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ABSTRACT It has previously been reported that 1,N°-
ethenoadenine (£A), deaminated adenine (hypoxanthine, Hx),
and 7,8-dihydro-8-oxoguanine (8-0x0G), but not 3,N*-
ethenocytosine (£C), are released from DNA in vitro by the
DNA repair enzyme alkylpurine-DNA-N-glycosylase (APNG).
To assess the potential contribution of APNG to the repair of
each of these mutagenic lesions in vivo, we have used cell-free
extracts of tissues from APNG-null mutant mice and wild-type
controls. The ability of these extracts to cleave defined oli-
gomers containing a single modified base was determined. The
results showed that both testes and liver cells of these knock-
out mice completely lacked activity toward oligonucleotides
containing €A and Hx, but retained wild-type levels of activity
for €eC and 8-0x0G. These findings indicate that (i) the
previously identified eA-DNA glycosylase and Hx-DNA glyco-
sylase activities are functions of APNG; (if) the two structur-
ally closely related mutagenic adducts €A and £C are repaired
by separate gene products; and (iii)) APNG does not contribute
detectably to the repair of 8-0x0G.

There are numerous DNA repair enzymes that excise delete-
rious modified bases or a modifying group from DNA in
mammalian cells (1-3). Efforts have been made to define the
substrate range of most of these by using purified or partially
purified or recombinant enzymes. However, such experiments
can be ambiguous. In contrast, the recent use of targeted gene
deletion in cells has provided more definitive information on
the biological role of two base excision repair enzymes,
hydroxymethyluracil-DNA glycosylase (4) and 3-methylad-
enine (m3A)-DNA glycosylase (alkylpurine-DNA-N-glycosy-
lase; APNG) (5, 6). There are more examples of targeted
deletion in mice of genes involved in nucleotide excision repair,
generally lacking repair capacity for UV damage—e.g., XPA
and XPC gene knockouts (7-9) as well as mismatch repair (10),
O%-alkylguanine and O*-alkylthymine repair by O%-methylgua-
nine methyltransferase (MGMT) (11).

In the case of hydroxymethyluracil-DNA glycosylase-
deficient hamster cells, there was no phenotypic alteration (4).
In an APNG-deficient mouse cell line, it was shown that two
alkylating agents, N,N’-bis(2-chloroethyl)-N-nitrosourea
(BCNU) and mitomycin C, induced chromosome damage and
cell killing as a result of the lack of removal by m3A-DNA
glycosylase of damage produced by these agents (5). Neither of
these experiments was specifically directed toward the possible
substrate range of enzymes, but both experiments resulted in
new information on the role of a specific enzyme in maintain-
ing genetic integrity against individual agents causing DNA
damage.
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A separate line of experimentation to assess the in vivo
mutagenicity of various modified bases in differing repair
backgrounds used defined synthetic oligonucleotides or glo-
bally modified vectors (12-15). Related to this are numerous
in vitro experiments also using site-directed mutagenesis in
which replication efficiency and changed base pairing could be
quantitated [reviewed by Singer and Essigmann, (15)]. These
data all yielded basic information on the potential biological
role of modified bases in the absence of any repair capacity. By
using the same oligonucleotides annealed to a complementary
strand, but in the presence of single purified or cloned repair
enzymes, it was possible to quantitate and identify which of
known enzymes could repair an individual DNA adduct.

An early application of this in vitro system was used to study
DNA glycosylase-mediated nicking activity toward chloroac-
etaldehyde adducts, particularly 1,N®-ethenoadenine (eA) and
3,N*-ethenocytosine (¢C), which bound to partially purified
HeLa extracts cleaving the oligonucleotide 5’ to the adduct
(16, 17). It could be shown that both the purified “eA-binding
protein” and cloned human m3A-DNA glycosylase (APNG)
acted in the same manner on the same substrates—i.e., €A and
m3A (18). eC was also released by partially purified HeLa
cell-free extracts. Therefore it was concluded that it was a
DNA glycosylase substrate (19). However, eC activity was later
found to reside in a different glycosylase than APNG when an
eC-DNA glycosylase activity was partially purified by column
chromatography (20).

In addition, deamination resulting in adenine — hypoxan-
thine (Hx), which occurs naturally, was also repaired by the
mammalian APNG protein (21). However, Hx was very poorly
repaired by homologous clones from lower organisms, such as
yeast and Escherichia coli (21). This species difference in repair
was also true for €A (22).

Another ubiquitous endogenously produced mutagenic
modified base in mammals is 7,8-dihydro-8-oxoguanine (8-
0x0G), which was also reported as a substrate for APNG (23).
It is now known that human and mouse cells contain a DNA
glycosylase, termed 8-oxoG-DNA glycosylase, which was re-
cently cloned (24-29).

More definite proof of each of these enzyme specificities
became feasible when a base excision repair gene, the APNG
gene, was deleted in a knockout (ko) mouse (30) and tissue
extracts were used to measure glycosylase activity toward these
four substrates. This paper presents biochemical evidence
obtained by using extracts from genetically deficient mice to
prove that both ¢ A and Hx are substrates for APNG, but eC
and 8-0x0G are not.

Abbreviations: APNG, alkylpurine-DNA-N-glycosylase; UDG, uracil-
DNA glycosylase; eA, 1,N%ethenoadenine; eC, 3,N*-ethenocytosine;
Hx, hypoxanthine; dI, deoxyinosine; 8-0xoG, 7,8-dihydro-8-
oxoguanine; m3A, 3-methyladenine; wt, wild-type; ko, knockout; AP,
apurinic site; HAP1, human AP endonuclease 1.
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Oligomer

1. 5'-CCGCTA GC GGGTACCGAGCTCGAAT-3'
2. 5-CCGCT-X-GCGGGTACCGAGCTCGAAT-3'
3. 5-CCGCTAG-X-GGGTACCGAGCTCGAAT-3'
4. 5'-CCGCT-X-GCGGGTACCGAGCTCGAAT-3'
5. 5-CCGCTAGC-X-GGTACCGAGCTCGAAT-3'
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FiG. 1. Structure of the modified nucleosides used and their positions in a defined 25-mer oligonucleotide. The unmodified oligomer is in

sequence 1. The substitutions are shown as X (sequences 2-5).

MATERIALS AND METHODS

Materials. [y->?P]ATP (specific activity 6,000 Ci/mmol; 1
Ci = 37 GBq) was purchased from Amersham. T4 polynucle-
otide kinase was purchased from United States Biochemical.
Uracil-DNA glycosylase (UDG) was obtained from GIBCO/
BRL. The major human apurinic site (AP) endonuclease
(HAP1) was a gift from I. D. Hickson (University of Oxford).
Phosphocellulose P11 was from Whatman. Sep-Pak columns
were from Waters.

Generation of APNG ko Mice. The generation and initial
characterization of our APNG ko mice will be described in
detail elsewhere. Brief details are included here for clarity. The
murine APNG gene consists of four exons and is situated in the
a-globin locus on chromosome 11 (31). The targeting vector
was designed to disrupt the expression of APNG gene, while
leaving intact DNase-hypersensitive sites, both 5" and internal
to the APNG gene, that may be involved in the regulation of
other genes in the locus. Thus, by using standard gene targeting
procedures, a 2.5-kb Xhol-BamHI fragment encompassing the
APNG promoter sequences and exons 1 and 2 was deleted and
replaced by a mneo expression cassette. Correctly targeted
embryonic stem cells (129/0la) were identified by PCR and
Southern blotting and microinjected into C57BL/6 mouse

Cell-free

extract Buffer only Wild-type
Oligomer €A Hx eC €A Hx €C
1 2 3 4 5 6

blastocytes. APNG ko mice were then obtained by crossing
APNGU/™) offspring of the resulting chimeras.

Preparation of Cell-Free Extracts. Cell-free extracts were
prepared by sonication of macerated testes and liver tissue in
ice-cold buffer (50 mM Tris'HCI, pH 8.3/1 mM EDTA/3 mM
DTT) containing 2 pg/ml leupeptin, followed by the addition
of phenylmethylsulfonyl fluoride (PMSF) to 0.5 mM. Proteins
precipitating between 30% and 60% saturated ammonium
sulfate were recovered by centrifugation and frozen at —80°C
until required.

The above ammonium sulfate precipitates were dissolved in
a buffer containing 25 mM Hepes-KOH at pH 7.8, 0.5 mM
EDTA, 0.125 mM PMSF, 3 mM 2-mecaptoethanol, and 10%
(vol/vol) glycerol and then used in enzyme assays.

Preparation of Murine APNG. Full-length cDNA was ob-
tained from mouse (BALB/c) testis by reverse transcription—
PCR, inserted into pUC 8.0 on EcoRI ends, and confirmed by
DNA sequencing. After incubation overnight at 37°C, trans-
formed E. coli DH5a cells (GIBCO/BRL) from 4 liters of
culture were recovered by centrifugation and sonicated for 30
sec in buffer A (20 mM Tris-HCI, pH 8.0/1 mM EDTA/1 mM
DTT/5% glycerol) containing 2 ug/ml leupeptin and 0.5 mM
PMSF. Cell debris was removed by centrifugation, and proteins
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FiG. 2. Autoradiogram of denaturing 12% polyacrylamide gel comparing extent of nicking by mouse testes cell-free extracts of €A, Hx, and
eC in control samples (lanes 1-3), wt mice (lanes 4-6) and ko mice (lanes 7-9). The positions of 5" cleavage are shown on the far right, as indicated
by arrows. The oligomers were allowed to react with 30 ug of protein for 1 h at 37°C in a standard nicking assay.
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FIG. 3. Quantitation of the 32P-labeled bands from PAGE of the same three oligomers in Fig. 2 as a function of protein concentration of testes
extracts (0-30 pg), under the same reaction conditions as in Fig. 2. The percent of oligomer cleaved is expressed as % nicking efficiency. Note
that in the ko mice (Right) there was no detectable eA or Hx cleavage above background.

precipitating between 30% and 55% saturated ammonium
sulfate were purified further by phosphocellulose P11 chro-
matography, essentially as described by Roy et al. (32). Briefly,
the ammonium sulfate precipitate was dissolved in buffer A
containing 0.1 M NaCl and dialyzed against the same at 4°C
overnight. The dialysate was then loaded on to a preequili-
brated P11 column, and the enzyme was eluted with 0.3 M
NaClin buffer A. Fractions were assayed for APNG activity by
the method of Bjelland and Seeberg (33), using N-[*H]methyl-
N-nitrosourea-treated calf thymus DNA as substrate, and
active fractions were pooled. The resulting partially purified
material was essentially nuclease free under the conditions of
the assays described in this article.

Oligonucleotide Substrates. The four sequences of oligonu-
cleotides used as substrates for examining repair enzymatic
activities in the cell-free extracts from wild-type (wt) and ko
mice are listed in Fig. 1. The phosphoramidite technique was

S M

used for synthesis. The phosphoramidite of X in sequences 2,
4, and 5 was obtained from Glen Research (Sterling, VA). The
phosphoramidite of edC (sequence 3) was synthesized as
discussed previously (19). Each of these oligomers was an-
nealed to a universal complementary 25-mer strand, 5'-AT-
TCGAGCTCGGTACCCGCTAGCGG-3'".

The deoxyuridine (dU)-containing 25-mer oligomer was
obtained by placing the dU at position 8 from the 5’ side in
sequence 1. The double-stranded 25-mer oligonucleotide con-
taining a single AP site was prepared by treating the same
dU-containing oligomer with UDG (0.002 unit) for 15 min at
37°C.

DNA Nicking Assay. The [y-*?P]ATP end-labeling of oli-
gomers and DNA nicking assay in this work were performed
essentially as described by Rydberg et al. (16, 17). Briefly, the
nicking reaction was carried out in a total volume of 10 ul in
25 mM Hepes-KOH, pH 7.8/0.5 mM EDTA/0.5 mM DTT

so4 % Wild-type
=@~ Knockout

% 8-0x0-G nicking efficiency

Protein (pg)

FiG. 4. (Left) PAGE of activities of wt and ko mouse testes extract toward 8-oxoG after 1-h incubation, which produces a 5’ 8-mer fragment
as indicated by the arrow. Lane 1 is a control with buffer alone. Lanes 2-5 and 6-9 are with increasing amounts of testes protein (5, 10, 15, and
30 wg). (Right) Quantitation of the autoradiogram in Left. Note that there is no detectable difference between the wt and ko mouse extracts.
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containing 0.5 mg of poly(dI-dC), 0.5 mM spermidine, and
10% glycerol for 1 hr at 37°C. Quantitation of the extent of
cleavage was by densitometry of autoradiograms after elec-
trophoresis in denaturing 12% acrylamide gels. Size markers
were synthesized, purified, and co-electrophoresed to deter-
mine the size of the 5’ 3?P-labeled cleavage product (16).

RESULTS

Cleavage of €A, Hx, and £C by Testes Extracts from wt and
ko Mice. A comparison of nature and extent of glycosylase
activity in wt and ko mice showed that all three modified bases
were cleaved from defined 25-mer oligonucleotides by the wt
cell-free extracts (Fig. 2, lanes 4-6). However, the best sub-
strate is €A, while both Hx and £C are cleaved about 50% less
efficiently in the wt crude extracts. When the ko mouse testes
extracts were used, only ¢C was cleaved (Fig. 2, lane 9),
indicating that glycosylase activity toward €A and Hx was
absent as a result of deletion of the APNG gene.

Quantitation of the same enzymatic activities in testes extracts
by gel scanning confirmed that the activities are protein concen-
tration dependent (Fig. 3), and even at the highest protein level
used, there was no detectable €A or Hx incised by the ko mouse
preparation (Fig. 3 Right). The activity toward eC was unchanged
from the data for the wt extract. That is, there is a similar extent
of cleavage in both wt and ko extracts.

Cleavage of 8-0x0G by Testes Extracts from wt and ko Mice.
In Fig. 4 Left, gel electrophoresis of an 8-oxoG-containing
oligomer allowed to react with increasing amounts of wt and
ko testes extract indicated that the cleavage occurred in an
enzyme concentration-dependent manner. This was supported
by densitometry of the gel as shown in Fig. 4 Right, in which
the extent of cleavage was approximately 40% of the oligonu-
cleotide at the highest protein concentration used and there
was no difference between wt and ko mice.

Cleavage of €A and 8-0xoG by Cloned Mouse APNG. In this
experiment a cloned partially purified APNG gene product was
used in a standard nicking assay (see Materials and Methods) to
compare enzyme activity toward €A and 8-0xoG. In Fig. 5 Left it
can be seen that the expected 5-mer (see Fig. 1) from the
eA-containing oligonucleotide was cleaved to a high extent as a
function of protein concentration. In contrast, in Fig. 5 Right, the
same protocol used with the 8-oxoG-containing oligonucleotide
showed no detectable 8-mer, which would be the 5’ cleavage
product from this oligomer (see Fig. 1). It should be noted that
a 5" AP endonuclease, the major human AP endonuclease
(HAP1), was present to produce a uniform 5’ cleavage of the AP
site resulting from APNG activity.

Use of Liver Cell-Free Extracts from wt and ko Mice. The
liver cell-free extracts, from both wt and ko mice, contained
less enzyme activity toward all four adducts. This was in
agreement with the levels of mRNA expression in these tissues
(data not shown). However, the substrate specificity in both wt
and ko liver was the same as that of testes. In ko mice both eA
and Hx cleavage was absent, whereas £C and 8-0xoG cleavage
occurred (data not shown).

Other Repair Activities Tested in wt and ko Mice. In Fig. 6 it is
shown that normal levels of UDG and 5" AP endonuclease were
present in ko mice studied by using the same 25-mer sequence with
dU at position 8 or the same dU-containing oligomer pretreated
with UDG, indicating that the ko mouse construct did not affect
the enzyme involved in the next step of base excision repair, i.e.,
AP endonuclease cleavage of the AP site.

DISCUSSION

Assigning a specific repair enzyme function to particular DNA
adducts has been difficult when using bacterial and mamma-
lian cells for testing because there are many repair enzymes
present. Isolation, protein purification, and molecular cloning
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techniques have helped to define the enzyme and its substrate,
in vitro, but not necessarily unambiguously, because it ap-
peared that more than one pathway may exist for the repair of
particular DNA lesions (3). In addition, it has not always been
possible to achieve the absolute purity of some enzyme
preparations. A more definite proof of substrate specificity and
in vivo function can be achieved by using a genetic approach
that involves deletion of specific genes coding for DNA repair
proteins in cells or animals.

To our knowledge, this is the first instance of the deletion
of an enzyme of the base excision repair pathway being used
to study its substrate specificity. Thus, the initial finding that
two DNA glycosylases, separated by their chromatographic
properties, are required for the repair of €A and ¢C in human
cells (20) has been confirmed in the mouse model. Addition-
ally, we have presented compelling evidence that APNG is the
principal glycosylase involved in the repair of €A and Hx,
corroborating the biochemical evidence reported by this (18)
and other (21, 22) groups. However, for 8-oxoG, another
biologically important, endogenously formed promutagenic
lesion (34-36), no evidence for the involvement of APNG in
its repair was found in this study, in contrast to a previous
report in which both partially purified recombinant mouse and
human APNG were used (23). Recently a number of groups
have reported the cloning of a human and mouse 8-0xoG-DNA
glycosylase, the functional homologue of the E. coli fpg gene
(24-29), and this is likely to be the principal route for the repair
of this DNA lesion.

€A 8-0x0G
1 2 3 4 5 6 7 & 9 10

- -

F1G.5. Autoradiogram of partially purified murine APNG-treated
eA oligomer (Fig. 1, sequence 2) (Left) and 8-0xoG oligomer (Fig. 1,
sequence 5) (Right) after treatment with increasing amounts of the
recombinant protein, from 2.5 to 15 ng, shown by the slope of the
triangles above. Lanes 1 and 6 are controls with no added protein. The
reaction conditions were the same as in Fig. 2 except that HAP1 at 0.5
wg/mlwas added to cleave the AP site on the 5’ side. The use of HAP1
alone under the same conditions does not cause any cleavage of either
oligomer (data not shown). The positions of the size markers are
indicated by arrows.
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FIG. 6. Activity of both mouse extracts against dU (lanes 1-6) and the AP site (lanes 7-12). The AP site was obtained by treating the
dU-containing oligomer with purified UDG. The AP site was then created and incubated with testes cell-free extracts from both wt and ko mice.
Lanes 7 and 10 illustrate the lability of the AP site under experimental conditions in the absence of any added enzyme. For this reason the purified

HAPI1 was added to the reaction mixture in Fig. 5.

Therefore, when a ko mouse lacking APNG activity was
obtained (30), it was feasible to use cell-free tissue extracts to
evaluate the effects on each of these modified bases, site-
specifically placed in defined oligonucleotides, by using a
nicking assay (16) and quantitation by densitometry of the 5’
32P end-labeled fragment. From these experiments, it was then
clear that eA and eC were substrates for separate DNA
glycosylases (Figs. 2 and 3). This work also confirmed that eA
and Hx were both substrates for APNG (Fig. 3).

In addition, we find that both wt and ko mice remove 8-oxoG
efficiently and to the same extent (Fig. 4), indicating that
deletion of the APNG gene does not affect 8-0xoG removal,
in accordance with the discovery of a separate 8-oxoG-DNA
glycosylase gene in mammalian cells (24-29). In the work
reported here, we have evidence only that APNG does not play
a measurable role in repair of 8-0xoG under the conditions of
our assay system. We have, however, been able to show that
UDG and AP endonuclease activities were not affected by
APNG gene deletion.

The technique used here in conjunction with in vitro repair
studies of oligonucleotides with site-specifically placed adducts
can provide an unambiguous means to facilitate designation of
the substrate specificity of a given enzyme.
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