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ABSTRACT

The riboflavin-catalyzed photooxidation of 2′,3′,5′-tri-O-acetyl-8-oxo-7,8-dihydroguanosine generates a radical intermediate that is competitively
trapped by H2O, O2

- •, or O2. The products of H2O trapping have been previously described as the spiroiminodihydantoin (pH g 7) and
iminoallantoin/guanidinohydantoin (pH < 7) nucleosides. Trapping by O2

- • leads to the oxaluric acid (pH e 7) and imidazolone (pH g 8.6)
pathways (R′′, R′′ ) H or 2,3,5-tri-O-Ac-ribofuranosyl). The pH-dependent role of superoxide was probed using Mn−SOD and compared to
guanosine and 8-methoxyguanosine photooxidation.

The oxidized DNA base lesion 8-oxo-7,8-dihydroguanosine
(OG) is a major product of radiation damage in the cell1,2

and is recognized as a site highly susceptible to further
oxidation by one-electron oxidants,3,4 singlet oxygen,5-7

photochemical processes,8 and peroxynitrite.9 We previously
showed that the oxidation ofOG in the form of a nucleoside
triacetate by IrIV and other one-electron oxidants was highly
pH-dependent, leading to nearly exclusive formation of the
spiroiminodihydantoin nucleoside (Sp) at neutral pH (Scheme

1).10 At lower pH or in oligodeoxynucleotides,OG oxidation
additionally leads to an equilibrating mixture of the decar-
boxylated products iminoallantoin (Ia) and guanidinohydan-
toin (Gh).11-13 The various products were proposed to arise
from a common intermediate, 5-hydroxy-8-oxoG (5-OH-
OG), formed from trapping of a radical or radical cation
intermediate by a solvent water molecule.

Photochemical oxidation ofOG has been reported to yield
different products depending upon the type of photosensitizer
employed. Among these, riboflavin (Rf) is thought to follow
primarily the “Type I” pathway involving one-electron
transfer from the base toRf.14,15 Because theRf-catalyzed
photooxidation of both guanosine16-19 and 8-methoxyG20,21
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were reported to give the imidazoloneIz as a major product,
we sought to understand the difference between chemical
(i.e., metal-mediated) and photochemical one-electron oxida-
tion of G, OG, and8-MeOG.

For these studies, we selected the nucleoside triacetate in
which the three sugar hydroxyls are prevented from acting
as nucleophiles with any base-centered intermediates.22 In
addition, O-acylated nucleosides are more highly retained
on reversed-phase HPLC columns, facilitating identification
of hydrophilic oxidation products. Products were identified
and quantified by HPLC using both UV-vis and ESI-MS
detection. Because authentic pure samples ofSp,Gh/Ia, OG,
andG were available13 and theε value of Iz was known,23

we were able to determine relative ionizabilities of the
products, and ESI-MS could be used for quantification. In
the case ofIaox, a relatively pure sample could be prepared
as a standard from Na2IrCl6 oxidation ofGh/Ia,13,24although
its hydrolytic instability necessitated rapid analysis.

A pH 7 (75 mM KPi) solution of OG (1, 0.2 mM)
containing 16µM Rf was irradiated with a 360-nm Rayonet
apparatus for 10 min at 22°C. Samples were immediately
analyzed by LC-ESI-MS according to the procedures detailed
in Supporting Information. The quantitative values shown
for the products obtained are displayed in Figure 1 and
represent the averages of three or more independent experi-
ments. The reactions were repeated in the presence of
manganese superoxide dismutase (125 units/mL) plus cata-
lase (375 units/mL).25 Since the mass balance wasg90-

95% for all reactions, we believe that all major products have
been identified.

Surprisingly,Iz was found to be only a trace product at
pH 7 for Rf-catalyzed oxidation ofOG. Instead, water
quenching of the presumedOG+ • intermediate to yieldSp
predominated, giving the same result as for metal-catalyzed
oxidation.10 Use of H2

18O as solvent showed quantitative
incorporation of one O atom from H2O. A substantial amount
of a two-electron further oxidized product, tentatively
identified asIaox, was also formed by photooxidation. Such
a product represents a 4e- oxidation ofOG suggesting the
involvement of O2 as oxidant. Indeed, no photooxidation of
OG was observed in degassed solutions, and no isotopic
incorporation from H218O was found, confirming a role for
O2 in either theOG chemistry, the regeneration of theRf
catalyst, or both. The excited stateRf* is known to generate
O2

-• by electron transfer fromRf- • to O2,26,27which would
suggest the pathway shown in eq 1.
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OG + Rf* f OG+• + Rf-• 98
O2

O2
-• + Rf (1)

Scheme 1. Oxidation of OG by IrIV vs Type I Photooxidation (b ) 18O Label)

Figure 1. Products ofRf-catalyzed photooxidation ofOG as a
function of pH and added Mn-SOD: red,Sp; pink,Gh + Ia; light
blue, Iaox; dark blue,Iz + Z. Errors are estimated at(5%.

2802 Org. Lett., Vol. 3, No. 18, 2001



The product labeledIaox represents a species of mass
OG - 12 that has been observed in singlet oxygen6 and
peroxynitrite oxidation ofOG in nucleosides and oligo-
mers,9,28 from Mn-porphyrin/KHSO5-mediated oxidation of
G29 and from further oxidation of theGh/Ia mixture by 2
equiv of IrIV.13 Unfortunately, the species is hydrolytically
unstable, yielding oxaluric acid, so its exact identity remains
in question. NMR data plus the fact that oxaluric acid rather
than parabanic acid is obtained after hydrolysis better support
the Iaox structure (Scheme 2).13,30

Curiously, the photooxidation ofOG at pH 7 was only
slightly inhibited in the presence of SOD, although the
mechanism proposed in eq 1 suggests that formation ofIaox

should be dependent on [O2
- •]. In addition, recent studies

imply that O2
- • should be much more reactive than O2 with

radical intermediates formed fromG and likely OG as
well.31,32 Thus, one would expect that SOD would greatly
diminish the formation ofIaox.

A complicating feature in the mechanistic analysis is the
pKa of OG+ •, measured to be 6.6.33 This means that about
80% of the radical cation should be deprotonated and exist
asOG• at pH 7. To better understand the reaction ofOG+ •

with O2
- •, we repeated theRf-mediated photooxidation of

OG at pH 6 (75 mM KPi). At this pH, most of the radical
intermediate remains asOG+ •, and O2

- • (pKa 4.8)34 is an-
ionic. These data (Figure 1) show several interesting features.
First, the overall yield of products was consistently higher
(∼100%) at pH 6 compared to pH 7. Second, the distribution
of products arising from H2O quenching ofOG+ • shifted
as expected toward a higher proportion ofGh/Ia (pink)

compared toSp (red). Also, the overall proportion ofIaox

(light blue) was greater than the H2O-derived products (pink
+ red). Finally, the addition of SOD had a substantial effect
on the product distribution, such that formation ofIaox was
suppressed whileGh/Ia + Sp increased.

Since Mn-SOD reacts with O2- • with a second-order rate
constant of about 109 M-1 s-1 over the pH range 6-9,34 the
lack of SOD quenching at pH 7 cannot be explained as an
ineffectiveness of the enzyme. Rather, there must be compet-
ing processes that either react with the available O2

- • at pH
7, or alternatively less O2- • is formed at this pH. A possible
explanation is the competing reaction ofHRf • with O2

-•.
This occurs with a large rate constant for the protonated form
of Rf-• as shown in eqs 2-5:35

Taken together, these data suggest thatOG+ •, the
predominant species at pH 6, must react with O2

- • with a
rate constant very similar to that of SOD with O2

- • since
substantial quenching is observed. At pH 7, the [OG+ •] is
diminished as a result of conversion to the neutral deproto-
nated form,OG•, which must have a much slower rate
constant for reaction with O2- •, allowing the fast reaction
(eq 3) to compete. The overall amount of O2-derived products
is lower at pH 7, and theIaox formed may also arise from a
slow but competitive reaction ofOG• with O2.

If the hypothesis thatHRf • can compete with SOD for
trapping of O2

- • is correct, one would predict that SOD
would have more effect at pH> 8.5 whereRf-• remains as
a radical anion. Accordingly,Rf-mediated photooxidation
of OG was repeated at pH 8.6; the results are shown in
Figure 1.

The data obtained at pH 8.6 include a higher amount of
O2-derived (blue) as opposed to H2O-derived (red) products
compared to results at pH 7, in agreement with the notion
that Rf-• cannot effectively diminish the [O2- •]. In the
presence of SOD, the amount of O2

- • is greatly reduced,
such that the fate ofOG• is principally to react with H2O as
well as an approximately constant (∼15-20%) reaction with
O2 seen at all pHs studied.

The other striking observation at pH 8.6 is a major shift
in the identity of the O2-derived product. Under more alkaline
conditions, the imidazolone pathway (Iz, dark blue) pre-
dominates at the expense ofIaox (light blue). This behavior
is highly reminiscent of the situation with H2O-derived
products in whichGh + Ia are formed at low pH from
5-OH-OG, while Sp is formed at pHg 7 (Scheme 1).13

A partial mechanism to explain the pH-dependent bifurca-
tion in the further chemistry of5-OOH-OG is shown in
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Scheme 2. Decomposition of5-OOH-OG to Iaox and Related
Products

Rf- • + H+ a HRf • (pKa ) 8.5) (2)

HRf • + O2
- • f HRfOO- (k ) 109 M-1 s-1) (3)

HRfOO- + H+ a HRfOOH (pKa ≈ 12) (4)

HRfOOH f Rf + H2O2 (k ≈ 109 M-1 s-1) (5)
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Scheme 3. The formation ofIz requires at some stage the
hydrolytic cleavage of the C8-N9 bond. This is relatively
easy to accomplish when the precursor isG containing
essentially an amidine functional group at C8. However, the
urea moiety ofOG-derived products should be more resilient
to formation and breakdown of the required tetrahedral
intermediate. A possible explanation for the fact that this
happens at all is intramolecular attack of a peroxy anion at
C8, although this would have to occur before the decarboxyl-
ative ring contraction of the six-membered ring (Scheme 3).

For purposes of comparison, theRf-mediated photooxi-
dation of G was also studied with and without SOD at
various pHs, and the data are shown graphically in Figure
2. The pKa of G+ • has been measured as 3.9,36 and thus the

principle species over the pH range studied is always the
neutral radicalG•. No dramatic change is observed between
pH 6 and 7 other than the expected shift in product
distribution betweenSpandGh/Ia. The reactions show some
influence of quenching of O2- • by SOD, but mostly the
quantity ofIz is reduced in the presence of SOD with little
effect on other products. Interestingly, noOG was ever
detected as a product ofRf-mediatedG photooxidation at

any pH.37 The most notable difference between data obtained
for G vs OG photooxidation is the predominant formation
of Iz, even at pH 6. This must be due to the ease of hydration
at C8 followed by cleavage of the C8-N9 bond and
elimination of the N7-C8 fragment (Scheme 3).

Despite the fact thatIz is a major product pathway ofRf-
catalyzedG oxidation at pH 7,18 it is by no means the only
product formed.Sp is also formed in substantial amounts;
furthermore,Sp must be derived from O2- • and not1O2

because D2O had no effect on the product distribution. This
product was previously identified in theRf-catalyzed oxida-
tion of G as 4-hydroxy-8-oxo-7,8-dihydroguanosine,19 but
that assignment has been called into question.38 The forma-
tion of Sp (andGh + Ia) in this reaction must involve an
intramolecular redox reaction in which the peroxyl group
introduced from O2 or O2

- • at C5 participates in oxidation
of C8 to generate5-OH-OG as the immediate precursor to
these products. ThatSp Gh/Ia and Iaox are unaffected by
the presence of SOD, whileIz is, may suggest that these
two sets of products are derived from different initial
intermediates in the case ofG oxidation.

In contrast,Iz was found as only a trace product at pH 7
when the substrate wasOG because of a preference for
decarboxylation and cleavage of the O-O bond, leading to
six-membered ring contraction before hydrolytic decomposi-
tion of the five-membered ring was possible. ForG, these two
processes must be reversed in order. For8-OMeG, nucleo-
philic attack at C8 and subsequent cleavage of the C8-N9
bond might be intermediate between the two. In our hands,
the pH 7Rf-catalyzed oxidation of the8-OMeG nucleoside
did form Iz as the major product, but it was accompanied
by formation of three other products as well (Iz:Iaox:Sp:
OMe-Sp in the ratio 1.0:0.2:0.3:0.3), and the overall reactiv-
ity of 8-OMeG was substantially less than that ofOG.

Overall, the large number of competing pathways inG,
OG, and 8-OMeG oxidation make the interpretation of
reaction mechanisms extremely complex. ForOG, the pKa

of the radical cation intermediate contributes to the pH
dependence of O2- • reactivity, but it is not the only factor.
Competing reactions of other species in the reaction mixture,
including Rf-• (with O2

- •) and perhaps O2 (with OG+ •),
further complicate the nucleoside model studies. The chem-
istry of OG in duplex DNA in the cellular environment will
likely include additional factors and should be expected to
differ to some extent from nucleoside oxidation.
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Scheme 3

Figure 2. Products ofRf-catalyzed photooxidation ofG as a
function of pH and added Mn-SOD: red,Sp; pink,Gh + Ia; light
blue, Iaox; dark blue,Iz + Z. Errors are estimated at(5%.
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