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ABSTRACT

Reactive oxygen species produce different lesions in
DNA. Among them, 7,8-dihydro-8-oxoguanine (8-oxoG)
is one of the major oxidative products implicated in
mutagenesis. This lesion is removed from damaged
DNA by base excision repair, and genes coding for
8-0x0G-DNA glycosylases have been isolated from
bacteria, yeast and human cells. We have isolated and
characterized the cDNA encoding the rat 8-oxoG-DNA
glycosylase (rOGG1). Expression of the cDNA in the
fgp mutY Escherichia coli double mutant allowed the
purification of the untagged rOGG1 protein. It excises
8-0x0G from DNA with a strong preference for duplex
DNA containing 8-0xoG:C base pairs. rOGG1 also acts
on formamidopyrimidine (FaPy) residues, and the Km
values on 8-oxoG and FaPy residues are 18.8 and
9.7 nM, respectively. When acting on an oligonucleotide
containing an 8-oxoG residue, rOGG1 shows a  [lyase
activity that nicks DNA 3 ' to the lesion. However,
rOGGL acts on a substrate containing an apurinic site
by a -0 elimination reaction and proceeds through a
Schiff base intermediate. Expression of rOGG1 in
E.coli fpg mutY suppresses its spontaneous mutator
phenotype.

INTRODUCTION
Reactive oxygen species (ROS), superoxidg-JOhydrogen

DDBJ/EMBL/GenBank accession no. AF029690

MutT (5). Fpg (or MutM protein) excizes FaPy and 8-oxoG
residues from DNA and possesses three different activities: it acts
as a DNA glycosylases), has an AP-nicking activity7] and
excises 5deoxyribose phosphate from damaged DR)ANIutY
corrects the 8-oxoG:A mispair by excising the A resi®ieand
MutT hydrolyzes 8-oxodGTP, present in the nucleotide pool, to
8-0xodGMP (0).

A human homologue of the.coli MutY (11), and humani(2)
and rat {3) homologues of the MutT protein have been cloned.
Recently, Fpg homologues have been cloned 8aotharomyces
cerevisiag(OGG1) (L4,15), human (hOGG1)16-20) and mouse
(mOGGL1) £0,21) cells. These proteins have no sequence similarity
with theE.coli Fpg protein, but contain a sequence element known
as the Helix-hairpin—Helix (H-h—H), Gly/Pro-rich-Asp motif,
which is essential for the recognition and the catalysis of the
substrate{2).

In this paper, we describe the cloning of the rat OGG1 (rOGG1)
gene, the purification and the catalytic properties of the rOGG1
protein that suppresses the mutator phenotyfmgyaohutYE.coli.

MATERIALS AND METHODS
Bacterial strains and enzymes

The mutY E.colimutant (BH980:CC104 mutY::kBhthe fpg
mutY double mutant (BH990:CC104 mutY:KanX:tefR
mutM::karR) and the purifiecE.coli uracil-DNA glycosylase,
Fpg and Nth proteins were obtained from Dr J. Laval (Institut G.
Roussy, Villejuif, France).

peroxide (HO,) and hydroxyl radicals (OH-) are potent oxidizing
agents. They are formed either in the cells by the mitochondri
redox chain, or externally by ionizing radiations, near-ultravioleA cDNA plasmid expression library established from rat
light, redox-active drugs and sensitizer dyes. ROS react with DNepatoma cells (H4 cells§) was amplified by PCR (Expand

to form genotoxic lesionsl), specially 2,6-diamino-4-hydroxy- Kit, Boehringer Mannheim) using primers corresponding to the
5-formamidopyrimidine (FaPy) and 7,8-dihydro-8-oxoguaniné&’ (5-GTC TGG GCG GGG TCT TTG GGCj3and 3 ends
(8-0x0G) Q). 8-OxoG also arises through the incorporation(5-GGA TGG GGA GAG AGA AGT GGG-3 of the hOGG1
during DNA replication, of 8-oxo-dGTP, formed by oxidation of cDNA (20). The ribosome binding site antba and BanH|
dGTP by ROSJ). 8-Oxo0G residues are mutagenic, as they giveestriction sites were introduced in amplification steps using the
rise to G- T transversions4)). In Escherichia colithe elimination  following primers: 5TGG ATC TAG AGG GCT GGA GGC

of 8-0x0G residues is mediated by three proteins, Fpg, MutY afdsC TAT CCA AAT G-3; 5-TGG ATC TAG AGG GCT GGA

g/'olecular cloning and sequencing
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AGG AGC TAT CCA AAT G-3; 5-GGA AAG GAT CCG TGA To measure the AP-nicking activity, we used a 34mer
CAT CTT TTG TCC CCT GGG C3 oligonucleotide containing an apurinic site at position 20 (Tgble
The 1.1 kb DNA fragment containing the rat OGG1 cDNA wasybridized to a complementary strand with a C opposite the
cloned into theXba-BanHI sites of the pET1la vector AP-site. It was prepared by incubating/@-labeled oligonucleotide
(Novagen, USA) and sequenced on both strands using an A&lintaining a single uracil residue in 50 mM HEPES pH 7.8, 100 mM
Prism 310 Genetic Analyzer. The nucleotide sequence KCI, 1 mM Na—EDTA and 5 mM3-mercaptoethanol with 5 ng
deposited in the GenBank database (accession no. AF02969@y. uracil-DNA glycosylase for 30 min at 3C. The substrate was
purified by phenol-chloroform extraction, precipitated with
Protein overexpression and purification ethanol and redissolved i@ (0.1 pmolil). The AP-nicking
activity was measured by incubating 0.3 pmol of this substrate
The rOGG1 cDNA was subcloned into the polycloning site of th@ith either the Fpg or the rOGG1 protein in buffer A (final
pAlter-Ex2 plasmid (Promega, USA), under the control of the tagolume 30ul) for 10 min at 37C. The samples were analyzed as
promoter. The resulting fragment (1.2 kb) was subcloned into thscribed above.
EccRI-Hindlll sites of the pBluescript plasmid (Stratagene, USA) The activity on formamidopyrimidine residues was measured
producing the pPBROGG plasmid. BH980coli harboring the by incubating, for 15 min at 3T, the rOGG1 protein with
PBROGG plasmid were grown at3Zin LB medium until Aoo  poly(dG.dC) containing3H]FaPy residues, prepared as described
= 0.9, then grown for an additional 3 h in the presence of IPT@M& in buffer A (final volume 10Q1l). After ethanol precipitation,
(1 mM final concentration). The cells were harvested, washed afife PH]FaPy residues liberated were characterized by separation

suspended in 50 ml of buffer A (50 mM HEPES-KOH pH 7.6y HPLC @4) and quantitated by liquid scintillation counting.
1 mM EDTA, 5 mM B-mercaptoethanol and 5% glycerol)

containing 250 mM NaCl, 1 mM PMSF and 0.1% Triton X-100.pNA trapping assays

After addition of lysozyme (0.2 mg/ml final concentration), the

suspension was incubated for 10 min @ 0then for 15 min at  Reactions were performed (final volume @0 in a buffer
37°C and 10 min at —AT. This freezing—thawing cycle was containing 0.5 mM Ng2OQ, pH 7.8, 1 mM EDTA, 100 mM
repeated twice. After centrifugation (30 GPr 30 minat2C),  NaBHs, 0.3 pmol of 32P-labelled double-stranded apurinic
the supernatant (fraction I, 50 ml) was loaded on a QMA aniopligonucleotide and either the FPG or rOGG1 protein. After 10 min
exchange column (Water ACELL:50 ml bed volume), washethcubation at 37C, SDS (0.5% final concentration) was added
and equilibrated with buffer A containing 250 mM NaCl. Underand the samples heated to’60for 10 min. The samples were
these conditions, the 8-oxoG glycosylase activity was nd@aded on 15% polyacrylamide—0.1% SDS gels run at 2Q6)V (
retained and was separated from the bulk of nucleic acids (fraction

Il = 120 ml). Fraction Il was dialyzed against buffer A containingMutation frequency in E.coli

100 mM NaCl and applied to an SP-Trisacryl-M column (IBF'LKBEH 980 and BH 996 .colistrains were transfected either with the

25 ml bed volume) equilibrated with the same buffer. The 8-oxo : . :
glycosylase activity was eluted with a linear gradient of Na BROGG or with the control pBluescript plasmids. About

(100-600 mM in buffer A). The active fractions eluted al 000 cells were inoculated in LB broth containing [igiml

300-350 mM NaCl. They were pooled (fraction Ill), diluted in anamycin, 10‘1!9’ ml ampicillin and 2319/ ”?' tet_racyqlipe, if.
buffer A to 50 mM NaCI and loaded on a monoS HI’?5/5 columA€cessary. Mutations were analyzed by counting rifampicin-resistant
cl colonies on agar plates containing rifampicin (1@@ml) and

(Pharmacia) equilibrated with buffer A containing 50 mM Na ctose revertant colonies on minimal lactose (0.2%) agar plates
The column was eluted with a linear NaCl gradient (50-600 mI\/'? 7o) agarp ’

and the active fractions recovered at 230-280 mM NacCl.
RESULTS

Enzyme assays Cloning of the rat 8-oxoguanine-DNA glycosylase

The 8-0x0G-DNA glycosylase activity was measured using abhe rat cDNA obtained by amplification of the cDNA library was
substrate a 34mer oligonucletide containing an 8-oxoG at positisequenced. The cDNA (1.035 kb) contains an open reading frame
20 (Tablel), 5-labelled with {-32P]JATP and T4 polynucleotide encoding a 345 amino acid protein, which shows extensive
kinase, then hybridized to complementary sequences with mmology with the human and mouse OGGL1 proteins. The rat
cytosine, guanine, thymine or adenine opposite 8-0xoG, by heatipgptein (rOGG1) is a 38 686 Da protein, as deduced from the
at 70°C for 10 min. The assay mixture contained (final volumenucleotide sequence, with a calculated isoelectric point of 8.86.
100pl) 70 mM HEPES pH 7.5, 2 mM NaEDTA, 100 mM KCI It contains the characteristic H-h—H DNA binding domain, and
(buffer A), 100 fmol32P-oligonucleotide and either Fpg or the conserved lysine and aspartic acid residues present in the
rOGG1 protein. After 15 min at 3T, the reaction was stopped proposed active site of the hOGG1 prote2)( A putative

by adding formamide-dye loading buffer and heating for 5 min atuclear localization signal (PAKRKKGRG) is located in the
95°C, then the products were separated by 20% denaturing PA@Eterminal region of the protein (positions 342—348).

containing 7 M urea. They were quantified using an Instantimager

(Packard). Substrate specificity of rOGG1

The rOGG1 protein cleaves a double-stranded 8-oxoG-containing
oligonucleotide, releasing a product with a mobility slightly
different from that released by thecoli Fpg protein (Figl1A).

It shows a low activity on a single-stranded substrate, corresponding
5'AAATACATC GTCTGG G U CATGTTIGCAGATCC3 to <10% of the activity measured on an 8-oxoG:C substrate

Table 1.0ligonucleotides used as substrates

5’ AAA TAC ATC GTC TGG G8-0xoGC ATG TTG CAG ATC C 3
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Figure 1. Nicking of 8-oxodG containing oligonucleotide by rOGG1. The
32p_|abelled oligonucleotide containing a single 8-oxodG residue opposite C Figure 3. Comparison of the products generated by the rOGG1 and the Fpg
was incubated with the rOGG1 or Fpg proteins for 15 min &C37 proteins. Lanes 1-4, the 8-0xoG:C oligonucleotide was incubated alone (lane 1),
(A) Double-stranded oligonucleotide incubated alone (lane 1) or with 10 ng or with 10 ng Fpg protein in the absence (lane 2) or presence (lane 3) of 15 mM
Fpg protein (lane 2) or 80 ng rOGG1 protein (lane B). gingle-stranded MSH, or with 80 ng rOGGL1 protein (lane 4). Lanes 5-10, the oligonucleotide
oligonucleotide incubated alone (lane 1) or withi@ZFpg (lane 2) or 1.fg containing an apurinic site was incubated alone (lane 5), or with 0.2 M NaOH
rOGGL (lane 3) protein. for 15 min at 37C (lane 6), with 10 ng Fpg protein in the absence (lane 7) or
presence (lane 8) of 15 mM MSH, with 80 ng rOGG1 protein without (lane 9)
or with (lane 10) 15 mM MSH. Samples were analyzed as described in
Materials and Methods. a, position of the unmodified 34mer duplex; b and c,

g 4 a B position of theB- andd-elimination products, respectively.
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Figure 2. Substrate specificity of rOGG1. The rOGG1 protein (80 ng) was

incubated with 8-0x0G:C, 8-0x0G:G, 8-0x0G:A or O-oxoG:T duplexes for

15 min at 37C, and the reaction products analyzed and quantified as describedrigure 4. Borohydride trapping analysis of rOGG1 and Fpg proteins. The

in Materials and Methods. 32p_labeled oligonucleotide containing an apurinic site was incubated without
protein (lane 1), with the Fpg protein in the presence of 0.1 M NaCl (lane 2) or
0.1 M NaBH; (lane 3), or with the rOGGL1 protein in the presence of 0.1 M NaCl

(Fig. 1B). rOGG1 cleaves efficiently an oligonucleotide containig (ane 4) or 0.1 M NaBki (lane S). The oligonucleotide was incubated with
8-0x0G:C, but when the complementary strand contains a G or &egtg:ggg;‘g ,%A%mg'dzt 8%, then the samples were analyzed as described
A opposite the 8-0xo0G residue, there is no significant activity. A '

slight enzymatic activity is detected when there is a T opposite the

lesion (Fig.2). The activity of rOGG1 protein on poly(dG.dC) site, the mechanism is differentBad-elimination reaction occurs,
containing FaPy residues was measured. This substrate is cleags@bserved in the case of the Fpg protein3Fignes 5-10). Since
efficiently by the rat protein: thé€, values are 18.8 and 9.7 nM, rOGG1 generates &elimination product in the absence of
using as substrates the 8-0xoG:C oligonucleotide or the Fapymercaptoethanol (Fi@, lane 9), this shows that our preparation

substrate, respectively. is not contaminated by tHe.coli Nth protein that would have
generated &-elimination product.
Mechanism of action of the rOGG1 protein To determine whether the rOGG1 activity requires the formation

. . . _ o of a Schiff base, trapping assays in the presence of borohydrate
TheE.coli Fpg protein excises the 8-0xoG residues yielding afjere performed. The results show the formation of a complex
abasic site and then nicks the DNA at AP site throu@hda  petween the labelled oligonucleotide containing an AP-site and
elimination reaction. Th&-elimination can be partially suppressed gjther the Fpg or the rOGG1 protein (. The two complexes

in the presence of3-mercaptoethanol. Incubation of the migrate at different rates , as expected from the molecular weights
8-0x0G:C oligonucleotide with the rOGGL1 protein yielded & the respective proteins.

product migrating as thgelimination product formed by the Fpg

protein (Fig3, lanes 1-4), suggesting that the rOGG1 protein ac ; :

as a glycosylase and that this step is followed by incision of tr:éeuppressmn of thek.coli mutator phenotype
oligonucleotide via aB-elimination mechanism. When the The fpg mutYBH990 double mutant has a high spontaneous
rOGGL protein acts on an oligonucleotide containing an apurinioutation rate that can be measured by the appearance of
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rifampicin-resistant and lactose revertants colonies, in comparisonThe rOGG1 cDNA will allow to modulate the expression of
with themutYBH980 mutant. To measure the ability of rOGG1this gene in cells vitro and to determine the contribution of the

to suppress the mutator phenotyp&gfmutY E.colithe double protein to the cellular resistance to the toxic and mutagenic effects
mutant was transformed with the pPBROGG plasmid. Controlsf oxidative DNA damage.

were performed by transforming BH980 and BH&6oli with

the pBluescript plasmid. Expression of rOGG1 reduces the

number of spontaneous rifampicin-resistant and lactose reverta

mutation frequencies in BH990R0- and 60-fold, respectively RIEKNOWLEDGEMENTS

(Table2). _
This work was supported by Grants from INSERM, CNRS and
_ _ ' Association pour la Recherche sur le Cancer (ARC, Villejuif).
Table 2. Antimutator effect of rOGG1 cDNA ifpg, mutYE.coli M.J.P.A. was supported by a post-doctoral fellowship from the
Ministry of Education and Culture of Spain. We thank Dr Jun
Mutation frequency Yokota for communicating results prior to publication.
RifR (x108) Lact (x108)
BH980/pBluescript 48+1.6 55+1.3
BH990/pBluescript 213872 949.4+ 95.9 REFERENCES
BH990/pBROGG 10.6+ 3.7 15.4+ 4.3
1 Dizdaroglu,M. (1992Mutat. Res 275 331-342.
2 Boiteux,S., Gajewski,E., Laval,J. and Dizdaroglu,M. (1®@ghemistry

The mutation frequencies were calculated from 10 independent cultures. 31 106-110

Hayakawa,H., Taketomi,A., Sakumi,K., Kuwano,M. and Sekiguchi,M.
(1995)Biochemistry34, 89-95.
Cheng,K.C., Cahill,D.S., Kasai,H., Nishimura,S. and Loeb,L.A. (1992)
J. Biol. Chem, 267, 166-172.
DISCUSSION 5 Taijiri, T., Maki,H. and Sekiguchi,M. (1998)utat. Res 336 257-267.

6 Boiteux,S., O'Connor,T.P., Lederer,F., Gouyette,A. and Laval,J. (1990)

i i i J. Biol. Chem, 265 3916-3922.
erﬁi Eg\g:zglﬁzgﬂ ftlr{:li Lag e(?]%(jércs)l\ldﬁcceo; In%%oi r%r&taem i(?]f 3457 O’Connor,T.P. and Laval,J. (1989)oc. Natl Acad. Sci. US86, 5222-5226.
. p g . . . 8 Graves,R.J., Felzenswalb,l., Laval,J. and O’'Connor,T.P. (198R). Chem,

order to prevent any contamination by the bacterial Fpg protein. 267 14429-1443s.
The protein that we have partially purified was not His-tagged in9 Michaels,M.L., Cruz,C., Grollman,A.P. and Miller,J.H. (199®)c. Natl
order to avoid possible interferences when investigating its ?Acakt_‘-HSC'- gssﬂslf; 70ﬁ2|\—ﬂ7czigém e 355 273275

H : H H akl,H. an eKigucnl,vi. ature —. .
mechanism o_f action. The rOGG1 protein shares a high sequerce Slupska, V.M., Bagijkalov,c., Luther WM., Chiang.J.H.. Wei,Y.F. and
homology with the human and mouse OGG1 proteins and jijery.H. (1996). Bacteriol, 178 3885-3892.
contains the proposed active site motif of the base excision repair sakumi,K., Furuichi,M., Kakuma,T., Kawabata,S., Maki,H. and
glycosylases/lyase&%). It acts on an oligonucleotide containing  Sekiguchi,M. (1993). Biol. Chem, 268 23524-23530. _
an 8-0xo0G residue as an 8-oxoguanine-DNA glycosylase and &h fsal'zjéié K233k5“0ma’T~’ Tsuzuki,T. and Sekiguchi,M. (1€g8Finogenesis
AP-lyase via ap-elimination reaCt,Io,n' and shows a Stronglél Auffret Van Der Kemp,P., Thomas,D., Barbey,R., de Oliveira,R. and
preference for duplex DNA containing 8-0xoG:C base pairs. Boiteux,S. (1996proc. Natl Acad. Sci. USA3, 5197-5202.
However, when the rOGGL1 protein acts on an oligonucleotides Nash,H.M., Bruner,S.D., Scharer,0.D., Kawate,T., Addona,T.A.,
containing an AP site, it acts througB-&-elimination reaction. Spooner,E., Lane,W.S. and Verdine,G. (1996ir. Biol., 6, 968-980.

; ; ; ; 6 Radicella,J.P., Dherin,C., Desmaze C., Fox,M.S. and Boiteux,S. (1997)
This mechanism is different from that of the human enzym& Proc. Natl Acad. Sci. US/84 8010-8015.

which cleaves an abasic site containing DNA Byedimination 17 Roidan-Arjona,T., Wei,Y.F., CarterK.C., Klungland,A., Anselmino,C.,
mechanism similar to that observed for Eeoli Nth protein Wang,R.P., Augustus,M. and Lindahl, T. (1997)c. Natl Acad. Sci. USA
(27). rOGG1 acts as thé&.coli Fpg protein, forming an 94, 8016-8020.

enzyme—-DNA Schiff base intermediate that is reduced by sodiutfi AraiK., Morishita K., Shinmura K., Kohno, T., Kim,S.R., Nohmi,T.,
y y Taniwaki,M., Ohwada,S. and Yokota,J. (19@%)cogenels, 2857-2861.

bomhydr!de to yield a covalent complex. rOGG1 releases alﬁf@ Aburatani,H., Hippo,Y., Ishida,T., Tahashima,R., Matsuba,C., Kodama,T.,
FaPy residues from a FaPy poly(dG.dC) substrate, as reported for takao,M., Yasui,A., Yamamoto,K., Asano,M., Fukasawa,K., Yoshinari,T.,
the hOGGL1 protein2(7). Inoue,H., Ohtsuka,E. and Nishimura,S. (199@cer Res57, 2151-2156.

A mitochondrial endonuclease that recognizes oxidative dama%@ Lu,R., Nash,H.M. «’?]ndeerdlne,G- (19&171')'”- Biol., 7, 397-407-|
has been isolated from rat liver mitochond@&)( This protein %% Sgﬁ@:gﬂﬁigz_?%f"'l)'o' and Grollman,A. (199c. Natl Acad.
removes 8-o0xoG _residues from_DNA z_amd incises prefer_entiallyz Nash H.M.. LuR., Lane,W.S. and Verdine G.L. (190@r. Biol., 4,
8-0x0G:C base pairs. However this protein does not recognize FaPy 693-702.
residues and is therefore probably different from the rOGG1 protei? O’ColnnO(r,T.P. ﬁndl L_aval,_Fd (199BMBO J, 9, 3337-3342,

8-Ox0G residues are implicated in cancer and agiflgThey 24 LavalF. (1994Nucleic Acids Res22, 4943-4946.
are handled if.coli by three proteins, Fpg, MutY and MutM, the 2° éfg?ﬁgﬁﬂ{étfy%pf??g”_'\?;G“Q_""tray'T"]" Greenberg,M.M. and Laval,J. (1998)
‘GO system’, and the mouse and human counterparts of these NakaiK. and Kanehisa,M. (1998pnomics14, 897-911.
proteins have been cloned. The rat homologue of MutT, whic?v Bjoras,M., Luna,L., Johnsen,B., Hoff,E., Haug,T., Rognes,T. and
hydrolyzes 8-oxoGTP from the nucleotide pool, has been cloned Seeberg.E. (199BMBO J, 16, 6314-6322.

: F 28 Croteau,D.L., ap Rhys,C.M.J., Hudson,E K., Dianov,G.L.,Hansford,R.G.
and characterized1®). The rOGG1 protein is therefore the and Bohr\V.A. (1997). Biol. Chem 272, 2733827344,

second activity identified that is implicated in the elaboratgg pmesp.N. Shigenaga,M.K. and Hagen,T.M. (1988F. Natl Acad. Sci.
system of defenses of organisms against oxidative damage. USA 90, 7915-7922.

w

S



