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Deinococcus radiodurans is able to resist and survive extreme DNA damage induced by ionizing radiation and
many other DNA-damaging agents. It is believed that it possesses highly efficient DNA repair mechanisms. To
characterize the repair pathway of oxidized purines in this bacteria, we have purified, from crude extracts,
proteins that recognize these oxidized bases. We report here that D. radiodurans possesses two proteins excising
the oxidized purines (formamidopyrimidine and 8-oxoguanine) by a DNA glycosylase–a purinic/apyrimidine
lyase mechanism. Moreover, one of those proteins is endowed with a thymine glycol DNA glycosylase activity.
One of these proteins could be the homolog of the Escherichia coli Fpg enzyme, which confirms the existence
of a base excision repair system in this bacteria.

Deinococcus radiodurans is a bacterium which is extremely
resistant to the lethal and mutagenic effects of ionizing radia-
tion (1, 3) as well as other physical and chemical DNA-dam-
aging agents (including mitomycin C and UV [33, 35, 38]). For
example, an exponential culture of wild-type D. radiodurans R1
can withstand from 5 to 15 kGy of g radiation (depending on
the culture conditions) with neither loss of viability nor in-
creased mutagenesis (10, 32), while an Escherichia coli culture
is 100 times less resistant (40). It has been suggested that this
elevated resistance of D. radiodurans is due to unusually effi-
cient DNA repair mechanisms (30, 33), although these hypoth-
eses have not yet been investigated in detail.

To protect themselves from the oxidative DNA damage
caused by ionizing radiation cells have evolved efficient and
accurate repair systems to remove these lesions from DNA
(11). In E. coli, three DNA glycosylases are known to recognize
oxidized purines and pyrimidines present in DNA. The Fpg
protein (formamidopyrimidine-DNA glycosylase) recognizes
oxidized purines such as 2,6-diamino-4-hydroxy-5N-methylfor-
mamidopyrimidine (Fapy) and 7,8-dihydro-8-oxoguanine (8-
oxoG) residues and removes them from DNA. 8-oxoG is the
major oxidative lesion produced in DNA by reactive oxygen
species (17) and has been shown to be highly mutagenic in vivo
and in vitro (37, 45); if not repaired, it may mispair with
adenine during DNA replication, causing G-C to T-A trans-
version mutations (9, 23, 29). Noncoding oxidized pyrimidines
(such as thymine glycol, cytosine glycol, and N-substituted urea
[15, 24)) are recognized and removed by the Nth (2, 11) and/or
Nei (21, 27) proteins, which share a common range of sub-
strates. These three glycosylases have an apurinic/apyrimidine
(AP) lyase activity which cleaves the DNA backbone by a
b-elimination mechanism for the Nth protein (leaving an a,b-
unsaturated aldehyde at the 39 side of the nick [6, 22, 27]) and
a b,d-elimination mechanism for the Fpg and Nei proteins
(leaving a gap bordered by 39 and 59 phosphoryl group [21,
41]). In addition to these activities, Fpg and Nei proteins also
catalyze the excision of 59-terminal deoxyribose phosphate

from DNA (DNA deoxyribose phosphodiesterase [dRpase]
activity [16, 21]).

Thus far, only four D. radiodurans proteins have been asso-
ciated with ionizing radiation resistance: the recA and pol gene
products, homologs of E. coli RecA (19) and DNA polymerase
I (18), respectively, and the irrB and irrI gene products, whose
biochemical functions have yet to be determined (26, 44). An
activity that cleaves DNA containing thymine glycol adducts
and a deoxyribophosphodiesterase have been identified in par-
tially purified extracts of D. radiodurans (33). However, the
enzymes involved in the repair of the oxidized purines, such as
8-oxoG, caused in DNA by ionizing radiation has not yet been
identified.

In attempt to investigate the mechanisms involved in the
resistance of D. radiodurans to the mutagenic effects of reactive
oxygen species, we have purified from crude extracts of this
bacterium enzymatic activities that recognize oxidized purines.
The substrate used to identify these activities is a duplex
polynucleotide containing [3H]Fapy residues. We have identi-
fied two different enzymes excising Fapy residues, both of
which have associated 8-oxoG glycosylase and AP lyase activ-
ities, and also present the biochemical characterization and
determination of the substrate specificities of these two en-
zymes.

MATERIALS AND METHODS

Growth of organisms and preparation of cells. D. radiodurans ATCC 13939
(American Type Culture Collection) was grown at 32°C in TGY broth (10 g of
tryptone, 5 g of yeast extract, and 1 g of glucose per liter). The cells were
harvested in the late exponential phase (optical density at 600 nm of ;0.9) by
centrifugation, washed with 80% ethanol (vol/vol) in Tris-EDTA buffer, then
washed with Tris-EDTA buffer. This treatment was optimized to obtain quanti-
tative lysis of the bacteria.

Enzymes assays. (i). Fapy-DNA glycosylase assay and identification of reac-
tion products. Fapy-DNA glycosylase activity was measured with [3H]Fapy–
poly(dG-dC) (6) as the substrate. The standard incubation mixture (total vol-
ume, 50 ml) contained 70 mM HEPES-KOH (pH 8.5), 70 mM KCl, 2 mM
b-mercaptoethanol, 2 mM Na2EDTA, 10% glycerol, 2,000 cpm of [3]Fapy–
poly(dG-dC) (3,106 cpm/pmol), and limiting amounts of enzyme. After incuba-
tion at 32°C, the reaction mixture was ethanol precipitated and the ethanol-
soluble radioactivity was measured by scintillation counting (5). To identify the
reaction products, the ethanol supernatant was supplemented with authentic
Fapy and analyzed by high-pressure liquid chromatography using a C18m Bonda-
pack column as previously described (4).

(ii) 8-oxoG-DNA glycosylase assay. A 34-mer oligonucleotide containing a
single 8-oxoG residue at position 16 (59-GGCTTCATCGTTATT8-oxoGATG
ACCTGGTGGATACCG39) was used as the substrate in 8-oxoG-DNA glycosy-
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lase assays. The 59 end of this oligonucleotide was 32P labeled with T5 polynu-
cleotide kinase in the presence of [g-32P]ATP (3,000 Ci/mmol; ICN) (8) and
purified by using a Nensorb cartridge (Du Pont). Annealing of the 34-mer with
an oligonucleotide of complementary sequence, but with a C, T, G, or A opposite
the 8-oxoG, was at a 1:2 molar ratio (labeled/unlabeled) at 90°C for 10 min
followed by slow cooling to room temperature. Analysis of the resultant duplex
oligonucleotide by native polyacrylamide gel electrophoresis (PAGE) on a 10%
gel showed that more than 95% of the labeled oligonucleotide was in a duplex.
The standard assay mixture (10 ml, final volume) contained 70 mM HEPES-
KOH (pH 8.5), 70 mM NaCl, 2 mM Na2EDTA, 2 mM b-mercaptoethanol, 100
fmol of 32P-end-labeled duplex oligonucleotide containing 8-oxoG, and limiting
amounts of enzyme. After incubation for 10 min at 32°C, the reaction was
stopped by adding 10 ml of formamide dye solution; then the mixture was heated
at 90°C for 5 min and loaded onto a denaturing 20% polyacrylamide gel con-
taining 7 M urea. After electrophoresis, the gels were autoradiographed at
220°C, and the corresponding bands were identified and quantified with a
PhosphorImager (Storm 840; Molecular Dynamics).

(iii) Thymine glycol glycosylase assay. DNA containing thymine glycol resi-
dues was obtained (27) by exposing 150 mg of pBR322 DNA to 0.1% OsO4 for
30 min at 70°C. The modified DNA was phenol extracted, ethanol precipitated,
and then purified by electrophoresis on an agarose gel (1%). Covalently closed
circular DNA was phenol extracted from the agarose and ethanol precipitated.
The enzymatic reaction was carried out with 500 ng of DNA in 10 ml of 70 mM
HEPES-KOH (pH 8.5)–2 mM Na2EDTA–70 mM NaCl–2 mM b-mercaptoetha-
nol–10% glycerol at 32°C for 10 min. The products of the reactions were sepa-
rated by electrophoresis on a 0.9% agarose gel, the gel was stained with ethidium
bromide, and photographed, and plasmid nicking was quantified by microdensi-
tometric analysis of a photographic negative (Chromoscan 3; Jocye-Loebl).

(iv) Assay for AP nicking activity by using an oligonucleotide containing a
unique abasic site. A 50-mer oligonucleotide containing a single hypoxanthine
(HX) residue at position 26 (59GACTACAAATACATCGTCACCTGGGHXC
ATGTTGCAGATCCTTCCAGTGCG39) was 32P labeled at the 59 end, an-
nealed with the complementary sequence, and analyzed as described above. The
AP site was produced by excision of HX residues from 0.4 pmol of 32P-labeled
duplex, using saturated amounts of AlkA protein in 20 ml of 25 mM sodium
phosphate (pH 7.2)–1 mM Na2EDTA–100 mM KCl–100 mg of bovine serum
albumin per ml) for 25 min at 37°C (35). The reaction was cooled for 10 min at
4°C. To measure the nicking activity at the AP site, limited amounts of enzyme
were added and incubated for 10 min at 32°C. The reaction was stopped by
adding 10 ml of formamide dye mixture, and the products were analyzed by
PAGE (20% gel) in the presence of 7 M urea. All other steps were as described
above.

Purification of the Fapy-DNA glycosylase. All purification procedures were
performed at 4°C. Protease inhibitors were added in all buffers at the following
concentrations: antipain, leupeptin, and aprotinin (Boehringer Mannheim), each
at 3 mg/ml; and phenylmethylsulfonyl fluoride (Boehringer Mannheim), 1 mM.
Cell pellets (490 g) were lysed in 2 volumes of buffer A (20 mM HEPES-KOH
[pH 8.5], 1 mM Na2EDTA, 2 mM b-mercaptoethanol, 10% [vol/vol] glycerol)
containing 0.3 mg of lysozyme per ml and 0.25 M NaCl. The lysate was centri-
fuged at 10,000 3 g for 30 min at 4°C. The supernatant was the crude extract
(fraction I). To remove nucleic acids, fraction I was loaded onto a QMA anion-
exchange column (Waters Acell) equilibrated with buffer A containing 0.25 M
NaCl. The fractions that were not retained on the QMA column (fraction II)
contained the Fapy-DNA glycosylase activity. Fraction II was dialyzed against
buffer A containing 0.02 M NaCl and loaded onto a Phospho-Ultrogel A6
(Pharmacia LKB Biotechnology Inc.) column. The column was developed by
using a linear gradient of buffer A without glycerol from 0.02 to 1 M NaCl.
Fractions containing Fapy-DNA glycosylase activity were pooled (fraction III),
ammonium sulfate was added to 1.7 M, and the mixture was loaded onto a fast
protein liquid chromatography (FPLC) Phenyl Superose HR 5/5 column (Phar-
macia). The column was washed with buffer B (20 mM HEPES-KOH [pH 8.5],
1 mM Na2EDTA, 2 mM b-mercaptoethanol, 0.25 M NaCl, 1.7 M ammonium
sulfate) and eluted with a linear gradient (1.7 to 0 M ammonium sulfate in buffer
B). The eluate from this column gave two peaks of Fapy-DNA glycosylase
activity eluting at 0.75 and 0.35 M ammonium sulfate. These peaks were sepa-
rately pooled and further purified (fractions IVa and IVb). Those two fractions
were dialyzed against buffer A containing 0.02 M NaCl and loaded onto an FPLC
MonoS HR 5/5 column (Pharmacia). The active fractions eluted at 0.35 M
(fraction V) and 0.43 M (fraction VI) NaCl, respectively, using a 0.02 to 1 M
NaCl gradient in buffer A.

Immunoblotting. The proteins were separated by sodium dodecyl sulfate
(SDS)-PAGE (12% gel) and transferred onto a nitrocellulose membrane treated
with 5% nonfat milk in TBS-T buffer (20 mM Tris base, 137 mM NaCl, 0.1%
Tween 20 [Bio-Rad [pH 7.5]) for 1 h as described by Towbin et al. (43). The
membrane was then incubated for 1 h with serum from rabbit immunized with
the Fpg protein of E. coli (1/5,000 [vol/vol] in TBS-T buffer). After three washes,
the membrane was incubated for 1 h with peroxidase-coupled anti-immunoglob-
ulin G gamma chain (anti-rabbit; Sanofi Pasteur) diluted 1/5,000. Peroxidase
activity was detected with the Boehringer Mannheim chemiluminescence blot-
ting substrate PDO. The membrane was then stripped of bound antibodies (using
100 mM b-mercaptoethanol–2% SDS–62.5 mM Tris-HCl [pH 7.5] at 50°C for 30
min), washed three times with TBS-T, and reprobed with the rabbit serum

containing antibodies against E. coli Nth (5% nonfat milk in TBS-T for 1 h and
rabbit serum for 1 h); then immunoreactive bands were detected as described
above.

Protein concentration determination. Protein concentrations were determined
by the method of Bradford (7), using bovine serum albumin as the standard.
Since the enzymatic preparations obtained in the last step of the purification
were not homogeneous, we used the following approach to evaluate protein
concentrations. Proteins were separated by SDS-PAGE (12% gel) and stained
with Coomassie blue. A photograph of the gel was taken, and the intensities of
protein bands were quantified by microdensitometry (Chromoscan 3; Joyce-
Loebl) of the photographic negative. The total amount of protein run on the gel
was then used to estimate the relative protein concentrations of each protein
band. Identification of the protein bands reacting with antibodies allowed eval-
uation of the concentrations of the two enzymes.

Formation of enzyme-DNA complexes in the presence of NaBH4. The enzymes
were incubated with 100 fmol of the 32P-end-labeled 8-oxoG-containing duplex
(34-mer) at 32°C for 20 min in 20 ml of a solution containing 25 mM sodium
phosphate (pH 8.5), 1 mM Na2EDTA, 70 mM NaCl, 100 mg of bovine serum
albumin per ml, and 100 mM NaBH4 (a 2 M NaBH4 stock solution in water was
prepared immediately prior to use). The reaction was stopped by addition of SDS
(0.5%, final concentration) and heating for 10 min at 37°C. The reaction prod-
ucts were separated by SDS-PAGE (15% gel), and the gel was dried and auto-
radiographed. The bands corresponding to DNA-protein complex or to free
DNA were quantified with a PhosphorImager as described above. The formation
of a covalent complex between DNA containing an AP site and proteins was
achieved by using the 50-mer oligonucleotide containing an abasic site as de-
scribed above.

RESULTS

Purification of the Fapy-DNA glycosylase activities in D.
radiodurans. To identify the enzymes repairing oxidized pu-
rines in D. radiodurans, we could assay either the 8-oxoG or the
Fapy-DNA glycosylase activity. However, preliminary experi-
ments showed that 8-oxoG/C glycosylase activity was not de-
tectable in crude extracts; consequently, we used [3H]Fapy–
poly(dG-dC) as the substrate, although the Fapy-DNA
glycosylase activity is barely detectable in the crude lysate of D.
radiodurans (Table 1). Given the low level of activity, we pu-
rified the enzyme from 200 liters (490 g) of the wild-type strain,
using a series of column chromatography steps. Two peaks of
Fapy-DNA glycosylase activity were separated by FPLC on the
hydrophobic column (fractions IVa and IVb [Table 1]). Those
peaks were then separately pooled and further purified by
FPLC using an ion-exchange column (fractions V and VI). The
two preparations obtained in the final steps were purified more
than 300- and 2,000-fold, respectively. However, these values
are undoubtedly underestimates due to the difficulty in obtain-
ing reliable enzymatic activity determinations when the crude
extract is used. The radioactive materials released from
[3H]Fapy–poly(dG-dC) by the two D. radiodurans Fapy-DNA
glycosylases coelute with authentic Fapy marker molecules in

TABLE 1. Purification of D. radiodurans Fapy-DNA
glycosylase activities

Step Fraction Protein
(mg)

Fapy-DNA
glycosylase
sp act (U/

mg)a

Yield
(%)

Purification
factor
(fold)

Crude extract I 6,256 0.6 100 1
QMA-Acell II 4,955 0.6 94 1
Phospho-Ultrogel III 857 8.2 64 13
Phenyl Superose-FPLC IVa 39.5 6.8 7 11.3

IVb 35 24 22 40

MonoS FPLC
Fraction IVa V 0.5 182 2.4 300
Fraction IVb VI 0.31 1,210 10 2,000

a Measured with [3H]Fapy–poly(dG-dC) as the substrate. One unit excises I
pmol of Fapy residues in 5 min at 32°C.
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two peaks, corresponding to the two rotameric forms of the
free Fapy base (data not shown). Therefore, the two purified
enzymatic activities are DNA glycosylases.

Presence of a 8-oxoG-DNA glycosylase activity. Since the E.
coli Fpg protein excises both Fapy and 8-oxoG residues in
DNA, we tested whether an 8-oxoG-DNA glycosylase activity
is also present in fractions V and VI, using as substrate a
duplex oligonucleotide containing a single 8-oxoG residue.
The two most purified fractions nicked this duplex oligonucle-
otide in a concentration-dependent manner (Fig. 1). We have
also found that in each case, the activities excising Fapy resi-
dues and cleaving the 8-oxoG-containing duplex coelute during
MonoS chromatography (data not shown), strongly suggesting
that both enzymes carry these two activities, albeit with differ-
ent ratios. Note that fraction VI exhibits a much higher 8-oxoG
glycosylase activity relative to Fapy excision.

Use of antibodies against E. coli Fpg or Nth to characterize
the D. radiodurans enzymes. The results presented above show
that D. radiodurans has two enzymes with common activities
(Fapy- and 8-oxoG-DNA glycosylases). We have further inves-
tigated whether these enzymes could be structural homologs of
the E. coli Fpg protein by immunoblotting the two proteins
with anti-E. coli Fpg protein antibodies. The results (Fig. 2A)
show that both fractions possess a protein reacting with these
antibodies. Since we have used the same amounts of enzyme
(measured with Fapy-DNA glycosylase units), Fig. 2A shows
that the fraction V protein reacts weakly and fractions VI
protein exhibits a stronger reaction. Moreover, these proteins
have different apparent molecular masses (;38 and ;34 kDa
for the fraction V and VI proteins, respectively).

Recently, a Fapy-DNA glycosylase activity in yeast has been
found in a non-Fpg protein-like enzyme, Ntg1 (14). Ntg1 shows
a sequence similarity with E. coli Nth (2, 14), and excises
oxidized pyrimidines (thymine glycols) from yeast DNA. It also
removes Fapy residues but not 8-oxoG, whereas in E. coli, Nth

removes oxidized pyrimidines but not Fapy residues. There-
fore, we investigated whether the D. radiodurans enzymes
could be recognized by antibodies against the E. coli Nth pro-
tein by reprobing the immunoblot described above with anti-E.
coli Nth protein antibodies. The results show that there is no
detectable reaction with either fraction V or fraction VI (Fig.
2B).

We further investigated the inhibitory effects of the antibod-
ies toward the enzymatic activities of the two proteins. The
results (Fig. 3) show that the various antibodies inhibit the two
enzymatic activities but with different patterns. The anti-Fpg

FIG. 1. Cleavage of the 8-oxoG/C duplex by the following: lane 1, no enzyme,
lane 2, 5 ng of E. coli Fpg protein; lanes 3, 4, and 5, 0.2, 0.4, and 1 U of Fapy DNA
glycosylase (fraction V); lanes 6, 7, and 8, 0.2, 0.4, and 1 U of Fapy DNA
glycosylase (fraction IV). The duplex (100 fmol/reaction) was incubated with the
enzyme at 32°C for 10 min.

FIG. 2. Immunoblotting of fractions V and VI protein with anti-Fpg (A) and anti-Nth (B) antibodies. Lane 1, E. coli Fpg protein (100 ng); lane 2, E. coli Nth protein
(100 ng); lane 3, fraction V (0.5 U of Fapy-DNA glycosylase); lane 4, fraction VI (0.5 U of Fapy-DNA glycosylase).

FIG. 3. D. radiodurans Fapy and 8-oxoG DNA glycosylase activities in the
presence of various concentrations of anti-Fpg antibodies. Fraction V (0.04 U of
Fapy DNA glycosylase; ■) and fraction VI (0.04 U of Fapy DNA glycosylase; Œ)
were incubated for 10 min at 32°C with 700 fmol of [3H]Fapy–poly(dG-dC) or
100 fmol of 8-oxoG/C-containing oligonucleotide (34-mer) (B).
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antibody inhibited the enzymatic activities of the fraction VI
protein more efficiently than those of the fraction V protein.
The Western blot analysis (Fig. 2) also showed that anti-Fpg
antibodies react better with the enzyme presents in fraction VI
than with the fraction V enzyme. Taken together with the fact
that the two enzymatic activities have different apparent mo-
lecular weights, these results suggest that two different en-
zymes having structural homologies with the E. coli Fpg pro-
tein are responsible for the excision of the Fapy residues and
incision of 8-oxoG-containing DNA in D. radiodurans.

Repair of Fapy lesions by the D. radiodurans enzymes. The
optimum pH for both D. radiodurans enzymes in Fapy excision
was pH 8.4, using a HEPES-KOH buffer containing 70 mM
NaCl (data not shown). The abilities of the two enzymes to
excise Fapy residues was analyzed. As noted above, both en-
zymes release Fapy residues, with the fraction VI enzyme be-
ing the most efficient (Fig. 4). Analysis of the kinetic parame-
ters for the release of [3H]Fapy residues gave an apparent Km
value for the fraction VI enzyme which is comparable to that of
the E. coli Fpg protein, while the fraction V enzyme had a
higher Km value (Table 2). Comparison of the two enzymes
Kcat/Km values for excision of Fapy residues (Table 2) shows
that these values are similar to those of the E. coli Fpg protein.

Repair of 8-oxoG residues by the D. radiodurans enzymes.
The efficiency of the two enzymes to excise 8-oxoG residues as
a function of the base opposite to the lesion was analyzed by
using a 34-mer duplex DNA containing an 8-oxoG residue
opposite one of the four bases. To compare the two enzymatic
activities on 8-oxoG residues, the reactions were standardized
by Fapy units as a measure of the two enzymes concentrations.
The results show that both enzymes incise the various sub-

strates with different efficiencies (Fig. 5). Fraction V enzyme
incises the four duplexes with a low efficiency and has a slight
preference for 8-oxoG/C and 8-oxoG/T mismatches. Fraction
VI enzyme incises 8-oxoG residues from all the mismatches
with a higher efficiency, and the 8-oxo-G residue is better
eliminated when opposite a pyrimidine; however, the
8-oxoG/A mismatch is recognized at a detectable rate. Frac-
tion VI enzyme exhibits Km and Kcat/Km values for the 8-oxoG-
DNA glycosylase activity comparable to those of the E. coli
Fpg protein, while fraction V enzyme has a much (10-fold)
lower apparent Km and a 20-fold-reduced Kcat/Km (Table 2).

Mechanisms of action of the enzymes in repair of 8-oxoG
residues. Following the enzymatic treatment of the 8-oxo-G-
containing duplex, further incubation with 10% piperidine
(which nicks DNA at AP sites) leads to no increase in the
amount of incised substrate (data not shown), thus showing
that our assay did not underestimate the excision of 8-oxoG.
This result implies either that an AP nicking activity contam-
inates both enzyme preparations or that for both enzymes, an
associated nicking activity, presumably AP lyase activity, is
involved in repair of the 8-oxoG lesions. If the latter is the case,
it should be possible to isolate the covalent Schiff base inter-
mediate as an enzyme-substrate complex as shown for the E.
coli Fpg protein (42), as this complex can be reduced in the

FIG. 4. Fapy-DNA glycosylase activities of fraction V (■) and fraction VI
(Œ). Increasing amounts of each enzyme were incubated in the presence of
[3H]Fapy–poly(dG-dC) at 32°C for 10 min, and the [3H]Fapy residues released
were measured (for details, see Materials and Methods).

TABLE 2. Kinetic parameters for excision of Fapy and 8-oxoG
(from oligonucleotides) residues for D. radiodurans fraction V

and fraction VI enzymes

Protein

Fapy-DNA glycosylase
activity

8-oxoG-DNA glycosylase
activity

Km
(nM)

kcat
(1/min)

kcat/Km
(1/nM z min)

Km
(nM)

kcat
(1/min)

kcat/Km
(1/nM z min)

Fraction V 22.1 0.33 0.16 83.3 0.2 0.0024
Fraction VI 5.3 0.49 0.1 10 0.6 0.06
E. coli Fpg protein 10 0.5 0.05 4 0.43 0.11

FIG. 5. Cleavage of DNA duplexes containing a single 8-oxoG mismatched
with one of the four bases C (■), T (�), G (Œ), and A (F). The various duplexes
(100 fmol) were incubated with increasing amounts of proteins standardized as
Fapy-DNA glycosylase activity of fraction V (A) and fraction VI (B) for 10 min
at 32°C.
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presence of sodium borohydride to yield a stable covalent
complex (37, 42). We therefore tested the ability of the two D.
radiodurans enzymes to trap 8-oxoG/C DNA in the presence of
NaBH4. As shown in Fig. 6, both enzymes generate covalent
complexes with DNA, suggesting that they have an intrinsic
b-AP lyase activity associated with their DNA glycosylase ac-
tivity (see below).

Nicking activities at a abasic sites of the D. radiodurans
enzymes. The nicking activities at AP sites by the two enzymes
was further characterized by using as substrate a duplex oligo-
nucleotide containing a unique abasic site at a defined position.
The results (Fig. 7A) show that for both enzymes, the AP lyase
activities can operate independently of the glycosylase activity.
The mechanism of the AP lyase activity was determined by
comparing the products of the reaction obtained with fraction
V and VI enzymes with the products of the reaction of the E.
coli Fpg (b,d-elimination) and Nth (b-elimination) proteins.
Figure 7B shows that the products of the reaction obtained
with fractions V and VI migrate at the same position as those
obtained with the E. coli Fpg protein. These results suggest
that the two D. radiodurans enzymes use the same mechanism
for nicking DNA at abasic sites: a b,d elimination.

We also tested whether these two enzymes could trap DNA
containing an AP site in the presence of NaBH4. The results
(Fig. 8) show that both enzymes generate covalent complexes
with DNA containing ATP sites. The migration positions of
the two covalent complexes are also in good agreement with
the enzymes’ apparent molecular masses as measured above,
compared to the migration of the complex formed between the
E. coli Fpg protein (30.2 kDa) and the AP site-containing
DNA duplex.

Incision of osmium tetroxide-damaged DNA by the two en-
zymes. To further characterize the substrate specificities of the
two deionococcal Fapy- and 8-oxoG-DNA glycosylases, we
tested their ability to recognize oxidized pyrimidines, using as
substrate plasmid DNA treated with OsO4, which predomi-
nantly generates thymine glycols in DNA (14, 24). The fraction
V enzyme efficiently cleaves the OsO4-treated DNA, whereas
fraction VI enzyme does not (Fig. 9A). The results are com-
patible with a two-step mechanism: the N-glycosylase activity
excised the oxidized base then the AP lyase activity leads to the
strand cleavage at the ATP site. The unoxidized DNA was
resistant to enzymatic cleavage when treated with the fraction

V enzyme, thus ruling out possible contamination of the prep-
aration by a nonspecific endonuclease.

To confirm that this thymine glycol DNA glycosylase activity
is carried by the Fapy- or 8-oxoG-DNA glycosylase–AP lyase
protein present in fraction V, OsO4-treated-DNA cleavage
reactions were performed in the presence of various amounts
of anti-Fpg protein antibodies. The results (Fig. 9B) show that
only anti-Fpg antibodies are able to inhibit the enzymatic re-
actions, suggesting that the thymine glycol glycosylase activity
is carried by the same enzyme that cleaves at Fapy, 8-oxoG,
and AP lesions.

FIG. 6. NaBH4 trapping of 8-oxoG-containing DNA (200 fmol) treated with
different amounts of proteins standardized as Fapy-DNA glycosylase activity
from fraction V (■) and fraction VI (Œ). The reactions were performed at 32°C
for 30 min (for details, see Materials and Methods).

FIG. 7. Cleavage of an oligonucleotide containing a unique abasic site. Oli-
gonucleotide (100 fmol) was incubated for 10 min at 32°C with enzyme. The
products of the reaction were separated by SDS-PAGE, and the results were
quantified with PhosphorImager. (A) Increasing amounts of fraction V (■) and
fraction VI (Œ). (B) Lane 1, duplex oligonucleotide containing an AP site. lane
2, like lane 1 but incubated with 0.2 M NaOH before analysis; lane 3, like lane
1 but incubated with 10 ng of E. coli Fpg protein; lane 4, like lane 1 but incubated
with 10 ng of E. coli Nth protein; lane 5, like lane I but incubated with 10 ng of
fraction V enzyme; lane 6, like lane 1 but incubated with 10 ng of fraction VI
enzyme.

FIG. 8. NaBH4 trapping of AP site-containing DNA (100 fmol) with 50 ng of
E. coli Fpg protein (lane 1), 10, 20 50 ng of fraction V enzyme (lanes 2, 3, and
4), and 10, 20, and 50 ng of fraction VI enzyme (lanes 5, 6, and 7) for 10 min at
32°C.
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DISCUSSION

D. radiodurans has an extraordinary ability to withstand both
the lethal and the mutagenic effects of ionizing radiation. This
bacterium is multigenomic (20), with stationary-phase cells
carrying an estimated four genome equivalents. It has been
proposed (10) that preexisting alignment between homologous
sequences of the chromosomes facilitates the association of
these regions after X irradiation, leading to rapid recombina-
tional repair of the complete genome. However, this model
cannot explain the resistance of the bacterium to the muta-
genic effects of ionizing radiation, believed to be due to the
generation of oxidized bases in DNA (17). The effects of these
modified bases are eliminated in E. coli by a set of DNA repair
enzymes including the Fpg, MutY, and MutT proteins, coor-
dinated in the GO repair system (12, 13, 29).

Due to the potential importance of the mechanisms that
counteract the mutagenic effects of oxidized purines, our goal
was to identify the enzymes involved in the repair of these
oxidized bases in D. radiodurans, in particular to purify from
bacterial extracts the proteins that excise Fapy residues since it
was not possible to detect 8-oxoG repair activity in crude
extracts of D. radiodurans (data not shown). Our results show
that two protein fractions from D. radiodurans exhibit Fapy-
DNA glycosylase activity. The two proteins differ in both hy-
drophobicity and charge, since they are eluted on the FPLC

MonoS or hydrophobic columns at different ionic strengths.
The proteins also have different catalytic parameters. Fraction
VI enzyme exhibits robust 8-oxoG-DNA glycosylase and AP
lyase activities and has very efficient kinetic parameters (Km
and Kcat) for action on Fapy and 8-oxoG residues similar to
those of the E. coli Fpg protein (6). The mechanisms of action
of this fraction VI enzyme appears to involve a transient Schiff
base intermediate with 8-oxoG or AP site containing DNA that
can be trapped upon reduction with NaBH4, with the AP lyase
activity proceeding by a b,d elimination. Anti-E. coli Fpg an-
tibodies recognize the fraction VI enzyme, and these antibod-
ies strongly inhibit its glycosylase and AP lyase activities, sug-
gesting significant structural similarity between the E. coli and
D. radiodurans proteins. The E. coli Fpg protein is unable to
incise 8-oxoG/A complex, which is a substrate for the MutY
protein in the GO repair system (8, 28). In contrast, the frac-
tion VI enzyme is able to recognize and repair the 8-oxoG/A
mismatch, although only at a slow rate. This activity is also
inhibited by anti-Fpg antibodies (data not shown), suggesting
that it is carried by the same protein. This result suggest that D.
radiodurans may have a GO repair system different from that
in E. coli. Indeed, we have been unable to detect a MutY like
activity in the crude extract or in the Phosphor-Ultrogel frac-
tions from D. radiodurans (data not shown).

The second protein (fraction V enzyme) shows a weaker
affinity for Fapy residues and a low 8-oxoG/C-DNA glycosylase
activity. As described for the fraction VI enzyme, fraction V
enzyme also has an AP lyase activity, which proceeds by a
b,d-elimination mechanism; it also forms a transient Schiff
base intermediate with 8-oxoG or AP site containing DNA. A
thymine glycol DNA glycosylase associated with fraction V
enzyme has also been identified. Anti-E. coli Fpg antibodies
inhibit all of those activities, but less efficiently than for the
fraction VI enzyme. This suggests that the fraction V protein
has some structural similarities with the Fpg protein, although
less marked than for the fraction VI enzyme. A thymidine
glycol DNA glycosylase has previously been partially purified
from D. radiodurans extracts (34), but the relationship between
this ;30-kDa protein and the ;38-kDa fraction V protein is
not clear.

The fact that D. radiodurans possesses two glycosylases, ac-
tive both on Fapy and 8-oxoG residues, raises the possibility
that the smaller one (fraction V) is derived from the larger one
by limited proteolysis. Indeed, they have the same optimum
pH, similar sizes, and intrinsic AP lyase activities, both func-
tioning by b,d elimination, and both cross-react with anti-E.
coli Fpg antibodies but not with anti-E. coli Nth antibodies.
However, only fraction V protein has a thymine glycol DNA
glycosylase activity. It is formally possible that the smaller
protein (fraction VI) is a proteolytic fragment of the larger
(fragment V) one and that their different thymine glycol gly-
cosylase activities are due to the fact that one activity is a
fragment of the other. However, the fact that only the smaller
protein excised oxidized pyrimidines favors the presence of two
distinct unrelated proteins. Furthermore, in testing for activity
on 8-oxoG containing-DNA, we found that the smaller protein
(fraction VI) was more active than the larger one (fraction V),
and immunoblotting results show that the E. coli anti-FPG
antibodies binds much more weakly to fraction V than to
fraction VI (consistent with the fact that fraction VI is more
inhibited by these antibodies than fraction V in both Fapy and
8-oxoG activities). Furthermore, regardless of which base is
opposite the 8-oxoG lesion in a DNA duplex, the smaller
protein (fraction VI) is in all cases more active than the larger
one (fraction V). These results together are most consistent
with the two proteins being independent gene products.

FIG. 9. Incision of OsO4-treated DNA by the D. radiodurans enzymes. (A)
500 ng of OsO4-treated DNA was incubated at 32°C for 10 min with increasing
amounts of fraction V (■) and fraction VI (Œ) enzymes. The products of the
reaction were separated on an agarose gel and quantified by microdensitometric
analysis (for details, see Materials and Methods). (B) Thymine glycol DNA
glycosylase activities of fraction V (■) and fraction VI (Œ) enzymes in the
presence of different dilutions of anti E. coli Fpg antibodies.
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Part of the sequence of the genome of D. radiodurans is
currently available (TIGR database). A computer search for
homologies to the E. coli Fpg protein reveals one sequence
(fragment gdr 31) coding for a putative protein having a mo-
lecular mass of 34.8 kDa (39% identity and 52.6% similarity
with the E. coli Fpg protein amino acids sequence) and con-
taining a four-cysteine zinc finger motif. These finding suggest
that this sequence could code for the fraction VI enzyme.
However, we have been unable to detect any other D. radio-
durans sequence encoding a Fpg homolog that could code for
the fraction V enzyme, although the genomic sequence is not
yet complete. Concerning potential homologs of the E. coli Nth
protein, genomic fragment gdr 4 encodes a putative protein of
226 amino acids (molecular weight of 28,288, with 40% identity
and 54% similarity with the E. coli Nth protein amino acids
sequence), significantly smaller than the fraction V enzyme
that we have purified and characterized. This putative protein
could be the ;30-kDa thymine glycol DNA glycosylase that
has been partially purified from D. radiodurans extracts (34).

In conclusion, D. radiodurans is the first bacterium that ap-
pears to contain two different proteins excising 8-oxoG resi-
dues. One of them shares significant homology with the E. coli
Fpg protein and a common range of enzymatic activities. This
protein could be a homolog of the E. coli Fpg protein, which
confirms the existence of a base excision repair system in D.
radiodurans (25). Further characterization of these two pro-
teins and of their corresponding genes will be necessary to
determine their exact roles in the unusual resistance of D.
radiodurans to ionizing radiation and other DNA-damaging
agents.
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