 1414, and 1331 cm ™).

It has been suggested that at neutral pH, the free A base
(5'-dAMP or 2'-deoxyadenosine monohydrate) exists in the
stacked form (AA) in high-concentration solutions
(>10 mm).”" In contrast, the dimerization of AH"(N1+H™) at
acidic pH is likely to remain limited due to coulombic repulsion
between two positively charged AH*(N1+H™"). To characterize
the structure of A in high-concentration solutions, we mea-
sured the steady-state Raman spectra of A as a function of
concentration at pH 7.0 (Figure 1b). As shown in Figure 1b,
the Raman spectrum of A measured at a low concentration
(2 mm) is consistent with those measured at high concentra-
tions (20 and 50 mm), which suggests that A exists predomi-
nantly as a monomer even in highly concentrated solutions. To
confirm this, we calculated the minimum-energy structures of
various A dimers (AA). Of these, we considered two represen-
tative adenosine dimers: Hydrogen-bonded and stacked A
dimers. Their Raman activities were calculated and compared
with the experimental and calculated Raman spectra of A (see
Figure S2 in the Supporting Information). As shown in Fig-
ure S2, the calculated Raman spectra of the two A dimers are
different to that of the A monomer. The hydrogen-bonded A
dimer shows Raman bands at 1601 and 1653 cm~', which cor-
respond to Pyr+ NH, and NH, scissoring vibrations, respective-
ly, whereas the calculated Raman spectra of the monomer and
stacked A dimer show only a Raman band corresponding to
the Pyr+ NH, scissoring vibration. In contrast to the monomer
and hydrogen-bonded A dimer, the stacked A dimer shows rel-
atively broad Raman bands. As shown in Figure S2, the mea-

Table 1. Raman bands for AH™, AH?", A, and A" observed in acidic and neutral solutions containing 0.1 M (NH,),S,0; and 0.1 m tert-butyl alcohol.

Assignment of Raman bands® AH* at pH 2.6 AH?" at pH 2.6 AatpH7.0 A at pH 7.0
[cm—W][b] [cm—W][b] [cm—l][b] [Cm—W][b]

Pyr-+NH, scissoring OHN6H' (36)-0C6N6H’ (11) 1610 (1603) 1546 1604 (1611) -

purine ring stretching 1562 (1554) 1462 1580 (1572) 1572

OC6N6H’ (16) +VN3C4 (13)-0HN6H’ (12) 1509(1503) 1394 1508 (1496) 1525

OHNG6H’ (15)-TtN3C4C5C6 (14) +TC2N3C4C5 (10) + - - 1481 (1463) 1445

~Im ring contributions (10)

ON1C2H (12) + dN9C8H (10)-dN3C2H2 (8)-6C1'C2'H (7) +vC2N3 1414 (1419) 1377 1421 (1410) 1391

(7)-ON6C8H (4) + vC8NO (4)

OHNG6H’ (20)-ON9C8H (18) +ON7C8H (11) - - 1377 (1362) 1329

OC2'C1'H (18)-0HNG6H’ (16) + OC6N6H (5) + dCE6N6H’ (3)-ON3C2H 1331 (1347) - 1339 (1340) -

(2) +VvNIC1’ (2)-vC8N9 (2)

ON1C2H(39)-ON3C2H (16)-ON1C2N3 (6)-vN1C6 (3) + dOHN6H’ - - 1308 (1303) -

(3)+0C6N1C2 (2) +VvC5N7 (2)

ON3C2H (14)-ON1C2H (9) - - 1252 (1217) 1267

[a] v=stretching; d =in-plane bending. Percent contribution (in parentheses) from bond stretching or bending coordinates. [b] Values in parentheses are

the calculated wavenumbers.

Chem. Eur. J. 2019, 25, 7711 -7718 www.chemeurj.org

7713

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

sured Raman spectrum of A shows the best agreement with
the Raman spectrum calculated for A monomer, which sug-
gests that A at neutral pH exists as a monomer even in high-
concentration solutions. These results are in agreement with
those reported by Neurohr and Mantsch,”” who reported that
the equilibrium constant (K.) for the self-association of adeno-
sine 5-monophosphate is 1.92m™ " at 30°C. On the basis of
this data, the amount of stacked AA formed in a 20 mm A so-
lution would be very small (3.6%). Thus, we conclude that A
predominantly exists as a monomer under our experimental
conditions (<20 mm A).

To elucidate the dynamics of proton transfer accompanying
the formation of AH?"(N1+H") and A", we measured the TA
spectra of the radical species at various times after pulse radi-
olysis of AH"(N1-+H™) and A in solutions at pH 2.3 and 7.0, re-
spectively. AH?"(N1-+H") and A"" can be easily formed by the
oxidation of AH*(N1+H™) and A using pulse radiolysis. At
pH 7.0, the hydrated electron (e,,”) generated during pulse ra-
diolysis in an aqueous solution containing (NH,),S,0g and tert-
butyl alcohol (as scavenger of OH' radicals) quickly reacts with
the peroxydisulfate (S,04*7) to produce a sulfate radical anion
(SO,), which is a strong oxidant [Reaction (1)]."""334 The
SO, radical anion then oxidizes A to A"" [Reaction (2)].”

e, + $0;” — SO; +S0;" (1)
SO; +A (or AH") — SO2™ + A" (or AH®?') (2)
A" (or AH?") — A® (or AH*") +H" (3)

The TA spectra measured shortly after pulse radiolysis are
characterized by positive signals at around 450 nm, which cor-
respond to the absorption band of SO, (Figure 2a,b). With in-
creasing time, the absorption band at around 450 nm disap-
pears concomitant with the appearance of a new absorption
band at around 600 nm (Figure 2a,b). At both pH 2.3 and
pH 7.0, the time constant of the rising component observed at
600 nm matches well with the fast decay observed at 460 nm
(Figure 2¢,d). This result indicates that AH?"(N1T-+H™) or A™"
is formed by charge transfer between SO, and AH" or A [Re-
action (2)]. From the global fit analysis, the rate constants for
the rise component observed at 600 nm were determined to
be 5.9x10° and 7.7x10%s™" at pH 2.3 and 7.0, respectively. By
using TA spectroscopy in combination with pulse radiolysis of
a 5 mm A solution, Kobayashi reported that the pK, of N6-H of
A" is 4.2 Close"™ and Chen et al.?¥ predicted the pK, of A"
to be 3.9 and 3.2, respectively. In this regard, in practice it is
difficult for deprotonation to occur at the N6-H position of
AH?" at pH<4, which is lower than the pK, (4.2) of N6-H.
Thus, the rate constant of 5.9x10°s™" at pH 2.3 has been as-
signed to that for the oxidation of AH*. Furthermore, Kobaya-
shi reported that at pH 7.2, the rising component of the time
profile monitored at 600 nm corresponds to the formation of
A’(N6-H) through the deprotonation of A'" [Reaction (3)],
which occurs with a rate constant of 2.0x10” s . The rate
constant of 2.0x10"s™' reported by Kobayashi is 2.6-fold
larger than that measured for 2 mm A at pH 7.0 in this study
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Figure 2. a) Transient absorption spectra observed at various times after 8 ns
electron pulse radiolysis of 2 mm AH™ at pH 2.3. b) Transient absorption
spectra observed at various times after 8 ns electron pulse radiolysis of
2mm A at pH 7.0. The arrows in parts (a) and (b) indicate the direction of in-
tensity changes with time at the two maxima. c) Decay profiles monitored at
several wavelengths after 8 ns electron pulse radiolysis of 2 mm AH™ at

pH 2.3. d) Decay profiles monitored at several wavelengths after 8 ns elec-
tron pulse radiolysis of 2 mm A at pH 7.0.

(7.7x10°s7"). This difference can be interpreted by different
rate-determining steps in solutions of low and high A concen-
tration. Considering the pathway for the oxidation of A, the ox-
idation reaction [Reaction (2)], which is a bimolecular reaction,
is the rate-determining step at low adenosine concentration,
whereas the deprotonation process [Reaction (3)], which is a
unimolecular reaction, is the rate-determining step at high A
concentration because Reaction (2) will be faster. Kobayashi
used a 5 mm adenosine concentration, which is higher than
that used in this study (2 mm). Thus, the rising kinetics (2.0x
107 s") at 600 nm reported by Kobayashi for a 5mm A con-
centration derives from the deprotonation process, which is
the rate-determining step. However, in this study the rate con-
stant of 7.7x10°s™" determined at pH 7.0 cannot be assigned
to the deprotonation process, because the rate constants de-
termined at both pH 2.3 and 7.0 have similar values. In this
case, if both the oxidation and the deprotonation processes
occur with a similar rate constant, both processes would con-
tribute to the observed kinetics. Therefore, we suggest that
the kinetics determined from the rising component at neutral
pH (>4.6) can be attributed to both the oxidation and depro-
tonation processes. From these points of view, we speculate
that in a neutral pH (> 5) solution, the radical cation A"* gener-
ated by one-electron oxidation undergoes deprotonation lead-
ing to the formation of A", whereas deprotonation at the N6-H
position of AH?" in acidic pH solution (< 4) is unlikely to occur
because the pK, of N6-H is 4.2. Therefore, we suggest that the
absorption band observed at around 600 nm at pH 2.3 and 7.0
are attributed to AH?" and A", respectively.

To further elucidate the proton transfer occurring in A"", TA
spectra were recorded 500 ns after pulse radiolysis of 2 mm
AH"(N1+H") and A in solutions at various pH. As shown in
Figure 3 with increasing pH, the broad absorption band ob-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) TA spectra recorded at 500 ns after 8 ns electron pulse radiolysis
of 2 mm adenosine (AH" and A depending on pH) solutions at various pH.
b) Decay profiles of solutions at various pH monitored at 600 nm.

served at around 600 nm is slightly redshifted and new absorp-
tion bands at around 410 and 500 nm appear at pH>4.6.
These spectral changes indicate that the origin of the absorp-
tion band at around 600 nm changes at pH=~4.6. Kobayashi"”’
and Scheek et al.?¥ reported pK, values of 4.2 and 4 for A",
respectively, whereas Steenken" reported a much lower value
(1), which was supported by Sevilla and co-workers"”
through their EPR study and theoretical calculations. In con-
trast, Close"™ and Chen et al.?¥ predicted the pK, values of A**
to be 3.9 and 3,2, respectively. In particular, Close!™ suggested
that the low pK, value predicted by Sevilla and co-workers was
due to an inappropriate calculation method and that the pK,
of A" is not actually <1 but 3.9, which is close to the experi-
mental value determined by Kobayashi.”” We note that the pH
value of approximately 4.6, at which the spectral change is ob-
served, is close to the pK, of A" reported by Kobayashi,”
Close,™ and Scheek et al.®¥ Thus, we suggest that the pK, of
N6-H of A" is about 4.6. In addition, a plot of the rate con-
stants (k,) for the rise component at 600 nm against pH shows
that the k, values at pH>4.6 increase with pH, whereas at
pH<4.6, constant k, values ((6.24+0.5)x10°s™") are observed
(Figure 4). As mentioned above, the kinetics determined from
the rising component at neutral pH (>4.6) have been attribut-
ed to both the oxidation and deprotonation processes. Gener-
ally, the deprotonation process is accelerated with increasing
pH because of the decrease in proton concentration. There-
fore, at pH > 4.6, the increase in k, with increasing pH is proba-
bly due to the acceleration of the deprotonation process.
Meanwhile, the constant k, values determined at acidic pH
(<4.6) are probably due to the absence of the deprotonation
process in AH?"; in practice it is difficult for deprotonation to
occur at the N6-H position of AH?" at pH values lower than
the pK, (4.2) of N6-H. Thus, we conclude that the absorption
band observed at around 600 nm at pH 2.3 and 7.0 can be at-
tributed to AH?"(N1+H") and A", respectively.

Next, we considered the possibility of the formation of AA"*
in high-concentration solutions. Sevilla and co-workers report-
ed that the spectrum of AA"" in the visible region is similar to
that of A'*, and thus we cannot rule out the possibility of the
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component of the time profiles monitored at 600 nm.

formation of AA"" as well as A"".'" In principle, AA"" can be
formed by the direct oxidation of AA or by extremely fast asso-
ciation between A and A'*. As mentioned above, however, A
at neutral pH exists predominantly as the monomer even in
high-concentration solutions. Thus, we can rule out the possi-
bility of the formation of AA"* by the direct oxidation of AA.
However, AA"" can be formed when the association between
A and A’ is faster than the deprotonation of A'*. Sevilla and
co-workers reported that deprotonation of the charge-reso-
nance-stabilized dimer AA'" is probably decelerated by the
high pK, of about 7.7 At high concentrations, the oxidation
process [Reaction (2)] would be faster. Furthermore, if AA'*
were formed and its pK, were around 7, then the rate of the
deprotonation process of AA"" would be slower than that of
A", the pK, of which is around 4. In this case, therefore, the
rate-determining step would be the deprotonation process re-
sponsible for the rising kinetics observed at 600 nm. To investi-
gate the possibility of this scenario, we measured the TA spec-
tra at a much higher concentration (20 mm A at pH 7.0) than
2 mm and compared them with those obtained at low concen-
tration (2 mm). As shown in Figure 5a,b, no change in the
spectrum due to an increase in the concentration of A was ob-
served. These results indicate that there is no association be-
tween A and radical species such as A" and A" that induces
spectral change in the TA spectrum even in high-concentration
solutions. Furthermore, as shown in Figure 5¢, the time profile
recorded at a high concentration shows a relatively fast rising
feature compared to that measured with a low concentration:
The corresponding rate constants were determined to be 7.3x
10° and 4.7x10” s™" in 2 and 20 mm A solutions, respectively.
The rate constant of 4.7x10” s™" in the 20 mm solution is close
to the rate constant for the deprotonation of monomer A** re-
ported by Kobayashi.” This result supports the idea that there
is no association between A and A'" under our experimental
conditions and that the absorption band observed at around
600 nm in the 20mm A solution can be attributed to
A’ (N6-H™), not AA™".

To provide a detailed structural description of the species
AH?* and A'(N6—H) observed in acidic and neutral pH solu-
tions, respectively, we measured the TR® spectra at 200 ns after
pulse radiolysis of AH* and A at pH 2.6 and 7.0, respectively,
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by using 532 nm laser pulses. Based on the results of our TA
experiments, we suggest that the TR® spectra recorded 200 ns
after pulse radiolysis of AH*(N1+H") and A originate from
AHZT(N1+H™) and A(N6—H), respectively. As shown in
Figure 6, the TR? spectra of AH?"(N1+H™) and A‘(N6—H) re-
corded after 200 ns are very different to those of AH* and A,
which indicates that the structures of AH?*(N1+H") and
A’(N6—H) are very different to those of AH™ and A, respective-
ly. The TR® spectrum of A"(N6—H) shows intense bands cen-
tered at 1267, 1329, 1391, and 1445 cm™', whereas the spec-
trum of AH?*(N1-+HT) exhibits intense Raman bands cen-
tered at 1377, 1394, 1462, and 1546 cm™'. To assign the Raman
bands of AH?"(N1+H") and A'(N6-H*), we carried out DFT
calculations to determine the minimum-energy structures, vi-
brational frequencies, and Raman activities of AH?" and
A'(N6—H). As shown in Figure S3 in the Supporting Informa-
tion, reasonable agreement between the experimental and
theoretical Raman spectra of AH?"(N1+H™) and A'(N6—H)

(-]
b 8

Ground state
(GS)

1200 1300 1400 1500 1600 1700 1100 1200 1300 1400 1500 1600 1700
Raman shift / cm™ Raman shift/ cm™

Figure 6. TR® spectra recorded at 200 ns after 8 ns electron pulse radiolysis
of a) 20 mm AH™ at pH 2.3 and b) 20 mm A at pH 7.0 (1,,=532 nm).
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was obtained, although a smaller scaling factor (0.93) was used
to achieve a better agreement between the experimental and
calculated Raman peaks of AH?"(N1+H™). The up-shifted cal-
culated vibration calculated vibration frequencies for AH?"
(NT+H™), obtained by using an implicit solvation model
(CPCM), might be due to the delocalization of the 2+ charge
of the adenine moiety into the whole adenosine molecule,
which results in a reduction of the effective charge of the ade-
nine moiety. The Raman bands of AH?"(N1+H") and
A'(N6—H) in acidic and neutral pH solutions have been as-
signed on the basis of the calculated Raman spectra and are
listed in Table 1. The Raman bands of AH?*(N1-+H™) centered
at 1377, 1394, 1462, and 1546 cm™' have been assigned to Im,
Im, and Pyr ring stretching vibrations, and to the Pyr+NH,
scissoring vibration, respectively. The observation of a Raman
band at 1546 cm™', which corresponds to the Pyr+ NH, scissor-
ing vibration, supports the proposal that in acidic solutions the
final product generated by the oxidation of adenosine is AH?"
(NT+H™), not AH"(N1+H", N6—H). Compared with the
Raman bands of AH, the Raman bands of AH?"(N1+H") are
significantly down-shifted, indicating a decrease in the bond
order of the pyrimidine and imidazole rings due to the reso-
nance structure of AH?"(N1+H"). On the other hand, the
Raman bands of A’ (N6—H) centered at 1267, 1329, 1391, and
1445 cm™' have been assigned to Pyr, Pyr+Im, Im, and Pyr+
Im ring stretching vibrations, respectively, whereas the weak
Raman bands at 1525 and 1572 cm™' have been attributed to
Im and Pyr ring stretching vibrations, respectively. Further-
more, in the case of A (N6—H), we could not observe a Raman
band corresponding to the Pyr+ NH, scissoring vibration. This
absence is due to the deprotonation at the N6 position upon
oxidation. This result supports the idea that the TR® spectrum
observed 200 ns after pulse radiolysis of A at pH 7 originates
from A’(N6—H).

On the other hand, if the pK, of N1 of AH?"(N1+H™)
formed by one-electron oxidation at acidic pH were very low,
A" (N1—H™) could be formed as a final product by the release
of the bound N1 proton (see Scheme 2a). To explore the possi-
bility of the formation of A""(N1—H™) at acidic pH, we calculat-
ed its Raman spectrum and compared it with the TR® spectrum
measured at pH 2.3. As shown in Figure S4 in the Supporting
Information, the calculated Raman spectrum of A""(N1—H™) is
significantly different to the TR® spectrum measured at pH 2.3,
whereas the calculated Raman spectra of AH?"(NT+H™) is
similar. On the basis of this comparison between the calculated
and recorded TR? spectra, we suggest that the TR® spectrum
measured at pH 2.3 can be attributed to AH?"(N1+H") and
that the pK, of N1 of AH?"(N1+H™") is higher than 2.3.

The results presented herein clearly show the oxidation of
adenosine at acidic and neutral pH results in the formation of
AH?"(N1+H") and A'(N6—H), respectively (see Scheme 2a).
The fact that in acidic solution the final product generated by
the oxidation of adenosine is AH?*(N1+H™), not A" (N1+H",
N6—H), which is the deprotonated form of AH?"(NT1+H™),
may have biological importance. According to previous stud-
ies, in neutral aqueous solution, A (N6—H) can be protonated
to AH'"(N1+H", N6—H), which can generate the C8-OH
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to occur in biological systems.*®

adduct radical upon hydration (see Scheme 2b).*® The C8-
OH adduct radical can be converted into 4,6-diamino-5-forma-
midopyrimidine (see Scheme 2b), which is a major lesion gen-
erated in DNA in in vitro and in vivo conditions by the ring-
opening reaction of the imidazole ring and subsequent one-
electron reduction.**=® Qur results suggest that the formation
of 4,6-diamino-5-formamidopyrimidine may be prevented in
acidic solution in which the formation of A‘(N6—H) and AH'"
(N14+H™, N6—H) is inhibited.

Conclusions

In this study, TA and TR® spectroscopic methods in combina-
tion with pulse radiolysis were used to investigate in detail the
oxidation of A in acidic and neutral solutions. The results pre-
sented herein demonstrate that A in acidic and neutral solu-
tions exists in its protonated (AHT(N1+H™)) and neutral (A)
forms, respectively. The oxidation of A in neutral pH conditions
induces the formation of A* because N6-H in A" has a pK, of
4.2. In contrast, at acidic pH, AH?"(N1+H"), generated with a
rate constant of (6.240.5)x10°s™" by pulse radiolysis of AH™"
(N1+H¥), does not undergo the deprotonation process be-
cause its pK, is higher than the pH of the solution. In addition,
the results presented here clearly demonstrate that A, AH™"
(N1+H™), and their radical species exist as monomers in the
concentration range of 2-50 mm. On the other hand, based on
the results of TA experiments, we can conclude that the TR?
spectra observed at 200 ns after pulse radiolysis of AH"(N1+
H") and A originate from AH?"(N1+H") and A", respectively.
Compared with the Raman bands of AH™, the Raman bands of
AH?"(N1+H™) appear at a significantly lower energy, which
indicates a decrease in the bond order of the pyrimidine and
imidazole rings due to the resonance structure of AH?"(N1+
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H*). The A‘(N6—H) species does not show a Raman band cor-
responding to a Pyr+NH, scissoring vibration due to
deprotonation at the N6 position upon oxidation. Our results
may be relevant for studies of oxidative DNA damage initiated
by the radical cations of nucleotides.

Experimental Section
General

2'-Deoxyadenosine-5'-monophosphate (5-dAMP), that is, A, was
purchased from Sigma-Aldrich and used without further purifica-
tion. Ammonium persulfate ((NH,),S,0;) and tert-butyl alcohol were
purchased from Wako Pure Chemical Industries Ltd. and Nacalai
Tesque, respectively, and used without purification. Aqueous solu-
tions of 5-dAMP containing 0.1M (NH,),S,05, 100 mm sodium
phosphate buffer, and 0.1m tert-butyl alcohol (for the scavenging
of OH’ radicals) were saturated with argon gas by bubbling for
15 min at room temperature before radiolysis.

TA spectroscopy with pulse radiolysis

The experimental setup used for pulse radiolysis was similar to
that reported previously." Briefly, pulse radiolysis experiments on
A were performed with an 8 ns electron pulse (27 MeV, 11 A, 8 ns,
0.8 kGy per pulse) generated by a linear accelerator at Osaka Uni-
versity. The probe light was obtained from a pulsed 450 W xenon
arc lamp (Ushio, UXL-451-0). The kinetic measurements were per-
formed by using a nanosecond photoreaction analyzer system
(Unisoku, TSP-1000). The probe beam passing through the sample
was focused on the entrance slit of a monochromator (Unisoku,
MD200) and detected with a photomultiplier tube (Hamamatsu
Photonics, R2949). The TA spectra were measured by using a pho-
todiode array (Hamamatsu Photonics, S3904-1024F) with a gated
image intensifier (Hamamatsu Photonics, C2925-01) as a detector.
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TR? spectroscopy with pulse radiolysis

The TR? experimental setup for pulse radiolysis was similar to that
reported previously."*?" The TR® spectra of adenosine after expo-
sure to an 8 ns electron pulse were obtained by excitation with a
532 nm flash, which was the second harmonic of a nanosecond Q-
switched Nd:YAG laser (5 ns full-width at half-maximum (FWHM),
Brilliant, Quantel; Les Ulis, France). The laser excitation light was
synchronized with an 8 ns electron pulse. The TR® spectra were col-
lected by using a monochromator (Acton, SP2500i, Trenton, NJ,
USA) equipped with a charge-coupled device (CCD) camera
(Princeton Instruments, PI-MAX3, Trenton, NJ, USA).

DFT calculations

The Raman spectra of neutral and protonated adenosine were cal-
culated by DFT methods at the B3LYP-D3/6-311+ +G(d,p) level of
theory by using the conductor-like polarizable continuum model
(CPCM), which includes water solvation effects. All the geometries
used for simulation were optimized prior to calculation of the
Raman activities. For radical species generated by pulse radiolysis,
unrestricted B3LYP (UB3LYP), with the same basis set, was used.
The charge state for the phosphate group was set to —1
(P(OH)O,7). The calculated Raman peaks were scaled by 0.982 or
0.93, and convoluted by using a Gaussian function (FWHM=
8cm™). All geometry optimizations and Raman activity calcula-
tions were performed by using the Gaussian 16 package.®
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