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8-0Oxo0-7,8-dihydroguanine (8-oxoGua), an importaidntarker of DNA damage in oxidatively
generated stress, is highly reactive towards furthedation. Much work has been carried out to

w investigate the oxidation products of 8-oxoGua e eelectron oxidants, singlet oxygen, and
peroxynitrite. This report details for the firsme, the iron- and copper-mediated Fenton oxidation
of 8-oxoGua and 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo). Oxidised
guanidinohydantoin (GH) was detected as the major product of oxidatioB-@xoGua with iron
or copper and hydrogen peroxide, both at pH 7 addLp. Oxaluric acid was identified as a final

15 product of 8-oxoGua oxidation. 8-oxodGuo was sutgddo oxidation under the same conditions
as 8-oxoGua, however, d&hwas not generated. Instead, spiroiminodihydan(8im) was detected
as the major product for both iron and copper mediaxidation at pH 7. It was proposed that the
oxidation of 8-oxoGua was initiated by its one ¢ten oxidation by the metal species, which leads
to the reactive intermediate 8-oxoGuawhich readily undergoes further oxidation. Theguct of

20 8-oxoGua and 8-oxodGuo oxidation was determinedtly 2’-deoxyribose moiety of the 8-
oxodGuo, not whether copper or iron was the metablived in the oxidation.

[e}

Introduction
Human DNA is estimated to undergo over 10,000 cbedy I >: z”“
[e]

generated hits per day (~ 9*1@its/cell/day), based on the HzN N N

;s measurement of damaged DNA bases in human drine. o F‘z
Ubiquitous enzymatic DNA repair processes are dapearabut Guanidinohydantoin, Gh Spiroiminodinydantoin, Sp
despite these, significant steady-state levels xiflatively o
generated damage in mammalian DNA have been redprde j [ FN Oj
with the background range of 8-oxo-7,8-dihydroGuen(8- )\ /K )\ HZN><N/ "

30 oxoGua) currently estimated (by ESCODD) as likeking \
from 0.3 to 4.2 8-OxoGua per ﬁ-(l;uanine% Steady state Iminoallantoin, Ia 25d|am|n0|rn|dazollne Iz 2,2,4»triaminooxazolone,ROz
levels of oxidatively generated damage are one arerorders
of magnitude higher than those of non-oxidativegngrated HO, N OH a
nucleobase adductsThis result of so called "oxidatively Y \( W o 4 HN>:

3s generated stress" has been implicated in mutagendisiease NN O:<N< "o °
and agind-® One of the primary oxidatively generated stress Y . . N\

biomarkers to have emerged in recent years is &o®o a OH o o
) . . ) Cyanuric acid, Cy Parabanic acid, Pa Oxaluric acid, Oxa
primary product of Guanine oxidatidn.

40 It is now generally accepted that 8-oxoGua may bwthe i >: >:
final product of Guanine oxidation. It has a lowetidation )L /k
potential than any of the unmodified DNA bases,luding
Guanine itself‘, and has been identified as a “hOtSpOt" for one- Oxidised Guamdmohydantom Gh N-nitro oxidised Guamdmohydamom N@GBH*
electron and singlet oxygen oxidatidriThe exact nature of Scheme IOxidation products of 8-oxodGuo.
4s Guanine, and indeed 8-oxoGua, oxidation appearmdetzend
on the nature of the nucleobase reactamg.,(dG, singe-
stranded oligomer, double-stranded oligomer) anactien
conditions (pH, temperature), as well as the natofethe
oxidant. Table 1 summarises published work on tkidation
so products of 8-oxodGuo. Scheme 1 shows their strestu

///

I

Singlet oxygen'0,) mediated oxidation of 8-oxodGuo was
found to lead to the generation of Cyanuric acidy)(C
Spiroiminodihydantoin (Sp) and Imidazolone (1z), o

ssdegraded to 2,2,4-triaminoOxazolone (3%).Subsequent
studies also detected parabanic acid (Pa), as eups@ to
* Malcolm.Smyth@DCU i oxaluric acid (Oxa}! During this investigation Cy was not
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Table 1 Oxidation products of 8-oxo-7,8-dihydroguanine

Substrate  Oxidant Experimental conditions’ Products"®f¢
8-oxodGuo Ir (IV) - one electron pH 4, 22°C 50% Gh, 40% I&
8-oxodGuo  oxidation pH 7, 22°C 90% Sp®
ss-oligomer pH 7, 4°C 95% Gh/1&®
ss-oligomer pH 7, 22°C 55%Gh/la,45%S
ss-oligomer pH 7, 50°C 95% Sp?
ds-oligomer pH 7, 22°C 95% Sp/13®
8-oxodGuo  Cr(V)-Salen complex pH 7, room temp. Gh, sp°
ds-oligomer pH 7, room temp. Sp
8-oxodGuo 'O, -78°C using TPPsensitizer; irradiated for 30 misp  (when warmed to room
using 300-W xenon lamp temperaturej*
8-oxodGuo 'O, Endoperoxide DHPN@source ofO, Iz, Oz, SP?
ss-oligomer 'O, Endoperoxide DHPN@as source o0, Oxaluric acid, via GK
8-oxodGuo 'O, Photoirradiation and Methylene Blue as sourcg0% Cy°
of '0, 35% 1z/0z, 10% Sp
8-oxodGuo 'O, Photoirradiation and riboflavin/ anthraquinone 516% Iz (= 50% of 8-oxoGua
formed)*®
8-oxodGuo ONOO High ONOO fluxes Gh” NO,-Gh™ 22
Limiting ONOO fluxes, high pH sp?
Limiting ONOO fluxes, low pH Gh??
8-oxodGuo  ONOO ONOO in presence of thiol (glutathione orSp®

cysteine)

2ss-, ds-oligomer = single-stranded and double-d&dmligomers containing 8-oxo-7,8-dihydroguanth@pT) = 2'-deoxyguanylyl(3-5’)-thymidine;
PTPP = 5,10,15,20-tetraphenyl4223H-porphine; DHPN@ = N,N'-di(2,3-dihydroxypropyl)-1,4-naphtalenedipemamide® Gh = guanidinohydantoin;

Sp = spiroiminodihydantoin; la =

iminoallantoin; |z imidazolone; Oz = 2,2,4-triaminooxazolone; °Gh= oxidised guanidinohydantoin

(dehydroguanidinohydantoin); Cy = cyanuric acid; ,N&h™ = N-nitro dehydroguanidinohydantoin

proposed as an oxidation product. Sp, 1z and Ozwletected
on oxidation of 8-oxodGuo by chemically induck®,,*? with
so Oxa detected on oxidation of single stranded oligmm
containing 8-oxodGud! Hydroxyl radical (*OH) oxidation of
dG was found to generate Oz under reducing condifid
however, for *OH oxidation induced by iron (Il) ienfurther

synthesis® Sp resulted in a 2:1 preference for insertion of A
% instead of G opposite it during replication, whigsulted in

G C->TA and GC->C-G transversion mutations. Gh caused

G'C->C-G transversion mutations. With mutation frequencies

of approx. 100%, both Sp and Gh demonstrated a more

dramatic effect than 8-oxoGua, which had a mutation

oxidation of 8-oxoGua was expected to be prevehteds frequency of ~ 3%. Sp was shown to be a much seong

es Photoirradiation produced Iz as the major productDdNA

blocker of DNA synthesis than GA.Oxa leads to &€>C-G

oxidation®® One electron oxidation using the selective oxidantand GC->T-A transversion mutations during replication, and

NayIrClg also generated Guanidinohydantoin (8tgnd Spt’
The formation of Gh or Sp was found to be dependaniboth

also blocks DNA synthesfS. The oxidised products of 8-
oxoGua oxidation were all at least one order of migle

the reaction temperature and pHChromate-induced damagec more mutagenic than their precursor. Further oxiabf 8-

70 also resulted in the formation of both Gh and Spwéwver, as

oxoGua within DNA may therefore serve to increabe t

with NalrClg, Gh was generated in DNA while Sp was mutagenicity effects of oxidatively generated sdrefhus, it

produced from dG oxidatiotf. Both Gh and Sp were formed

via a 5-OH-8-oxoGua intermediat®. The use of the

is important that final products of oxidatively geated attack
on DNA are fully elucidated.

metalloporphyrin Mn-TMPyP/KHSQ leads to an oxidisedios

7 Gh”, not Gh, as the main oxidatively generated procafct
Guanine oxidation, along with 1z and OXaPeroxynitrite
oxidation was also found to generate an oxidisedtfof Gh,
oxidised Guanidinohydantoin (&% in addition to both Gh
and Sp*?

80

The 8-oxoGua oxidation products have been showbeto
G usually binds to C during DNA

highly mutagenic.
replication; however, when G is oxidised to Iz, dan base
pair with G. This results

Various ROS have been reported from Fe(ll) or Qu(l
reaction with hydrogen peroxide in the Fenton riemct®2®
However, there have been few reports concerning the
oxidation products of 8-oxoGua by metal-mediatechtBe

uereactions?® The exact nature of the ROS involved in the

oxidation of DNA and DNA bases by such reactions haen
the subject of much debate and resedféfiTransition metal-
mediated reactions may contribute substantially HgO,-
mediated damage to DN Such DNA damage may

in a ‘G>C-G transversion usinvolve Fenton chemistry generated by Fe(ll) assteci with

s mutation®® 1z slowly hydrolyses and rearranges to form Oz, DNA.*%3" H,0, is ubiquitous in cells; therefore to minimise

which during replication gave rise

to predominantly the risk of Fenton reactions occurring, intracellulevels of

G'C->T-A transversion mutations, and to a much lessemexte Fe(ll) are very tightly regulate®. There is, however, a
G'C>C-G transversion mutations, and also blocked DNA physiological demand for easily accessible iront tban be
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woincorporated into a very wide range of iron-contagn i1 2.4 mM 8-oxoGua was incubated with 1501 iron(ll)
proteins®® This is accommodated by a low molecular weight sulfate (FeSg) or 150uM copper(ll) sulfate (CuSg) and 50
pool of weakly chelated iron that passes rapidisotigh the mM hydrogen peroxide (}D,) at 37 °C with constant stirring.
cell, called a labile iron pool (LIP). The iron fahe LIP is Duplicate 100ul aliquots were taken after various incubation
delivered from a variety of sources, both extradal and times. The reaction was quenched with 1 ml 200 pomd
ws intracellular. The availability of both iron and,®, in human s ethanol. The solution was dried immediately undstraam of
cells means that the Fenton reaction, and therethee nitrogen gas. The dried hydrolysates were storetl @@ until
generation ofOH, is possiblen vivo. Along with iron, copper  further use. Prior to analysis they were redisstlirel ml 10
is one of the most important transition metawivo, and isa  mM NaOH.
constituent of a number of important enzyfi&ghe adult
130 human body contains approx. 8@ of copper, with the total
blood concentration of copper about 181.** Copper can 1 8-0xodGuo was prepared in 50 mM ammonium acetafeHat
become availablen vivo for Fenton reactions to occur, as itis 7, to determine whether the same oxidation produwotse
present in blood plasma as metalloproteins andraswber of ~ generated from 8-oxoGua and 8-oxodGuo oxidatioA. @M
transport and storage complex&apper also exists, however, 8-oxoGua was incubated with 15M iron(ll) sulfate (FeSQ)
1wsin the cell nucleus where it may be involved in the or 150uM copper(ll) sulfate (CuSg and 50 mM hydrogen
condensation of DNA-histone fibres into higher ardew peroxide (HO,) at 37 °C with constant stirring. Duplicate 100
chromatin structure®*® Copper can associate with DNA pl aliquots were taken after various incubation smé&he
either by intercalation or by complexation to peribases, reaction was quenched with 1 ml 200 proof cold ethaThe
especially to the N7 of & There is therefore a possibility solution was dried immediately under a stream dfogien
wothat endogenous, DNA-associated copper may be #ble gas. The dried hydrolysates were stored at 4 °@ funther
promote oxidatively generated DNA damage. 15 Use. Prior to analysis they were redissolved in 1116 mM
NaOH.
_The_ goal of the present work was to in_vestigatealwh Apparatus.
oxidation products were generated from the iron aadper
us Fenton mediated oxidation of 8-oxoGua and 8-oxodGato  For 8-oxoGua analysis, the HPLC system consisteda of
both pH 7 and pH 11. The results provide furthesights into ~ Varian ProStar 230 solvent delivery module, and ariah
the conditions which play a role in DNA oxidationopesses 20 ProStar 310 UV-VIS detector. A Restek Ultra C18ewmsed-
mediated by the essential transition elements &oth copper.  Phase column (250 x 4.6 mm, particle sizrb) with 1 cm
Gh°* was produced from 8-oxoGua oxidation at pH 7 ahd a guard column was used. The eluent comprised of 5%
1sopH 11, but Sp produced from 8-oxodGuo at pH 7 undermethanol/95% 50 mM ammonium acetate buffer, pH &g,
identical conditions. These results indicate depere of the ~ under isocratic conditions at a flow rate of 1 minth For
oxidation product on the exact nature of the nucmm 205UV detection of 8-oxoGua, the detector was set 80 am,
reactant. while for the detection of potential further oxidat products
of 8-oxoGua oxidation it was set to 214 nm. For Mas
Spectrometry, a Bruker Daltonics Esquire 3000 LC-[it$h
1ss Experimental trap) was used with a Supelco Supelcosil LC-18 mese
210 phase column (250 x 2.1 mm, particle sizgnd), run under a
binary gradient consisting of A 10 mM ammonium atet
8-OxoGuanine (2-amin0_6’8_dihydroxypurine) (8-0)((@[_8_ buffer, pH 5.5 and B 50/50 methanol/water at thte @ 0.2
oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo), gmen Ml min™. Full scan spectra were taken at a cone voltagEsof
and cyanuric acid were purchased from Sigma Aldrich V using both positive and negative electrosprayisation
150 Parabanic acid was purchased from Fluka. Oxalusid was s (ESI). ESI conditions were optimised using acconypag
synthesised by hydrolysing parabanic acid. Wates weated  Software.
with a Hydro Nanopure system to specific resistanrcé8
mQ-cm. All other chemicals were of analytical gradeda For 8-oxodGuo analysis, HPLC (Perkin Elmer) sepana
were used without further purification. with diode array detection (DAD) was carried ouingsan
20 Ultra C18 (Restek) reversed-phase column (250 x rarB,
particle size 5um). A binary gradient consisting of 10 mM
8-OxoGua does not readily dissolve at pH 7. Theeefo ammonium acetate pH 5 and 0.1 % acetic acid in ameth
samples were prepared at pH 11 (0.1N NaOH) where itwas at the rate of 0.7 ml niln A micro-splitter valve
dissolved readily and any oxidatively generateddpmis  (Upchurch Scientific) delivered 5% of the flow tbet mass
could be detected. For qualitative purposes, intiaba were 22 spectrometer. Injection volume was 2@. Electrospray
malso prepared at pH 7 by serial dilution of concad  ionisation mass spectrometry (ESI-MS) employed at@a II
solution in 50 mM ammonium acetate buffer, pH 7e®ame  (Micromass) with an electrospray source. lon source
oxidatively generated products were detected at7p&hd at  temperature was 120C, with nitrogen as nebulising gas.
pH 11. Spectra were obtained at a low cone voltage (15k\V}he
230 positive ion mode (ES.

Oxidation of 8-oxodGuo.

Chemicals.

165 Oxidation of 8-oxoGua.
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Fig. 1 HPLC separation with UV detection at 280 nm of raM! 8-
oxoGua incubated for 0 min (dashed) and 5 mindgashowing Product
1 (GH*) eluting at 4.6 min, and 8-oxoGua eluting at 8.2.min
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Fig. 2 Concentration of Product 1 (solid) and 8-oxoGueasked) for 0 —
5 min incubation of 8-oxoGua with Fegénd HO,.

UV Absorbance at 280 nm (MAUFS)

250

Results
Oxidation of 8-oxoGua.

8-OxoGua was incubated with Fegénd HO,, and samples

were taken every 30 seconds from 0 to 5 min. Fighdws the 255
235 UV chromatograms of 8-oxoGua incubated for 0 min éor
5 min with the Fenton reagents. There was a dramati
decrease in the concentration of 8-oxoGua, whichs wa
accompanied by a new peak at 4.6 min (Product 1).

260

Product 1 was immediately generated upon incubatiith
iron and HO,, and its concentration increased as the
concentration of 8-oxoGua decreased. The concéarraf 8-
oxoGua decreased with increasing incubation timh whe
Fenton reagents, as previously foifidThe concentration of 265
25 Product 1 increased with increasing incubation tiaeshown

in Fig. 2.

240

As shown in Fig. 3, Product 1 continued to be gatest as the

incubation time with FeSQand HO, increased up to 12 270

Incubation time {hr
Fig. 3 Concentration of Product 1 (solid) and 8-oxoGuas(akd) for 0 — 8
hr incubation of 8-oxoGua with Feg@nd HO,.
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Fig. 4 Concentration of Product 1 (solid) and 8-oxoGuas(akd) for 0 — 5
minutes incubation of 8-oxoGua with Cug&ahd HO,.

1
2

|
00 100 oo 3

i

W Absorbance at 280 nm (MAUFS)

hours. After 2 hours, 8-oxoGua was no longer detkcihe
concentration of Product 1 appeared to be approgcla
steady state concentration from 4 to 12 hours iatioh with
the Fenton reagents.

In the 8-oxoGua incubations with Cugénd HO,, Product 1
was again immediately generated and its concentratvas
observed to increase with increasing incubatiorefims with
the iron incubations, although this increase waslinear, as
shown in Fig. 4. The overall trend of increasingncentration
of Product 1 with a corresponding decrease in 8Gua
along with similar magnitudes of Product 1 geneatateere
observed in both studies.

As with the iron analysis, 8-oxoGua was then irated
with CuSQ and HO, for incubation periods of up to 12 hr, to
investigate whether Product 1 was the final prodott8-
oxoGua oxidation, or would itself be further oxidisand so
decrease in magnitude. Product 1 continued to bergéed as
the incubation time with CuSQand HO, increased up to 12

4 | [JOURNAL], 200X, 00, 0000
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hours. From 8 to 12 hours, the level of Producpfiesared to  compound, which has been shown to be unusuallyiestaas
be reaching a steady state. As was observed foshioeter a main product of 8-oxoGua oxidatidhGh™ has a molecular
incubation period, the same magnitude of Producwds weight of 155.1, as shown in Scheme 2. The fragn@mbf
observed in both cases, with no 8-oxoGua detectedha m/z 139.1 represents the loss of Ntlom GH*. The fragment
27s incubation time increased. (data not shown) 20sion of Mz 114.1 represents compound of mass 113.1, which is
also proposed in Scheme 2.
HPLC-ESI ion trap MS was used to identify the matof
Product 1 in both the iron and copper mediated &tent N ° » N °
oxidation of 8-oxoGua. For 8-oxoGua oxidised by Hot o—j/ :( )]\ o—j/ I
280 metals, analysis in the positive ion mode revedddns, the N X, NH, N NH

protonated molecular ion at/z 156.1 and the sodium adduct GHP*155.1 FW 113.1

ion atm/z 178.1. ESI-MSMS of the iom/z 156.1 resulted in  Scheme 2Proposed structures of compound 155.1 and fonfesyg
compound 113.1

100 ~ myz113 Further oxidatively generated species.

Gh®%, although quite stable, has been demonstratee fitsblf
an intermediate in the oxidation mechanism of 8%ua, as it
300 undergoes hydrolysis to parabanic acid and finalpxaluric
acid!* Therefore, although it appeared not to be decnegaisi
concentration with increasing incubation time, whiwould
I 134 be expected if it were an intermediate speciesubated
samples were analysed by MS for the presence df eathe
aos further oxidatively generated species which haveenbe
outlined in literature and are shown in Scheme 3.

/R
rrrz O HN (o}
I:I H © HO! o b
60 90 120 140 180 °:<N< J}\ )\f/

Fig. 5 ESI-MSMS of ionm/z 156.1 (GH, which elutes at 4.6 min) parabanic acid Oxaluric acid
showing fragments 139.1, 113.1 and 114.1. 1 132

fragments of 139.1, 113.1 and 114.1, as illustratelgig. 5.

4
HO, N OH
Y e
285 The expected oxidation products of 8-oxoGua wehed® NN >< I
Y HyN N

Relative Intensity
[y }
[}
[

2,5-diaminoimidazoline

Sp, which have a molecular weight of 157 and 183 T”
respectively. Product 1, however, was found to have cyanmf’c”acid ) 24_triaminooxamlonz
molecular weight of 155.1, 2 units less than GhodRct 1 29 o
was therefore proposed to be oxidised Guanidinohtgda, Scheme FFinal oxidation products of 8-oxodGuo oxidation
20 Gh®, based on previous studies which indicated thas th
1|:||:| TT T T T T T [T T TP [T T T T[T TTT[7T 1':”:'_ ez 1129 sl 130
(A} {B}
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Fig. 6 (A) Extracted lon Chromatogram of of Oxaluric amd generated from 8-oxoGuavg 131) incubated for 96 hours with FeSghd HO,. (B)
Mass spectrum of Oxaluric acid.
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Fig. 7 (A) Extracted ion chromatogram of Sp ion generatedhcubation of 8-oxodGuan(z 300) incubated with CuS@nd HO;, for 5 min. (B) Mass
spectrum of Sp.

8-OxoGua was incubated with either FegSmd HO,, CuSQ oxoGua, however, Sp was generated immediately on
and HO, or water for incubation periods of up to 96 hns. | incubation of 8-oxodGuo with the Fenton reagents similar
awthe control samples (8-oxoGua incubated in water), magnitudes of the species were formed for both Imetinder
Product 1was observed, even after 96 hr incubation. This analogous oxidising conditions at pH 7 thereforgx8Gua
product is therefore solely generated by the Fen¢awtion. oxidised to give GH, while 8-oxodGuo oxidised to produce
Sp.
The mass spectrometer, operating in the negatiedem
a1is was optimised using standard solutions of parabayianuric Discussion

and oxaluric acid. Each of the 96 hr incubated dammere Hox qi diatel incubai ‘
analysed for the presence of each of the speci&lreme 3 Gh™ was generated immediately on incubation of 8-oxaGu

(Parabanic acid, oxaluric acid, 2,5-diaminoimidana, *° with the Fenton reagents, both when copper and was the

cyanuric acid and 2,2,4-triaminooxazolone). Onlyaloxic metal. In q.u'estlon, at F’Oth pH 7 gnd at pH 11. Onelacid
macid (Wz 131) was detected in 8-oxoGua incubated for 96 \WWas identified as a final oxidation product for hometal

hours with FeS@Qand HO,. The extracted ion chromatogram catalysed systems.

(EIC) for ion m/z 131 (oxaluric acid) and the corresponding ) .

mass spectrum are plotted in Fig. 6. This peak maagresent **° When 8-0.x0d.Gu0 was SUbJECted, to iron- and copper-

in the control sample; it did, however, appear amgles catalysed oxidation, however, the oxidation prodwets not

; , , ox . S . ) . .

asincubated with CuS® and HO,; ion intensities observed Gh_ ’ t_)ut Sp. This was in line V\_”th prewouslztudlelg;\ﬁne Its

were about one third lower than for correspondimgni OXIdatIOI:] _by 204r;e electron QX|darft§,Cr(\(), '0,"** and

incubations peroxynitrite$>*® all resulted in Sp formation. The 8-oxoGua
o ' 3es OXidation product with these oxidants, however, fiasd to
Oxidation of 8-oxodGuo. be Gh when an oligonucleotide substrate was oxilise

The oxidation of 8-oxodGuo was carried out at pHtd Recently, a possible reason for the difference®iidation

soinvestigate whether the oxidation product was aéidcby the ~ Product dzuring peroxynitrite oxidation of 8-oxodGuwas
presence of the dexoyribose moiety. 8-oxodGuo Wasproposeoz. It was observed during this oxidation that at low

immediately consumed, and a new product, Producivas 3 p.H, the formation of Gh predominated, but at highéf, Sp
immediately generated. MS analysis showed, howetreat ~ Yield increased at the expense of Gh. 5-OH-8-oxariGhe
Product 2 had amz of 300, corresponding to Ccommon intermediate of Gh and Sp, was found to Feap&,
ws Spiroiminodihydantoin (Sp). Gh was not detected in 8- ©f 5.8 It was proposed that below pH 5.8, 5-OHx@@Guo
oxodGuo samples incubated with FeS® CuSQ and HO,. was protonated at N7. This caused the amide growmdergo
Fig. 7 shows the extracted mass chromatogranmaf300 % hydrolysis, followed by decarboxylation, leadingftomation
(corresponding to [Sp + FIJ and the corresponding mass of Gh. Above pH 5.8, 5-OH-8-oxodGuo was deprotodate

spectrum of 8-oxodGuo incubated with CuSd HO, for 5 and electrophilicity at C6 was decreased, so thtick by
a0 MIN. H,O was not favoured, and 5-OH-8-oxodGuo rearranged t

form Sp. The protonation state of 5-OH-8-oxodGuotatied
wothe nature of the final oxidation product of 8-oxd
oxidation. Within DNA, hydrogen bonding was thougtut
stabilise 5-OH-8-oxodGuo and activate C6 of 8-oxaGu
towards electrophilic attack by,B, resulting in the formation
of Gh. In the analysis of iron- and copper-mediakahton

Similar incubations with FeSQalso gave two peaks
corresponding to m/z 300, indicating that both
diastereoisomeric forms of Sp were generated. @tie of the

as two diastereoisomeric forms differed between thppas- and
iron-mediated Fenton oxidations of 8-oxodGuo. Aghw8-

6 | [JOURNAL], 200X, 00, 0000 This journal © Royal Society of Chemistry
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ags reaction analysed in this study, Ghwas formed on oxidation 45 peroxo

of 8-oxoGua at pH 7, while Sp was formed on oxid@atof 8-
oxodGuo at pH 7. While this theory explains thenfation of
Gh at pH 5.5 and Sp at pH 7, it does not explasftrmation

complex, eg. Fe(ll)(OOH), and the second
intermediate (Y) an iron(lV) oxo complexe.g. FeO(ll).
Neither intermediate was found to have the expected
reactivity of-OH. Scheme 5 outlines the mechanism proposed.

of Gh™ at pH 7 from 8-oxoGua while Sp is formed from 8-

390 0XodGuo, as shown in Scheme 4. It is evident thatdxact
nature of the nucleobase also plays a key roleeterdhining
the final oxidation product.

ﬁI %Hﬁi %Mﬁi .

5-OH-8-0x0G \
>pH s8R

Y ﬁi% x&%

R deoxyrlbose sugar

O)H >= )L%ﬁ%

o H
N,
NH
)I\ °
N
HoN N
2 H \

Guanidinohydantoin, Gh
Scheme 4Proposed mechanism, based on Ref. 22, for depeadén
formation of Gh, Sp and Ghduring iron- and copper- catalysed
oxidation on both pH and the nature of the nucleeba

8- Oxoeuamne

NH

Oxidised Guamdmohydamom Gh

HN |

Splrmmlnudlhydantom Sp

At pH 7, the iron- and copper-mediated oxidatiof 8o
395 0X0Gua and 8-oxodGuo yielded the same oxidatiomlycts,

i.e. Gh®™ and Oxaluric acid in the case of 8-oxoGua andrBp i

the case of 8-oxodGuo, and similar quantities afdpict were
detected for both metals. However, the

400 OXidation have been reported to generate diffeflReactive
Oxygen Species (ROS), which have in turn been tepoto
generate different DNA oxidation products, as dssad in
the introduction. The exact nature of the ROS imedlin the
oxidation of DNA and DNA bases by metal-mediatectea

405 reactions, however, have been the subject of mettat® and
research. Iron and J@, are reported to generat®H via the
Fenton reaction according to Reactiof®1:

H,0, + Fe(I1) 0% - Fe(l11) + HO™ + HO» k=76 Imols™ (1)

410

A recent study by Winlet al. questioned this generation of
‘OH, however7 They found that the reaction of Fe(ll) and”

H,O, lead to two intermediates; neither beir@H. Instead
they proposed that the first intermediate (X) wasbably a

iron catdys

oxidation of HO, and the analagous copper catalysed

> Y(eg. FeO%) Fe(llN)

Fe(ll)}+H,0, == X [e.g. Fe(I)(OOH)] —

Scheme 5 Poposed mechanism for the reaction of Fe(ll) ap@ty’

A subsequent publication examined the feasibitifythe
Fenton reaction on thermodynamic grouriti. found that the
familiar outer sphere mechanism used to represenfenton
reaction (Reaction 1) to be thermodynamically exted/
unfavourable and therefore unlikely to occur. Anén sphere
42 mechanism where a ferrous peroxide complex was rgée
was deemed more likely to occur. The iron-oxo caarpl
generated by the Fenton reagents was proposechtveeas a
localised or ‘bound*OH, with preferential interaction of iron
with the N7 of guanine within DNA®

420

430
The DNA damage induced by Cu(ll) and hydrogen
peroxide has also been investigatédt was concluded that
Cu(ll) was the species which bound to DNA but ticat(l)
participated in the DNA damage. Scavenging reastion
435 indicated thatOH was not the primary oxidatively generated
species, but a “boundOH”, such as a copper-peroxide
complex may be involved. In a similar manréx, was ruled
out as a primary reactive species, but a “bol@sf, again a
copper-peroxide complex, could cause the damagerded.
a0 A publication by Freloret al.*® analysed the degradation of
DNA bases by copper in the presence ofOkH and again
concluded that the ROS species involved was @ét. Instead
the authors concluded thd®, was instead predominantly
responsible for the oxidatively generated damagat th
ws occurred, with'O, being generateth situ via a DNA-copper-
hydroperoxo complex. Recently, a reaction mecharanthe
oxidation caused by the Cu(1){8, system was proposed in
the literature®® It was proposed that Cu(l) reacted withG4
via the Fenton reaction to yiel®H, in contradiction to the
450 Studies outlined above, which concluded that Cufth H,O,
yielded a copper-hydroperoxo complex. It also pisHzh
however, that the copper-hydroperoxo complex, GO@H,
was an integral part of the reaction mechanidm.
45 A recent quantum chemical study of the interaction
between Cu(ll) and DNA found that the coordinatiof
Cu(ll) to the GC pair within the DNA double helirduced an
oxidation of GC and a concurrant reduction of Cu(ib
Cu(1).*® The ability of Cu(ll) to oxidise the GC pair deyked
460 ON the immediate environment of the GC pair. Toestigate
whether Cu(ll) could coordinate in a similar manner 8-
oxoGua, a concentrated solution of Cu(ll) was adt®dB-
oxoGua. Immediately the solution changed from hlugreen
and a precipitate was formed. The colour changécaidd a
reduction of Cu(ll) to Cu(l). The concurrant oxigat of 8-
oxoGua would lead to 8-oxoGlia the 8-oxoGua radical
cation, which is readily further oxidised. Signditt amounts
of Gh™ were not observed, however, unti,® was also

This journal © Royal Society of Chemistry
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added to the solution. These results indicate, wewehat the
a0 Oxidation of 8-oxoGua to GHK was initiated by the Cu(ll)

induced one electron oxidation of 8-oxoGua to 8@ue’".

Therefore one electron oxidation, and not an RO®erged

by copper catalysed J@, decomposition initiated 8-oxoGua oxoGua,

outlined above, it is proposed that the ROS geedraty the
iron and copper reactions are not responsiblelferinitiation

s30 Of oxidatively generated damage to 8-oxoGua. lrést&a

oxoGua oxidation is initiated by metal complexatitm 8-
which generates the reactive intermediate 8

oxidation to GR*, so that any ROS generated may not haveoxoGud*. This intermediate, upon the addition of®4, leads

475 been primarily responsible for 8-oxoGua oxidatidron is

to the formation of GK in the case of 8-oxoGua, and Sp in

also reported to complex readily with 5%6.When a ssthe case of 8-oxodGuo. The difference in end prodsimot

concentrated iron solution was incubated with 8@®Gwa
(analagous to concentrated copper incubation),nanediate
colour change and precipitate were observed. Tiog-8-
450 0X0Gua complex may possibly have behaved similtrlyhe
copper-8-oxoGua complex, also forming the
intermediate 8-0xoGUA Therefore the same

determined by the metal species, or by the ROS rgte
from the metal catalysed Fenton reaction, but leypghesence
of the 2'-deoxyribose moiety.

reactive Conclusions
reactive

intermediate, 8-0xoGU4 may have been generated by bofff 8-OxoGua was oxidised by iron and copper mediateatdn

the Fe(ll) and the Cu(ll) catalysed Fenton reacctiat pH 7
ssand pH 11, both iron and copper catalysed oxidabbrB-
oxoGua generated &h immediately, with Oxaluric acid
identified as an end product of the oxidation. Jami
guantities were detected in both cases. At pH T ron an
copper catalysed oxidation of 8-oxodGuo leads tpa@jain in
490 Similar quantitites. Both iron and copper were aled to
complex immediately with 8-oxoGua. This complexatimay
have lead to the same reactive intermediate, nangely

oxidation at pH 7 and at pH 11, all of which resdltin the
immediate formation of oxidised Guanidinohydant¢@h®).
Analogous 8-oxodGuo oxidation at pH 7 lead to therfation
of Spiroiminodihydantoin (Sp). Oxaluric acid wasemdified

q ssas a minor product of 8-oxoGua oxidation after 96 h

incubation with copper and B, and with iron and kD,. It

was proposed that both iron and copper could head to the
formation of the radical cation intermediate 8-ox@5. The
formation of this common intermediate is a possitdese for

0xoGu&*, being generated. This may be the reason why fﬂ;ethe generation of the same products in similar tjtiaa for

same products were formed, in similar quantities, lhoth

45 metal catalysed systems. The fact that copper amwl are
reported to generate different ROS during the Fem&action
does not influence the nature of the final oxidatgyoduct, as
the ROS generated do not initiate 8-oxoGua oxidatio

soo  This hypothesis of one electron oxidation may &éstdd in
a number of ways. One method to investigate theothgsis
that one electron oxidation is the primary oxidaitmethod

both metal systems.
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