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Abstract Thymine hydroperoxide (5-hydroperoxymethylura-
cil) a model compound representing products of oxidative
damage to DNA, is a substrate for glutathione peroxidase and
some isoforms of glutathione transferase. In this paper, we show
that selenium-dependent human phospholipid hydroperoxide
glutathione peroxidase (Se-PHGPx) exhibits about four orders
of magnitude higher activity on thymine hydroperoxide than that
of other human enzymes such as selenium-dependent glutathione
peroxidase and various representatives of glutathione trans-
ferases. The results indicate that Se-PHGPx may be an
important enzyme in repairing oxidatively damaged DNA.
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1. Introduction

Cellular oxidative stress can result in severe metabolic dys-
functions, including peroxidation of membrane lipids and
DNA damage [1]. In DNA, thymine residues have the highest
electron affinity and therefore are the most likely sites of free
radical damage, giving rise to thymine hydroperoxide (Thy-
OOH) [2,3]. A number of protective enzymes including GPx
and some glutathione transferases (GSTs) can detoxify Thy-
OOH and DNA hydroperoxides by reducing them to their
corresponding alcohols in the presence of glutathione (GSH)
[4-8]. In this paper, we demonstrate that Se-PHGPx is about
four orders of magnitude more active in the reduction of Thy-
OOH than are other glutathione-dependent enzymes.

2. Materials and methods

Thymine hydroperoxide was prepared using H,O, according to [9].
The hydroperoxy group was measured by an iodometric assay [10]
and the extinction coefficient at 353 nm of thymine hydroperoxide is
6.8x10° M ' cm™'. The glutathione peroxidase activities of Se-
PHGPx and GSTs were measured by a coupled assay based on the
oxidation of NADPH by glutathione reductase [11] using 0.1 mM
Thy-OOH in 0.1 M Tris buffer (pH 7.4) 2 mM EDTA, 1 mM
NaNj; and 3 mM GSH. To check that the stoichiometry of reduction
of thymine hydroperoxide was equivalent to the oxidation of NADPH
in this assay, the reaction was performed under the same conditions
and the amount of NADPH oxidised was noted to be 0.05 mmol. The
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reaction mixture was then applied to an ODS2 column (25X 1 cm,
Capital HPLC, UK) connected to an HPLC run isocratically in water.
The thymine hydroperoxide and thymine hydroxide elute at the same
retention time, but the column separates other reaction components.
The fractions were collected from the HPLC and assayed using the
iodometric assay [10]. The decrease in the iodometric value relative to
standards of thymine hydroperoxide was 0.05 mmol, which is identical
to the oxidation of NADPH. This experiment confirms that the re-
duction of thymine hydroperoxide correlates stoichiometrically with
the oxidation of NADPH.

Human liver PHGPx was purified using ammonium sulphate pre-
cipitation, affinity chromatography on bromosulphophthalein-gluta-
thione-agarose, gel filtration and anion exchange chromatography ac-
cording to [12]. Human glutathione peroxidase was purchased from
Sigma (80 Units/mg protein, one unit catalyzes the oxidation by H,O,
of 1.0 umol of reduced glutathione to oxidized glutathione per min at
pH 7.0 at 25°C). V., and K, calculated by methods of Wilkinson
[13].

Purification of human GSTs Al-1, P1-1 and M1-1 (allelic variant b)
and the rat enzyme rGST T2-2 have been described previously [14—
17]. GST A2-2 [K. Svensson, M. Widersten and B. Mannervik, un-
published work] and GST A4-4 [I. Hubatsch, M. Ridderstrom, and B.
Mannervik, unpublished work] were expressed and purified essentially
in the same way as GST Al-1, while GST T1-1 [P. Jemth and B.
Mannervik, unpublished work] was obtained in a fashion similar to
that used for rGST T2-2. Briefly, cloned cDNAs encoding the differ-
ent GSTs were expressed heterologously in E. coli by growing bacteria
carrying expression vectors in 500 ml 2TY medium (16 g tryptone, 10
g yeast extract, 5 g NaCl and 50 pg ampicillin per litre). Expression of
recombinant protein was induced by adding 0.2 mM isopropyl B-p-
thiogalactopyranoside to the medium at ODgy=0.2—0.3. The cultures
were then incubated at 37°C in a rotary shaker overnight, and the
cells were harvested by centrifugation and disrupted by sonication.
GST isoenzymes of classes Alpha, Mu and Pi were purified on S-
hexylglutathione [18] or GSH [19] affinity columns prepared from
epoxy-activated Sepharose 6B (Pharmacia Biotech, Uppsala, Sweden).
Class Theta GSTs were purified by ion-exchange chromatography on
DEAE-Sepharose 6B and immobilized ferric ion affinity chromatog-
raphy [17] using Chelating Sepharose FF (Pharmacia Biotech). The
human GST T1-1 was also subjected to dye affinity chromatography
on Matrex Orange A gel (Amicon, Beverly, MA, USA). Protein con-
centrations were determined spectrophotometrically at 280 nm using
extinction coefficients obtained by amino acid analysis of the different
isoenzymes.

3. Results and discussion

Table 1 shows that Se-PHGPx and different GSTs exhibited
glutathione peroxidase activities towards Thy-OOH. Among
the human enzymes, GST M1-1, GST A4-4 and Se-GPx ex-
hibited no detectable activity. GST T2-2 from rat was the
most active isoenzyme of GST on Thy-OOH. Another rat
class Theta enzyme, rGST T1-1, has been shown to have
some activity with DNA hydroperoxide [§], and the corre-
sponding human enzyme hGST T1-1 also had a low activity
(Table 1). However, Se-PHGPx is by far the most active en-
zyme on Thy-OOH. Michaelis-Menten kinetics were followed
with K;; =0.17£0.02 mM and Vi, =1200+ 108 umol/min
per mg protein. Comparison of the specific activities of the
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Fig. 1. Repair of oxidatively damaged DNA hydroperoxide: reduction catalyzed by GST/Se-PHGPx and hydrolysis catalyzed by 5-hydroper-
oxymethyluracil DNA glycosylase. It is possible that the reduction of the hydroperoxide may occur before or after hydrolysis.

most active GST (rGST T2-2) with Se-PHGPx, shows that Se-
PHGPx is ~4000-fold more active than rGST T2-2. Meyer
and co-workers reported a contamination in their GPx prep-
aration with a specific activity of up to 1000 umol/min per mg
protein on DNA hydroperoxide [8], which we can now suggest
to have been Se-PHGPx. In view of the present results, it is
also possible that the activity reported by Christophersen [4]
should be ascribed to Se-PHGPx, an enzyme not yet discov-
ered at the time.

It is assumed that the first radical attack, in the presence of
oxygen, on the 5-methyl group of a thymine residue in DNA
gives a 5-hydroperoxymethyluracil residue [7]. Subsequently it
is reduced by glutathione-dependent enzymes, and then ex-
cised by S-hydroperoxymethyluracil DNA glycosylase (Fig. 1).

Se-PHGPx can also reduce phospholipid hydroperoxides,
cholesterol hydroperoxides and oxidized low-density lipopro-
teins [20,21] and recently we have shown that Se-PHGPx
plays a major role in the metabolism of hydroperoxy phos-
pholipids in cells [22]. Lipid hydroperoxides and aldehydes
formed during lipid peroxidation can react with DNA to
cause strand breakage and adduct formation [23-25], so that
Se-PHGPx diminishes the formation of lipid alkoxyl and per-
oxyl radicals through the reduction of lipid hydroperoxides to
the corresponding less reactive lipid hydroxides. Therefore Se-
PHGPx may protect against DNA damage at two levels: pre-
vention of the formation of DNA damage by removal of lipid
hydroperoxides and by directly repairing oxidatively damaged
DNA.

Se-PHGPx is present in almost all human organs and tis-

Table 1
Glutathione peroxidase activities of GPx, GSTs and PHGPx on
Thy-OOH

Enzyme Specific activity (Lmol/min per mg protein)
Se-PHGPx 461124 2

Se-GPx nd.b

hGST Al-1 0.007 £0.001

hGST A2-2 0.008 £0.003

hGST A4-4 n.d.

hGST M1-1 n.d.

hGST P1-1 0.011£0.001

hGST TI-1 0.009£0.003

rGST T2-2 0.120+0.022

2 800 pmol/min per mg protein using 0.5 mM Thy-OOH.

b (.18 umol/min per mg protein from Ref. [5] using 0.5 mM Thy-
OOH.

n.d., not detectable (<<0.002 umol/min per mg protein).

sues [26], but testes contain the highest levels [27,28]. In rat
testis nuclei, PHGPx is bound to chromatin [29]. The location
and large amount of PHGPx in testes suggest that Se-PHGPx
may play a very important role in maintaining the highly
fidelity of DNA replication in the reproductive organs.

In certain other organs, GSTs are very abundant. Although
GSTs have relatively low activities on Thy-OOH, the abun-
dance of many GST isoforms in many tissues (up to 5% of the
total soluble protein in liver [30]) suggests the role of GSTs in
protection against DNA damage may be important in tissues
where Se-PHGPx is low.
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