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Abstract

Oxidative damage to 8-oxo-7,8-dihydroguanine (8-0xoG) bases initiated by photolysis of the water-

soluble radical generator 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) has been
investigated by laser kinetic spectroscopy. In neutral oxygenated aqueous solutions, 355 nm

photolysis of AAPH initiates efficient one-electron oxidation of the 8-oxodG nucleosides directly
monitored by the appearance of the 8-oxodG"*/8-oxodG(-H)" radicals at 325 nm. The reaction
kinetics are consisted with a mechanism that includes the transformation of the 2-amidinoprop-2-
peroxyl radicals (ROO") derived from photolysis of AAPH to more reactive 2-amidinoprop-2-oxyl
radicals (RO"®), which directly react with the 8-0xoG bases. The major pathways for the formation
of end products of 8-0xoG oxidation include the combination of the 8-oxodG**/8-oxodG(-H)*
radicals with superoxide (O,*") and ROO" radicals in approximately 1:1 ratios, as demonstrated by
experiments with Cu, Zn superoxide dismutase to form dehydroguanidinohydantoin (Ghgy)
derivatives. This mechanism was confirmed by analysis of the end products produced by the
oxidation of two substrates: (1) the 8-oxoG derivative 2',3',5'-tri-O-acetylguanosine (tri-O-Ac-G),
and (2) the 5’-d(CCATC[8-0x0G]CTACC) sequence. The major products isolated by HPLC and
identified by mass spectrometry methods were the tri-O-Ac-Ghgy and 5’-d(CCATC[Ghyx]CTACC
products.

Introduction

Persistent oxidative damage to cellular DNA associated with chronic inflammation developed
in response to microbial and viral infections, tobacco smoke, and other environmental insults,
is genotoxic and has been implicated in the etiology of many human cancers (1). The most
common DNA lesion detected in vivo is 8-oxo-7,8-dihydroguanine (8-0xoG),! a well-known
biomarker of oxidative stress (2). This lesion is mutagenic because it mispairs with A during
replication by DNA polymerases that lead to a predominant G — T transversion mutation
(3), the second most common somatic mutation in human carcinomas (4). The oxidation
products of 8-0x0G, which is more easily oxidizable than any of the natural nucleic acid bases
(5), are more mutagenic than the parent 8-oxoG (6-8). Lipid peroxyl radicals are ubiquitous
free radicals in biological systems (reviewed in (9,10)) that, potentially, can selectively oxidize
8-0x0G residues in vivo (11). However, the mechanisms of reaction of these radicals with 8-
oxoG remain poorly understood because of complexities associated with the interconversion
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and fragmentation of lipid peroxyl and alkoxyl radicals that have not been structurally
characterized.

The thermal and photochemical decomposition of azo compounds is a classical approach for
the controlled generation of alkylperoxyl radicals (12). The water-soluble 2,2"-azobis(2-
amidinopropane) dihydrochloride (known as ABAP (13) or AAPH (14)) has been extensively
used to initiate lipid peroxidation (15-17), in order to explore the effects of oxidative stress on
cultured cells (18-21), oxidation of DNA (22-24), and signaling responses associated with
inflammation and aging (25). Our own laser flash photolysis experiments have shown that the
photolysis of AAPH generates a whole spectrum of free radicals including 2-amidinoprop-2-
peroxyl (ROQ"), 2-amidinoprop-2-oxyl (RO*®), and superoxide (O,*") radicals (26). We found
that RO* radicals induce the fast one-electron oxidation of 2’-deoxyguanosine (dG) to form
guanine neutral radicals, dG(-H)". In contrast, ROO* radicals do not react with observable rates
with dG. The major pathway for the formation of the end products of guanine oxidation is the
combination of the G(-H)* and O," radicals to form 2,5-diamino-4H-imidazolone (1z) (26).

In this work we investigated the kinetics of 8-oxoguanine oxidation by free radicals generated
by the photolysis of AAPH in neutral aqueous solutions. These kinetic laser flash photolysis
experiments show that 2-amidinoprop-2-oxyl radicals derived from the combination of 2-
amidinoprop-2-peroxyl radicals induce the rapid one-electron oxidation of 8-oxodG (Figure
1).

It is shown that the major pathway for the formation of the end products of 8-0xoG oxidation
in either 2',3',5'-tri-O-acetyl-8-o0xo-7,8-dihydroguanosine (tri-O-Ac-8-0x0G) or the 5'-d
(CCATCI[8-0x0G]CTACC) oligonucleotoide sequence, is the combination of 8-oxoG(-H)* and
O,"" radicals to form dehydroguanidinohydantoin (Ghgy).

Experimental Procedures

Materials

Analytical grade chemicals, HPLC grade organic solvents, and Milli-Q purified (ASTM type
I) water were used throughout; 2,2'-azobis(2-amidinopropane) dihydrochloride and 2’,3',5'-tri-
O-acetyl-8-bromoguanosine from Sigma-Aldrich (St. Louis, MO), and 8-o0xo-7,8-dihydro-2'-
deoxyguanosine from Berry and Associates, Inc. (Dexter, MI) were used as received. The 2/,
3',5'-tri-O-acetyl-8-o0x0-7,8-dihydroguanosine was synthesized by hydrolysis of tri-O-
acetyl-8-bromoguanosine as described previously (27). The 5'-d(GGATC[8-0x0G]CTACC)
sequence from Biosynthesis Inc. (Lewisville, TX) was purified, and desalted using reversed-
phase HPLC. The integrity of the nucleosides and oligonucleotides was confirmed by the LC-
MS/MS and MALDI-TOF/MS analysis. Phosphate buffer solutions were tested for residual
traces of transition metals and, if necessary, were treated with Chelex (28).

Laser Flash Photolysis

The transient absorption spectra and kinetics of free radical reactions were monitored directly
using a fully-computerized kinetic spectrometer system (~7 ns response time) described
elsewhere (29). In this work, a 355 nm Nd: Yag laser (Continuum NY 81-20) was used to
photolyse the samples in a quartz micro flow cell (~ 100 pL). The single laser pulses were
selected from the nanosecond pulse trains (4-20 mJ/cm2/pulse, 20 Hz) by a computer-
controlled electromechanical shutter. To avoid the effects of photoinduced decomposition of
the samples, fresh solutions were injected into irradiated volume by mixing, two solutions (e.qg.,
AAPH and 8-oxodG) by forcing each into a mixer by a small positive gas pressure (0.3-0.5
atm) and then through the cell at a flow rate of 6—8 mL/min; the laser excitation occurred within
less than 1 s after mixing. The solution flow was controlled by two solenoid valves to provide
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a complete sample replacement between successive laser shots. The transient absorbance was
probed along a 1 cm optical path by light from a pulsed 75 W xenon arc lamp with its light
beam oriented perpendicular to the laser beam. The signal was recorded by a Tektronix TDS
5052 oscilloscope operating in its high-resolution mode that typically allows for a suitable
signal/noise ratio after a single laser short. All experiments were performed at room
temperature (23+2 °C). The rate constants of the free radical reactions were typically
determined by least squares fits of the appropriate Kinetic equations to the transient absorption
profiles obtained in five different experiments with five different samples.

Photochemical Oxidation of 8-Oxoguanine

The samples of 100 nmol tri-O-acetyl-8-0x0G, or 10 nmol 5"-d(GGATC[8-0x0G]CTACC) in
1 mL air-equilibrated 5 mM phosphate buffer solutions, pH 7.0 containing 20 mM AAPH were
irradiated for fixed periods by a light beam of a 100 W xenon arc lamp reflected at 45° from
a dielectric mirror to select the 340-390 nm spectral range for photolysis. The irradiated
samples were immediately subjected to analysis by HPLC methods. The chemical structures
of the Ghgy and nucleosides were confirmed by LC-MS/MS analysis of the isolated end
products and by comparisons with authentic standards.

Mass spectrometry assays

LC-MS analysis of the photoproducts was performed with an Agilent 1100 Series capillary
LC/MSD lon Trap XCT mass spectrometer equipped with an electrospray ion source as
described elsewhere.(30) The MALDI-TOF mass spectra were recorded in the negative mode
using a Bruker OmniFLEX instrument.

Results and Discussion
One-Electron Oxidation of 8-OxodG Initiated by Photolysis of AAPH

Photolysis of AAPH by 355 nm laser pulses in air-equilibrated neutral buffer solutions (pH
7.0) induces efficient one-electron oxidation of 8-oxo-7,8-dihydro-2'-deoxyguanosine. The 8-
oxodG radicals, which are the products of this reaction, were identified by the appearance of
the characteristic narrow absorption band at 325 nm (11,31,32) as shown in Figure 2.

The presence of AAPH is critical for the oxidation of 8-ox0-dG. The 8-oxodG does not absorb
at 355 nm and in typical experiments the laser flash photolysis of the 8-oxodG solutions (no
AAPH) using this excitation wavelength does not produce a detectable signal at 325 nm. In
turn, increasing the concentration of AAPH from 5 to 30 mM, or the laser pulse energy in the
range of 4-20 mJ/pulse/cm? in the latter case, induces an approximately linear increase in the
transient absorbance at 325 nm (data not shown). Furthermore, the presence of oxygen is also
required for the oxidation 8-oxo0-dG. Indeed, only small changes in the transient absorbance
are observed in argon-purged solutions (blue line, insert in Figure 2).

At pH 7 the 8-oxodG** radical cation (pK, = 6.6) produced by a one-electron abstraction from
8-0xodG is in equilibrium with its neutral form, 8-oxodG(-H)*, and the absorption band at 325
nm (Figure 2) can be assigned to the mixture of the cation and neutral forms, which have very
similar absorption spectra (11). The kinetic profiles recorded at 325 nm and associated with
the growth of the 8-oxodG**/8-0xodG(-H)* absorbance exhibit a characteristic S-like shape
(insetin Figure 2). The formation of 8-oxodG**/8-oxodG(-H)" becomes efficient after the initial
10-15 ps and is complete 120-150 ps after the actinic laser flash. The yields of the 8-
oxodG**/8-oxodG(-H)* radicals (Ygogr) calculated at At = 120-150 ps using the extinction
coefficient (11), e3p5 = 1.1x10* M1 cm™1, depend on the concentrations of 8-oxodG as shown
in Figure 3A.
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The values of Ygogr grow rapidly with increasing concentrations of 8-oxodG to attain an
apparent constant value of ~4.2 uM at [8-0xodG] = 60-80 uM (Figure 3A); in this range of 8-
oxodG concentrations, the major fraction of AAPH-derived reactive species is trapped by 8-
0xodG and a further increase in the 8-oxodG concentration does not increase Ygogr. After the
initial 15-20 ps time interval, the formation of the 8-oxodG"*/8-oxodG(-H)" radicals follows
pseudo-first-order kinetics with the rate constant, k,. The value of k; does not depend on the
concentration of 8-oxodG in the range of 10-100 M (Figure 3B), indicating that the oxidation
of 8-oxodG is rapid and the rate-determining step is the formation of the radical intermediates.

Additional mechanistic details concerning the formation of reactive species have been obtained
from the laser flash photolysis of AAPH in the absence or presence of oxygen (26). These
experiments have shown that the formation of the 2-amidinoprop-2-peroxyl radicals from
AAPH-derived radicals (reaction 1) is completed within < 5 ps after the actinic laser flash and
cannot be associated with the longer induction period of 10-15 ps observed in the case of the
oxidation of 8-oxodG (inset in Figure 2). This is a clear indication that the ROO" radicals do
not react directly with 8-oxodG. The further transformation of these radicals to more reactive
species is required for the one-electron oxidation of 8-oxodG to occur. We found that the
activation of ROO" radicals occurring during the induction period involves a cascade of
chemical reactions (2—4) that are responsible for the formation of the secondary 2-
amidinoprop-2-oxyl and the superoxide radicals (26):

AAPHs 2ROO®
0, (1)

ROO*+RO0O* — ROOOOR (2)
ROOOOR — x(2RO*+0,)+products 3)
ROOOOR — y0O,*” +products (4)
RO*+8 — 0x0dG — ROH+8 — 0oxodG(—H)*® (5)
0,°"+C(NO,), — 0,+C(NO,); +°NO, ©)

The rate-determining step of this process (reactions 2-4) is the recombination of RO* radicals
leading to the formation of tetraoxide, ROOOOR (reaction 2) and occurring with the rate
constant, ky estimated as ~5x108 M~1s~1 (26). The decomposition of ROOOOR results in the
formation of 2-amidinoprop-2-oxy! (reaction 3) and superoxide (reaction 4) radicals. The
oxidation of 8-oxodG by RO* radicals occurs via a step that is not rate-determining (reaction
5). From the values k, = 4.5x10% s71 and [8-0x0dG] = 80 uM, it follows that the lower limit
for reaction 5 is ks ~ 5x108 M~1s~1. Another secondary free radical arising from the bimolecular
combination of ROO" radicals (reaction 2) is the superoxide radical anion, O, (reaction 4)
that was detected by the classical test reaction with tetranitromethane (reaction 6) (33). The
characteristic absorption band of nitroform at 350 nm is clearly observed after laser pulse
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excitation of AAPH in air-equilibrated buffer solutions containing tetranitromethane (26),
which is consistent with reaction 6. Thus, the combination of ROO® radicals generates a unique
intermediate, the ROOOOR tetraoxide (34) that spontaneously decomposes to form RO® and
O," radicals (26), and these processes are responsible for the S-like shape of the kinetics of
radical formation (inset, Figure 2).

The low activity of alkylperoxyl radicals with respect to direct oxidation of 8-0xodG, is
supported by experiments with arachidonic and pentenoic acids (Figure 4)

ArAc is a typical polyunsaturated lipid molecule that plays an important role in inflammation-
associated carcinogenesis (35,36). However, ArAc has a low solubility even in buffer mixtures
containing 20% acetonitrile (30). To extend the concentration range, we used PcAc that is more
soluble than ArAc. We found that the addition of both unsaturated acids suppresses the
formation of 8-oxodG**/8-oxodG(-H)" radicals (Figure 5).

The highly reactive RO’ radicals derived from the photolysis of AAPH add to the double bonds
of these unsaturated acids to form p-alkoxyalkyl radicals (reaction 7), which in the presence
of Oy, rapidly transforms to p-alkoxyperoxyl radicals (reaction 8) (30).

H H OR

RO' + R _ R —_— a
1 2
Ry Rz
(7)

H H OR ‘00 HH OR
H + 02 —_—
Ry Ro Ry R

(8)

The latter radicals are less reactive than the parent RO® radicals and do not react with 8-oxodG
with observable rates. The p-alkoxyperoxyl radicals do not further transform to the -
alkoxyoxyl radicals as the 2-amidinoprop-2-peroxy| radicals do (reactions 2 and 3), and
scavenging the 2-amidinoprop-2-oxy| radicals by unsaturated acids suppresses the oxidation
of 8-o0xodG.

End-Products of 8-Oxoguanine Oxidation Initiated by the Photolysis of AAPH

Laser flash photolysis experiments have shown that the photolysis of AAPH in the presence
of oxygen generates oxidizing RO"® radicals, which mediate the fast one-electron oxidation of
8-0xodG (Figure 2), and reducing O," radicals (26) detected by the classical test reaction with
tetranitromethane (33). According to our previous experiments, the 8-oxoG(-H)" and O,*~
radicals rapidly combine to form the 5-HOO-8-0x0G(-H) hydroperoxide that, in turn, rapidly
decomposes to form dehydroguanidinohydantoin (32); the latter slowly transforms (within ~
10 h at 37 °C) to the more stable oxaluric acid (37) (Figure 1). At the formal level, Ghgy is the
product of a four-electron oxidation of 8-0xoG and the O,°~ ion radical acts as a three-electron
oxidant in reactions with 8-oxoG(-H)* radicals (32). Other products, the diastereomeric
spiroiminodihydantoins (Sp), are the products of a two-electron oxidation of 8-oxoG (30,38).
In our experiments, potential pathways of Sp formation might include the one-electron
oxidation of 8-0xoG(-H)" radicals by ROO*/RO" radicals (30).
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Here, we explore the nature of the end products produced by the oxidation of two substrates:
(1) the 8-0x0G derivative 2',3',5'-tri-O-acetyl-8-0x0-7,8-dihydroguanosine, and (2) the 5'-d
(CCATCI[8-0x0G]CTACC) sequence used in our previous experiments (32). The acylated
nucleoside products produced by the oxidation of tri-O-Ac-8-0x0G are more easily separated
by reversed-phase HPLC. For instance, the diastereomeric spiroiminodihydantoin (Sp)
nucleosides which, in the form of 2’-deoxynucleosides (dSp), typically elute in the void volume
(39), can be easily detected in the acylated form (tri-O-Ac-Sp) together with other products
(e.g., tri-O-Ac-Ghyy, tri-O-Ac-1z) using a regular reversed phase C18 column (30).

The photolysis of AAPH in air-equilibrated solutions containing tri-O-Ac-8-0x0G, leads to the
disappearance of tri-O-Ac-8-0x0G as is evident from the decay of its absorption band at 295
nm (Figure 6).

The tri-O-Ac-8-0x0G oxidation products were isolated by reversed-phase HPLC and identified
by LC-MS methods (Figure 7).

The well-separated fraction eluting at 29.4 min was identified as the
dehydroguanidinohydantoin product, tri-O-Ac-Gh,y detected at m/z 414.1 or M - 12, where M
is the mass of the original tri-O-Ac-8-0xo0G eluted at 31.3 min. The tri-O-Ac-Sp diastereomers
(m/z 442.1 or M + 16), form in minor quantities and elute at 17.6 and 18.4 min. The retention
times and masses of the molecular ions, [M + H]* of the products isolated from the irradiated
samples were identical to those of the authentic standards (30).

Photolysis of AAPH in air-equilibrated buffer solutions also initiates the selective-oxidation
of 8-0x0G in the single-stranded oligonucleotide, 5’-d(CCATC[8-0x0G]CTACC). The major
oxidation product is the Ghgy lesion as in the case of free nucleoside. The 5'-d(CCATC
[Ghox]CTACC) adduct was isolated by reversed-phase HPLC (Figure 8A) and identified by
MALDI-TOF/MS methods as described elsewhere (32, 37).

The time-dependent increase in the yields of the 5'-d(CCATC[Ghy,] TACC) adducts is shown
in the inset of Figure 8A. The addition of micromolar concentrations of Cu,Zn superoxide
dismutase, Cu,Zn-SOD that induces the extremely fast catalytic dismutation of O,*~ radicals
to O, and H,0, (40), suppresses the formation the Gh,y products (Figure 7B). Here, we found
that in the presence of Cu,Zn-SOD the yields of the Ghgy lesions decrease by a factor of ~2 at
Cu,Zn-SOD concentrations of 20 uM, and the further increase of the Cu,Zn-SOD concentration
does not significantly reduce the yields. These observations indicate that the combination of
0O," and 8-oxodG"*/8-oxodG(-H)" radicals is responsible for the formation of about one half
of the Ghgy lesions, and that the other half is associated with the combination of the ROO*
radicals with 8-oxodG*/8-oxodG(-H)" radicals. This mechanism can account for the somewhat
lower yields of the Ghgy lesions in the presence of Cu,Zn-SOD as reported earlier (30, 32).

Conclusion

The transient absorption measurements described here demonstrate that the laser photolysis of
AAPH in oxygenated solutions initiates the efficient one-electron oxidation of 8-oxoG bases
monitored by direct spectroscopic observations of the 8-oxodG**/8-0xodG(-H)* radicals. In
principle, both alkylperoxyl radicals with E7 = 1.0-1.1 V vs. NHE (41) and alkoxyl radicals
with E7 = 1.55-1.65 V vs NHE (42) are capable of induce electron abstraction from 8-oxoG
with E; = 0.74 V vs. NHE (11). However, RO" radicals are much more reactive than ROO*
radicals and directly oxidize 8-0xoG by a one-electron transfer mechanism to form the 8-
oxodG**/8-ox0dG(-H)" radicals. The detection of the 2-amidinoprop-2-oxyl radical spin
adducts by ESR methods provides an alternative confirmation of the efficient formation of
RO’ radicals from ROO® radicals resulting from thermal (43,44) and photochemical (45)
decomposition of AAPH in oxygenated aqueous solutions.
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The combination of 8-0x0G**/8-0x0G(-H)" radicals with O,"/ROO" radicals to form
dehydroguanidinohydantoin lesions (Figure 1) is the major pathway for the formation of end
products of 8-0xoG oxidation (30,32). In contrast, the one-electron oxidation of 8-0xoG"*/8-
0x0G(-H)* radicals by the ROO" radicals to form the diastereometic Sp products (Figure 7), is
less efficient than the radical combination pathway.
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Figure 1.

Oxidation of 8-oxoguanine initiated by the photolysis of AAPH in oxygenated solutions.
Peroxyl radicals, ROO* produced by the photolysis of AAPH recombine to form the tetraoxide
ROOOQOOR. The spontaneous cleavage of ROOOOR generates highly reactive oxyl radicals
(RO") and superoxide radicals (O,"") with yields of x and y, respectively.
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Figure 2.

One-electron oxidation of 8-oxodG induced by laser flash photolysis of AAPH in air-
equilibrated buffer solutions (pH 7, [O2] = 0.27 mM). Transient absorption spectra were
recorded at the indicated delay times after a 355 nm single laser pulse excitation (E = 20 mJ/
pulse/cm?) of 20 mM AAPH and 0.03 mM 8-oxodG. The inset shows the kinetic profile of 8-
oxodG**/8-ox0dG(-H)" radicals at 325 nm in air-equilibrated (red trace) and argon-purged
(blue) solutions.
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Effect of 8-oxodG concentration on the yields (Ygogr) and rate constants (k) of 8-oxodG**/
8- oxodG(-H)* formation. [AAPH] = 20 mM; E = 20 mJ/pulse/cm?.
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Figure 4.
Structures of unsaturated fatty acids.
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Figure 5.

Effect of ArAc or PcAc concentrations on the relative yields of 8-oxodG**/8-oxodG(-H)*
radicals. The experiments with ArAc were performed in buffer solutions containing 20%
acetonitrile. [AAPH] = 20 mM; [8-0x0dG] = 20 uM, E = 20 mJ/pulse/cmZ.
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Figure 6.

Oxidation of tri-O-Ac-8-0x0G (Amax = 295 nm) initiated by the photolysis of AAPH (Amax =
365 nm) in air-equilibrated phosphate buffer solutions. The solutions were photolyzed using
340-390 nm steady-state irradiation (~100 mW/cm?) from a 100 W Xe arc lamp for fixed
periods of time. The inset shows the decay of tri-O-Ac-8-0x0G (100 uM) absorbance as a
function of time during the course of AAPH (300 uM) photolysis.
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Figure 7.

End products derived from the oxidation of tri-O-Ac-8-0xoG (100 uM) initiated by the
photolysis of AAPH (300 pM) in air-equilibrated phosphate buffer solutions. The solutions
were photolyzed using 340-390 nm steady-state irradiation (~100 mW/cm?) from a 100 W Xe
arc lamp for fixed periods of time. Reversed-phase HPLC elution profile of the sample
irradiated for 10 s. HPLC elution conditions (detection of products at 235 nm): 5-40% gradient
of acetonitrile in 20 MM ammonium acetate over 60 min at flow rate of 1 mL/min. The tri-O-
Ac-Ghgy elutes at 29.4 min, and the unmodified tri-O-Ac-8-0x0G at 31.3 min. The tri-O-Ac-
Sp diastereomers are formed in minor quantities and elute at 17.6 and 18.4 min.
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End-products derived from the oxidation of 5'-d(CCATC[8-0x0G]TACC) (10 uM) initiated
by photolysis of AAPH (300 uM) in air-equilibrated phosphate buffer solutions. The solutions
were photolyzed using 340-390 nm steady-state irradiation (~100 mW/cm?) from a 100 W Xe
arc lamp for fixed periods of time. (A) Reversed-phase HPLC elution profile of a sample
irradiated for 10 s. HPLC elution conditions (detection of products at 260 nm): 5-20% gradient
of acetonitrile in 50 mM triethylammonium acetate (pH 7) over 60 min at flow rate of 1 mL/
min. The 5’-d(CCATC[Ghyx] TACC) adduct 2 elutes at 17.3 min, and the unmodified 5'-d
(CCATCI8-0x0G]TACC) sequence 1 at 19.3 min. The inset show the time-dependent yields
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of the 5’-d(CCATC[Ghq] TACC) adducts. (B) Effect of Cu,Zn-SOD on the yields of 5'-d
(CCATC[Ghg,]TACC) adducts.
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