Spirodihydantoin Is a Minor Product of
b-Hydroxyisourate in Urate Oxidation
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ABSTRACT
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Spirodihydantoin is a minor product from oxidation of uric acid (~0.15% yield), while spiroiminodihydantoin is a major product from oxidation
of 8-0x0-7,8-dihydroguanine (37% yield, pH 10.2). High pH and temperature favor the formation of both spiro compounds. 80 labeling experiments
and in situ generation and decomposition of 5-hydroxy-N7-methylisouric acid indicate that spirodihydantoin and allantoin and spiroiminodi-
hydantoin and guanidinohydantoin are products of 5-hydroxyisourate and 5-hydroxy-8-oxo-7,8-dihydroguanine intermediates, respectively.

8-0Ox0dG,* an important biomarker of DNA oxidative
damage, is prone to further oxidation. Nucleosid€ and
dSp are two major products from decomposition 05-OH-
8-0x0dG, by analogy tdb-OH-UA from oxidation ofUA .45
Recently the long postulateB-OH-8-oxoguanosinewas
detected by NMR at low temperatdrand rearranged t8p

ment of5-OH-8-oxodGleads tadSp. Interestingly, a similar
rearrangement d6-OH-UA to Spd has not been reported.

In fact, during extensive study of oxidation &fA in the
past few decades, only one communication has provided
indirect evidence for the formation &pd from oxidation

of UA.” We report here detection and quantitation of this

nucleoside at room temperature. Hydration/decarboxylation compound from oxidation ofJA by isotope dilution mass

of C6-carbonyl of5-OH-8-0xodG leads todGh, similar to
the formation ofAlla from 5-OH-UA, while the rearrange-
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spectrometry. Mechanistic studies to confirépd as a
product of 5-OH-UA and the comparison between the
product distribution of oxidation d-oxoGandUA are also
reported.

UA was oxidized by Ng#rCl,? peroxynitrite® NO,,° and
uricase/Q,° and8-oxoGwas oxidized by NarCle. The first
three oxidants are known to oxidioxodG to dSp via
5-OH-8-0x0dG, and uricase/@generate®-OH-UA inter-
mediate from oxidation dfJA .5 Our preliminary investigation
indicated that the yield o5pd was very low. To unambigu-
ously detect and quantitate this compound, autheBfid
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and 213C-1,345N,-Spd were synthesized on the basis of a mediatesAlla andSpd andGh andSp bases were isolated
modification of Poje’s proceduré.Addition of acetonitrile from oxidation of UA and 8-oxoG, respectively. The
as a cosolvent shortened the reaction time and increased théentities of these compounds were confirmed by comparing
yield of Spd. The identities of bottfSpd compounds were  their HPLC retention times, UV spectra, and mass spectro-
confirmed by high-resolution MS (theoretical mass of [M metric properties with those of the authentic standards or
— H]~ of Spd 183.0149, actual mass 183.0152; theoretical those reported in the literatuté.Alla, Gh, and Sp bases
mass of [M— H]~ of labeledSpd 186.0149, actual mass were quantitated with the external standards by HPEgH
186.0123). In negative ion mode of ESI-TOF MS, unlabeled was quantitated by isotope dilution mass spectrometry with
and labeledSpd also gave fragment ions of 140.0 (from labeledSpd as the internal standard. The desesponse,
Spd), 141.0, 142.0, and 143.0 (from label&gpd) (Figure temperature, and pH dependence of the formatioSud
1), corresponding to the loss of neutral fragments NHCO, andAlla and the pH dependence of the formatiorSpfand

Gh bases are summarized in TableAlla represented the

_ bulk of the products from oxidation df/A, and its yield

increased in a dose-dependent fashion up to 2 equiv gf Na

1 804l mo “3'0[2];3]{]_ IrCls, which completely oxidizedA. Interestingly Alla was
HN NH not detectable wher5 equiv of NalrClg was used due to
5 1.4e4 O/\H N its further oxidation (products not determined). Similar
2 1.0e4 140.0113 oxidation ofdGh was observed by Burrows and co-workers.
= [M-H-NHCO] - In the temperature and pH dependence studies, 2 equiv of
6000 NalrCls was used to maximize the yield &pd without
2000 . ‘ further oxidation ofAlla. The yield ofAlla was in the range
100 120 140 160 180 200 of 67—94% except at high pH and temperature, where it
miz, amu dropped significantly, partly due to its decomposition under
141.0084 [M-H-ISNHBCOJ- these condition§ The yield of Spd was in the range of
3.8e4 E;ﬁg%ﬁgco]_ 186.0159 0.08-0.92% and demonstrated a modest dose response.
3.0e4 142.0088 [M-H]" However, the temperature and pH dependence were more
5 [M-H-*NHCO]- significant, with high pH and temperature favoring its
g 2204 il formation (no decomposition @pd observed at pH 12.2 in
< 1.4e4 HNM”’N; 4 h). Control experiments with no addition of Ne&Cls were
6000 & 1:”'%0 conducted to accompany the above studies. No oxidation of
120 140 160 1slo 200 UA was observed, anfipd was not detectablé&sh andSp

m/z,amu bases represented the major products from oxidation of
8-0x0G. Their formation showed significant pH dependence,
with high pH favoring the formation ofSp base and
disfavoring that ofGh base. NoSp base was detectable at
I5NHCO, or SNHCO from [M — H]~, which are typical pH < 8, and its yield increased to 58% at pH 11.2. It is
for compounds containing a hydantoin structtite The important to note that similar pH and temperature dependence
isotopic purity of labelepd was 99.4% based on ESI-MS ~ Wwere observed for the formation dSp from oxidation of
measurements. Additionally3C NMR of Spd indicated a ~ 8-0x0dG>**
resonance at 76.2 ppm, assigned as the spiro carbon because Results of oxidation o)A by peroxynitrite (ONOO) and
of its similar position to quaternary carbon resonances in enzyme-mediated oxidants are summarized in Table 2 (HRP/
other spiro compounds’-*? H>0,, HRP/HO,/NO,~,*> MPO/H,O,, MPO/H,O,/NO, 15
NalrClg was used extensively in oxidation &fA and and uricase/@designated as-15, respectively). The dose
8-0x0G because of its ability to generate the 5-OH inter- response of the formation &pd and Alla from ONOO"

Table 1. Summary of Oxidation otJA and8-oxoG by NalrClg?

Figure 1. Mass spectra o8pd and 213C-1,345N,-Spd

dose response (pH 8, UA) temp dependence (pH 8, UA) pH dependence (UA and 8-0x0G)

Ir (equiv) Spd (%) Alla (%) T (°C) Spd (%) Alla (%) pH Spd (%) Alla (%) Sp (%) Gh (%)
0.2 0.15 47 0 0.15 67 6.7 0.09 94 nd major
0.5 0.08 55 24 0.11 78 7.4 0.09 81 nd major
1 0.10 76 50 0.34 80 8.0 0.10 74 minor major
2 0.10 75 62 0.55 82 9.5 0.15 84 12 79
5 0.11 nd 84 0.92 40 10.2 0.17 84 37 57

10 0.12 nd 11.2 0.19 28 58 33
20 0.16 nd 12.2 0.16 15

aNd = not detectable; all yields based on consurbid and 8-oxoG.
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Table 2. Summary of Oxidation otJA by ONOO™ and
Enzyme-mediated Oxidarits

ONOO~
(equiv)  Spd (%) Alla(%) enzyme Spd (%) Alla (%)
0.2 nd 3 1 0.04 8
0.5 nd 8 2 0.04 10
1.0 0.09 12 3 0.06 21
2.0 0.14 16 4 0.07 19
10 0.06 nd 5 0.006 56
20 0.14 nd

aNd = not detectable.

in situ from hydration ofb-chloro-N7-methylUA in potas-
sium phosphate bufféf.2-Methyl-Spd (minor product) and
3-methyl-Alla (major product) were isolated from the
decomposition ob-chloro-N7-methylUA as well as from
the oxidation ofN7-methylUA by NalrCle. This unambigu-
ously demonstrates that these two compounds are products
of 5-OH-N7-methylUA in the oxidation ofN7-methylUA
and strongly suggests th&pd and Alla are products of
5-OH-UA in the oxidation ofUA.

Formation of analogous intermediates and similar pH
dependence of formation of the spiro compounds suggest
that the oxidation obJA and8-oxoG share similar pathways
(Scheme 1). The significant difference between the yields

oxidation was carried out in pH 7.2 potassium phosphate || IEGTcTcTNGEEEEEE

and sodium bicarbonate buffer via bolus addition of ONOO
The yield of Alla was <16% when< 2 equiv of ONOO
were used and not detectable @afl0 equiv of ONOO
treatment. The formation &pd (~0.1% vyield) showed no
significant dose response. In the uricasefRidation, the
yield of Alla was 56%, while the yield oSpd (0.006%)
was significantly lower than that in oxidation OfA by Na-
IrCle. In the HRP- or MPO-mediated oxidation, the yields
of Alla and Spd were in the range of 821% and 0.04
0.07%, respectively, and did not differ significantly if NO
was present, suggesting no significant oxidation by,NO
Control experiments with no addition of ONOQ®@r enzymes
were carried out to ensure no false positive formatioSud.
To confirm thatSpd and Alla and Sp andGh bases are
products of5-OH-UA and 5-OH-8-0x0G intermediates,
respectively, we carried out oxidation fA and 8-oxoG
by NalrCls both in H*%0 and B0 (95% enriched) in pH
9.5 phosphate buffer. The isolat&pd, Alla, Sp, andGh

Scheme 1. Decomposition ob6-OH-UA and5-OH-8-0xo0G
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of Spd and Sp base is very intriguing. The absence of
significant formation ofl-methyl-Spd (<9% vyield) from
oxidation of N9-methylUA by Na&lrCls excluded the role
of N9-substituents in causing the low yield of Sp. The
transient existence 05-OH-UA and 5-OH-8-0xoG has
limited efforts to probe their decomposition mechanism.

bases were analyzed by ESI-TOF MS in negative ion mode, However, the physicochemical properties of stable analogues

and those reactions done in'fD gave [M— H]~ at 183.0,

suggest that deprotonation of 5-OH facilitates the formation

157.0, 182.0, and 156.1, respectively. From oxidation in Of spiro compounds via pathwdy,***° and enolization of
H,10, [M — H]~ ions at 185.0, 159.0, 184.0, and 158.1 were the C6 carbonyl slows the hydrolysis of the NC6 amide
observed (see Supporting Information), suggesting that thePond and pathwa 20

OH group in5-OH-UA and5-OH-8-oxoG comes from water

On the basis of observations from Burréd#® and our

and that the oxygen atom is retained in the products. This group? we propose pathways and Il (Scheme 1) to be

supports the intermediacy 6fOH-UA and5-OH-8-0x0G.
The definitive proof thatSpd is a product of5-OH-UA
would require independent synthesis 5fOH-UA and
isolation of Spd from its decomposition. Because OH-
UA is very unstable, we usestOH-N7-methylUA as its
surrogate because oxidations BA and N7-methylUA
proceed via similar intermediates, namebyOH-UA and
5-OH-N7-methylUA.*® 5-OH-N7-MethylUA was generated
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competitive. The predominant form 5fOH-UA in pH range
7—11 is the N9-deprotonated specieg®¢* (Scheme 2),
while the predominant form d§-OH-8-oxo0Gis the neutral
species 4)%°> at pH 7. At pH~ 10, N9 of5-OH-8-0x0G is

deprotonated@) (N9 pK, ~ 9 using structural similarity
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Scheme 2. lonization States 06-OH-UA and5-OH-8-0xo0G
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between 4-OH-tetrahydropterins anstOH-8-0x0G®). Since
hydration of the C6 carbonyl is merely a hydrolysis of the
N1-C6 amide bond,the rate-limiting step is most likely
the collapse of the tetrahedral intermediates. 3~@H-UA

at pH < 11, the collapse is facilitated by delocalization of
the negative charge onto the C2 oxygen (see Scheme 2 i
Supporting Information). Fob-OH-8-0x0G, at pH 79,
such facilitation is not available, although hydration of C6
carbonyl still takes place. At pkt 9, the anionic species of
5-OH-8-0x0G (6 and7) predominates and enolization of C6
carbonyl slows the hydrolysis of NAC6 amide bond due
to electrostatic repulsion between €6~ and —OH.2°
However, the N1-protonated species®OH-8-0xoG (5)
predominates at pH 7 and is susceptible to hydration since
the positively charged guanidine moiety is a good leaving
group. Thus, pathway is favored at pH< 11 for 5-OH-
UA, while for 5-OH-8-0x0G it is favored at pH< 7 and
disfavored at pH> 9. This may partly explain why the yield
of Alla was above 70% at pH below 10.2 from the oxidation
of UA and the pH dependence of formation®h base in

(26) Bailey, S. W.; Rebrin, I.; Boerth, S. R.; Ayling, J. E.Am. Chem.
Soc.1995 117, 10203-10211.
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pH range 5-11. High pH favored the formation &pd and

Sp base, suggesting involvement of deprotonation of 5-OH.
As the pH rises to>10, a significant portion o6-OH-8-
oxoG is the anionic species7). Enolization of the C6
carbonyl may generate intramolecular hydrogen bonding
between C60O~ and 5-OH, which may facilitate deproto-
nation of 5-OH since C60~ can act as a proton acceptor
in proximity (Scheme 2). The pH dependence of formation
of the Sp andGh bases supports this hypothesis. As the pH
rises, the anionic species ®0OH-8-0xoG (7) becomes more
and more dominant along with a gradual increase in the yield
of Spbase and a decrease in the yield3df base. At pH>

11, N1 of 5-OH-UA may also be deprotonated to enolize
the C6 or C2 carbonyl (speci@sand3 in Scheme 2). As in
the case 05-OH-8-0x0G, enolization of C6 carbonyl would
slow pathwayl and facilitate pathwayl . Our data showed
that the yields ofAlla at pH > 11 were significantly lower
than those at pH 10.2 due to its decomposition. However,
a significant increase in the yield &pd was not observed.
One possibility is that reaction pathways besidleand Il

are in effect at such high pH anid is always a minor
pathway. Another possibility is that the enolization takes
place at the C2 carbonyl, thus facilitated deprotonation of
5-OH via intramolecular hydrogen bonding is not likely as
In the case ofb-OH-8-0xo0G. It is important to note that
although our data are consistent with the above hypotheses,
more experimental or theoretical data are needed to fully
understand this intriguing chemistry.
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