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ABSTRACT

Two genes of Saccharomyces cerevisiae , NTG1 and
NTGZ2, encode proteins with a significant sequence
homology to the endonuclease Il of
The Ntgl and Ntg2 proteins were overexpressed in
E.coli and purified to apparent homogeneity. The
substrate specificity of Ntgl and Ntg2 proteins for
modified bases in oxidatively damaged DNA was
investigated using gas chromatography/isotope-dilution
mass spectrometry. The substrate used was calf-thymus
DNA exposed to y-radiation in N ,O-saturated aqueous
solution. The results reveal excision by Ntgl and Ntg2
proteins of six pyrimidine-derived lesions, 5-hydroxy-
6-hydrothymine, 5-hydroxy-6-hydrouracil, 5-hydroxy-
5-methylhydantoin, 5-hydroxyuracil, 5-hydroxycytosine
and thymine glycol, and two purine-derived lesions,
2,6-diamino-4-hydroxy-5-formamidopyrimidine  and
4,6-diamino-5-formamidopyrimidine from y-irradiated
DNA. In contrast, Ntgl and Ntg2 proteins do not
release 8-hydroxyguanine or 8-hydroxyadenine from
y-irradiated DNA. The Ntgl and Ntg2 proteins also
release 2,6-diamino-4-hydroxy-5-N-methylformamido-
pyrimidine from damaged poly(dG-dC).poly(dG-dC).
Excision was measured as a function of enzyme
concentration and time. Furthermore, kinetic parameters
were determined for each lesion. The results show that
kinetic constants varied among the different lesions
for the same enzyme. We also investigated the
capacity of the Ntg1 and Ntg2 proteins to cleave 34mer
DNA duplexes containing a single 8-OH-Gua residue
mispaired with each of the four DNA bases. The results
show that the Ntg1 protein preferentially cleaves a DNA
duplex containing 8-OH-Gua mispaired with a guanine.
Moreover, the Ntgl protein releases free 8-OH-Gua
from 8-OH-Gua/Gua duplex but not from duplexes
containing 8-OH-Gua mispaired with adenine, thymine

or cytosine. In contrast, the Ntg2 protein does not
incise duplexes containing 8-OH-Gua mispaired with

Escherichia coli .

any of the four DNA bases. These results demonstrate
that substrate specificities of the Ntgl and Ntg2
proteins are similar but not identical and clearly
different from that of the endonuclease lll of  E.coli and
its homologues in  Schizosaccharomyces pombe or
human cells.

INTRODUCTION

Reactive oxygen species (ROS) generated in cells either as
byproducts of aerobic metabolism or as a consequence of
exposure to ionizing radiation and chemical oxidizing agents
cause damage to DNA, producing a multiplicity of lesiGr8)
Unrepaired oxidative damage to DNA has been suggested to play
a role in cancer, aging and several degenerative pathologies in
humans 4-7). In the case of cancer, oxidative DNA damage
presumably causes mutations which activate oncogenes or
inactivate tumor suppressor gengs (n most organisms, the
repair of oxidatively damaged DNA bases is thought to be
primarily mediated by the base excision repair (BER) pathway
(9). The first step in the course of BER is the excision of the
damaged base by a DNvglycosylase 10-12). In Escherichia

coli, the principal activities that are involved in the recognition
and removal of oxidatively damaged DNA bases are endonuclease
[ll, endonuclease VIIl and Fpg protein3-19). These three
enzymes are DNA glycosylases/AP lyases catalyzing both the
cleavage of the glycosylic bond to release damaged bases and the
incision of the phosphodiester backbone at the resulting apurinic/
aprimidinic (AP) site vigB- or 3- and d-elimination reactions
(20-22). Endonucleases Ill and VIII process a variety of
pyrimidine-derived lesions whereas Fpg protein acts primarily at
purine modifications1(3-19).

In Saccharomyceserevisiae the NTG1 and NTG2 genes
encode proteins whose amino acid sequences are closely related
(41% identity, 63% similarity) to each other. Furthermore, Ntgl
and Ntg2 proteins are also relateé&tooliendonuclease Il (24%
identity, 51% similarity, and 25% identity, 51% similarity,
respectively) 23-27). Both proteins possess the highly conserved
helix—hairpin—helix (HhH) motif containing a lysine residue at
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position 2 of the second helix, which is probably involved in thé&hosphate buffer was changed three times during the course of
catalytic mechanism2¢—28). However, the Ntg2 protein, but not dialysis 36).

the Ntgl protein, possesses the [-£€¢X2-C-X5-C-] consensus

sequence for an iron—sulfur center found in most of the endonucle@=gRr cloning of NTG1

[l homologues 29-32). On the other hand, Ntgl protein, but not ) ) ) )

Ntg2 protein, has a long, positively charged N-terminus that hddasmid pUC19-NTG123) (a kind gift of Dr Magnar Bjoras,
been hypothesized to be a mitonchondrial transit sigriay).  Oslo, Norway) was used as a template in a PCR reaction to

Yeast Ntg1 and Ntg2 proteins are DNA glycosylases/AP lyases t#fplify theNTG1gene. Primer 1'SCCGGAATTCATGCAAA-
cleave DNA containing 5,6-dihydrouracil, 2,6-diamino-4-hydroxy-AGATCAGTAAATAC-3"; primer 2: >CACTCTGCAGTTAG-

5-N-methylformamidopyrimide ~ (Me-FapyGua), thymine glycol TCCTCTACTTTAACAGAAA-3'". The amplified DNA fragment
(Thy gly) and AP sitesX3-27). The capacity of the Ntgl protein containingNTGlwas mcgbated WItE_CCRl andPst restriction _
to incise oligodeoxynucleotides containing 8-hydroxyguanin€nzymes and cloned into plasmid pKK-223-3 (Pharmacia)
(8-OH-Gua) mispaired with the four DNA bases has been reportegeviously digested wittEcaRl and Pst restriction enzymes
(27). However, the repair of 8-OH-Gua by the Ntgl protein was notielding the pNTG1-1 plasmid.

observed in two other studiez3(26). In addition to Ntgl and Ntg2

proteins,S.cerevisiagossesses a third DNA glycosylase/AP lyasd®CR cloning of NTG2

coded for by th€®©GG1gene 83). The Oggl protein catalyses the
excision 8-OH-Gua and 2,6-diamino-4-hydroxy-5-formamido
pyrimidine (FapyGua) fronirradiated DNA B4).

Why doesS.cerevisiaegpossess two homologues Bfcoli
endonuclease IlI? One possibility is that Ntg1l and Ntg2 protei
may have overlapping but non-identical substrate specificities.
investigate such a possibility, we measured the excision by Nt : . : . .
and Ntg2 proteins of modified bases from DM#radiated in rc99A (Pharmacia) previously digested vhitd andHindlll
N,O-saturated aqueous solution. We utilized the technique of g%StI’ICtIOI’] enzymes yielding the pNTG2-1 plasmid.
chromatography/isotope dilution mass spectrometry (GC/IDMS) )
for measurement of the excision of lesions and their kinetigurification of the Ntgl and Ntg2 proteins

parameters. The substrate specificity of Ntgl and Ntg2 protei sherichiacol; strain BHL60 (AB1L57 buith::Kar, fpg:Karl)
was also investigated using damaged poly(dG-dC).poly(dG-dGdym oyr Jaboratory stock, harbouring pNTG1-1 or pNTG2-1,
and 34mer oligodeoxynucleotides containing Me-FapyGua Qfag’ grown at 37C in LB broth medium containing ampicillin
8-OH-Gua, respectively. The results show that both Nigl and g ,g/ml). Cell cultures were grown until Ggy = 0.8 and
Ntg2 proteins release several pyrimidine-derived lesions al pplemented with 0.5 mM isoproib-thiogalactopyranoside

formamidopyrimidines. They also show that Ntg1 protein, butnal, i pated for 3 h at 32. The cells (15 and 26 g for Ntgl or
Ntg2 protein, catalyses the cleavage of DNA fragments contamlrl@tgz protein preparations, respectively) were resuspended in

‘Saccharomyceaserevisiaggenomic DNA was used as a template in
a PCR reaction to amplify tHeTG2 gene. Primer 1:'8ACAG-
TAGTCATGAGAGAGGAAAGTAGGTCTAGG-3; primer 2:
R-AGCCCAAGCTTCTATTTTTTCTTGTGTCTTTC-3 The
plified DNA fragment containing TG2was incubated with
HI andHindlll restriction enzymes and cloned into plasmid

8-OH-Gua mispaired with a guanine. buffer [25 mM Tris—HCI pH 7.6, 2 mM NE&DTA, 5% (v/v)
glycerol, 250 mM NaCl and 1 mM phenylmethylsulfonyl
MATERIALS AND METHODS fluoride] supplemented with 0.5 mg/ml lyzozyme. The lysate was

centrifuged at 130 00@for 45 min at 2C. The supernatant was
the crude extract fraction. The purification procedure for Ntgl
Certain commercial equipment or materials are identified in thighd Ntg2 proteins includes a QMA anion exchange column
paper in order to specify adequately the experimental procedu@\_/atel’s-ACELL) to separate nucleic acids from proteins followed
Such identification does not imply recommendation or endorsemesly & Phospho-Ultrogel cation exchange column (IBF-LKB) and
by the National Institute of Standards and Technology, nor do@§ AcA44 gel filtration column (IBF-LKB). For Ntg1 protein, the
itimply that the materials or equipment identified are necessarifurification was terminated after an FPLC MonoQ HRS5/5
the best available for the purpose. chromatography (Pharmacia). For Ntg2 protein, the purification
Modified DNA bases, their stable isotope-labelled analoguedas terminated by double-stranded DNA cellulose (Sigma) and
and other materials for GC/IDMS were obtained as describdd®LC MonoS HR5/5 chromatographies. The Ntgl and Ntg2
previously 85). Calf thymus DNA and poly(dG-dC).poly(dG-dC) proteins were purified to apparent homogeneity and stored a€—20
were purchased from Sigma and Boehringer, respectively. Yedg@ buffer containing 25 mM Tris-HCI (pH 7.6), 2 mMAEBTA,
Oggl protein was purified as describé@)( Restriction endo- 100 mM NaCl and 30% glycerol (v/v) at a final concentration of
nucleases, DNA polymerases and T4 DNA ligase were from Ne/24 and 0.32 mg protein/ml, respectively. Protein concentration was

England Biolabs and Boehringer. determined by the method of Bradfof¥).
Both Ntgl and Ntg2 proteins were purified using the excision

of [3H]Me-FapyGua as an activity assay. THe]Me-FapyGua—
poly(dG-dC).poly(dG-dC) substrate was prepared as previously
Calf thymus DNA was dissolved in 10 mM phosphate buffedescribed §8). The assay mixture (10@l) contained 25 mM

(pH 7.4, 0.3 mg/ml) and extensively dialysed against the sanfgis—HCI (pH 7.6), 100 mM KCI,3H]Me-FapyGua—poly(dG-
buffer. Aliquots of the DNA solution were bubbled withifor  dC).poly(dG-dC) and £l of column fractions. The reaction was
60 min and irradiated witrrays in @9Coy-source at a dose of carried out at 37C for 15 min. Ethanol-soluble radioactive
80 Gy (dose rate of 45 Gy/min). Subsequently, DNA solutionmaterial was quantified and the chemical nature of this material
were dialyzed against 10 mM phosphate buffer for 18 i@t 4 was monitored by HPLC as describ&B)( One unit releases

Materials

Preparation of DNA substrate
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1 pmol of Me-FapyGua in 15 min at 32. The Ntgl and Ntg2 RESULTS
proteins were also purified to apparent homogeneity Earali o ) o
BL21 harbouring plasmid SCR1-pGEX-2T or SCR2-pRESETAP Urification of Ntgl and Ntg2 proteins ofS.cerevisiae

as previously described{). To overproduce the Ntgl and Ntg2 protein§ mferevisiagtheir
coding sequences were PCR-amplified and cloned into expression

Enzymatic assays and GC/IDMS vectors pKK223-3 or pTrc99A yielding plasmid pNTG1-1 and

i L pNTG2-1, respectively. The Ntgl and Ntg2 proteins were
Irradiated and control DNA samples (10) were dried in a pyrified fromE.coliBH160 fpg-, ntiT) harbouring pNTG1-1 and
SpeedVac under vacuum. DNA sampl_es were dlssolvgq BNTG2-1. The release of Me-FapyGua froid]Me-FapyGua—
phosphate buffer (50 mM final concentration, pH 7.4) containingoly(dG-dC).poly(dG-dC) was used as an activity assay in the
100 mM KCI, 2 mM NaEDTA and 2 mM dithiothreitol. coyrse of the purification procedure. The Ntgl and Ntg2 proteins
Depending on the experiment, various amounts of Ntg1 or Ntggseq in this study are non-tagged proteins purified to apparent
proteins were added to the mixture. The total volume of thRomogeneity. The purity of Ntgl and Ntg2 proteins was assessed
mixture was 110ul. Three replicates of each mixture werepy the observation of a single protein band on an SDS—PAGE
incubated at 37C in a water bath for periods of time dependingyith a molecular weight of 43 kDa (data not shown). Moreover,
on the experiment. As controls, DNA samples were incubateq.terminal sequences of Ntg1 and Ntg2 proteins were determined
with heat inactivated enzyme (14D for 15 min) or without  and were identical to those deduced from the nucleotide sequence
enzyme. The kinetic constants were determined as quCFIb@ﬂNTGl and NTG2 The specific activities of Ntgl and Ntg2
(36,39). The amount of Ntgl protein or Ntg2 protein waspyoteins for the excision of Me-FapyGua were 32 and 30 kilounits/
21g/100 pg of DNA in 110 pl of the incubation mixture, mq of protein, respectively. The Ntgl and Ntg2 proteins were also
corresponding to a concentration of 395 or 413 nM, respectlvelyuriﬁed to apparent homogeneity frof.coli strain BL21

Three replicates of DNA samples were incubated with or withoarhouring plasmid SCR1-pGEX-2T or SCR2-pRESETA as
each enzyme at 3€. Following incubation, DNA samples were previously describedf).

precipitated with 270l of cold ethanol, kept at—2C for 2 h, and

centrifuged at 10 000 r.p.m. for 30 min &C4 Subsequently, - - .

DNA peglllets and superngtant fractions were separatgd. Y Excision of modified bases by Ntg1 and Ntg2 proteins from
Aliguots of stable isotope-labelled analogues of modified DNA’"”""d""‘ted DNA

bases were added as internal standards to pellets with knowg jnvestigate the ability of Ntgl and Nig2 proteins to excise
DNA amounts and to supernatant fractions. Pellets were driegligatively damaged DNA bases, we used, as a substrate, calf-
under vacuum in a SpeedVac and then hydrolyzed with 0.5 ml gfymys DNA exposed tq-radiation in NO-saturated aqueous
60% formic acid in evacuated and sealed tubes &tQ40r  sojution. Sixteen modified bases in this DNA substrate can be
30 min. The hydrolyzates were lyophilized in vials for 18 hjgentified and quantified using GC/IDMS§; Table1). Of these
Supernatant fractions were freed from ethanol under vacuum jigsions, Ntgl and Ntg2 proteins both efficiently excise 5-hydroxy-
a SpeedVac and subsequently lyophilized for 18 h without prig§_hydrothymine (5-OH-6-HThy), 5-hydroxy-6-hydrouracil (5-OH-
hydrolysis. Both lyophilized supernatant fractions and hydrolyzatesiHura), 5-hydroxy-5-methylhydantoin (5-OH-5-MeHyd), 5-hy-

of DNA pellets were derivatized and analyzed by GC/IDMSgyoxyuracil (5-OH-Ura), 5-hydroxycytosine (5-OH-Cyt), Thy gly,

(36,39). 4,6-diamino-5-formamidopyrimidine (FapyAde) and FapyGua. The
chemical structure of the lesions excised by Ntgl and Ntg2
Assay for 8-OH-Gua/N nicking activity proteins is illustrated in Figufe The excision was demonstrated

by the appearance of the lesions in the supernatant fraction of
The 34mer oligodeoxynucleotide used in this studEBCTTCA-  y-irradiated DNA incubated with active Ntgl or Ntg2 enzymes
TCGTTGTC(8-OHGUa)CAGACCTGGTGGATACCG]3 (40)  (36). Furthermore, the amounts of these lesions found in the
was a kind gift of Drs A. Guy and J. Cadet, CEA-Grenoble, Franceupernatant fraction were similar to the amounts missing in the
The four complementary sequences were also synthesized (Oligeilet fraction of the same DNA sample. Essentially no excision
Express, France). The 8-OH-Gua containing strand4®asbelled  of the lesions illustrated in Figuré was observed when
and annealed with each complementary sequence yielding tpgradiated DNA samples were incubated in the presence of heat
four possible 8-OH-Gua/N duplexes as describ&d. (In a inactivated Ntgl or Ntg2 proteins or without enzyme (data not
standard reaction (34 final volume), 100 fmol of?P-labelled  shown). The remaining lesions identifiedyiirradiated DNA,
8-OH-Gua/N duplex were incubated in reaction buffer (25 mMuch as 8-hydroxyadenine (8-OH-Ade) and 8-OH-Gua, were not
Tris—=HCI pH 7.6, 2 mM N£EDTA, 50 mM NaCl) with Ntgl or  excised at a detectable rate from eadiated DNA by active
Ntg2 proteins. The reactions were performed &C¥ér 15min.  Ntgl or Ntg2 proteins. The same substrate specificity was
Reactions were stopped by addingl®f formamide dye and determined using the Ntg1 (Scrl) protein or the Ntg2 (Scr2) protein

subjected to 7 M urea—20% PAGE). purified to homogeneity fromE.coli strain BL21 harbouring
plasmid SCR1pGEX-2T or SCR2-pRESETA (26 and data not
8-OH-Gua DNA glycosylase assay shown).

Figure 2 illustrates excision of 5-OH-Ura, 5-OH-Cyt and
The assay mixture (50) was as described for the nicking assayFapyAde by Ntgl and Ntg2 proteins as a function of enzyme
but contained 50 pmol of unlabelled 8-OH-Gua/N 34mer DNAamounts. The levels of the lesions excised increased with the
duplexes and gg Ntgl or 0.1-Jug Ogg1l proteins, respectively. enzyme amounts approaching a plateau abqug & Ntgl or
The products of the reactions were analysed by HPLC witNtg2 proteins (Fig2). An amount of 2ug of Ntgl or Ntg2
electrochemical detection (ECD) as descril&s). ( proteins/10Qug of DNA was used for all subsequent experiments.
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Table 1.Kinetic constants for excision of pyrimidine and purine lesions from DNA exposethtbation in NO by
Ntgl and Ntg2 proteins

k., . 10* (min™) K, (nM) k. /Ky - 10° (min” . nM™)

Ntgl (1) Ntg2 (2) Ntgl (1) Ntg2 (2) Ntgl (1) Ntg2 (2)
(1) 5-OH-6-HThy  37.5t1.5"%  40.4%1.8°°¢ 250421%¢ 178421 1504068 22.7+1.0°¢
(2) 5-OH-6-HUra  63.5£19.7°  43.244.2°°¢ 7214263°¢ 557467 8.812.7"¢ 7.840.8"*
(3) 5-OH-5-MeHyd 24.6+3.7°% - 755+132°¢ - 3.310.5 -
(4) 5-OH-Ura 50.9+8.0" 23.6+2.0" 997+200°"  431+60°% 5.120.8° 5.540.5%
(5) 5-OH-Cyt 55.9+12.7"  17.6£0.9' 13804364°¢  419+26°% 4.140.9° 4.240.2%¢
(6) Thy gly 71.6+10.5"  16.2£1.2% 3250+560"  1000+£95% 2.240.3% 1.620.1'
(7) FapyAde 64.3187"  38.8£3.8° 1305+212¢ 824+110¢ 4.940.7 4.740.5¢
(8) FapyGua 88.624.7" 60.5£1.6 2460+182 2529487 3.640.5 2.440.6

aStatistically different from the value in line 2.

bstatistically different from the value in line 3.

CStatistically different from the value in line 4.

dstatistically different from the value in line 5.

€Statistically different from the value in line 6.

fStatistically different from the value in line 7.

GStatistically different from the value in line 8.

hStatistically different from the value in column 2.

Values represent the meastandard deviatiorkfs:= Vimax[enzyme]). [Ntgl protein], 395 nM; [Ntg2 protein], 413 nM.
Amounts of lesions ig-irradiated DNA (nmol/mg DNA): 5-OH-Ura, 1.42; 5-OH-6-HThy, 1.13; 5-OH-6HUra, 0.46; Thy
gly, 1.31; 5-OH-Cyt, 0.75; 5-OH-5-MeHyd, 0.35; 5,6-diHThy, 0.46; 5,6-diHUra, 0.59; 5-OH-Hyd, 0.21; 5-OH-MeUra,
0.17; 5,6-diOHUra, 0.21; FapyAde, 1.65; FapyGua, 4.47; 2-OH-Ade, 0.05; 8-OH-Ade, 0.74; 8-OH-Gua, 3.27.

Figure3illustrates the time dependence of excision of FapyAde 0 o

by Ntg1 and Ntg2 proteins. No additional excision was observed (5% HN" - OH "

at times >60 min (Fig3). This was also true for any other lesion I o )\ H . Jen

excised. O N Pw N O N N0k’
Kinetic parameters for the excision of lesions, fieimadiated

DNA, by Ntg1 and Ntg2 proteins were measured by varying the S-hydroxy-6-ydro- S-hydroxy-6-hydro- - S-hycroxy-S-methyl.

substrate concentratiodd 39). The amounts of the lesions found ymine '

in supernatants were used to determine the kinetic constants.

Initial velocities were estimated on the basis of the time 0 NH, o

dependency of excision. The concentration ranges of the excised HN/K/EOH NP -OH " CHy

lesions were: 5-OH-6-HThy, 0.11-1.Q2Vl; 5-OH-6-HUra, o ‘ y . B | ; Py on

0.092-0.42uM; 5-OH-5-MeHyd, 0.11-0.32uM; 5-OH-Ura, N N 07Nk

0.17-1.29uM; 5-OH-Cyt, 0.11-0.68M; Thy gly, 0.32—1.1uM; .

FapyAde, 0.21-1.5@QM; and FapyGua, 0.97-4.0MM. The S-bydroxyuracit $-hydroxyeytosine thymine glycol

DNA glycosylase activity of Ntgl and Ntg2 proteins on the

excised lesions followed Michaelis—Menten kinetics. The kinetic

constants and their standard deviations ¢) were determined NH; o

using Lineweaver—-Burk plots4{) and a linear least-square N)INHCHO HN NHCHO

analysis of the data. The kinetic parameters as well as the Hk l NH PN | NH

specificity constantk.,/Kwm, are given in Tabl&. The excision N ’ = N :

of 5-OH-5-MeHyd by Ntg2 protein is clearly observed but due to 4,6-diamino-5-formamido- 2,6-diamino-4-hydroxy-

the low level of product released, it did not allow the calculation pyrimidine 5-formamidopyrimidine

of kinetic parameters (Tabld). The results show that

5-OH-6-HThy and 5-OH-6-HUra are excised with the highestF_ L Stuct ¢ the substrates of the Ntal and Nig2 broteins of
it H igure 1. ructur supstrates an roteins

specificity constants by both Ntg1 and Ntg2 proteins (Taple S.?:erevisia édentiﬁ:d gy G(eZ/IDMS. or the g gz pro 0

Although Ntgl and Ntg2 proteins excise the same lesions, we

observed significant differences between these enzymes in terms

of kegrandKy values for the excision of several lesions (Tahle

For examplel:arvalues for the excision of 5-OH-Cyt and Thy gly these kinetic parameters represent values for enzymes purified from

by the Ntgl protein are 3- and 5-fold higher than that for the sanaebacterial overexpression system and may or may not reflect the

lesions by the Ntg2 protein (Tallg It should be emphasized that kinetic parameters of the native enzymes expressed in yeast.
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—®- 5-0H-Cyt, Nig1 04
0.77 3~ FapyAde, Ntg1 < 0.35
. -O— 5-OH-Cyt, Ntg2 il %
< 067 -m-FapyAde, Ntg2 - - 5 0.3
[a) - -A: - 5-0OH-Ura, Ntg1 ~ N
5 0.5 - A-5-0H-Ura, thz Ay e n g 0%
g e £l
E £
g £ 0154
=
£ S 04-
€ 2 0,05 —e—FapyAde, Ntg1
° © B T &~ FapyAde, Ntg2
E 0 1] T T T T T T

0 10 20 30 40 50 60 70
time (min)

0 0.5 1 1.5 2 2.5 3 3.5
enzyme amount (ig) Figure 3. Excision of FapyAde by Ntgl and Ntg2 proteins as a function of

incubation time at 37C. Calf thymus DNAy-irradiated under pD (100ug)

was used as a substrate for Ntgl and Ntg2 proteins. Enzyme amounigvas 2

Figure 2. Excision of 5-OH-Ura, 5-OH-Cyt and FapyAde by Ntgl and Ntg2 per assay. The amounts given onythagis represent those found in the supernatant

proteins as a function of enzyme amount. Calf thymus BMradiated under fractions after GC/IDMS analysis. One nmol of a lesion corresponds to

NoO (100 ug) was used as a substrate for Ntgl and Ntg2 proteins. The 32 lesions/1® DNA bases.

incubation time was 30 min. The amounts given orytaeis represent those

found in the supernatant fractions after GC/IDMS analysis. One nmol of a

lesion corresponds to 32 lesions/TINA bases.

Htg Nig2
8-OH-Gua—— 8-0H-Gua
Excision of Me-FapyGua by the Ntgl and Ntg2 proteins | . [ - |
G A T C G A T C

The excision of Me-FapyGua by Ntgl and Ntg2 proteins wa
measured using3H]Me-FapyGua—poly(dG-dC).poly(dG-dC),
as a substrate. The results show that both Ntg1 and Ntg2 prote - “ == 34 mer
release Me-FapyGua as a free b&S&afd data not shown). The
kinetic constants for excision of Me-FapyGua by Ntgl and Ntg
proteins are very similar (Tabl®. This study allowed us to - -— ‘I'}::::I'flﬁ:’
compare the kinetic constants for the excision of products fro

substrates containing a single lesion [Me-FapyGua—poly(d(
dC).poly(dG-dC)] or a multiplicity of lesiong-{rradiated DNA).
Comparison of the values given for the excision by the Ntg_
protein of FapyGua (Tabld) and Me-FapyGua (Tabl&)
indicates similarkeg: values, 0.23 and 0.089 min but very

. . . Figure 4. Cleavage of 34mer oligodeoxynucleotides containing 8-OH-Gua
differentky values, 10 and 2460 nM, respectively. This was alSQyispaired with each of the four DNA bases by the Ntg1 and Ntg2 proteins. The

true for the Ntg2 protein. The large difference in ternKgf  8-OH-Gua containing strand was labeled \##R at the 5end and annealed

values probably reflects competitive inhibition between thewith one of the complemerlg_ary SequenceaS/ Cac:ryi?g one 0}: the four Doll\lAlbaseS
ifferent lesions inv-irradi DNA. opposite to 8-OH-Gua yielding 8-OH-Gua/N duplexes. These DNA duplexes

different lesions iry-iradiated (100 fmol) were incubated at 3Z for 15 min with 20 ng of Ntgl or Ntg2

o o proteins. The products of the reaction were separated on denaturing 20% PAGE
Table 2.Kinetic constants for excision of Me-FapyGua by Ntgl and Ntg2  containing 7 M urea.

proteins ofS.cerevisiae

Protein keat X 10° Ku keafKn x 10° DNA bases. Figurd shows that the Ntgl protein cleaves the
(min) (M) (mint.nM—Y) 8-OH-Gua/Gua duplex whereas 8-OH-Gua/Thy, 8-OH-Gua/Cyt

Ntgl 230 10 2300 and 8-OH-Gua/Ade duplexes are not incised. Quantitative

Ntg2 350 21 1766 analysis reveals that the Ntgl protein cleaves 8-OH-Gua/Gua

duplex at least 10-fold more efficiently than the three other

Lineweaver—Burk plot was used for the determination of kinetic constants dluplexes. Our results also show that the Ntg2 protein does not

Ntg1 and Ntg2 proteins for the excision of Me-FapyGua. The substrate concentratigitise any of the four 8-OH-Gua/N duplexes (Biglt should be

[S] was given as the concentration of Me-FapyGua base. noted that the rate of incision of 8-OH-Gua/Gua substrate by the
Ntgl protein is 50-fold slower than that of 8-OH-Gua/Cyt by the

- : . o Oggl protein Z8 and data not shown). The marked, if not

Excision of 8-OH-Gua from oligodeoxynucleotides containin . .

8-OH-Gua mispaired with guar%ine b))/(};he Nitgl protein 9 exclusive, preference of the Ntgl protein for 8-OH-Gua/Gua
substrate was observed for three sequence contexts, [Thy

The repair of 8-OH-Gua by the Ntgl and Ntg2 proteins wa8-OH-Gua) Ade], [Ade (8-OH-Gua) Ade] and [Cyt (8-OH-Gua)

investigated using, as substrates, 34mer oligodeoxynucleotid€gt] (Fig.4 and data not shown). The same results were obtained

containing a single 8-OH-Gua placed opposite each of the fousing Ntgl and Ntg2 proteins purified frdfcoli strain BL21
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harbouring plasmid SCR1-pGEX-2T or SCR2-pRESEZA) ( enzymes are capable of cleaving UV-irradiated DNA at guanine
and a 37mer oligodeoxynucleotide containing a single 8-OH-Gusites. We recently reported that UV-irradiation of DNA causes
in the [Cyt, 8-OH-Gua, Ade] context (data not shown). formation of FapyGua and FapyAdé4]. For this reason, the
The capacity of the Ntgl protein to release 8-OH-Gua as a freesults of the present work showing the excision of FapyGua and
base was also investigated using, as substrates, the same feapyAde by Ntgl and Ntg2 proteins are in agreement with those
8-OH-Gua/N 34mer DNA duplexes. The release of 8-OH-Guprevious observationg ?).
was determined using HPLC with electrochemical detection In this study, we also show that Ntgl protein, but not the Ntg2
(28,33). Table3 shows that the Ntgl protein releases 8-OH-Gugrotein, can act on oligodeoxynucleotide duplexes containing a
from 8-OH-Gua/Gua duplex but not from the three other DNAsingle 8-OH-Gua mispaired with a guanine. The Ntg1 protein not
duplexes. For comparison, we have measured the excisionarfly cleaves 8-OH-Gua/Gua duplex but also releases 8-OH-Gua
8-OH-Gua from the same substrates, by the Oggl protein. The a free base from the same substrate. The repair of 8-OH-Gua
results confirm that Ogg1 preferentially releases 8-OH-Gua frokwy the Ntgl protein is characterised by its strong specificity in
the 8-OH-Gua/Cyt DNA duple2g; Table3). Furthermore, they favour of 8-OH-Gua mispaired with a guanine and its modest
show that the rate of excision of 8-OH-Gua from 8-OH-Gua/Guefficiency. Indeed, Oggl releases 8-OH-Gua 65-fold more
duplex by the Ntgl protein is 65-fold slower than that ofrapidly than Ntgl. These results are in agreement with the present
8-OH-Gua from 8-OH-Gua/Cyt duplex by the Oggl proteirstudy where we did not observe excision of 8-OH-Gua, paired

(Table3). with a cytosine, frony-irradiated calf thymus DNA by Ntgl or
Ntg2 proteins. On the other hand, these results are to some extent
Table 3. Excision of 8-OH-Gua from 34mer oligodeoxynucleotides contradictory with recently published studi&s,27). Eideet al
containing 8-OH-Gua mispaired with each of the four DNA bases by Ntgl (23) did not observe cleavage of 8-OH-Gua containing DNA
and Ogg1 proteins duplexes by the Ntgl protein. These authors used a crude extract
fraction as a source of Ntgl which may not contain enough
Protein  8-OH-Gua DNA glycosylase activity (kilounits/mg protein) activity to observe cleavage of 8-OH-Gua/N duplexes. In
8-OH-Gua/Gua 8-OH-Gua/Ade 8-OH-Gua/Thy 8-OH-Gua/Cyt contrast, Bruneet al (27) showed that purified Ntgl protein
Nigl  0.96 <0.1 <0.1 <0.1 cleaves, with identical efficiency, the four 8-OH-Gua/N duplexes.

We do not have an explanation for this contradictory result.
However, the procedures used to purify the Ntgl protein were

The 34mer oligodeoxynucleotides used in this study are identical to those usglﬁerent' We purified the Ntgl protein under native conditions

in the nicking assays (Fig. 4). Each 8-OH-Gua/N duplex (100 pmol) was incubatédN€reas Bruneet al (27) used a protein which was O_leﬂatU_red
in the presence ofi) of Ntg1 or 0.1-fig of Ogg1 for 30 min at 3. The products ~ and renatured. It should be noted that the preferential action of

of the reactions were separated by HPLC and analyzed by ECD as previou®gg2/Ntgl at 8-OH-Gua/Gua was previously observed by the
described (33). One unit releases 1 pmol of 8-OH-Gua in 15 miri@t 37 same research groufd). The specific recognition of 8-OH-Gua
mispaired with a guanine was initially described as a property of
DISCUSSION a Me-FapyGua DNA glycosylase activity purified from wild-type
yeast {3). Several lines of evidence suggest that the DNA

Previous studies have demonstrated the presence of DNyycosylase activity purified by de Oliveighal (43) is the Ntgl
glycosylases/AP lyases involved in the repair of oxidativelyrotein. These activities bind a MonoQ column whereas Oggl or
damaged DNA bases i@.cerevisiag42,43). These activities Ntg2 proteins do not. They are primarily Me-FapyGua DNA
were thought to be the homologues of the Fpg protein or tigdycosylases but they also cleave 8-OH-Gua/Gua DNA duplex
endonuclease Il d&.coli. Recently, yeast genes coding for thesewith a low efficiency. What is the biological signification of the
DNA glycosylases have been cloned in different laboratories. THgpair of 8-OH-Gua mispaired with a guanine by the Ntgl
OGG1gene codes for a functional homologue of the Fpg proteiprotein? We do not know! The repair of 8-OH-Ade from the
which excises FapyGua and 8-OH-Gua frpiradiated DNA  8-OH-Ade/Cyt duplex by the Oggl protein raises the same
(28,33,34). TheNTG1andNTG2genes ofS.cerevisiaencode question 40). In fact, these unexpected substrate specificities
proteins whose amino acid sequences are closely related to eawy reflect molecular mechanisms used by these enzymes to
other and to the endonuclease IIEofoli (24-27). In this study, recognize and/or excise damaged bases in DNA, and do not
we have investigated the substrate specificity of the Ntgl amecessarily reveal biological functions. To conclude, our results
Ntg2 proteins using damaged DNA substrates. The results shefow that Ntgl and Ntg2 proteins exhibit original, very similar but
that both Ntgland Ntg2 proteins excise six pyrimidine-derivedon-identical substrate specificities. Unli&eoli endonuclease I
lesions, 5-OH-6-HThy, 5-OH-6-HUra, 5-OH-MeHyd, 5-OH-Ura, and itsSchizosaccharomycesmbe(46) and human homologues
5-OH-Cyt and Thy gly, and two purine-derived lesions, FapyAdéM.D., unpublished results), Ntgl and Ntg2 proteins repair
and FapyGua, but not 8-OH-Ade and 8-OH-Gua fyeimadiated  purine-derived lesions such as FapyAde, FapyGua and Me-Fapy-
DNA. However, a comparison of the kinetics of excision of eaclsua.

lesion by Ntgl and Ntg2 proteins reveals significant differences The substrate specificities of Ntgl and Ntg2 proteins clearly
between excision rates. This study also confirms the excision sfiggest that one of the biological roles of these enzymes is to
Me-FapyGua by both Ntgl and Ntg2 proteis3,26). In  release lethal lesions such as Thy gly and formamidopyrimidines
addition, Ntgl and Ntg2 proteins have been shown to cleaf®m oxidatively damaged DNAE). The repair of 8-OH-Gua by
37mer oligodeoxynucleotide containing a single 5,6-dihydrouraciitgl but not Ntg2 protein indicates that these proteins can
lesion @6). Previous results obtained with partially purified yeastecognize different products in damaged DNA. This observation
redoxyendonucleaset?) or purified Ntgl and Ntg2 proteins may suggest overlapping but non-identical biological roles for
(PW.D. and M.D., unpublished results) showed that theddtgl and Ntg2 proteins. The elucidation of the respective biological

Oggl 1.9 <0.2 255 62.0
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roles of Ntgl and Ntg2 proteins will await characterisationtgt
andntg2 mutants, identification of other substrates and analys
of their subcellular locations.
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