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ABSTRACT. The Oggl protein oSaccharomyces cerisiae belongs to a family of DNA glycosylases and
apurinic/apyrimidinic site (AP) lyases, the signature of which isctHeelix—hairpin—a-helix—Gly/Pro—

Asp (HhH-GPD) active site motif together with a conserved catalytic lysine residue, to which we refer as
the HhH-GPD/K family. In the yeast Oggl protein, yOggl, the HhH-GPD/K motif spans residues 225
260 and the conserved lysine is K241. In this study, we have purified the K241R and K241Q mutant
proteins and compared their catalytic and DNA binding properties to that of the wild-type yOggl. The
results show that the K241R mutation greatly impairs both the DNA glycosylase and the AP lyase activities
of yOggl. Specificity constants for cleavage of a 34mer oligodeoxyribonucleotide containing a 7,8-dihydro-
8-oxoguanine (8-OxoG) paired with a cytosine, [8-Ox6F are 56x 1072 and 5x 1073 min~t nM~!

for the wild-type and the K241R protein, respectively. On the other hand, the K241Q mutation abolishes
the DNA glycosylase and AP lyase activities of yOggl. In contrast, the K241R and K241Q proteins have
conserved wild-type DNA binding propertiel§gapp Values for binding of [8-Oxo@&C] are 6.9, 7.4, and

4.8 nM for the wild-type, K241R, and K241Q proteins, respectively. The results also show that AP site
analogues such as 1,3-propanediol (Pr), tetrahydrofuran (F), or cyclopentanol (Cy) are not substrates but
constitute good inhibitors of the wild-type yOggl. Therefore, we have used a 59me€j fRiplex to

further analyze the DNA binding properties of the wild-type, K241R, and K241Q proteins. Hydroxyl
radical footprints of the wild-type yOggl show strong protection of six nucleotides centered around the
Pr lesion in the damaged strand. On the complementary strand, only the cytosine placed opposite Pr was
strongly protected. The same footprints were observed with the K241R and K241Q proteins, confirming
their wild-type DNA binding properties. These results indicate that the K241Q mutant protein can be
used to study interactions between yOggl and DNA containing metabolizable substrates such as 8-OxoG
or an AP site.

Reactive oxygen species (ROSjormed in cells as presumably causes mutations that can activate oncogenes or
byproducts of aerobic metabolism or during oxidative stress inactivate tumor suppressor genes that control cell prolifera-
have been suggested to play a role in biological processegion (7). An oxidatively damaged form of guanine, 7,8-
such as carcinogenesis or agidg-4). ROS can attack DNA,  dihydro-8-oxoguanine (8-Ox0G), is critical in terms of
producing a multiplicity of lesions such as oxidized bases, mutagenesis by endogenous RB@39). In most organisms,
apurinic/apyrimidinic (AP) sites, and strand breaks ). the repair of 8-OxoG is primarily mediated by the base
In the case of cancer, unrepaired oxidative DNA damage excision repair (BER) pathwayl(—12). The first step in
the course of BER is the excision of the damaged base by a
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Table 1: Sequences of Oligodeoxyribonucleotides Used as DNA Probes in Thig Study

name seguence
34mer G 5GGCTTCATCGTTGTGCAGACCTGGTGGATACCG- 3
34mer A 3-GGCTTCATCGTTGTACAGACCTGGTGGATACCG-3
34mer U/AP 5GGCTTCATCGTTGTAWCAGACCTGGTGGATACCG-3

34mer 8-Oxo®
34mer 8-OxoAR

5-GGCTTCATCGTTGT®-OxoGCAGACCTGGTGGATACCG-3
5'-GGCTTCATCGTTGT®B-OxoACAGACCTGGTGGATACCG-3

34mer C 5CGGTATCCACCAGGTCTEGACAACGATGAAGCC-3

34mer A B-CGGTATCCACCAGGTCT@AGACAACGATGAAGCC-3

13mer G 5-CTCTTTGTTTCTC-3

13mer Pt 5-CTCTTTPITTTCTC-3

13mer F 5-CTCTTTFTTTCTC-3

13mer Cy 5-CTCTTTCYTTTCTC-3

13mer C 5GAGAAA CAAAGAG-3'

59mer G 5AGCTTACTCTAGAAGAATTCTCACTCTTTGTTTCTCACTGGATCCACAGATATCACACA-3
59mer Pt 5-AGCTTACTCTAGAAGAATTCTCACTCTTTPITTTCTCACTGGATCCACAGATATCACACA-3
59mer C 5ATGAGATCTTCTTAAGAGTGAGAAA CAAAGAGTGACCTAGGTGTCTATAGTGTGTTCGA-3

aPr, 1,3-propanediol; F, tetrahydrofuran; Cy, cyclopentanol; G, guanine; A, adenine; C, cytosine; U, uracil; AP, AP site. If not specified,
oligodeoxyribonucleotides are of commercial origin (OLIGO-Express, P&rid)ese oligodeoxyribonucleotides are a gift of Drs. A. Guy and J.
Cadet (CEA, Grenoble)s(). ¢ These oligodeoxyribonucleotides are a gift of Dr. J. L. Fourrey (CNRS, Gif sur Yvetf) (

of 8-OxoG from damaged DNA1S, 16). Furthermore, properties. These purified proteins were required to determine
Oggl-deficient strains @. cereisiaeexhibit a spontaneous  specificity constants k{/Ky) and apparent dissociation
GC to TA mutator phenotypely, 18). Using the yOggl constantskqapp for substrates containing or not containing
sequence, groups from several laboratories were able tooxidative DNA damage. Furthermore, hydroxyl radical
retrieve human and mouse cDNAs coding for proteins footprint analysis was performed for the first time with the
showing a strong sequence similarity with the yeast Oggl wild-type, K241R, and K241Q yOgg1l proteins bound to a

(19-25). 59mer [PrC] duplex. Taken together, the results reported
The OGGlgene ofS. cereisiaeis localized on chromo-  in this study show that the K to Q mutation at position 241

some Xlll and codes for a 43-kDa protein, yOggl, which completely abolishes the catalytic properties of yOggl,

excises 8-Ox0G, 2,6-diamino-4-hydroxy-8-(nethylform- whereas the DNA binding properties are preserved. Since

amido)pyrimidine (Me-FapyG) and 2,6-diamino-4-hydroxy- the K241Q protein binds to damaged DNA as does the wild-
5-formamidopyrimidine (FapyG) from damaged DNAS( type protein, it may be used as a new approach to dissect
16, 26, 27). Furthermore, the yOggl protein efficiently the interactions between HhH-GPD/K repair enzymes and
removes 7,8-dihydro-8-oxoadenine (8-OxoA) placed opposite DNA containing metabolizable base damage such as 8-OxoG
a cytosine or a 5-methylcytosine in oligodeoxyribonucle- or an AP site.
otides £8). Moreover, the yOggl protein is also endowed
with an AP lyase activity that incises DNA at preformed MATERIALS AND METHODS
AP sites in DNA via af-elimination reaction 15, 16). . .
However, cleavage at an AP site requires the presence of a. DNA and_ Other Ma’genal_sSequences .Of the_ oligodeoxy-
cytosine in the complementary strand opposite to the lesion nbonuclgotldes.used n th's study are listed in Taple 1 )
(27). The yOggl protein also possesses a deoxyribophos- B_acterlal Strains, Plasmlds,.and Enzymes. Escherichia coli
phodiesterase (dRPase) activity that releaseiedxyribose  Strain BH4101{pg") and plasmids pYSB160, pYSB161, and
phosphate residues after incision of AP sites by the Nfo PYSB162 expressing wild-type, K241R, and K241Q proteins
protein ofE. coli (29). The catalytic mechanism of the yOgg1 Were from our laboratory stocT). Uracil DNA glycosylase
protein involves the formation of a transient covalent imino rom E. coliwas purified from an overproducing strain (our
enzyme-DNA intermediate, presumably between thilH, laboratory stock).
group of lysine 241 and the Cbf the abasic sugar moiety Purification of yOggl ProteinsWild-type and the two
(16, 27). The critical role of lysine 241 is suggested by its mutant yOgg1 proteins were purified from IPTG-indu¢ed
location at position two of the secondhelix of the highly ~ coli cells BH410 {pg") harboring plasmid pYSB160,
conserved HhH-GPDu¢-helix—hairpin—a-helix—Gly/Pro— PYSB161, or pYSB162, respectively. For each preparation,
Asp) motif (16, 30). Indeed, the yOgg1 protein belongs to a about 10 g of cells (w/w) were collected, lysed, and purified
class of DNA glycosylases/AP lyases sharing an ancestoras previously describe@T7). Wild-type and K241R proteins
gene with endonuclease Il &. coli, to which we refer as  were purified by using the release of Me-FapyG frot]f
the HhH-GPD/K class. On this basis, lysine 241 of yOggl Me-FapyG-poly(dG-dCpoly(dG-dC) as an activity assay
was used as a target for site-directed mutagenesis to generaté31). The K241Q protein purification was followed by SBS
K241Q and K241R mutant proteind§ 27). Preliminary PAGE analysis and immunoblotting with purified anti-yOgg1l
studies using cell-free protein extracts Bf coli overex- ~ antibodies BCE-16912(). The protein solutions were
pressing K241R and K241Q mutants indicated an essentialadjusted to 1 mg/mL in 25 mM Tris-HCI, pH 7.6, 2 mM
role of K241 for cleavage but not for binding of 8-OxoG- N&EDTA, 250 mM NacCl, and 50% glycerol (v/v) and stored
containing substrate®7). at —20 °C. Protein concentration was measured according
In this study, we have purified the wild-type yOggl and to the Bradford method3).
two mutant proteins, K241R and K241Q, to perform a  DNA Glycosylase Actity Assays8-OxoG DNA glyco-
quantitative analysis of their catalytic and DNA binding sylase activity: Reaction mixture (28.) contained 25 mM
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Tris-HCI, pH 7.6, 100 mM KCI, 30 pmol of 34mer [8-OxaG  °C for 3 h. The gel was fixed and dried on 3MM Whatman
C] duplex, and yOgg1l protein. The reaction was carried out paper and exposed for autoradiography on X-ray film (Fuji)
at 37 °C for 30 min. The products of the reaction were at —80 °C. The percentage of free and bound DNA was
separated by HPLC and detected with electrochemical quantified after scanning of the autoradiographs by use of
detection (ECD) as describetld). Me-FapyG DNA glyco- the NIH V1.59 software 33, 34). Assuming a 1:1 stoichi-
sylase activity: Reaction mixture (30.) contained 25 mM ometry between the monomeric yOgg1l protein and the DNA
Tris-HCI, pH 7.6, 100 mM KCI, {H]-Me-FapyG-poly(dG- probe, an apparent dissociation constafzp, can be
dC)-poly(dG-dC) (1.5 pmol ofJH]-Me-FapyG), and yOggl calculated from the concentrations of free yOgglyOgg1],
protein. The reaction was carried out at 37 for 30 min. free DNA = (f), and bound [DNA-yOgg1] complex= (1
Ethanol-soluble radioactive material was quantitated and the— f) at equilibrium: Kgapp = [yOgg1]f)/(1 — f).
chemical nature of this material was monitored by HPLC  |f the total concentration of protein [yOggilif close to
(31). One unit releases 1 pmol of Me-FapyG or 8-OxoG in that of the free [yOggl] at equilibrium, then th€iapp =
15 min at 37°C. [yOgglh when 50% of the DNA is bound by the protein.
Cleavage of [8-OxoGC], [8-OxoAC], or [AP-C] Du- Hydroxyl Radical Footprinting.Binding assays were
plexes. Oligodeoxyribonucleotides (34 mers) containing caried out as follows: 40 nM of purified®nd F2P]-labeled
8-Ox0G or 8-OxoA were a kind gift of Drs. A. Guy and J.  59mer [GC] or [Pr-C] duplexes were incubated for 30 min
Cadet (CEA, GrenObIE) (Table 1) The DNA strand contain- at 4°C with 0,0.2,0.4, or O&M yoggl protein in 25 mM
ing 8-Ox0G, 8-Oxo0A, or uracil was labeled at theemnd TriS-HC', pH 7.6, 175 mM NaCI, 1 mM NEDTA, 1 mM
with [y-*?P]JATP (3000 Ci/mmol, ICN) and T4 polynucle- gjthiothreitol, and 30Qug/mL BSA. Hydroxyl radical foot-
otide kinase (New England Biolabs3). The F?P]-labeled  pinting was performed as follows: Q. of binding reaction
strand was hybridized with a complementary sequence yas incubated for 2 min at room temperature withL3of
yielding [8-OxoGC], [8-OxoA-C], or [U-C] duplexes (Table 5 fresh and cooled solution containing 0.1%04 6.7 mM
1). To generate an AP site, {J] duplex was incubated with ascorbate, and 0.1 mM [Fe(EDTA)][0.2 mM (NH,),Fe-
uracil DNA glycosylase, yielding the [AR] duplex @7). (SQY)»6H,0 and 0.4 mM NgEDTA] in order to produce a
The assay mixture (20L) contained 25 mM Tris-HCl, pH  Fenton reaction 35, 36). Reactions were quenched by
7.6, 100 mM KClI, 50 fmol of {%P]-labeled [8-Ox0@LC], addition of 1.8uL of a stop solution containing 80 mM
[8-Ox0A-C], or [AP-C] duplex, and yOggl protein. The  ihinyrea and 13 mM NEDTA. These experimental condi-
reactions were performed at 3C for 15 min and stopped  {jons were determined to obtain less than one strand break
by adding 6uL of formamide dye (90% formamide, 0.1%  er DNA molecule. Samples were precipitated with cold
bromophenol blue, 0.1% xylene cyanol, and 5 mMaNa  gthanol, washed with 70% ethanol, treated for 30 min at 90
EDTA) and heating for 5 min at 9%C. For [ARC] cleavage ¢ jn 1 M piperidine, dried, and analyzed by electrophoresis
reaction, the stop buffer was supplemented with 50 mM on 5 denaturing polyacrylamide sequencing gel [8% acryl-
NaBH,; to stabilize unreacted AP sites. The products of the amide:bisacrylamide (19:17 M urea]. Gels were fixed,
reactions were separated by 20% PAGE contgifiiM urea.  gried, and scanned with a Molecular Dynamics Phosphor-
Cleavage was quantified with a Molecular Dynamics Phos- |nager. Densitometer scans of each lane were done with
phorimager. For kinetic studies, the yOgg1 protein was added|nageQuant software and the normalized densitometer scans

to the reaction mixture and allowed to proceed afG7or obtained were plotted with Microsoft Excel softwa@sy.
2 and 4 min. The initial reaction rate was plotted versus

substrate concentratioiy and Viyax Values were derived RESULTS
from a computer-fitted curve, by use of the GraphPad Prism
2.0a programZ7). Purification of the Wild-Type, K241R, and K241Q yOggl
Inhibition by AP Site Analogue€leavage of the [8-OxoG ~ Proteins. The yOggl proteins were overexpressed and
C] duplex was carried out at 4C for 12 h in the presence  purified from E. coli BH410 fpg~) hosting recombinant
of 25 ng of wild-type yOggl protein. Competition was plasmids as previously describea¥). The same purification
performed as follows: Unlabeled 13mer duplexes either steps were used for the wild-type and the mutant proteins.
unmodified [GC] or modified [CyC], [F-C], or [P-C], were ~ The release ofH]-Me-FapyG was used as an activity assay
diluted in TE buffer containing 0.5 M NaCl and 10 mM during the purification of the wild-type and the K241R
MgCl, and incubated for 10 min at«C with 25 ng of wild-  proteins 81). The K241Q protein was detected by Coomassie
type yOgg1l. These mixtures were supplemented with 50 fmol blue staining and immunoblotting during purification steps
of [*%P]-labeled 34mer [8-Oxo®] and incubated for 12 h  (27). The purity of the yOggl proteins was assessed by
at 4 °C. The reaction products were separated by electro- SDS-PAGE analysis (Figure 1) and determination of
phoresis on a denaturing 20% polyacrylamide gel containing N-terminal sequences. The presence of two or three close

7 M urea, and cleavage was quantified as described. bands on SDSPAGE was systematically observed in our
Electrophoretic Mobility Shift Assay and Determination Preparations, independent of the nature of the expressed
of the Apparent Equilibrium Dissociation Constantsik). protein (Figure 1). This reflects short deletions at the

The assay mixture (10L) contained 25 mM Tris-HCI, pH  C-terminus, since sequencing of these polypeptides only
7.6, 175 mM NaCl, 1 mM Ng&EDTA, 1 mM dithiothreitol, ~ reveals the N-terminal sequence of yOggl. Most probably
300 ug/mL BSA, 12% glycerol (v/v), 2.5 fmol of 'Send these deletions do not affect enzyme activity, since deletions
[32P]-labeled oligodeoxyribonucleotide duplex and yOggl Of up to 44 amino acids from the C-terminus result in a fully
protein. The binding reaction was performed &Cifor 30 active yOgg1l protein (data not shown).

min and loaded onto a nondenaturing 10% polyacrylamide 8-OxoG and Me-FapyG DNA Glycosylase Aityi of the

gel for electrophoresis as describ@d)( Gels were runat4  Wild-Type, K241R, and K241Q yOgg1l Proteiike ability
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Ficure 1: Purification of the wild-type, K241R and K241Q yOggl
proteins ofS. cereisiae The purification of the yOggl proteins
was performed as described under Materials and Methods. The final
purification fractions were analyzed by SBBAGE and stained

by Coomassie brillant blue. Lane MW: molecular weight markers
(Pharmacia-Biotech). The amounts of protein loaded onto the gel
were 1ug for each lane. Ay 4 —h

0 0.25 0.5 0.75 1

8-Ox0G excision (pmoles)

of the wild-type and the mutant proteins to release 8-OxoG
and Me-FapyG was investigated. Figure 2A shows the release yOggl protein (ug)
of 8-OxoG by the yOgg1l proteins from 34mer oligodeoxy-
ribonucleotides containing a single 8-OxoG paired with a
cytosine, [8-Ox0GC]. The wild-type yOggl excises 8-OxoG |_B_
7-fold faster than the K241R mutant (Figure 2A). Both the 1 WT
wild-type and the K241R proteins preferentially excise
8-Ox0G placed opposite a cytosine, the efficiency order being
[8-Ox0GC] > [8-Ox0GT] > [8-Ox0GG] and [8-Ox0oG
A] (data not shown). Figure 2B shows that the wild-type
yOggl excises Me-FapyG 10-fold faster than the K241R
protein. In contrast, the K241Q protein does not release
8-0Ox0G nor Me-FapyG at a detectable rate (Figure 2).
Cleavage of [8-Ox0GC], [8-0x0A:C], or [AP-C] Du-
plexes by the Wild-Type, K241R, and K241Q yOggl Proteins.
The results show that the wild-type yOgg1 efficiently cleaves
the following 34mer oligodeoxyribonucleotide duplexes:
[8-Ox0GC], [8-Ox0A:C], and [ARC] (Figure 3, panels
A—C, respectively). They also show that [8-Ox&3 and ' ' 7
[AP-C] duplexes are cleaved at slower rates by the K241R 0 0.05 0.t 0.15 0.2
protein (Figure 3A,C), whereas [8-Oxe8] is not incised yOggl protein (jig)
at all (Figure 3B). Furthermore, the K241Q protein does not
cleave any of the three duplexes tested (Figure 3). Specificity figyre 2: Excision of 8-0x0G and Me-FapyG by the wild-type,
constantskea/Kw, for cleavage of [8-Oxo&C] by the wild- K241R, and K241Q yOgg1 proteins. (A) 8-OxoG DNA glycosylase
type and K241R proteins are 561072 and 5x 103 nM™! activity: 34mer [8-OxoGC] duplex was incubated with yOggl

min~1, respectively (Table 2). The higher specificity constant ggleyi;‘: dfobg/sl-?PTi(? gé%zg)- Ig)e If;ggustﬁAogIt)t‘gog‘;?ac;g)gc";’isre
of the wild-type yOggl is primarily due to itk value, o fa i \1e” Fany G (polydG-dGpoly(dG-dC) was incubated with
which IS 6-fold hlgh'er than that. of the K241R protein, yogg1 proteins for 30 min at 37C. The products of the reaction
suggesting a defect in the catalytic mechanism. The ability were analyzed by HPLC as describ&i)(

of the yOggl proteins to form a covalent complex with
[8-Ox0GC] and [APC] in the presence of NaBHvas also reactions and gel electrophoresis were performed «€.4
analyzed. The results indicate that the trapping efficiencies Figure 4 shows that incubation of the [8-Oxd&} duplex
for the various yOgg1 proteins reflect the cleavage efficien- with increasing concentration of the wild-type or K241Q
cies for the same substrates (Figure 3 and data not shown)proteins produced increasing amounts of a band with reduced
It should be noticed that the K241Q protein is not able to electrophoretic mobility, presumably a 1:1 [yOggNA]
form a covalent imino enzymeDNA intermediate with any ~ complex. A control experiment shows that 14.5 nM wild-
of the three substrates tested. type yOggl binds more than 80% of the [8-Ox&@pduplex,
DNA Binding Actiity of the Wild-Type, K241R, and whereas it cleaves less than 10% of the same duplex, under
K241Q yOggl Proteins and Determination of Apparent the assay conditions used (Figure 3 and data not shown). At
Dissociation Constants (K,) by EMSAFor these studies,  high protein concentration another complex is observed, due
[32P]-labeled 34mer oligodeoxyribonucleotide duplexes con- to the binding of a second protein molecule to DNA. The
taining or not containing an oxidized DNA base were results also show that both the wild-type and K241Q proteins
incubated with the wild-type or mutant yOgg1l proteins and bind [8-OxoGC] duplex with similar efficiencies (Figure
the products of the reactions were analyzed by the electro-4). The apparent dissociation constats,) for the binding
phoretic mobility shift assay (EMSA). To minimize cleavage of yOggl proteins to 34mer oligodeoxyribonucleotide du-
of DNA duplexes by the wild-type yOggl, the binding plexes were determined by EMSA3, 34). Under the assay

0.75 4

0.5 1

0.25 1

Me-FapyG excision (pmoles)




1720 Biochemistry, Vol. 39, No. 7, 2000

[4]
- 100 -
R
Py
o0
S
B
]
W
=)
o
Qo
=]
7
Q
®
yOggl protein (ng)
(B
~ 100
S
P
4
g WT
S 60
o)
o 40
-«
S 2
Q K241R/K241Q
o©
= 0
0 5 10 15 20 25
yOggl protein (ng)
C
100 WT |_
;S 80
s
S 60
>
3
]
T 40
Q K241R
a 20
= K241Q
0
0 5 10 15 20 25
yOggl protein (ng)

Ficure 3: Cleavage of [8-Ox0€&Z], [8-Ox0A:C], and [ARC]
duplexes by the wild-type, K241R, and K241Q yOggl proteins.
Oligodeoxyribonucleotide duplexes (34 mers) welPFlabeled

at the 5-end of the lesion-containing strand. Each reaction was
carried out for 15 min at 37C. Products were separated on a 20%
polyacrylamide gel containgy7 M urea. Cleavage was quantified
with a Molecular Dynamics Phosphorimager.

Table 2: Kinetic Constants for Cleavage of the [8-Ox6GDuplex
by Wild-Type and K241R yOggl Protefs

protein Kwv (NM) Keat(Min=1) KealKv (Min~ nM™1)
wild type 7.3 0.41 56< 1072
K241R 14 0.071 5 103

aThe sequence of the 34mer oligodeoxyribonucleotide used is
reported in Table 1. The kinetic parameters were determined from
Lineweaver-Burk plots.

conditions used, the total concentration of yOggl protein
required to bind 50% of the input DNA is equal Kyapp
The results show that the wild-type yOgg1l protein efficiently
binds [8-OxoGC] and [8-OxoAC] duplexes withKgapp

Guibourt et al.

Protein concentration (nM)

|
0 36 72 145 29 58
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PRV | e
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- s o | freeDNA

Ficure 4: Binding of the wild-type and K241Q yOggl proteins
to [8-OxoGC] duplex. Electrophoretic mobility shift assay (EMSA)
was performed with increasing concentrations of the wild-type and
K241Q proteins and®fP]-labeled 34mer [8-Oxo®] duplex. Since
DNA concentration in each reaction mixture (0.25 nM) is low
compared to the total [yOgglprotein concentration (3-6116 nM),

the free [yOgg1] at equilibrium is very close to [yOggIfherefore,
Kdapp Values corresponded to [yOggliequired to bind 50% of
the DNA probe, determined by EMSA.

Table 3: Apparent Dissociation Constant&,) of the Wild-Type,
K241R, and K241Q yOggl Proteins for Modified or Unmodified
DNA Duplexe$

apparent dissociation constaltip, (NM)

DNA probe wild type K241R K241Q
[8-Ox0GC] 6.9+ 0.8 7.4+ 0.3 4.8+0.7
[8-Ox0G-A] 19.8+4.1 19.1+1.3 42.8+ 8.8
[8-Ox0A-C] 59+1.2 7.9+0.3 7.1+0.1
[G-C] 375+22 nd 76.3: 3.1
[A-C] 36.2+ 4.9 nd 78.4:0.2

a2 DNA probes are 34-mer oligodeoxyribonucleotide duplexes whose
sequences are reported in Tabl&da,pvalues are determined by EMSA
as described under Materials and Methods. DNA concentration was
0.25 nM and the protein concentration range was-0.86 nM. Values
are average of-36 independent experiments. nd, not done.

values of 6.9 and 5.9 nM, respectively (Table 3). Other DNA
tested are less tightly bound by yOgg1l, the rank order for
binding being as follows: [8-Oxo®&] = [8-Ox0A-C] >
[8-Ox0GA] > [G:C] = [A-C] (Table 3). These results are
well fitting with the cleavage efficiency of the same duplexes
by the yOgg1 proteinl(, 16, 27). FurthermoreKgappvalues

for the K241R or K241Q mutant proteins are not significantly
different from that of the wild type for the same duplex
(Table 3). As an exampleKgapp Values for binding of
[8-Ox0GC] are 6.9, 7.4, and 4.8 nM for the wild-type,
K241R, and K241Q proteins, respectively (Table 3). In
addition, the rank order for binding of the different duplexes
is identical for the three yOggl proteins tested (Table 3).
These results strongly suggest that the K241R and K241Q
mutant proteins, which have partly or totally impaired
catalytic properties, have retained wild-type DNA binding
properties.

Cyclic and Noncyclic AP Site Analogues Are Inhibitors
of the Wild-Type yOggl Proteiff.o investigate the mech-
anisms of interaction between the yOggl protein and
damaged DNA, it is important to generate specific and stable
abortive [protein-DNA] complexes. Such complexes have
been described between several DNA glycosylases and DNA
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li resolution hydroxyl radical footprinting analysis was per-
formed to determine more precisely how the yOgg1l protein
ABASIC SITES ANALOGS interacts with lesions in damaged DNAY). For these
5 5 5 i ; ; ;
X X £y experiments, the wild-type yOggl was incubated with 59mer
O O&E o\ oligodeoxyribonucleotide duplexes containing either({
;?Cy) fO(F) ;?Pr) or [Pr-C]. The Pr lesion was placed in the same sequence
ki 3 3 environment as in the 13mer duplexes used in the competi-
[ Cydlic [ Acydic | tion assays (Table 1 and Figure 5). The formation of a

specific complex between yOggl and the-{Hrduplex was
I_E_ assessed by EMSA. Under the assay conditions used, only
one specific complex was observed and about 80% of the
(G:C] [Pr-C] probe was titrated in this complex, whereas less than
20% of the control [GC] duplex was bound (data not
shown). The preformed [yOggIDNA] complexes were
exposed to the hydroxyl radical generating system'j(Fe
NaEDTA)? /H,0./ascorbate], and the products of the reac-
tion were analyzed by sequencing PAGEbB) Figure 6A
[Cy:C] shows footprints of the wild-type yOggl at a 5:1 protein:
DNA ratio, on 59mer [GC] and [PrC] duplexes that are
[32P]-labeled at the'send on either the G- or Pr-containing
strand (upper strand) or the complementary strand containing
a cytosine opposite to the lesion (lower strand). The
densitometer scans for the upper strand show that the yOggl
protein strongly protects six nucleotides including the Pr
residue as well as 2 and 3 nucleotides at tharl 3 side
of the lesion, respectively (Figure 6B, panel a). On the
Competitor DNA (nM) complementary strand, yOggl footprint indicates a strong
protection of the cytosine residue paired with Pr in the [Pr
FIGURE 5: Inhibition of the wild-type yOgg1 protein by AP site  C] duplex (Figure 6B, panel b). Footprinting analysis was
analogues in 13mer duplexes. (A) Chemical structure of cyclic and also performed at protein:DNA ratios of 10:1 and 20:1. In
acyclic AP site analogues used. Sequences of the 13mer duplexeshese conditions the footprint of yOgg1 covers 10 nucleotides

;:r?nt%in(i)ng g)(’:']':a Prl' orG are repo&ted i” '[azgefl. (152) ﬁ'?a‘t’ﬁge °f on the Pr-containing strand (4 and 5 nucleotides at the 3
e [8-Ox0 uplex was carried out at 2C for in the . i :
presence of 25 ng of wild-type yOggl protein. Under these @nd 3 side of the lesion) and 7 nucleotides on the

conditions approximately 60% of the [8-OxeG] duplex was  complementary strand (3 and 3 nucleotides at than8l 3
cleaved. Competitors are the following 13mer duplexes:CJG side of the cytosine opposite Pr) (Figure 7 and data not
[Cy-C], [F-C], and [P¥C]. shown). Furthermore, footprints of the wild-type, K241R,
and K241Q proteins bound to [G] and [PrC] duplexes
duplexes containing AP site analogues such as reduced AFhaye been compared (Figure 7). After scanning and quantita-
site, 1,3-propanediol (Pr), tetrahydrofuran (F), or pyrrolidine tjve analysis, we conclude that the wild type, K241R, and
(34, 36—39). In this study, we have tested the ability of the K241Q footprints are identical (Figure 7). Taken together,
wild-type yOgg1 protein to specifically bind 13mer duplexes these results demonstrate that K241R and K241Q mutant
containing AP site analogues that are known to be efficiently proteins have conserved wild-type DNA binding properties

bound by the Fpg proteir86). Figure 5A shows the chemical  and they can be used to analyze interactions between yOgg1
structures of the three analogues tested: 1,3-propanediol (Pr)and damaged DNA.

tetrahydrofuran (F), and the newly synthesized cyclopentanol
(Cy) (40). Figure 5B shows that 13mer DNA duplexes DISCUSSION
containing Pr, F, or Cy inhibit cleavage of [8-OxeQ by An important objective in the field of DNA repair is to
the yOgg1 protein. The most potent inhibitor is the 13mer ngerstand how DNA repair enzymes locate and remove
containing the acyclic Pr, followed by the 13mer containing aperrant bases among a vast excess of normal bases in DNA.
cyclic F or Cy residues (Figure 5B). In contrast, unmodified one approach relies on the careful investigation of the
[G-C] duplex does not significantly inhibit yOgg1 demon-  stryctural and biochemical properties of DNA glycosylases
strating the specificity of the binding to the AP site analogues catalyzing the first step in the course of the BER process
containing duplexes (Figure 5B). In addition, yOggl does (10-12). The Oggl protein is one of the three DNA
notincise [PrC] duplex as expected for a DNA glycosylase/ glycosylases/AP lyases involved in the removal of oxidative
AP lyase of the HhH-GPD/K family (data not shown). pNA base lesions i. cereisiae (41). These yeast proteins
Furthermore, binding of.the yOggl protein to these 13mer belong to a family of DNA glycosylases/AP lyases, to which
duplexes was also confirmed by EMSA (data not shown). \ye refer as the HhH-GPD/K family. The critical lysine in
Therefore, the yOggl protein can form a stable abortive yOggl is K241, whose importance was suggested by a
[prote|_n—DNA_] complex with [PrC] that can _be used to preliminary study with cell-free protein extrac®7. In the
study interactions between yOggl and modified DNA. present study, we purified to apparent homogeneity the wild-
Hydroxyl Radical Footprints of the Wild-Type, K241R, and type and the K241R and K241Q yOggl proteins for a
K241Q yOggl Proteins on a 59mer [#3] Duplex. High- guantitative analysis of their catalytic and DNA binding
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Ficure 7: Hydroxyl radical footprints for the wild-type, K241R,
and K241Q yOgg1 proteins bound to 59mer-{Frduplexes. These
experiments were performed as described under Materials and
Methods and in the caption to of Figure 6. Hydroxyl radical patterns
of 5'-[3?P]-labeled [P1C] and [GC] in the absence (lane 1) or in
the presence of yOggl protein at a protein:DNA ratio of 10:1 are
shown: lane 2, wild-type yOggl; Lane 3, K241R; lane 4, K241Q.
Black bars on the right side of each panel indicate the protein
footprint determined from densitometer scans as in Figure 6. The
dashed lines indicate additional nucleotides protected at higher
protein concentrations (20:1).

upper strand

BIiL

Ficure 6: Hydroxyl radical footprints of the wild-type yOggl

protein bound to a 59mer oligodeoxyribonucleotide duplex contain-

ing the 1,3-propanediol AP site analogue [l (A) Gel autora- of 8-Ox0G, the formation of a covalent imino enzyri@NA
diography: Before exposure to the hydroxyl radical generating intermediate, and the cleavage of the [8-Ox6duplex

system, 5[32P]-labeled 59mer [&C] or [Pr-C] duplexes were e .
incubated in the absence (lanes 1, 3, 5, and 7) or in the presence of '€ similarly altered by the K to R mutation of yOggl at

yOggl at a protein:DNA ratio of 5:1 (lanes 2, 4, 6, and 8). The POSition 241. On the other hand, the K to Q mutation in
products of the reactions were separated by sequencing PAGE. AnyOggl completely abolishes all tested catalytic activities.
asterisk indicates'&nd FP] radioactive labeling. “Upper strand”  This also holds true foE. coli endonuclease Il (K120Q)
containel a G or P(Table 1). “Lower strand” contained a cytosine (30), human hNth1 (K212Q)31), and humana-hOggl

(C) opposite G or Pr. G- A lanes are MaxamGilbert sequencing : .
reactions. (B) Quantification: Sequencing gel were dried and (K249Q) @3). These results strongly suggest a single active

normalized densitometer scans obtained were plotted. a) Scans ofite for all the reactions catalyzed by yOggl leading to
lanes 3 and 4 and b) scans of lanes 7 and 8 were obtained fromexcision of the lesion and cleavage at the resulting AP site.

two independent experiments. The broken line represents theThese results also show that the fee@mino group of lysine

hydroxyl radical cleavage pattern for naked DNA (lanes 3 or 7), 541 js required for fully catalytically active yOggl protein.
whereas the continuous line represents the cleavage pattern obtaine Ith h basi .7 t efficientl bstitute f

for the yOggt-DNA complex (lanes 4 or 8). The black boxes nough basic, argininé cannot efficiently substitute tor
indicate the strongly protected nucleotides. lysine at the active site. This is in agreement with the fact

that among more than 20 endonuclease Il homologues found
properties. In the K241R mutant protein, a basic residue in sequence databases, none possesses an arginine instead
(arginine) was conserved, whereas in the other, a neutralof a lysine at position 2 of the secordhelix of the HhH
residue (glutamine) was substituted for K241. The results motif. This observation confirms that the lysine of the HhH-
show that the K241R protein exhibits reduced DNA glyco- GPD/K motif is essential for the catalytic activity.
sylase and AP lyase activities, compared to those of the wild-  In this study, we also report on the role of the K241 residue
type yOgg1l protein. All reactions are not altered to the same of yOggl1 on its DNA binding properties. Comparison of
extent; thus cleavage of [8-OxeG] and [APC] duplexes Kaapp Values shows that the wild-type, K241R, and K241Q
occurs at slow rates, whereas cleavage of [8-OxjAs proteins bind to [8-Ox0&C] or [8-Ox0A:C] with the same
completely abolished. The reduced cleavage activity of the efficacy. The strong binding of yOgg1 to [8-Oxe@] duplex
K241R mutant is mostly due to a 6-fold lowég, value compared to that of [AC] duplex indicates that the lesion
compared to that of the wild-type yOggl. Similar alteration rather than the mismatch is targeted by yOggl proteins.
of the catalytic functions was observed for the K212R mutant These results indicate that the K241 residue does not play a
of hNth1 @2). It is also important to notice that the excision major role in the recognition of the modified base in DNA.
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Furthermore, we compared hydroxyl radical footprints of the
wild-type, K241R, and K241Q yOggl proteins bound to a
59mer [PrC] duplex. Indeed, the three proteins exhibit
identical footprints with a strong protection of a region of 6
nucleotides centered on the Pr residue in the damage-
containing strand and a single nucleotide carrying the 1
cytosine placed opposite Pr in the complementary strand.
Comparable hydroxyl radical footprints were observed for

the Fpg protein bound to [E] or [Pr-C] duplexes 86, 37).

6.

7.
8.
9.
0.

Biochemistry, Vol. 39, No. 7, 200QL.723

Cadet, J., Berger, M., Douki, T., and Ravanat, J. L. (1997)
Rev. Physiol Biochem Pharmacol 131, 1-87.

Fearon, E. R. (19973 cience 2781043-1050.

Grollman, A. P., and Moriya, M. (1993¥ends Genet.,246—
249,

Boiteux, S., and Radicella, J. P. (198pchimie 81 59—-67.
Boiteux, S., and Laval, J. (199Base Excision Repair of DNA
DamageHickson, I. D., Ed.) pp 3144, Landes Bioscience-
Springer, Austin, TX.

11. Lindahl, T., Karran, P., and Wood, R. D. (19%)rr. Opin.

These results strongly suggest that yOggl as well as Fpg 12.

tightly contact the damaged strand. The strong protection of
the cytosine is well fitting with the fact that yOggl

preferentially repairs [8-Oxo®&], [8-Ox0A-C], and [AP

C] duplexes 27, 28). These results suggest that the cytosine

13.
14.

opposite 8-OxoG, 8-OxoA, AP site, or Pr residues is 15

specifically recognized by the yOgg1 protein. The recognition
of the base opposite the lesion is not a general mechanism

selected by DNA glycosylases. Nevertheless, in at least one 16.

other case, the Mug protein, the evidence for opposite-base

recognition was demonstrated by EMSA and footprinting 17

analysis 44). The visualization of this interaction has been

done by the atomic structure of the Mug protein complexed 18.

with a DNA containing an AP site4f). The Mug protein

makes three hydrogen bonds with the guanine localized 19.

opposite the AP site46). Details of the Mug structure
explain the enzyme specificity for f{&] or [T-G] mispairs,

which derives from direct recognition of the widowed
guanine 45). On the other hand, such a specific interaction
was not identified in the crystallographic structure of the
human Aag protein46). In this case, it was shown that the
Aag protein does not specify a preference for the base placed
opposite the lesior{7, 48) and no specific contacts are made
with the thymine opposite pyrrolidine as it could be seen in

the cocrystal structure of Aagd§). Thus in the case of

yOggl, we propose that one or more protein residues
interacts with the cytosine opposite the lesion. Only an atomic
model of yOggl complexed to its target DNA will demon-

strate this hypothesis.

The structural features required for the lesion recognition
by DNA glycosylases are often examined by use of

nonproductive proteiiDNA complexes between the wild-

type protein and substrate analogues such as AP site

analogues or'Zluoro-2-deoxyuridine or 2fluoro-2-deoxy-

adenine 86, 39, 49, 50). In this study, we show that the
K241Q mutant of yOgg1l has no detectable catalytic activities
but has conserved wild-type DNA binding properties.

20.

Genet. De. 7, 158-169.
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J. 325 1-16.
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