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ABSTRACT: The exposure of guanine in the oligonucleotide S-d(TCGCT) to one-electron oxidants leads initially to the
formation of the guanine radical cation G**, its deptotonation product G(-H)®, and, ultimately, various two- and four-electron
oxidation products via pathways that depend on the oxidants and reaction conditions. We utilized single or successive multiple
laser pulses (308 nm, 1 Hz rate) to generate the oxidants CO;°~ and SO,*~ (via the photolysis of $,04°~ in aqueous solutions in
the presence and absence of bicarbonate, respectively) at concentrations/pulse that were ~20-fold lower than the concentration
of 5-d(TCGCT). Time-resolved absorption spectroscopy measurements following single-pulse excitation show that the
G** radical (pK, = 3.9) can be observed only at low pH and is hydrated within 3 ms at pH 2.5, thus forming the two-electron
oxidation product 8-oxo-7,8-dihydroguanosine (8-0xoG). At neutral pH, and single pulse excitation, the principal reactive
intermediate is G(-H)*, which, at best, reacts only slowly with H,O and lives for ~70 ms in the absence of oxidants/other radicals
to form base sequence-dependent intrastrand cross-links via the nucleophilic addition of N3-thymidine to C8-guanine
(5-G*CT* and S-T*CG*). Alternatively, G(-H)* can be oxidized further by reaction with CO;*~, generating the two-electron
oxidation products 8-oxoG (C8 addition) and S-carboxamido-5-formamido-2-iminohydantoin (2Ih, by CS addition). The four-
electron oxidation products, guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp), appear only after a second (or more) laser
pulse. The levels of all products, except 8-0xoG, which remains at a low constant value, increase with the number of laser pulses.

B INTRODUCTION oxidation pathways leading to the products depicted in
Figure 1, since the concentrations of oxidants are often in
excess of the DNA for assuring the accurate detection and
quantification of the guanine lesions formed. These conditions
tend to favor the formation of multielectron oxidation
products.”® We developed a new approach to study pathways
of oxidation based on the controlled injection of known and
relatively low quantities of free radical oxidants by a single or by
a train of laser pulses. Both HPLC and mass spectrometry

Guanine is the most easily oxidizable nucleic acid base' in DNA
and is thus the primary target of oxidizing and reactive inter-
mediates, such as free radicals, UV light, and ionizing radiation.”
One of the principal one-electron oxidants found in human
cells is the carbonate radical anion (CO;*”), which is over-
produced at sites of inflammation via spontaneous homolysis of
nitrosoperoxycarbonate.” The primary product of one-electron
abstraction from guanine is the guanine radical cation (G*).*

The further chemical transformations of this electrophilic methods were used to investigate the relationships between
intermediate yield a wide spectrum of stable base modifications, two- and four-electron guanine oxidation products in the S
which can be considered as products of multielectron oxidation d(TCGCT) oligonucleotide model system. The concentrations
(e.g, 2, 4, and 6 electron oxidation) of guanine,® some of which of oxidizing radicals were measured directly by transient ab-

are depicted in Figure 1. However, the impact of the concen- sorption spectroscopy and maintained at levels ~20-fold lower
trations of oxidants relative to the guanine substrate concen- than the concentrations of 5'-d(TCGCT) in order to minimize
trations on the distributions of two- or more electron stable the formation of multielectron oxidation products.

oxidation products is poorly understood. In cellular DNA, oxi- Photochemical methods were utilized to generate the carl;cirll;
datively generated guanine lesions occur at levels of the order of ate radical anions or sulfate radical anions as the oxidants.
one per ~million guanines.6 These low levels of oxidized
lesions pose difficulties for the design of in vitro model experi- Received: January S, 2012
ments for gaining deeper understanding of the different Published: February 13, 2012
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Figure 1. Oxidatively generated guanine lesions.>>"> 2"-Deoxyribonucleosides of 8-oxo-7,8-dihydroguanosine (8-oxoG), diastereomeric S-
carboxamido-5-formamido-2-iminohydantoin (2Ih), and intrastrand cross-link in which the C8-atom of guanine is covalently linked to the N3-atom
of thymidine (5-G*CT*) are products of two-electron oxidation, whereas guanidinohydantoin (Gh), diastereomeric spiroiminodihydantoin (Sp),
and 2,5-diamino-4H-imidazolone (Iz) are products of four-electron oxidation; the masses of these lesions, relative to the mass of G (M), are shown

in parentheses.

The former is a mild oxidant with the reduction potential'* of
E° = 1.59 V vs NHE that selectively oxidizes guanine in DNA
by one-electron mechanisms, thus leadin% to the formation of
a wide spectrum of oxidation products.*”"" The sulfate radical
anion is a significantly stronger oxidant (E° = 2.43 V vs
NHE)."? This reactive intermediate was used to oxidize guanine
in 5-d(TCGCT) at acidic pH values, since the carbonate
radical anion cannot be generated at low pH.

We show here that the guanine radical cation generated by
the one-electron oxidation of guanine, manifests itself on micro-
second time scales only under acidic pH; its lifetime of ~3 ms
in aqueous solution at pH 2.5 is governed by a hydration mech-
anism that produces 8-oxo-7,8-dihydroguanosine (8-0xoG). In
contrast, at pH values >7, only the deprotonation product of
G*', the neutral guanine radical, G(-H)®, with a lifetime of
~70 ms at pH 8, is evident. This intermediate is transformed by
various reaction pathways to the different end-products shown
in Figure 1. We propose mechanisms of formation and report
the proportions of the products formed as a function of the
number of successive laser pulses (308 nm, ~12 ns duration,
1 Hz repetition rate).

B EXPERIMENTAL METHODS

Materials. All chemicals (analytical grade) were used as received.
The $-d(TCGCT) was purchased from Integrated DNA Technolo-
gies (Coralville, IA) and S-d(TC[8-0x0G]CT) from Bio-Synthesis
(Lewisville, TX). Both oligonucleotides were purified and desalted
using reversed-phase HPLC. The integrity of the oligonucleotides was
confirmed by MALDI-TOF/MS analysis.

Laser Pulse Photolysis. The kinetics of oxidative reactions
initiated by CO;*~ or SO,"” radicals were monitored directly using a
fully computerized kinetic spectrometer system (~7 ns response time)
described elsewhere."* Briefly, an individual single laser pulse selected
by an electromagnetic shutter from a train of 308 nm XeCl excimer
laser pulses (~12 ns, 60 mJ/pulse/cm? 1 Hz) was directed through a
rectangular aperture (0.3 X 1.0 cm) into an 80 uL sample solution
(87 uM oligonucleotide, 10 mM Na,$S,0, and 300 mM NaHCO,
adjusted to pH 8.0 by NaH,PO,) in a 0.2 X 1.0 cm quartz cell. The
transient absorbance was probed along a 1 cm optical path by a light
beam (75 W xenon arc lamp) oriented perpendicular to the laser
beam. The signal was detected with a Hamamtsu 928 photomultiplier
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tube and recorded by a Tektronix TDS 5052 oscilloscope operating in
its high resolution mode that provides a satisfactory signal/noise ratio
after a single laser pulse. The rate constants were determined by least-
squares fits of the appropriate kinetic equations to the experimentally
measured transient absorption profiles as described in detail elsewhere.’
The values reported are averages of five independent measurements.
Kinetic modeling was carried out using the INTKIN software
developed at the Brookhaven National Laboratory by H. A. Schwarz.
The Numerical Integration method used in this program is the
DVODE package written by P. N. Brown and A. C. Hindmarsh,
Lawrence Livermore National Laboratory, and G. D. Byrne, Exxon
Research and Engineering Co.

HPLC Isolation of Oxidatively Generated Oligonucleotide
Adducts. After laser pulse irradiation, the samples were immediately
subjected to reversed-phase HPLC analysis. The oxidatively modified
oligonucleotides were isolated on an analytical (150 X 4 mm i.d.) ACE
C18 (3 um, 100 A) column (MAC-MOD Analytical, Chadd Ford,
PA), using a 3—8% linear gradient of acetonitrile in solvent containing
50 mM triethylammonium acetate (TEAA) and 5% acetonitrile for
60 min at a flow rate of 1 mL/min. The products formed in minor
quantities were collected after multiple HPLC injections and
combined. The HPLC fractions containing the isolated oligonucleo-
tide adducts were thoroughly dried under vacuum to remove most of
the TEAA, dissolved in water, and subjected to MALDI-TOF/MS
analysis.

Mass Spectrometry. The MALDI-TOF mass spectra were
recorded using a Bruker Daltonics ultrafleXtreme Instrument. In the
negative mode, the matrix was a 2:1 mixture of 2',4',6"trihydroxy-
acetophenone methanol solution (30 mg/mL) and ammonium citrate
aqueous solution (100 mg/mL, whereas in the positive mode, the
matrix was a 2,5-dihydroxybenzoic acid (DHB) with concentration
50 mg/mL in 0.1% trifluoroacetic acid (TFA) solution containing 30%
acetonitrile and 10 mg/mL of ammonium phosphate.

Generation of Carbonate and Sulfate Radical Anions. Sulfate
radicals, SO,*”, were generated by the photodissociation of per-
oxodisulfate anions, $,05*~ (10 mM) induced by single nanosecond
308 nm XeCl excimer laser pulses:

82082_ + hv > 2804._ (1)
The photodissociation of the peroxodisulfate anions is rapid, and
thus, all sulfate radicals are generated within the ~12 ns laser pulse

duration. If bicarbonate is also present and in excess (300 mM
HCO;"), the sulfate radicals will decay predominantly and rapidly by
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oxidizing bicarbonate, thus resulting in the formation of CO;*~
radicals, a reaction which is complete within 3 s after the actinic
laser pulse.”® The observed transient absorbance in the millisecond
time range with a maximum at 600 nm is assigned to CO;*” radicals
produced by the one-electron oxidation of HCO;~ by SO,° radicals:

)

that occurs with the rate constant k, = 4.6 X 10° M~ s71.7® This
reaction was used for the generation of CO;*” radicals at pH > 7; the
decomposition of bicarbonate with the formation of carbon dioxide,"
pK(CO,H,0/HCO; ,H") = 6.35 at 25 °C, suppresses the generation
of CO;° radicals at pH < 7, because CO, is not oxidized by SO,*~
radical.'®

SO,°” + HCO3™ — SO4%~ + CO;*~ + H

B RESULTS

Overview. The carbonate radical anion was utilized as the
oxidizing species at pH > 7, and the sulfate radical at acidic pH.
Therefore, we investigated the reactivities of G** (pK, = 3.9)*
and the neutral G(-H)® radical in the oligonucleotide 5™
d(TCGCT) at pH 2.5 and pH > 7, respectively. At the low
concentrations of CO;*~ or SO,*” radicals generated by indi-
vidual laser pulses ([CO;*7] or [SO,*"] < [§-d(TCGCT)]),
single-laser pulse excitation was limited to a single initial
electron transfer reaction that yielded either G(-H)*® or G**.
Furthermore, the one-second spacing of laser pulses in our
multiple laser pulse studies ensured that neither the CO;*™ nor
SO,° radicals survived from pulse-to-pulse.

Single laser pulses produced only the two-electron oxidation
products: the G*CT* intrastrand cross-link in which the C8-
atom of guanine is covalently linked to the N3-atom of thymi-
dine, the well-known 8-oxo-7,8-dihydroguanine, and the dia-
stereomeric S-carboxamido-S-formamido-2-iminohydantoin
(21h) lesions recently described by Gold'”'® and Burrows>"’
and co-workers (Figure 1). In multiple laser pulse experiments,
the diastereomeric spiroiminodihydantoin (Sp), guanidinohy-
dantoin (Gh), and 2,5-diamino-4H-imidazolone (Iz), which are
products of four-electron oxidation of guanine (Figure 1), are
also formed.

Effect of the Number of Laser Pulses on the
Formation of Guanine Lesions. The sample solutions con-
taining 87 M 5'-d(TCGCT), 10 mM Na,$,0g, and 300 mM
NaHCO; were irradiated by defined numbers of successive
308 nm XeCl excimer laser pulses, and the oxidatively
generated products were analyzed by reversed-phase HPLC.
Typical reversed-phase chromatograms of the irradiated sample
solutions after exposure to 1, 3, or 10 laser pulses are shown in
Figure 2. It is evident that the amounts and the relative
distributions of guanine oxidation products in the oligonucleo-
tide 5-d(TCGCT) depend on the number of pulses and that
there are no products in the unirradiated sample (Figure 2).

In each individual experiment, the end products were sep-
arated by reversed-phase HPLC methods and identified by
MALDI-TOF/MS analysis and by coelution with authentic
standards synthesized by laser flash and continuous illumina-
tion photochemical methods developed in our group and
described in detail elsewhere.*"'' We found that the major
products are modified oligonucleotides containing oxidatively
modified guanine bases. The adducts derived from two-electron
oxidations of guanine include §-d(TCG*CT*), $-d(TC[8-
0x0G]CT), and the diastereomeric 5-d(TC[2Ih]CT) eluted at
13.5 (1), 28.0 (8), and 17.0-17.8 (S, 6) min, respectively
(Figure 2). In turn, the adducts produced by four-electron
oxidation of guanine include the diastereomeric S-d(TC

[SpICT), §-d(TC[Gh]CT), and 5-d(TC[Iz]JCT) eluting at
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Figure 2. Oxidatively generated end-products detected after excitation
with different numbers of 308 nm nanosecond laser pulses. The
irradiated 80 uL solution aliquots were air-equilibrated buffer solutions
(pH 8.0) containing 87 uM §-d(TCGCT), 10 mM Na,S,0;, and
300 mM NaHCOj;. Reversed-phase HPLC elution conditions (detec-
tion of products at 260 nm): 3—8% gradient of acetonitrile in aqueous
solvent containing S0 mM triethylammonium acetate and 5%
acetonitrile for 60 min at a flow rate of 1 mL/min. The adduct
marked by the asterisk (*) has the same mass as the G*CT* adduct
(M-2, labeled 1 in the figure) and was assigned to the analogous cross-
linked 5-d(T*CG*CT) product.*

14.0—14.7 (2, 3), 16.0 (6), and 22.2 (7) min, respectively
(Figure 2). We also observed the $"-d(T*CG*CT) cross-linked
adduct that elutes at 8.0 min (denoted by an asterisk (*) in
Figure 2), which is typically formed in smaller quantities than
5-d(TCG*CT*) product 1."°

The yields of oligonucleotide adducts as a function of the
number of laser pulses are shown in Figure 3.

lesion concentration, pM

10

2 4 6 8
number of laser pulses

Figure 3. Dependence of the yields of the G*CT*, T*CG¥*, 8-0x0G,
2Ih, Sp, Gh, and Iz oligonucleotide adducts on the number of
successive 308 nm laser pulses in air-equilibrated buffer solutions
(pH 8.0) containing 87 uM §-d(TCGCT), 10 mM Na,S,0g, and 300 mM
NaHCO;. The modified oligonucleotide yields were estimated by
integrating the areas under each elution band in the HPLC profiles
and utilizing the molar absorptivities of the oligonucleotide adducts at
260 nm.

Increasing the number of laser pulses induces a monotonic
rise in the yields of the 5-d(TCG*CT*) and $-d(TC[2Ih]CT
adducts. However, the yield of the §'-d(TC[8-0x0G]CT) prod-
uct attains a maximum value after two laser pulses and slowly
decreases with increasing number of pulses. The yields of
the Sp- and Gh-containing oligonucleotide products based on
the number of laser pulses are quite different; the yields are
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negligible after the first laser pulse and then gradually rise after
the second pulse. Overall, these results suggest that a single
laser pulse generates 5-d(TCG*CT*), §-d(TC[2Ih]CT), and
5-d(TC[8-0x0G]CT) adducts. The 8-0xoG in the latter is
more reactive than guanine in the parent 5-d(TCGCT), and
thus, 5-d(TC[8-0x0G]CT) is further oxidized to yield S
d(TC[Sp]CT) and 5-d(TC[Gh]CT). These reactions prevent
the growth of the §-d(TC[8-0x0G]CT) product levels with
increasing numbers of laser pulses. In agreement with this
mechanism, excitation of sample solutions containing only an
authentic §-d(TC[8-0x0G]CT) sample in a 10 mM Na,S,04
and 300 mM NaHCO; solution generates 5-d(TC[Sp]CT)
and $-d(TC[Gh]CT) adducts after irradiation with a single
laser pulse. Note, that the formation of G*CT* cross-links is
base sequence-dependent because the yields of S-G*CT* are
higher than the yields of the 5-T*CG* cross-linked products
(Figure 3).

Formation of Imidazolone Lesions. Reversed-phase
HPLC analysis of the oxidation products showed that oligo-
nucleotides containing imidazolone lesions (7) are also formed
(Figure 2). Increasing the number of laser pulses induces a
monotonic growth of the yields of the 5-d(TC[Iz]CT) adducts
(Figure 3B). The major pathway of formation of Iz lesions is
the combination reaction of G(-H)* radicals with superoxide,
0,7, and peroxyl radicals, RO,*.***' Here, we propose that
side reactions of SO,°” radicals generate C-centered alkyl
radicals of pyrimidine bases (T and C) and 2-deoxyribose,*>**
which in the presence of oxygen can serve as a source of RO,*/
0,°" radicals.****

Comparisons of 8-oxoG and G*CT* Product Yields at
Different pH Values Generated by Carbonate or Sulfate
Radical Anions. The primary molecular products of guanine
oxidation are products of two-electron oxidation, which can
form by two alternative pathways: (1) addition of nucleo-
philes to guanine radicals followed by one-electron oxidation of
radical adducts, and (2) combination of guanine radicals with
other free radicals.”"* The first pathway suggests a correlation
of the product yields with the solution pH, which can affect the
nucleophilicity/electrophilicity of the reaction partners. In turn,
the reactivities of radicals (CO;*~ or SO,*”) can affect product
formation via radical combination. The yields of §'-
d(TCG*CT*) adducts generated by CO,*~ radicals injected
by a single laser pulse excitation gradually increase with
increasing pH from 7 to 9 (Figure 4), which correlates with
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Figure 4. Effect of pH on the generation of §-d(TCG*CT*) and S*-
d(TC[8-0x0G]CT) induced by CO;*" radicals produced by a single
laser pulse irradiation of an 87 uM §-d(TCGCT), 10 mM Na,$,0q,
and 300 mM NaHCOj; solution. The G*CT* adduct was not detected
(n.d.) at pH 7.0.
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enhancement of the thymine nucleophilicity.'' However, the
yield of §-d(TC[8-0x0G]CT) does not change significantly
and remains practically unchanged in this pH range, in agree-
ment with the radical combination mechanism.”

In contrast, when the solution composition was altered to
produce only sulfate radical anions by single pulse irradiation
experiments of a solution without bicarbonate anions, no
5-d(TC[8-0x0G]CT) products were detected in the pH 7—8
range (Figure S).

=
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Figure S. Effect of pH on the generation of 5-d(TCG*CT*) and 5'-
d(TC[8-0x0G]CT) produced by SO,*” radicals. The latter were
generated by irradiation of an 87 uM 5-d(TCGCT), 10 mM Na,$,04
solution by a single laser pulse. The G*CT* and 8-0xoG adducts were
not detected (n.d.) at pH 2.5, whereas 8-oxoG adducts were not
detected at pH 7-8.

The oxidation of §-d(TCGCT) by SO,*” radicals can
generate 8-0xoG lesions only in slightly acidic solutions
(pH 2.5), where the guanine radicals G** (pK, = 3.9) exist in
the cationic form and do not deprotonate to form neutral
radicals, G(-H)*.* However, the 5-d(TCG*CT*) adducts are
not formed in acidic solutions but are generated in neutral
solutions (pH 7— 8), with yields similar to those observed in
the presence of HCO;™ anions, and grow with increasing pH,
as demonstrated in Figure S. These differences in oxidative
pathways of guanine oxidation by CO;*~ and SO,°” radicals
account for the difference in the distribution of end-products
generated by these radicals with the relative yields summarized
in Table 1.

Table 1. Relative Yields (%) of the 5-d(TCG*CT*) and 5-
d(TC[8-0x0G]CT) Adducts Produced by CO;*~ and SO,*~
Radicals”

oxidant 8-0x0G G*CT*

CO,*" 0.57 (pH 8.0) 031 (pH 8.0)
S0, 1.60 (pH 2.5) 0.18 (pH 8.0)
SO,*" <0.01 (pH 8.0) <001 (pH 2.5)

“The latter were generated by irradiation of an 87 uM 5-d(TCGCT),
10 mM Na,S,04 solution (pH 2.5 or 8.0) by a single laser pulse.

Kinetics of Guanine Radical Formation and Decay.
Further information about oxidative reaction pathways can be
obtained by examining the kinetics of some of the reactive in-
termediates observed by irradiating solutions containing 87 M
5-d(TCGCT), 10 mM Na,S,0g, and 300 mM NaHCO; in air-
equilibrated buffer solutions. The CO;"” radicals exhibit a
characteristic transient absorption band at 600 nm with the
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molar extinction coefficient®® & = 1.97 X 10° M~! cm™!, which
is greater than the & values of the other free radicals at this
wavelength (inset in Figure 6A).”®
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Figure 6. Kinetics of free radical reactions induced by a 308 nm
nanosecond single laser pulse excitation of air-equilibrated buffer
solutions containing 87 uM S-d(TCGCT), 10 mM Na,$,0g and
300 mM NaHCO; at different values of pH. (A) Transient absorbance
recorded at 600 nm at pH 8.0 (black trace 1). The blue trace 2 was
determined by subtraction of the G(-H)® absorbance at each time
point from the black trace 1. Thus, trace 2 represents the decay of
CO;*” radicals. The inset depicts the transient absorption spectra of
CO5°7, SO, and G(-H)"® radicals showing that there is some overlap
in the absorption spectra of CO;"~ and G(-H)* radicals at 600 nm. (B)
Transient absorption profiles recorded at 385 nm and attributed to the
formation and decay of G(-H)* radicals in buffer solution containing
300 mM NaHCO;, pH 8.0 (red traces 3 and 4, oxidation produced by
CO,*" radicals), and without NaHCO; (black traces § and 6,
oxidation generated by SO,* radicals only). (C) Formation and decay
of the G(-H)** radicals generated by SO,*” radicals (black traces 7
and 8) at pH 2.5 (in the absence of NaHCOj;). The time courses of
formation and decay of CO;"” radicals (magenta, solid curve
superimposed on the experimental data shown in blue, curve 2,
panel A) and G(-H)* radicals (blue, solid curve superimposed on the
experimental data shown in red, curve 3, panel B) involved in reactions
4—6 (see text) were simulated with the following best-fit rate
constants, k, = 1.5 X 107, ks, = 1.4 X 105 kg, = 1.6 X 10%, and k; =
3.0 X 10° M™! s7}, and the initial concentrations, [CO;°"], = 3.60 uM
and [G(-H)*], = 1.25 uM.

The transient absorption spectrum of G(-H)* radicals shows
a narrow absorption band at 315 nm and two less intense bands
near 390 and 510 nm (inset in Figure 6A).**” To exclude
photolysis of the sample solution by the probe light, we utilized
a 360 nm cutoff filter and monitored the formation and decay
of G(-H)*® radicals at 385 nm. At this wavelength, the extinc-
tion coefficient of G(-H)* radicals* (¢ = 2.7 X 10> M~! em™)
is greater than the molecular absorptivities of SO,*~ radicals®®
(e = 1.6 x 10* M~ cm™) and of CO;*” radicals (negligible
at 385 nm).
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At pH 8.0, the lifetime of CO;°” radicals is reduced from
~7.7 ms in the absence of 5-d(TCGCT) to ~0.5 ms in the
presence of 87 yM 5-d(TCGCT) (blue trace 2, Figure 6A).
The growth of the transient absorbance at 385 nm associated
with the G(-H)*® radicals is characterized by two kinetic
components (red trace 3, Figure 6B). The first and fast
component, which was not time-resolved in the experiment
shown in Figure 6B, is assigned to the direct oxidation of
5-d(TCGCT) by SO,*" radicals:

~ + TCGCT — SO4%~ + TC[G(-H)*]CT + H"
(3)

Reaction 3 contributes to the formation of G(-H)® radicals
even at high concentrations of HCO;~ (300 mM), because the
values of ky are typically very high, (2—3) x 10° M™' s7', and
are close to the diffusion-controlled limit.”*** The second
millisecond component (~0.5 ms) is correlated with the decay
of CO;*” radicals (blue trace 2, Figure 6A) and, hence, is
assigned to oxidation of §-d(TCGCT) by CO;*~ radicals:

SO,

~ + TCGCT — CO3>~ + TC[G(-H)*]CT + H"

4)

However, the yield of G(-H)* radicals formed in this process
(1.28 uM, calculated as a difference of the yields at 1.8 and
0.01 ms) is significantly less than the yield of CO;*~ radicals
(~3.60 M) in reaction 2 (blue trace 2, Figure 6A). To explain
this difference between the expected and observed yields of
G(-H)* radicals in TC[G(-H)*]CT, we propose that the
G(-H)* radicals derived from reactions 3 and 4 are rapidly
oxidized by CO;"~ radicals to form the two-electron oxidation
products (8-0x0G and 2Ih):

CO;

CO3*™ + TC[G(-H)*ICT — CO3%~ + TC[8-0x0G]CT
(Sa)

CO;*~ + TC[G(-H)*]CT — CO3>~ + TC[2Ih]CT
(5b)

Indeed, the simple kinetic scheme, which includes reactions
4, Sa, and Sb discussed above, as well as reaction 6 describing
the further oxidation of $-d(TC[8-0x0G]CT) by CO;*~
radicals,

CO3" ™ + TC[8-0x0G]CT — products (6)
can account for the kinetics and yields of G(-H)* radicals in the
presence of HCO;™ anions. The simulated kinetic curves
describing the decay of CO;*” radicals (magenta curve in
Figure 6A) and the formation G(-H)*® radicals (blue curve in
Figure 6B) agree with the experimental kinetic profiles (blue
trace 2 in Figure 6A and red trace 3 in Figure 6B, respectively).
This scheme also predicts that the yield of 8-0xoG lesions
should attain a relatively constant value after several laser
flashes (Figure S1 in the Supporting Information) as observed
in the experiment (Figure 3).

Upon excitation with a single laser pulse and in the absence
of HCO;™ anions, G(-H)* radicals are formed via oxidation by
SO,* radicals (reaction 3) within 10 us following the 12 ns
actinic laser pulse. This is evident from the rapid rise in the G(-H)*
absorbance measured at 385 nm (black trace 7, Figure 6B). A
simple kinetic scheme, based on reaction 3 (generation of
G(-H)* radicals), reaction 7 (oxidation of G(-H)* radicals to
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form 8-0xoG lesions), and reaction 8 (oxidation of 8-oxoG)
was developed:
S04*” + TC[G(-H)*]CT + H,0
— $04%7 + TC[8-0x0G]CT + H" @)
S04*” + TC[8-0x0G]CT — products (8)

This kinetic scheme predicts that the value of the rate
constant k; should be at the level of ~6 X 10" M~ s (Figure S2
in the Supporting Information) to achieve yields of 8-0xoG
that are comparable to those generated by CO;*” radicals
(Figure 3). However, this value of k; is unrealistic because it is
one order of magnitude greater than the diffusion-controlled
limit. Therefore, it is not surprising that we did not observe any
8-0x0G lesions upon oxidation of 5-d(TCGCT) with SO,*~
radicals after a single laser pulse excitation in the absence of
HCO;™ anions (Figure ).

In air-equilibrated buffer solutions (pH 8.0), the G(-H)*
radicals decay relatively slowly with characteristic lifetimes of
~0.07 s, which are not affected by the presence of oxidants
(CO,*, red trace 4, or SO,*7, black trace 6), as shown in
Figure 6B. The value of the rate constant kg ~ 15 s™', defined
by the reactions (pH 8.0),

TC[G(-H)*]CT —» TCG*CT* (92)

(9b)

can be estimated from the lifetimes of G(-H)® radicals; the
value of this constant is an upper limit that defines the rate of
formation of the cross-linked products after a single laser pulse
excitation (Figure S).

In acid solutions, only SO,*” radicals can be used as oxidants,
since HCO;™ anions (precursors of CO;*~ radicals) decompose
to CO, and H,O below pH 7. At pH 2.5, the formation of
guanine radicals is complete within 10 us, and the yield of
G(-H)* radicals (black trace 7, Figure 6C) is close to the yields
at pH 8.0 (black trace S, Figure 6B). At pH 2.5, the guanine
radicals exist in the form of the radical cations,* G** (pK, =
3.9), and decay with the characteristic lifetime of ~3 ms or rate
constant kjy ~ 3.3 X 10* s™.. The latter can be considered as
the upper limit for the formation of 8-0xoG lesions according
to the following reaction:

TC[G(-H)*]CT - T*CG*CT

TC[G**]CT + H,0 — TC[8-0x0G]CT (10)

Consistent with this mechanism, the 8-0xoG lesions were
detected by reversed-phase HPLC after a single laser pulse
excitation of the sample solutions (Figure S). The G*CT*
cross-links were not detected; the lifetime of G** is too short at
pH 2.5 due to hydration, which limits the lifetime of G** to
~3 ms, and reaction 9 occurring with the characteristic time of
~70 ms cannot compete with reaction 10.

B DISCUSSION

In this work, the one-electron oxidation of guanine bases in
DNA sequences was initiated by CO;*” or SO,*” radicals
produced by a single laser pulse excitation. The different
reaction pathways established are summarized in Figure 7.

In agreement with these constraints, guanine radicals
generated by SO,*” radicals at pH 2.5 (<pK, = 3.9) exist
mostly in the cation form, G**. Hydration of G** radicals results
in the formation of 8-hydroxy-7,8-dehydroguanyl radicals
(8-HO-G®), which are identical to the radical adducts derived
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from addition of hydroxyl radicals to the C8 position of
guanine.” The latter are reducing and are rapidly oxidized by
weak oxidants such as oxygen, methylviologen, and 1,4-benzo-
quinone to form 8-0x0G lesions.>® The upper limit of the
hydration rate constant, k;o ~ 3.3 X 10> s™*, was estimated from
the decay of G** radicals recorded at 385 nm and at pH 2.5
(traces 7 and 8, Figure 6C). This is the first estimate of this rate
constant by direct spectroscopic measurements; it is 2 orders of
magnitude smaller than the rate constant of 6 X 10* s7*
obtained by computer modelin% of the distributions of alkali-
labile guanine lesions in DNA.?

The kinetics of the buildup of the G(-H)* absorption band at
625 nm band was utilized to measure the deprotonation rate
constant of G** radicals, which varies from 1.8 X 107 s~ for the
free nucleoside to >3 X 10° s™! in double-stranded DNA.>>33
The deprotonation of G** has been described in terms of a
release of the N1 proton and the formation of the G(N1-H)*
tautomer.>* On the basis of EPR studies in aqueous solutions
(pH < 3) at room temperature, coupled with a theoretical
study, it was concluded that the G** radical is protonated at N1
and is indeed deprotonated by the loss of the proton at N1 to
form the G(N1—H)® neutral radical at pH > 4.>° Extensive
DFT calculations of various tautomeric forms of G(-H)®
confirm that in aqueous solution G(N1—H)® is the most
stable form of the neutral guanine radical.*® Here, we propose
two different pathways of G(-H)*® radical decay that lead to the
8-0x0G or G*CT* lesions that are detected experimentally
after irradiation of S-d(TCGCT) with a single laser pulse
(Figure 7).

The formation of the G*CT* cross-links occur via the nucle-
ophilic addition of thymine to the C8 position of the G(-H)*
radical (Figure 7). Increasing the 3pH facilitates deprotonation
of T-N3(H), since its pK, = 9.67,” and thus greatly enhances
the nucleophilicity of thymine due to the formation of (T-
N3)~. The G(C8)-(N3)T radical adduct formed is easily oxi-
dized by oxygen, thus resulting in the formation of the G*CT*
cross-link. This adduct can also be oxidized by other mild oxi-
dants, such as 1,4-benzoquinone in deoxygenated aqueous
solutions.*® This mechanism does not depend on the oxidant
(CO;*~ or SO,*” radical) used for the generation of G(-H)*
radicals and can account for a gradual growth of the yields of
the G*CT* lesions with increasing pH (Figure S). A similar
nucleophilic mechanism was proposed by Perrier et al. for the
formation of cross-linked products between guanine in
d(TpGpT) and lysine mediated by photoexcited riboflavin in
aerated solutions containing the KKK tripeptide.>

The neutral radical, G(-H)*, is a weaker electrophile than the
radical cation G*" and does not react directly with water, which
could account for the absence of 8-0xoG observed after single
laser pulse excitation (Figures 2 and 5) and con-
tinuous UV illumination, as reported earlier.'® In this work,
we demonstrate that CO;*” radicals can oxidize G(-H)*
radicals. The rate constant of this reaction, ks = (3.0 + 0.5) X
10" M™' 5! was obtained from analysis of the transient absorp-
tion profiles monitored by laser flash photolysis (Figure 6).
This value of ks is similar to the rate constants of the addition
of oxyl radicals (e.g,, 0,°7, *NO,) to G(-H)* radicals.”*** As in
the case of other oxyl radicals (O,*”, °NO,), the combination
of G(-H)* and CO;*~ radicals occurs via the addition of CO;*~
to the C8 and CS$ positions of G(-H)* radicals (Figure 7). The
adducts formed, which can be considered as the monoesters of
carbonic acid, H,COj;, are unstable and rapidly decompose to
form the final products, 8-0x0G and the diastereomeric 2Ih
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lesions. The partitioning of CO;* radical addition to either C5
or C8 of G(-H)*® can be determined from the ratio of 21h/8-
0xoG lesions, which is ~1.2, detected after a single laser pulse
(Figure 3). The DNA secondary structure can affect the ratio of
the C5/C8 products. In the case of *°NO, radicals, the ratio of
5-guanidino-4-imidazolone (CS addition)/8-nitroguanine (C8
addition) gradually decreases from 3.4 in the model compound,
2/,3/,5 tri-O-acetylguanosine, to 2.1-2.6 in single-stranded
oligodeoxynucleotides, to 0.8—1.1 in double-stranded DNA.*
Here, this effect is accounted for in terms of the relative
accessibilities of the CS and C8 positions of G(-H)* radicals by
carbonate radicals and the further transformation of the adducts
formed to end-products such as 2Ih (CS addition) or 8-ox0G
(C8 addition).

B CONCLUSIONS

The one-electron oxidation of guanine bases in single-stranded
oligonucleotides in the 5-.. TCGCT... sequence context by
CO;°" and SO,°” radicals generates guanine radical cations. In
neutral solutions, the G** radicals rapidly deprotonate to form
guanine neutral radicals, G(-H)*. The transformation of G(-H)*
radicals to chemical end products occurs by two principal
pathways: (i) combination of G(-H)* and CO;*~ radicals fol-
lowed by the formation of 8-0xoG and 2Ih lesions, and (ii)
nucleophilic addition of thymine bases to G(-H)* followed by
the formation of S-G*CT* and S-T*CG* cross-links. The
cross-linking reaction is very slow and occurs with the char-
acteristic time of >70 ms. In acid solutions (pH 2.5), the
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principal pathway of G** decay is hzfdratlon that is followed by
the formation of 8-0xoG lesions.” This hydration reaction,
estimated from the decay time of the radical cation at pH 2.5,
occurs within a characteristic time of >3 ms. Under physio-
logical conditions (pH 7—8), the major decay pathway of the
G®* radical cation is deprotonation that occurs in double-
stranded DNA within 300 ns.>**” The ratio of the hydration/
deprotonation rates of G** estimated from the characteristic
times of these reactions suggests that the yields of 8-oxoG
formed are <0.01% per guanine radical cation generated by the
one-electron oxidation mechanism. Such a low efficiency of
8-0x0G formation originating via the G** pathway is consistent
with the lack of observation of 8-0x0G formation in our sulfate
radical oxidation experiments at pH 8.0 (Table 1). Further-
more, the long lifetime of the G(-H)* radical in neutral aqueous
solutions (~70 ms in the absence of other reactive radical
intermediates, Figure 6B) is not limited by hydration that
would have yielded 8-0x0G at pH 8.0. In the case of cellular
DNA, the levels of 8-0x0G lesions are quite small (0.3—4.2
8-0x0G per 10° guanines®). However, these low ylelds may be
due to other factors (e.g, low yields of G** radicals and
differences in reaction pathways of these radicals in cellular
environments, as well as base excision repair of 8-0x0G lesions).

B ASSOCIATED CONTENT

© Supporting Information
Simulated kinetics of reactions of CO;*~ and G(-H)*® radicals,
and yields of the 8-0x0G, 2Ih, Sp, and Gh molecular products as
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a function of the number of laser pulses (Figure S1); simulated
kinetics of the SO,*~ and G(-H)* radicals and yields of 8-oxoG
produced by a single laser pulse excitation (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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