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Abstract

Formation of 7,8-dihydro-8-oxo-2V-deoxyguanosine (8-oxo-dG) in solutions of free 2V-deoxyguanosine (dG) and calf thymus DNA (DNA)

was compared for the diffusion-dependent and localised production of oxygen radicals from phosphate-mediated oxidation of ferrous iron

(Fe2+) to ferric iron (Fe3+). The oxidation of Fe2+ to Fe3+ was followed at 304 nm at pH 7.2 under aerobic conditions. Given that the

concentration of Fe2+z phosphate concentration, the rate of Fe2+ oxidation was significantly higher in DNA-phosphate as compared for the

same concentration of inorganic phosphate. Phosphate catalysed oxidation of ferrous ions in solutions of dG or DNA led through the

production of reactive oxygen species to the formation of 8-oxo-dG. The yield of 8-oxo-dG in solutions of dG or DNA correlated positively

with the inorganic-/DNA-phosphate concentrations as well as with the concentrations of ferrous ions added. The yield of 8-oxo-dG per unit

oxidised Fe2+ were similar for dG and DNA; thus, it differed markedly from radiation-induced 8-oxo-dG, where the yield in DNA was

several fold higher. For DNA in solution, the localisation of the phosphate ferrous iron complex relative to the target is an important factor for

the yield of 8-oxo-dG. This was supported from the observation that the yield of 8-oxo-dG in solutions of dG was significantly increased over

that in DNA only when Fe2+ was oxidised in a high excess of inorganic phosphate (50 mM) and from the lower protection of DNA damage

by the radical scavenger (hydroxymethyl)aminomethane (Tris)–HCl. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxidative DNA damage has been correlated to muta-

genesis, carcinogenesis, several other diseases and the proc-

ess of aging in general [1–6]. Oxidative damage is also found

in proteins, membranes and in the intracellular pool of

nucleotides [7,8]. Oxidative processes such as in the respira-

tory chain where low levels of superoxide (O2
.
� ) are formed,

can lead to the formation of H2O2 and Fenton chemistry

[9,10], producing reactive oxygen species such as hydroxyl

radicals. Formation of 7,8-dihydro-8-oxo-2V-deoxyguanosine
(8-oxo-dG) has been detected in nuclear DNA after exposure

to reactive oxygen species derived from irradiation, metal

catalysed systems or different chemical agents [1,11]. 8-Oxo-

dG gives unspecific base pairing and also causes adjacent

bases to loose their base pairing specificity [7,9]. This may

lead to both mutagenesis and carcinogenesis [1,10]. Several

repair functions [7,9,12,13] that remove 8-oxo-dG fromDNA

have been described, as well as enzymes that prevent modi-

fied nucleotides such as 8-oxo-dG triphosphate in the nucleo-

tide pool to be incorporated into DNA [7]. The existence of

these cellular defence mechanisms shows that the formation

of oxidative damages in both DNA and the nucleotide pool of

the cell has biological significance, and motivates further

studies of the mechanism of radical production in different

cellular compartments.

Transition metals such as iron and copper catalyse Fenton

type of reactions under in vitro conditions but may also be

involved in the endogenous processes of oxidation of bio-

molecules in oxygen-containing biological systems [14,15].

Ferrous ions are readily oxidised to ferric ions in response to

complex formation with phosphate [14,16–19] as well as

pyrophosphate, polyphosphate [20], DNA [21] or nucleo-

tides in the di- or triphosphate form [22,23]. Several studies

have shown that during the oxidation, superoxide (O2
.
� ) is
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formed, leading to the subsequent production of H2O2 and

Fenton type of reactions [10,17]. Thus, chelation of ferrous

ions with DNA-phosphate would be expected to increase

oxygen radical formation close to DNA and cause a broad

spectrum of different types of DNA damage [21,24,25]. It is

also possible that iron chelated to nucleotides in the cellular

nucleotide pool could generate oxygen radicals forming

modified nucleotides, which, if incorporated into newly

synthesised DNA, could lead to mutations, as described

above. Free radical-induced damage on DNA can be studied

using several different markers such as strand breaks, base

loss and base damages. The formation of 8-oxo-dG has been

attributed to the attack of hydroxyl radicals [1,11], thus

making it a suitable marker for Fenton chemistry.

The aim of this study was to compare the kinetics for the

phosphate catalysed oxidation of ferrous iron in solutions of

target localised phosphate (DNA-phosphate) or free phos-

phate (inorganic phosphate) and to analyse for differences

regarding the formation of the base damage 8-oxo-dG in

DNA or free 2V-deoxyguanosine (dG). We have previously

observed that the yield of 8-oxo-dG in irradiated solutions

of DNA was 20 fold higher as compared to solutions of dG

[26]. Thus, a comparison of the effects of radiation-induced

radical formation with Fenton chemistry on the yields of 8-

oxo-dG could give further knowledge of the mechanisms for

oxygen radical-induced damage to DNA and nucleotides

under endogenous or radiation-exposed conditions.

2. Materials and methods

2.1. Chemicals

dG-monohydrate was obtained from Fluka (Switzerland).

Calf thymus DNA, a highly polymerised DNA sodium salt

containing 7.8% sodium and 10.3% water, was from Sigma

(USA). The DNA was prepared in a Falcon tube filled with

water and gently shaken overnight at 4 jC. Tris(hydrox-
ymethyl)aminomethane (Tris) and maleic acid were also

purchased from Sigma. FeSO4 and FeCl3 were from Merck

(Germany). Stock solution of FeSO4 was prepared in 5 mM

H2SO4 (to prevent oxidation). Stock solution of FeCl3 was

prepared in water. Sodium phosphate was from Merck and

sodium hydroxide from Eka Nobel (Sweden). 8-oxo-dG

used for making standard solutions was from Sigma. Water

used for washing of vials and preparing stock solutions was

double-deionised (R > 18 MV-cm).

2.2. Enzymes

Nuclease P1 (Penicillium citrinum) from Amersham

Pharmacia Biotech (Sweden) was dissolved in 100 mM

Tris–HCl buffer (pH 7.2). Alkaline phosphatase (calf intes-

tinal mucosa) from the same company was dissolved in 100

mM Tris–HCl buffer (pH 8.2). Catalase from bovine liver, a

suspension in water containing 0.1% thymol was obtained

from Sigma. Heat-inactivated catalase was prepared by

heating the enzyme for 30 min at 80 jC.

2.3. Oxidation of Fe2+ to Fe3+

Oxidation of 0.1 mM ferrous iron (Fe2+) to ferric iron

(Fe3+) was followed at 304 nm in the presence of up to 1.0

mM inorganic phosphate or calf thymus DNA in quartz

cuvettes under aerobic conditions, using a Shimadzu spec-

trophotometer. The oxidation was followed during a period of

13 min at 22 jC in a Tris–HCl buffer, 10 mM, to keep pH

constant at 7.2. With the same optical method and concen-

trations, the pH dependence for oxidation of ferrous iron in

the presence of inorganic phosphate or calf thymus DNAwas

followed in Tris–maleate buffer, 10 mM, at four different pH

values, pH 6.8, 7.2, 7.6 and 8.1. We observed that the molar

absorbance coefficient of ferric ions was dependent on the

phosphate concentration and thus we experimentally deter-

mined the wavelength that was least affected of this depend-

ency to be 304 nm, not far from the wavelength (300 nm)

previously used by others [19,27]. The influence of phos-

phate on the molar absorbance coefficient was corrected for

with the equations presented in Table 1. The equations

represent the linear response for the absorbance dependency

of ferric ions on the concentration of inorganic or DNA

phosphate in Tris–HCl or Tris–maleate buffer (Table 1).

Tris–HCl was chosen, due to its low effect on Fe2+ autox-

idation in comparison with phosphate ions [14,18,28]. Also,

Tris–HCl is an effective hydroxyl radical scavenger and the

rate constant for reaction of hydroxyl radicals with Tris–HCl

has been measured to be 1.1�109 M�1 s�1 [29].

2.4. Induction of 8-oxo-dG

To induce 8-oxo-dG formation, FeSO4 (0.1 or 0.2 mM)

was added to mixtures of dG or DNA in Eppendorf tubes at

22 jC under aerobic conditions. The concentration of dG was

0.5 mM and the DNA-phosphate concentrations used were

between 0.01 and 1.5 mM, corresponding to 0.0025–0.375

mM with regard to dG (assuming 25% of the bases are dG).

The pH was controlled with Tris–HCl buffer (10 mM, pH

7.2) or phosphate buffer (0.5 or 50 mM, pH 7.2). Tris–HCl

was also used for its hydroxyl radical scavenging properties

[29], and in these experiments both dG and DNA concen-

Table 1

The absorbance (OD) of Fe3+ (FeCl3, 0.1 mM) at concentrations of

inorganic [PO4
3�] or DNA-phosphate [DNA-P] between 0 and 1 mM,

measured at 304 nm and 1 cm light path

Buffer type Phosphate concentration-dependent

increase in OD used for correction

Tris–HCl OD=41.4� [PO4
3� ] + 0.264

Tris–HCl OD=19.0� [DNA-P] + 0.260

Tris–maleate OD=42.2� [PO4
3� ] + 0.289

Tris–maleate OD=� 3.7� [DNA-P] + 0.288

OD was measured after 10 min. All buffers were 10 mM, pH 7.2. Values

from five experiments (n= 5).
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trations were 0.5 mM. Stock solutions of FeSO4 were

prepared in H2SO4 (0.25 mM) to prevent oxidation and an

equimolar concentration of sodium hydroxide was added to

each sample, to neutralise the H2SO4. The pH of samples

without inorganic phosphate or Tris–HCl added were

adjusted to approximately pH 7.2 with sodium hydroxide

only (f 0.5 mM, final concentration).

For samples containing dG in solution, HPLC analysis of

8-oxo-dG could be performed without further processing.

Samples of DNA were transferred to Eppendorf vials and

trichloroacetic acid (5% final concentration) to stop the

reaction and to precipitate DNA. The precipitate (approx-

imately 80 Ag/sample) was then washed twice with 99.5%

ethanol, air-dried for 15 min and finally dissolved in 100 Al
of 20 mM sodium acetate buffer (pH 4.8). These samples

were then stored frozen (� 30 jC) and analysis of 8-oxo-dG
was done after enzymatic hydrolysis of DNA.

2.5. Enzymatic hydrolysis of DNA

To each DNA sample (80 Ag), 20 Al of nuclease P1

(equivalent to 6 units, prepared in Tris–HCl buffer) was

added and the samples were incubated at 37 jC for 30 min.

Thereafter, 52 Al of alkaline phosphatase (equivalent to 1.3

DEA-units, prepared in Tris–HCl buffer) was added and the

incubation continued at 37 jC for 60 min [11]. Hydrolysed

samples were frozen (� 30 jC) until time for analysis.

2.6. HPLC analysis of 8-oxo-dG adduct and nucleosides

An HPLC equipped with a C18-reversed phase column

(Hichrom, Kromasil-5A, 150� 4.6 mm) was used (flow: 1

ml/min) with an eluent composed of methanol (10 vol.%),

citric acid (12.5 mM), sodium acetate (25 mM), NaOH (30

mM), and acetic acid (10 mM), pH 5.1 [11,30]. For

detection of 8-oxo-dG, an electrochemical detector (BAS)

with a glassy carbon electrode and an Ag/AgCl reference

electrode was used (applied potential = 0.7 V) [30,31]. Intact

nucleosides were analysed using an UV detector (254 nm)

connected on line after the electrochemical detector.

Fig. 1. The oxidation of Fe2+ (FeSO4, 0.1 mM) in Tris–HCl buffer, 10

mM, pH 7.2, at different concentrations of inorganic phosphate, 0–1 mM,

measured at 304 nm. Symbols represent means and standard deviation from

six experiments. For clarity, only 1/3 of the measured data points (time

interval) are presented in the figure. Concentrations of inorganic phosphate:

(5) 0 mM; (o) 0.01 mM; (D) 0.05 mM; (q) 0.1 mM; ( w ) 0.5 mM; and

(� ) 1 mM.

Fig. 2. The oxidation of Fe2+ (FeSO4, 0.1 mM) in Tris–HCl buffer, 10 mM,

pH 7.2, at different concentrations of calf thymus DNA-phosphate, 0–1

mM, measured at 304 nm. Symbols represent means and standard deviation

from ten experiments. For clarity, only 1/3 of the measured data points (time

interval) are presented in the figure. Concentrations of calf thymus DNA-

phosphate: (5) 0 mM; (o) 0.01 mM; (D) 0.05 mM; (q) 0.1 mM; ( w ) 0.5

mM; and (� ) 1 mM.

Fig. 3. Reaction rate for the oxidation of Fe2+ (FeSO4, 0.1 mM) in Tris–

HCl buffer, 10 mM, pH 7.2, at different concentrations of inorganic or calf

thymus DNA-phosphate, 0–1 mM. Reaction rates are based on values from

Figs. 1 and 2 for the linear increase of Fe2+ oxidation between 0 and 120 s.

Symbols for inorganic phosphate represent means and standard deviation

from six experiments. Symbols for calf thymus DNA-phosphate represent

means and standard deviation from ten experiments. (5) Inorganic phos-

phate; (o) Calf thymus DNA-phosphate.
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2.7. Calculation of results and statistic evaluation

To calculate the reaction rate for the formation of ferric

ions, the initial (0–120 s) linear increase in absorbance at

304 nm was used, after correction for the change in absorp-

tion coefficient dependent on the concentration of inorganic

phosphate, as described above. The HPLC chromatograms

for 8-oxo-dG and dG were integrated with computer aid

(ELDS, software from Chromatography Data Systems AB,

Sweden) and quantified with external standards. The stand-

ard for dG was prepared from dG obtained from Fluka. The

standard for 8-oxo-dG was prepared from 8-oxo-dG ob-

tained from Sigma. The concentration of 8-oxo-dG was de-

termined using a molar absorption coefficient of 12300

M�1 cm�1 at 245 nm in H2O [32]. The amount of 8-oxo-

dG formed was presented as yield (nM) or as 8-oxo-dG

formed per 105 dG molecules. To test for significant differ-

ences between mean values, the Student’s t-test was used.

Student’s t-test was also used to test for significant differ-

ences between slopes of the regression lines in Figs. 3 and 5.

3. Results

3.1. Kinetics of Fe2+ oxidation at different concentrations of

inorganic phosphate or DNA-phosphate

For both inorganic (Fig. 1) and DNA-phosphate (Fig. 2),

increasing phosphate concentration correlated positively

with an increased rate of oxidation of Fe2+ (0.1 mM). In

inorganic phosphate, the rate of Fe2 + oxidation was clearly

dependent on, and higher for every increase in the phos-

phate concentration used (0–1.0 mM), as can be seen in Fig.

1. The equation for the dependence of the initial (0–120 s)

reaction rates (Y=DABS/s) on the inorganic phosphate

concentration (X mM) for concentrations up to 0.1 mM,

was Y= 0.9� 10�3�X + 19� 10�6 (r = 0.999) (Fig. 3).

The oxidation rate still increased with higher phosphate con-

centration (0.1–1.0 mM), but the increase was less pro-

nounced (Fig. 3). This suggests that phosphate was the

rate-limiting factor in the entire range (0–1.0 mM) of phos-

phate concentrations used (Fig. 3). For DNA-phosphate, up

to a concentration of 0.1 mM, a linear correlation could also

be seen initially (0–120 s) (Fig. 2). For DNA-phosphate, the

Fig. 4. Percent oxidation of Fe2+ (FeSO4, 0.1 mM) to Fe3+ in Tris–HCl

buffer, 10 mM, pH 7.2, at different concentrations of inorganic or calf

thymus DNA-phosphate, 0–1 mM. Percent oxidised Fe2+ have been

calculated from the absorbance values in Figs. 1 and 2 at time = 600 s.

Symbols for inorganic phosphate represent means and standard deviation

from six experiments. Symbols for calf thymus DNA-phosphate represent

means and standard deviation from ten experiments. (5) Inorganic phos-

phate; (o) Calf thymus DNA-phosphate.

Fig. 5. Reaction rate for the oxidation of Fe2+ (FeSO4, 0.1 mM) in Tris–

maleate buffer, 10 mM, pH 6.8–8.1, at different concentrations of inorganic

phosphate, 0–1 mM. Symbols represent values from four experiments. (5)

pH 6.8; (o) pH 7.2; (D) pH 7.6; (q) pH 8.1.

Fig. 6. Reaction rate for the oxidation of Fe2+ (FeSO4, 0.1 mM) in Tris–

maleate buffer, 10 mM, pH 6.8–8.1, at different concentrations of calf

thymus DNA-phosphate, 0–1 mM. Symbols represent values from four

experiments. (5) pH 6.8; (o) pH 7.2; (D) pH 7.6; (q) pH 8.1.

P. Svoboda, M. Harms-Ringdahl / Biochimica et Biophysica Acta 1571 (2002) 45–5448



corresponding equation for the initial (0–120 s) rate of

ferrous iron oxidation was Y= 6.1�10�3�X + 0.5�10�6

(r = 0.998) for concentrations up to 0.1 mM, which is equi-

molar to the Fe2+ concentration used (Fig. 3). For DNA-

phosphate concentrations above 0.1 mM (0.1–1.0 mM), the

oxidation rate of Fe2+ was not influenced by DNA-phosphate

concentration (Fig. 3).

3.2. Correlation between the yield of Fe3+ formation and

concentrations of inorganic phosphate or DNA-phosphate

The rate of oxidation at different phosphate concentra-

tions (Fig. 3) can also be recalculated to the yield of Fe3+ at

a certain time. In Fig. 4, the [Fe3+ ] at 600 s is presented in

percent of 0.1 mM Fe3+ (100% oxidised). For inorganic and

DNA-phosphate concentrations up to 0.1 mM, the yield of

Fe3+ at this time point was linearly related to phosphate

concentration (R = 0.999) (Fig. 4).

3.3. Effect of pH on the kinetics of Fe2+ oxidation in

solutions of inorganic phosphate or DNA-phosphate

To further study variables that could influence the rate of

oxidation of Fe2+ in these systems, the effect of pH on the

reaction rates was followed with the use of Tris–maleate

buffer as described in Materials and methods. Thus, as

presented in Fig. 5, at pH 7.6, the rate increased several

fold as compared to pH 6.8 and 7.2 while in solutions of

DNA-phosphate, there was less influence by the increase of

pH from 6.8 to 7.6 (Fig. 6). Also, as can be seen at pH 7.6,

the difference in reaction rate for Fe2+ oxidation in inor-

ganic phosphate and in solutions of DNA-phosphate

observed at pH 7.2 were less pronounced. At pH 8.1, the

effects of increased phosphate concentrations in the low

range < 0.1 mM on the rate of oxidation was the highest for

both inorganic and DNA-phosphate while at higher concen-

trations, the rate of Fe2+ oxidation was markedly less in-

fluenced (Figs. 5 and 6).

3.4. Fe2+-mediated formation of 8-oxo-dG in dG and DNA

at low phosphate concentrations

Under the same experimental conditions, the yield of 8-

oxo-dG formed (Fig. 7) correlated positively with the

phosphate concentration dependent yield of Fe3+ (Fig. 4).

For DNA-phosphate (Fig. 7), the dG concentration neces-

sarily varied with the phosphate concentration, and was thus

1/4 of respective phosphate concentration used (assuming

25% of bases to be dG). Due to the difference in dG

concentration, the results in Fig. 7 were presented as the

increase in concentration (nM) of 8-oxo-dG. The increase of

8-oxo-dG formation up to 1.5 mM of inorganic phosphate is

Fig. 7. Fe2+ (FeSO4, 0.1 mM) catalyzed 8-oxo-dG formation (nM) in dG

(0.5 mM) or calf thymus DNA (0.01–1.5 mM) in Tris–HCl buffer, 10 mM,

pH 7.2 at different concentrations of inorganic phosphate or calf thymus

DNA-phosphate, 0.01–1.5 mM. Reaction time is 10 min. All yields (nM)

are presented as the increase over control (samples without iron). Symbols

for dG and inorganic phosphate represent means and standard deviation

from four experiments. Symbols for calf thymus DNA-phosphate represent

means and standard deviation from six experiments. (5) dG and inorganic

phosphate; (o) Calf thymus DNA-phosphate.

Table 2a

Modification by sodium phosphate buffer (PB) and scavenger (Tris–HCl) of the Fe2+-induced formation of 8-oxo-dG in dG in solution

Modifier Control Fe2+ (0.1 mM) Fe2+ (0.2 mM)

All solutions:

dG (0.5 mM) and

8-oxo-dG/105

dGF S.D.

Increase over control:

8-oxo-dG/105 dGF S.D.

(% 8-oxo-dG/105 dGF S.D.)

Increase over control:

8-oxo-dG/105 dGF S.D.

(% 8-oxo-dG/105 dGF S.D.)

(A) PB (50 mM) 1.5F 0.2 183F 5.7 324F 31

(B) PB (50 mM) and Tris–HCl (10 mM) 2.1F1.0 74F 2.3 131F 4.7

(60F 1.5) (59F 2.5)

(C) PB (0.5 mM) 1.5F 0.2 39F 3.5 56F 1.1

(D) PB (0.5 mM) and Tris–HCl (10 mM) 1.8F 0.5 12F 0.6 16F 0.8

(69F 2.7) (71F1.6)

Values represent observed yields from three independent experiments (n= 3).

Values in parenthesis reflect the percent decrease of 8-oxo-dG from the value in the row above.

Significance for column with Fe2+ (0.1 or 0.2 mM) in the difference between A and B (FTris–HCl) or between C and D (FTris–HCl) was P< 0.001 in all

cases.

Reaction time is 10 min.
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linear (R = 0.979); however, it cannot be excluded that there

is a nick on the curve at 0.1 mM of phosphate (Fig. 7). For

DNA-phosphate concentrations up to 0.5 mM, the linear

(R = 0.999) increase in the 8-oxo-dG formation was steeper

than in the range 0.5–1.5 mM of DNA-phosphate (Fig. 7).

Under the same conditions as for Fig. 7, the relative

increase of 8-oxo-dG (8-oxo-dG/105 dG) in solutions of

inorganic phosphate or DNA-phosphate, in response to

oxidation of 0.1 mM Fe2+ was 12 and 32 8-oxo-dG/105

dG, respectively (Tables 2a and 2b). Increasing the concen-

tration of Fe2+ to 0.2 mM did not change the yield of 8-oxo-

dG in the DNA system; however, in the absence of Tris–

HCl, there was a significant increase of the yield in both

systems (Tables 2a and 2b).

3.5. Fe2+-mediated formation of 8-oxo-dG in dG and DNA

at high phosphate concentrations

In high concentration (50 mM) of inorganic phosphate

(with Tris–HCl added) and 0.1 mM Fe2+ , the relative yields

of 8-oxo-dG were 73 and 22 for dG and DNA. These yields

were significantly lower than those observed in the absence

of Tris–HCl, e.g. 183 and 61, respectively (Tables 2a and

2b). Doubling the concentration of Fe2+ (0.2 mM) caused a

significant increased formation of 8-oxo-dG in the absence

of Tris–HCl for both inorganic phosphate and DNA-phos-

phate and only for inorganic phosphate when Tris–HCl was

present.

3.6. Effect of scavenger and catalase on the Fe2+-mediated

formation of 8-oxo-dG in dG and DNA

The scavenging effect of Tris–HCl in all solutions of dG

(Table 2a) was significant for all phosphate and Fe2+

concentrations used and in the range of 60–70%. In

solutions of DNA (Table 2b), the only combination where

the scavenging effect of Tris–HCl was not significant was

in DNA-phosphate (0.5 mM) and Fe2+ (0.1 mM); here, the

reduction in the yield of 8-oxo-dG was only 6.4%. With

DNA-phosphate (0.5 mM) and Fe2+ (0.2 mM), the reduc-

tion was higher and significant, 42%. The highest reduction

in yield, comparable to the system with free dG (Table 2a),

was found with DNA in high concentration of phosphate

buffer (50 mM), and for 0.1 and 0.2 mM Fe2+ , the reduction

was 64% and 69%, respectively (Table 2b).

To verify the role of Fenton chemistry in systems with

high phosphate concentrations, we studied the formation of

8-oxo-dG in the presence of catalase. In solutions of sodium

phosphate buffer (50 mM, pH 7.2), after 10 min of reaction

in presence of 0.01 mM Fe2+ and 5000 units/ml of catalase

(equivalent to 120 Ag protein/ml), the formation of 8-oxo-

dG was inhibited by 94% in dG and by 93% in calf thymus

DNA. The formation of 8-oxo-dG in dG was not influenced

by the presence of heat-inactivated catalase (see Materials

and methods), whereas in calf thymus DNA, the presence of

heat-inactivated catalase reduced the formation of 8-oxo-dG

around 50% (data not shown). Thus, in solutions of DNA,

the relatively high concentration of catalase present may in

part also act as a chemical scavenger.

4. Discussion

4.1. Phosphate-mediated oxidation of ferrous ions

We have previously reported that the yield of 8-oxo dG

in gamma irradiated solutions of DNA was 20 times higher

as compared to irradiated solutions of dG [26]. The radical

chemistry in irradiated solutions of DNA or dG is complex,

with a combination of indirect effects from radicals formed

through radiolysis of water and effects from direct ionisa-

tions of the target molecules. To study whether the relatively

high yields of 8-oxo-dG formed in irradiated solutions of

DNA was unique for radiation-induced oxidative damage,

solutions of dG and DNA were exposed to reactive oxygen

species formed in Fenton type of reactions. Reactive oxygen

Table 2b

Modification by sodium phosphate buffer (PB) and scavenger (Tris–HCl) of the Fe2+ -induced formation of 8-oxo-dG in calf thymus DNA in solution

Modifier Control Fe2+ (0.1 mM) Fe2+ (0.2 mM)

All solutions:

DNA (0.5 mM) and

8-oxo-dG/105

dGF S.D.

Increase over control:

8-oxo-dG/105 dGF S.D.

(% 8-oxo-dG/105 dGF S.D.)

Increase over control:

8-oxo-dG/105 dGF S.D.

(% 8-oxo-dG/105 dGF S.D.)

(A) PB (50 mM) 16F 6.9 61F 21 84F 19

(B) PB (50 mM) and Tris–HCl (10 mM) 13F 3.9 22F 11 26F 7.1

(64F 8.4) (69F 1.8)

(C) No addition 14F 5.9 34F 8.4 55F 11

(D) Tris–HCl (10 mM) 17F 7.8 32F 8.0 31F 9.2

(6.4F 35) (42F 18)

Values represent observed yields from four independent experiments (n= 4).

Values in parenthesis reflect the percent decrease of 8-oxo-dG from the value in the row above.

Significance for column with Fe2+ (0.1 mM) in the difference between A and B (FTris–HCl) was 0.01 <P < 0. 05, and for C and D (FTris–HCl) P>0.05

(not significant). Significance for column with Fe2+ (0.2 mM) in the difference between A and B (FTris–HCl) was 0.001 <P < 0. 01, and for C and D

(FTris–HCl) 0.01 <P< 0.05.

Reaction time is 10 min.
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species were formed through oxidation of ferrous ions to

ferric ions under aerobic conditions (Eqs. (1)–(4)). The

rationale for the choice of this relatively simple system was

that the rate of oxidation of Fe2+ could be followed as a

function of the spectral change at 304 nm and controlled by

the phosphate concentration (see Materials and methods).

Eqs. (1)–(3) describe the formation of reactive oxygen

species in solutions of inorganic phosphate and ferrous ions.

However, the dependence for chelation of Fe2+ to phos-

phate is not shown in the simplified equations, and as shown

in the results, this is a rate-limiting step.

In Eq. (1B), the chelation of inorganic phosphate to Fe2+

is illustrated; however, the pKa for H2PO4
� and HPO4

2� are

7.2 and 12, respectively; thus, at pH 7.2, the ratio between

[HPO4
2� ]/[H2PO4

� ] is 1.0. As suggested from the results

presented in Fig. 6, there is a pH effect on the rate of

oxidation. For simplicity, reaction formulas without phos-

phate are presented.

Fe2þ þ O2 X Fe
3þ þ O�

2
S ð1Þ

ðFe2þðH2PO
�
4 ÞnÞ

ð2�nÞ þ O2 X ðFe3þðH2PO
�
4 ÞnÞ

ð3�nÞ

þO�
2
S ð1BÞ

2O�
2
S þ 2Hþ ! H2O2 þ O2 ð2Þ

Fe2þ þ H2O2 ! Fe3þ þSOHþ OH� ð3Þ

Fe2þ þ O2 ! Fe2þ � O2 ! Fe3þ þ O�
2
S ð4Þ

The oxidation of Fe2+ in complex with inorganic phosphate

can be described by reaction Eq. (1) [10,33]. The superoxide

(O2
.� ) formed in reaction Eq. (1) can produce H2O2 in the

dismutation reaction (Eq. (2)) [10,14,15,17,33]. The hydro-

gen peroxide-induced oxidation of ferrous ions will lead to

the formation of hydroxyl radicals (Eq. (3)) [19,34]. Based

on these reactions, for each .OH formed, a minimum of

three Fe2+ will be oxidized. For DNA in solution, ferrous

ions will bind to the phosphodiester leading to a localised

production of hydroxyl radicals as supported by the findings

of other researchers [21,24,25,35]. Eq. (4) illustrates the

possible intermediate formation of a perferryl complex [17].

For DNA, results have been published that suggest that

under aerobic conditions, DNA peroxyl radicals my react

with ferrous iron (Eqs. (5)–(7)) [35,36].

DNAþSOH ! DNAS ð5Þ

DNAS þ O2 ! DNAO2
S ð6Þ

DNAO2
Sþ Fe2þ þ Hþ ! DNAO2Hþ Fe3þ ð7Þ

The addition of phosphate ions has previously been

shown to significantly enhance the rate of oxidation of

Fe2+ [14,16,17], pointing out the dependence of inorganic-

or DNA-phosphate concentration on the rate of oxidation.

The rate of oxidation of Fe2+ correlated positively with the

inorganic phosphate concentration within the range exam-

ined, 0–1 mM (Fig. 1), and for oxidation of Fe2+ in so-

lutions of DNA-phosphate (Fig. 2) up to concentrations

equimolar to Fe2+ (0.1 mM). However, the rate of oxidation

of Fe2+ was seven times higher in the presence of DNA-

phosphate up to 0.1 mM than in inorganic phosphate (Fig.

3). To explain the mechanism for this significant (P < 0.001)

increase in the rate of Fe2+ oxidation by DNA-phosphate as

compared to inorganic phosphate, more work is needed, and

at this point, we can only verify the unique properties of the

complex between DNA-phosphate and Fe2+. A role of

DNAO2
. in the oxidation process (Eq. (6)) is not a likely

explanation to the high oxidation rate, as the yield of

DNAO2
. would be expected to be low compared to avail-

able chelation sites on DNA-phosphate.

Under the experimental conditions used, the rate of

ferrous ion oxidation was low until the complexing agents

were added (Figs. 1 and 2) and as presented in Fig. 4, the

absolute yield of Fe3+ formed during 10 min correlated with

the inorganic- and DNA-phosphate concentrations. The

correlation between the rate of oxidation and the DNA-

phosphate concentration (Fig. 3) at equimolar concentra-

tions of DNA-phosphate and Fe2+ (0.1 mM) provided

optimal conditions, and no change in rate was seen in

response to increased concentrations of DNA-phosphate.

Thus, all DNA-phosphate groups (0.1–1.0 mM) are avail-

able as chelators for Fe2+ . As the rate of Fe2+ oxidation

after about 300 s is not influenced by the DNA-phosphate

concentration (0–0.1 mM) (Fig. 2), it may be suggested that

the binding of Fe3+ for complexing sites on DNA-phos-

phate competes with the binding of Fe2+, due to the high

equilibrium constant (2.1�1014 M�1) reported for the

binding affinity of Fe3+ to DNA [37].

As expected, at a 5 to 10 times excess of DNA-phos-

phate, there was less competition for complexing sites of

iron, and almost all the Fe2+ was oxidised within 600 s to

yield Fe3+ (Figs. 2 and 4).

For inorganic phosphate, the positive correlation between

oxidation rates and phosphate concentration up to 10 times

excess of phosphate (highest tested) and the slower oxida-

tion rate at excess concentrations of inorganic phosphate

(Fig. 3), would suggest that the Fe2+ oxidation in inorganic

phosphate is favoured in complexes with several phosphate

molecules.

4.2. pH dependence for the rate of ferrous oxidation in

solution of inorganic phosphate

At pH 7.2, the ratio between [HPO4
2� ]/[H2PO4

� ] is 1.0,

and as shown in Fig. 5, increasing the pH to 7.6 in

inorganic phosphate solution increased significantly the
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rate of Fe2+ oxidation to the same rate as observed in

solutions of DNA-phosphate. At this pH, the ratio between

[HPO4
2� ]/[H2PO4

� ] has increased from 1.0 to 2.5, sug-

gesting that the oxidation is favoured by formation of the

Fe2+ complex with HPO4
2� . The difference in catalytic

activity may thus be explained by the degree of protoniza-

tion of the two types of phosphates. This is supported by

the increased binding constant of Fe2+ with HPO4
2� (3981

M�1) as compared to H2PO4
� (501 M�1) [38]. As

expected, the pH effect observed for oxidation of Fe2+ in

solutions of inorganic phosphate was not observed for

DNA-phosphate mediated oxidation of Fe2+, with a pKa

considerably lower than 7 for the DNA phosphodiester

(Fig. 6). However, at pH 8.1, the phosphate-dependent

oxidation rates of Fe2+ in both inorganic and DNA-phos-

phate (Figs. 5 and 6) were considerably increased only at

the lowest phosphate concentrations. As shown in Fig. 6,

there is also a pronounced spontaneous oxidation of Fe2+;

however, the possible interaction of the two processes has

not been studied in detail here.

4.3. Formation of 8-oxo-dG in solutions of dG and DNA in

presence of ferrous iron and phosphate

The formation of 8-oxo-dG in a solution of dG after

addition of ferrous ions has been reported previously

[30,39]. Floyd et al. [30] showed that in a solution of dG

in bicarbonate buffer, the addition of ferrous ions alone,

induced the formation of 8-oxo-dG. As the free radical

scavengers thiourea and ethanol effectively inhibited the

formation of 8-oxo-dG, while superoxide dismutase had

very little effect, it may be suggested that the reaction was

dependent on the formation of hydroxyl radicals. Analysis

by spin-trapping technique revealed that the DNA–Fe2+

complex enhanced the formation of .OH from H2O2 [21].

These data support the mechanisms for phosphate-Fe2+

produced oxygen radical species as outlined in Eqs. (1)–(3).

The positive correlation between phosphate concentra-

tion and the yield of 8-oxo-dG is shown in Fig. 7 and relates

to the phosphate-dependent increase in Fe2 + oxidation rate

(Fig. 3). The formation of H2O2 from a Fenton-type reaction

(Eqs. (1) and (3)) is the suggested mode of action in

presence of high concentration of phosphate (50 mM) since

the presence of catalase under these conditions efficiently

inhibited the formation of 8-oxo-dG in experiments with

either dG (94% inhibition) or calf-thymus DNA (93%

inhibition) in solution (see Results). Heat-inactivated cata-

lase did not inhibit the formation of 8-oxo-dG in solutions of

dG. In DNA, however, around half of the inhibition of 8-

oxo-dG formation in presence of catalase (see Results)

could be due to chemical scavenging of radicals, possibly

due to a protein–DNA interaction increasing the competi-

tion for the hydroxyl radicals formed. Further, in low

phosphate concentrations (0.5 mM) the hydroxyl radical

scavenger Tris–HCl decreased the yield of 8-oxo-dG in

solutions of dG significantly (69–71%) (Results and Table

2a), supporting the primary role of hydroxyl radicals. For

DNA-phosphate (0.5 mM), Tris–HCl decreased the yield of

8-oxo-dG to a lesser extent, only 6.4% with 0.1 mM Fe2+

and significantly (42%) with 0.2 mM Fe2+ (Results and

Table 2b). The lower scavenging effect of Tris–HCl, seen in

solutions of 0.5 mM DNA-phosphate without any inorganic

phosphate present, may possibly be due to a localized

production of hydroxyl radicals catalysed by the DNA-

phosphate–Fe2+ complex as suggested in reactions (1)–

(3). Under these conditions, the hydroxyl radicals would be

formed close to, and reacting with DNA instead of Tris–

HCl, this explaining the lesser efficiency of Tris–HCl to act

as a radical scavenger. Formation of a perferryl complex as

outlined in Eq. (4) would also be a possible explanation for

the decreased efficiency of Tris–HCl. However, the role of
.OH as the reactive species formed in the Fe2+ phosphate

induced formation of 8-oxo-dG (and not metal oxygen

complexes such as the ferryl ion, FeO2+ ) is supported by

electron spin resonance studies of the reaction of Fe2+ with

H2O2 [40].

The addition of inorganic phosphate (50 mM) to DNA-

phosphate (0.5 mM) increased the yield of 8-oxo-dG by

80% in 0.1 mM of Fe2+ while the corresponding increase

was 50% in 0.2 mM Fe2+ (Table 2b). Assuming that the

binding constant of Fe2+ to DNA-phosphate is in the range

of that for Fe3+ (2.1�1014 M�1), the orders of magnitude

lower binding constants for H2PO4
� and HPO4

2� (501 and

3981 M�1, respectively) would not be expected to change

the localisation of production of oxygen reactive species,

nor the types of oxygen species formed. However, the

significant effect of radical scavengers (Tris–HCl) seen in

the presence of 50 mM phosphate, and not in its absence

(Table 2b), as well as the effect of catalase (see Results),

seem to be contradictory to this assumption and rather in-

dicate the formation of radicals outside the DNA-phosphate

complex.

The marked increase of 8-oxo-dG in solutions of inor-

ganic phosphate in response to 50 mM phosphate (Table 2a)

is at least partly a consequence of that all the Fe2+ would be

estimated to be oxidised under these conditions relative to

the 60% in the presence of 0.5 mM phosphate (Fig. 4).

However, since the increase in the yield of 8-oxo-dG in dG

at high phosphate concentration (50 mM) is as much as five

times higher as compared to low phosphate concentration

(0.5 mM) (Table 2a), this would suggest that the oxidation is

favoured by the complexing of each ferrous ion with several

inorganic phosphate molecules, leading to an increased

initial rate of H2O2 formation and hydroxyl radical produc-

tion, and thus higher 8-oxo-dG formation.

4.4. Comparison of the effect of ferrous iron or radiation on

the formation of 8-oxo-dG in solutions of dG and DNA

Recently published data for radiation induced formation

of 8-oxo-dG showed that only a small fraction of the

hydroxyl radicals formed through radiolysis of water will
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lead to formation of 8-oxo-dG in solutions of dG [26]. The

yield of hydroxyl radicals from radiolysis of water was 0.28

Amol J� 1 [41], while the yield of 8-oxo-dG formed was

0.38� 10�3 Amol J� 1 [26]. Thus, only 0.14% of the .OH

formed leads to the formation of 8-oxo-dG in solutions of

dG. From the formulas given for the Fenton reaction (Eqs.

(1)–(3)), the highest theoretical yield of .OH from 0.1 mmol

Fe2 + would be 33 Amol, while the observed yield of 8-oxo-

dG in 50 mM phosphate buffer was 0.92 Amol (recalculated

from Table 2a), corresponding to 2.8% of the theoretical

yield of .OH produced. The relative yield of 8-oxo-dG per

unit .OH is thus around 20 times higher relative to the

radiation-induced response. The lower yield of 8-oxo-dG

in solutions of irradiated dG could be due to the formation of

other end products than 8-oxo-dG, as the relative yield of 8-

oxo-dG was only 0.3% of the total radiolysis of dG in

comparison to 14.9% for DNA (see Table 1 in Ref. [26]).

Thus, the reactive oxygen species formed through Fenton

chemistry would favour the formation of 8-oxo-dG relative

to the oxygen species formed in the process of radiolysis of

water.

The radiation-induced formation of 8-oxo-dG from DNA

was 7.7� 10�3 Amol J�1 [26]; thus, 2.8% of the .OH

formed led to the formation of 8-oxo-dG, a 20-fold higher

yield as compared to irradiated dG in solution [26]. The

observed yield of 8-oxo-dG in DNA-phosphate (0.5 mM) in

response to oxidation of 0.1 mmol Fe2+ was 0.04 Amol

(recalculated from Table 2b), corresponding to 0.12% of the
.OH theoretically produced and 23 times lower than the

corresponding yield in free dG. This can partly be explained

by the presence of the other three bases competing for the

reactive oxygen species. Based on the estimated yields of

oxidative species (.OH), the relative yield of 8-oxo-dG in

DNA from the Fenton reaction is several fold lower com-

pared to the yield observed from irradiation.

To explain these observations, further experimental work

is needed. Under conditions when hydroxyl radicals would

be expected to be produced randomly and react by diffusion

controlled mechanisms with the substrate, the dose–yield

relationships would be expected to be similar for radiation

and Fenton chemistry. The explanation for the higher yield of

8-oxo-dG in irradiated DNAversus the Fe2+ system could be

due to electron transfer reactions taking place in the irradi-

ated DNA favouring the formation of 8-oxo-dG [26].

5. Conclusions

The rate of ferrous ion oxidation under aerobic condi-

tions correlated positively with the phosphate concentrations

in solutions of inorganic or DNA-phosphate. Up to equi-

molar concentrations with regard to Fe2+ , the rate of

oxidation was significantly higher in solutions of DNA-

phosphate as compared to inorganic phosphate. The phos-

phate-mediated oxidation of ferrous ion leads to the for-

mation of 8-oxo-dG in solutions of dG or DNA and the

yield correlated positively with the yield of Fe3+ formed.

The localised production of reactive oxygen species in

solutions of DNA-phosphate was verified as addition of

the radical scavenger Tris–HCl did not significantly

decrease the yield of 8-oxo-dG.

The relative yields of 8-oxo-dG per unit Fe3+ formed

were significantly higher in solutions of dG in inorganic

phosphate as compared to DNA-phosphate solutions. Fur-

ther studies are needed to explain the large differences in

yields of 8-oxo-dG in the two model systems when exposed

to Fenton chemistry relative to radiation induced radical

reactions.
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