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EPR spectroscopy has been employed to study the reactions of SO,'- and OH' radicals with 
xanthine, %methylxanthine, hypoxanthine and 2-hydroxypurine. 

from one-electron oxidation of either the parent compound or its anion, followed by deprotonation. 
For xanthine and 8-methylxanthine the respective radical anion and radical dianion were observed, for 
hypoxanthine the species detected correspond to the neutral radical and radical anion, whereas for 
2-hydroxypurine only its radical anion was observed. 

12.1 k 0.5, respectively, whereas the pKa value of the hypoxanthine neutral radical was 7.7 k 0.1. 

Radicals obtained on the reaction of SO,'- with these hydroxypurines resulted, depending on the pH, 

The pKa values of the radical anion of xanthine and 8-methylxanthine were estimated as 12.0 k 0.1 and 

In the reaction with OH', only the radical anion of xanthine was detected. 

Introduction 
The reactions of oxidising radicals with purine bases have been 
the subject of intense study for several years, principally 
because of the interest in the chemical changes induced in DNA 
and its constituents as a result of the exposure of living tissues to 
ionising radiation. Such exposure results in direct ionisation of 
DNA leading to the formation of electron loss centres on the 
guanine moiety (since out of all the DNA bases this has the 
lowest ionisation potential), and radical anions centred on the 
pyrimidine bases. Indirect DNA damage may also occur as a 
result of reaction with water radiolysis products, most 
importantly with hydroxyl (OH') radicals. 1-4 

Most of the EPR spectroscopic studies of radicals derived 
from purine bases have been confined to the solid state. 
Research on the radical cation of guanine has been carried out 
on single crystals of guanine 5,6 and 2'-deoxyguanosine-5'- 
phosphate,' oriented DNA fibres 8 - 1 0  and frozen aqueous 
DNA  sample^.^," l 3  Zehner et al.,I4 have studied hydrogen 
atom addition reactions in single crystals of hypoxanthine and 
its ribonucleoside and ribonucleotide inosine and inosine-5'- 
phosphate. Hydrogen atom addition was found to occur either 
at C(2) or C(8). Nelson and Close have detected two radicals 
centred on the xanthine base in X-irradiated single crystals of 
the ribonucleoside xanthosine (at 65 K). One of the radicals 
resulted from the deprotonation at N(3) of a primary radical 
cation; the other one resulted from the protonation of a radical 
anion at O(6). 

EPR studies of radicals derived from purines in solution are 
very limited. Bachler and Hildenbrand l 6  have detected 
guanosyl radicals in liquid aqueous solution at pH < 4, formed 
by oxidation of 2'-deoxyguanosine-5'-phosphate with SO4'- 
radicals generated by in situ photolysis. This study provided 
more information on the molecular structure of these radicals 
and suggested that the highest spin density is centred on the 
N(3) and C(8) positions of the purine moiety, concurring with 
those data reported previously from solid state s t ~ d i e s . ~ - ' - ' ~  

The oxidation of the non-DNA purines hypoxanthine and 
xanthine to uric acid is biologically significant, since it 
constitutes the end pathway in purine metabolism in humans 
and is closely related to chronic inflammatory diseases. l 7  It has 
also been suggested that uric acid protects against oxidative 
stress damage in viuo by acting as a free radical scavenger, 

although the resulting radical products may not themselves 
be harmless. ' The hydroxyl (OH') radical induced oxidation 
of hypoxanthine and xanthine has been studied by pulse 
radiolysis. ''v20 The oxidation of hypoxanthine is believed to 
proceed via a radical intermediate which decays by a 
disproportionation reaction to form xanthine and hypoxan- 
thine. In the case of xanthine oxidation, a transient radical was 
also proposed, the nature and decay of this radical is less well 
understood but also proceeds via a second-order reaction to 
yield in part uric acid. 

In order to provide further information on the structure and 
acid-base properties of the radical intermediates involved in the 
oxidation reactions of xanthines and purines in general in liquid 
aqueous solution, we have carried out an EPR spectroscopy 
study of the radical oxidation of hypoxanthine, xanthine, 8- 
methylxanthine and 2-hydroxypurine under anoxic conditions 
using SO4'- and OH' radicals as oxidants. 

Results and discussion 
Oxidation by SO,' - 

Xanthine (2,6-dihydroxypurine). At pH values between 5.6 
and 1 1.6, the reaction of SO4'- with xanthine, 1, produced EPR 
spectra characteristic of a n-radical with hyperfine coupling to 
four different nitrogen atoms and a single hydrogen atom [Fig. 
l(a)]. At pH values higher than 12.3 another EPR spectrum was 
recorded, being again characteristic of a radical with hypefine 
coupling to four different nitrogen atoms and a single hydrogen 
atom, [Fig. l(b)]. 

In aqueous solution, purines and their anions exist in a 
variety of tautomeric forms. Xanthine is known to be present 
essentially as the N(7)H tautomer. Its mono-anion is a mixture 
of the two tautomers which result from the deprotonation either 
of the N(3)H or the N(7)H groups.21 The pK, values for the 
deprotonation of xanthine and its mono-anion are 7.74 and 
11.86, respectively.22 

One-electron oxidised purines have been shown to be much 
more acidic than their parent compounds and the pK, value 
for deprotonation of such species has been shown in the case 
of guanine nucleosides 2 3  and adenine 24  to be several orders 
of magnitude lower than the pK, value for the equivalent 
deprotonation of the parent compound. Thus, by analogy to 
the chemically similar DNA purines, the neutral radical formed 
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Fig. 1 EPR spectra of the radicals produced by the reaction of SO,'- 
with xanthine at 280 K, together with the simulation with the constants 
of Table 1; (a)  at pH 7.5, assigned to la - ,  (b) at pH 13.0, assigned to 1''- 

by the one-electron oxidation of the deprotonated xanthine is 
expected to be more acidic than the xanthine anion and to 
deprotonate to give a radical anion. Therefore, the spectra 
recorded within the pH ranges 5.6-1 1.6 and > 12.3 were 
assigned to the xanthine radical anion, l*- ,  and the xanthine 
radical dianion, 1*2- ,  respectively (Fig. 2). 

At pH values between 11.6 and 12.3 the hyperfine coupling 
constants depended on the pH value. The largest nitrogen 
constant increased with the basicity of the solution whereas all 
the other constants decreased. A plot of the hyperfine coupling 
constant assigned to the N(3) atom versus pH (Fig. 3) clearly 
demonstrates a pK, value of 12.0 k 0.1 for the deprotonation 
of 1'- to give 

The spectrum recorded at pH 12.1 can be simulated with 
constants that are the average of those corresponding to 1'- and 
1'2 - , showing that the proton exchange is so fast on the timescale 
of the EPR experiment that the two different radicals cannot be 
distinguished. No radicals were detected at pH values below 5.0, 
which suggests that, at these pH values, the neutral radical may 
be formed, this radical, however, being too short-lived to be 
detected. Indeed, there is a significant decrease in the intensity of 
the spectra assigned to 1'- at pH values approaching 5.4. 

Unequivocal assignment of all hyperfine coupling constants 
(Table 1) was not possible. The results from INDO calculations 
based on the X-ray structure of the sodium salt of xanthine25 
were not satisfactory, since they overemphasize the nitrogen 
couplings and yield too small coupling with the proton at C(8). 
This limitation of INDO calculations for purines has already 
been reported for radicals derived from hypoxanthine and 
guanine nucleotides. 26 We carried out McLachlan calculations 
of spin densities for lo2-  with parameters identical to those 
reported for the purine radical anion 2 7  (yCN = 1.08, BN = 0.9) 
and those currently used for the carbonyl group *' (yco = 1.6, 
do = 2.3). The nitrogen hyperfine coupling constants were 
calculated through the equation Q"PN + QNc@c + pc.) with 
QNN = 2.72 mT and Q N C  = -0.17 mT.29 QcHH = -2.45 mT 

H 1 

+H 11-H + 

p K a =  7.74 

0 

1'- 

1'2- 

Fig. 2 Acid-base properties of xanthine and the corresponding 
radicals from one-electron oxidation 
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Fig. 3 Plot of the hyperfine coupling constant assigned to the N(3) 
atom of the xanthine derived radicals versus pH 

was used in the McConnel equation. The calculated hyperfine 
coupling constants are included in Table 1. The calculations 
yield satisfactory results for a(N3) and a(H8), but a too large 
value for a(N9), in spite of attempts to improve the fitting of 
the calculated and experimental values. The assignment of the 
largest couplings to N(3) and H(8) agrees with the results 
reported for purine radical anion 2 7  and for the radical centred 
on the xanthine moiety obtained from xanthosine single 
crystals. The remaining nitrogen couplings were too small 
and of so similar a magnitude as to be assigned without 
speculation. The assignment of the coupling constants of 
radical 1'- was made by analogy with 1'2-.  

Hypoxanthine (6-hydroxypurine). The reaction of SO,' - with 
hypoxanthine, 2, at pH values between 2.0 and 7.5 produced a 
very weak EPR spectra characteristic of hyperfine coupling to 
four different nitrogen atoms and three hydrogen atoms [Fig. 
4(a)]. Different spectra were recorded at pH values above 8.2. 
The more intense EPR spectra under these conditions were 
characteristic of hyperfine coupling to three different nitrogen 
atoms and two hydrogen atoms [Fig. 4(b)]. 

By taking into account the pK, values reported for 
hypoxanthine and its monoanion,22 8.94 and 12.10, respec- 
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Table 1 
methylxanthine, 3, and 2-hydroxypurine, 4 

Experimental and calculated EPR parameters and pK, values for radicals from oxidation of xanthine, 1, hypoxanthine, 2, 8- 

Hyperfine coupling constants b/mT 
~~~ 

Radical pK, g Value a a(N3) a(H8) 4 N  1) 4N7)  4N9)  a(H)other 

1'- 
1 .2  - 

2' 
2' - 

3'- 
3-2 - 
4' - 

12.0 2 0.1 2.00400 
- 2.003 87 exp. 

- 2.00400 exp. 

calc. 
7.7 ? 0.1 2.004 58 

calc. 
12.1 2 0.5 2.004 06 
- 2.003 95 
- 2.004 25 exp. 

calc. 

0.316 0.610 0.077' 
0.336 0.598 0.069' 
0.337 0.549 0.062 
0.050d 0.831 0.099 
0.01 0.548 0.136 
0.003 0.630 0.175 
0.265 0.685 (CH,) 0.090' 
0.282 0.640 (CH,) 0.063 ' 
0.126d 0.608 0.042 
0.178 0.469 0.070 

0.091 ' 
0.060 ' 
0.040 
0.058 
0.027 
0.013 
0.102' 
0.098' 
0.098 
0.156 

0.095' 
0.069' 
0.236 
0.393 0.199 H( 1,2) 
0.351 0.081 H(2) 
0.304 0.303 H(2) 
0.121' 
0.098 ' 
0.156d 0.370 H(6) 
0. I85 0.300 H(6) 

a Error 6 k 2 x lo-'. Error 6 ? 2 pT. ' Assignment is ambiguous. Assignment may be reversed. 

1 mT 

1 mT 

Fig. 4 EPR spectra of the radicals produced by the reaction of SO,'- 
with hypoxanthine at 280 K, together with the simulation with the 
constants of Table 1; (a)  at pH 3.4, assigned to 2', (b) at pH 11.6, 
assigned to 2'-. Inserts show the enhanced high-field wings of the 
spectra. 

tively, and the reported tautomeric forms of these species,30 the 
spectra obtained at pH values below 7.0 were assigned to 
hypoxanthine neutral radical, 2', and the spectra obtained 
above pH 8.2 were assigned to the radical anion, 2'- (Fig. 5) .  
The assignment of the hyperfine coupling constants for 2' - 
was made by comparison with the results of McLachlan 
calculations. Although the calculated coupling constant for the 
proton in the 2-position is too large, there is no ambiguity in the 
assignment. Table 1 shows the experimental and calculated 
coupling constants. The hyperfine coupling constants of 2' were 
assigned by analogy with 2*-. 

2 
H 

+H+l l -H* 

pKa= 12.10 

AN -N% 

H 

radical 

cation 
-e- 

Fig. 5 
radicals from one-electron oxidation 

Acid-base properties of hypoxanthine and the corresponding 

A pK, value of 7.7 k 0.1 for the deprotonation of the neutral 
radical 2' was estimated from the dependence of the relative 
concentrations of the two species, 2' and 2*-,  on the pH. For 
that purpose, the superimposed spectra of the two radicals were 
simulated at different pH values arround the pK,. Unlike the 
xanthine case, the proton exchange between 2' and 2'- is slow 
on the timescale of the EPR experiment and the individual 
spectra may be discerned. 

At pH values below 2 no radical was detected. Hypoxanthine 
is protonated (pK, = 1.98)22 at these pH values and the 
resulting cation is unlikely to be oxidised by SO4'-. 

8-Methylxanthine @-methyl-2,6-dihydroxypurine). The reac- 
tion of SO4'- with 8-methylxanthine, 3, is very similar to that 
observed with xanthine. At pH values between 6.0 and 11.5 the 
EPR spectra [Fig. 6(a)] were assigned to the 8-methylxanthine 
radical monoanion, 3.-, and at pH values greater than 12.5 the 
spectra [Fig. 6(b)] were assigned to the 8-methylxanthine 
radical dianion, 302-. We propose for radicals 3'- and 3'2- ,  
structures similar to 1'- and 1'2-, respectively, on the basis of 
the analogy of the starting compounds and of the EPR 
parameters of the derived radicals. The pK, value for the 
deprotonation of the radical mono-anion, 3'-, was estimated 
from a plot of a(N,) vs. pH, similar to that of Fig. 3. However, 
due to the complexity of the spectra of radicals derived from 3 
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Fig. 6 EPR spectra of the radicals produced by the reaction of SO4'- 
with 8-methylxanthine at 280 K, together with the simulation with the 
constants of Table 1; (a) at pH 8.0, assigned to 3'-, (6) at p H  12.6, 
assigned to 3.'-. Inserts show the enhanced high-field wings of the 
spectra . 

as compared with those derived from I,  the value of pK, = 

12.1 k 0.5 found for 3'- is less precise. 
The very complex spectra of both radicals were characteristic 

of hyperfine coupling to four nitrogen atoms and to the three 
equivalent hydrogen atoms of the methyl group in the 8- 
position. In the case of both of these 8-methylxanthine radicals 
relative to the equivalent xanthine radicals, there is reduced 
hyperfine coupling assigned to the N(3) (Table 1). This seems 
reasonable given that the positive inductive effect of the methyl 
group in the 8-position may increase the stabilisation of the spin 
density in the imidazole ring. 

2-Hydroxypurine. No radicals were detected in the reaction 
of SO,'- with 2-hydroxypurine at pH values below 7.5. The 
spectrum recorded at pH values between 7.5 and 12.0 (Fig. 7) 
showed a pattern which was interpreted as arising from the 
coupling of the unpaired electron with four different nitrogen 
nuclei and two non-equivalent hydrogens. 

Taking into account the considerations made for xanthine 
and the pK, value of 8.43 reported for 2-hydro~ypurine,~' the 
spectrum obtained was assigned to the 2-hydroxypurine radical 
anion 4*-, which results from the oxidation of the 2- 
hydroxypurine anion followed by deprotonation. This radical 
has a structure analogous to that of the hypoxanthine radical 
anion. 

The coupling constants were assigned by comparison with 
the results of McLachlan calculations (Table 1). 

Oxidation by OH' 
No radicals were detected for hypoxanthine, 8-methylxanthine 
and 2-hydroxypurine when OH' radicals, generated either by 

Fig. 7 EPR spectrum of the radical produced by the reaction of SO4'- 
with 2-hydroxypurine at 280 K and pH 10.7, together with the 
simulation with the constants of Table 1, assigned to 4'-. Insert shows 
the enhanced high-field wing of the spectrum. 

in situ photolysis of H 2 0 2  or by in situ mixing of the Fe2+- 
[EDTA]/H202 or Ti3+/H202 couples, were used as the 
oxidant. Spectra were only obtained with xanthine at pH values 
close to neutrality (pH 6.8-7.4) by using H,02 photolysis. The 
radicals detected gave spectra identical to those obtained with 
SO,'- at the same pH and were thus assigned to the xanthine 
radical anion, 1'-. This reaction may proceed by direct electron 
capture by the OH' radical followed by deprotonation; 
however, in analogy to the reactions of other  purine^,^ this may 
also be the result from OH' addition at the C(4)-C(5) double 
bond (the dominant reaction in adenine systems), followed by 
the rapid elimination of water to yield neutral xanthine radicals. 
These radicals immediately deprotonate at this pH, yielding the 
observed xanthine radical anion, 1'-. Addition of OH' at the 
C(8)-position (observed in trimethylated xanthines 32)  cannot 
lead to the formation of the observed radical. However, the 
radical intermediates possibly formed by OH' addition were not 
observed under these experimental conditions. 

Experimental 
Analytical grade xanthine (2,6-dihydroxypurine, Merck), 
hypoxanthine (6-hydroxypurine, BDH), 8-methylxanthine (8- 
methyl-2,6-dihydroxypurine, Sigma) and 2-hydroxypurine 
(Aldrich) were used as purchased, to prepare 1-3 x lop3 mol 
dm-3 solutions, using water purified by a Millipore Milli-QSO 
system. Potassium persulfate (0.5-4 x mol dmP3, Merck) 
or hydrogen peroxide (1-2 x mol dm-3, Merck) were 
added immediately prior to use. No changes, other than in 
intensity, were observed in the EPR spectra with the variation 
of the persulfate concentration. Therefore, the spectra shown 
were recorded with solutions with a typical concentration of 
3 x lop2 mol dm-3 potassium persulfate. 

To avoid undesired superimposition of the features of the 
acetone radical in the recorded spectra, acetone was usually 
omitted. However, acetone was used as a photosensitiser when 
increased intensity was required to enable the recording of 
poorly defined lines at the extremes of some spectra. However, 
due to spin polarisation in most of the spectra the wings at 
low field are poorly resolved. No radical was detected when 
persulfate or hydrogen peroxide was not present. 

The solutions were buffered with phosphate (1 0 mmol dm-3) 
in the experiments to determine pK, values and the relevant pH 
adjustments were made using KOH and HC104 solutions. The 
solutions were then deaerated by argon bubbling and allowed 
to flow at a constant rate through a quartz flow cell within the 

1464 J. Chem. SOC., Perkin Trans. 2,1996 



spectrometer cavity. SO4'- and OH' radicals were generated 
within the spectrometer cavity by in situ photolysis of S2OS2- 
ions and H202 ,  respectively, using an optically focused 
pressurised Hg-Xe UV lamp with a stabilised power supply. 
The experiments where OH' radicals were used as the oxidant 
were repeated using the Fenton coupled systems, 1 0-2 mol dm-, 
Fe2+[EDTA] (1 :2  ratio)/l-2 x lop2 mol dm-3 H202  and 
substrate or mol dm-, TiCl,/l-2 x lo-* mol dm-, H 2 0 2  
and substrate. The two separate solutions were mixed as they 
entered the spectrometer cavity in a commercially available 
mixing cell and pumped through the cavity using a peristaltic 
pump at flow rates within the range 20-160 cm3 min-'. The 
solutions were refrigerated immediately before entering the 
cavity to a temperature of 280 k 2.0 K. 

X-Band EPR spectra were recorded at a 100 kHz modulation 
frequency using a Bruker ER200D spectrometer controlled by 
Bruker AM 300 ESP software. The g measurements were made 
using a microwave frequency counter and a Bruker ER035M 
gaussmeter, which were calibrated against a standard of known 
g value immediately prior to each experiment. 
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