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ABSTRACT We described previously the isolation of a
Saccharomyces cerevisiae 3-methyladenine (3-MeAde) DNA
glycosylase repair gene (MAG) by its expression in glycosylase-
deficient Escherichia coli alkA tag mutant cells and its ability to
rescue these cells from the toxic effects of alkylating agents.
Here we extend this cross-species functional complementation
approach to the isolation of a full-length human 3-MeAde DNA
glycosylase cDNA that rescues alkA tag E. coli from killing by
methyl methanesulfonate, and we have mapped the gene to
human chromosome 16. The cloned cDNA, expressed from the
pBR322 B-lactamase promoter, contains an 894-base-pair open
reading frame encoding a 32,894-Da protein able to release
3-MeAde, but not 7-methylguanine, from alkylated DNA.
Surprisingly, the predicted human protein does not share
significant amino acid sequence homology with the bacterial
AIkA and Tag glycosylases or the yeast MAG glycosylase, but
it does share extensive amino acid sequence homology with a rat
3-MeAde DNA glycosylase and significant DNA sequence ho-
mology with genes from several mammalian species. The
cloning of a human 3-MeAde DNA glycosylase cDNA repre-
sents a key step in generating 3-MeAde repair-deficient cells
and the determination of the in vivo role of this DNA repair
enzyme in protecting against the toxic and carcinogenic effects
of alkylating agents.

The genome of every organism continually sustains DNA
damage which, if left unrepaired, contributes to cell death,
mutation, chromosome damage, ageing, and carcinogenesis.
Thus, a number of DNA repair pathways have evolved, and
these appear to be highly conserved among bacteria, yeast,
insect, and mammalian cells. One of the pathways for DNA
repair is initiated by the action of certain glycosylases that
excise abnormal bases from DNA, leaving behind apurinic or
apyrimidinic sites that then trigger nucleotide excision repair
(1). Abnormal DNA bases are known to be continually
produced by uracil misincorporation, spontaneous bond
breakages, and reactions with normal cellular metabolites
and environmental DNA-damaging agents (2). At least eight
types of glycosylase have been identified, each of which is
specific for the removal of one or more abnormal bases (2).
3-Methyladenine (3-MeAde) is one of the major lethal lesions
produced by agents like methyl methanesulfonate (MMS) and
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) in Esche-
richia coli, and this lesion is also believed to be produced by
the normal cellular metabolite S-adenosylmethionine; E. coli
is protected against such alkylating agents by the constitu-
tively expressed tag gene and the alkylation-inducible alkA
gene, which encode two 3-MeAde DNA glycosylases (3).
Whether the 3-MeAde lesion is lethal or mutagenic in human
cells is not yet known because mutant human cells deficient
in 3-MeAde DNA glycosylase have not yet been identified.
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Further, it remains to be determined whether the 3-MeAde
DNA glycosylase provides any protection against the carci-
nogenic effects of alkylating agents in our environment. Here
we describe a key step towards defining the in vivo role of the
human 3-MeAde DNA glycosylase repair enzyme—namely,
the cloning of a cDNA coding for this DNA repair function.

A number of human DNA repair genes have been cloned
by their ability to rescue DNA damage-sensitive rodent cells
from the toxic effects of the appropriate DNA-damaging
agent (4, 5). However, this approach is limited by the fact that
the specific DNA repair defects in the rodent cell lines are
unknown (5), and this has made the in vivo role of the cloned
gene products difficult to determine. We recently developed
a method for cloning eukaryotic DNA repair genes that
detects expression of the cloned genes by their ability to
rescue well-characterized DNA repair-deficient strains of E.
coli from the toxic effects of DNA damage (6). Using this
procedure, we cloned a 3-MeAde DNA glycosylase gene
(MAG) from Saccharomyces cerevisiae by its ability to
rescue a 3-MeAde DNA glycosylase-deficient E. coli alkA
tag double mutant from the killing effects of MMS. The S.
cerevisiae MAG glycosylase shares significant sequence ho-
mology with the E. coli AIKA glycosylase, and its expression,
like the transcription of alkA, is dramatically increased when
the yeast is exposed to alkylating agents (7). To determine the
in vivo role of 3-MeAde repair, we used the cloned MAG gene
to produce mag™ yeast cells and showed that the reduction
in 3-MeAde repair resulted in increased sensitivity to alkyl-
ation-induced cell death but not mutation in S. cerevisiae (6,
7). We also found that mag™~ cells express another 3-MeAde
DNA glycosylase (7), but it remains to be determined
whether this second glycosylase represents a Tag homo-
logue.

We have now extended this eukaryote/prokaryote func-
tional complementation approach to the isolation of a human
3-MeAde DNA glycosylase cDNA. It was not previously
possible to clone this human gene by conventional methods
because 3-MeAde DNA glycosylase-deficient mammalian
cell lines are not currently available. Here we describe the
characterization of a full-length human 3-MeAde DNA gly-
cosylase cDNAT isolated by its ability to rescue E. coli alkA
tag mutants from killing by MMS, and we have mapped its
gene to human chromosome 16. The predicted human
3-MeAde DNA glycosylase enzyme shares no amino acid
homology with the E. coli AlkA and Tag glycosylases or the
S. cerevisiae MAG glycosylase, but it does share significant
homology with the rat 3-MeAde DNA glycosylase enzyme

®).

Abbreviations: 3-MeAde, 3-methyladenine; MMS, methyl methane-
sulfonate; MNNG, N-methyl-N’-nitro-N-nitrosoguanidine;

7-MeGua, 7-methylguanine.

*To whom reprint requests should be addressed.

TThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M74905).



9128 Genetics: Samson et al.

MATERIALS AND METHODS

Cells, Plasmids, and Enzymes. E. coli AB1157 (F~ thr-1
leu-6 proA2 thi-1 argE lacYl galK ara-14 xyl-5 mly-1 tsx-33
strA sup-37) was the strain used as the wild type for alkyla-
tion. MV1932 and MV1902 (gifts from M. Volkert, University
of Massachusetts, Worcester, MA) are alkylation-sensitive
derivatives of AB1157 and are alkA1 tag and alkA105::ApSG1
(9), respectively. The human cDNA expression library was
constructed by Prochownik e al. (10) by cloning human liver
cDNAs under the B-lactamase promoter of the pBR322
derivative pKT218 (11) and was a gift from Stuart Orkin
(Harvard Medical School, Boston). Restriction endonu-
cleases were from New England Biolabs, and digestions were
carried out by standard protocols (12).

Screen for Alkylation-Resistant Transformants. Two hun-
dred nanograms of the cDNA library was transformed into E.
coli alkA tag (MV1932); at least 107 independent transform-
ants were incubated for 3.5 hr at 37°C to allow cDNA insert
expression and then were plated on six large Luria-Bertoni
(LB) ampicillin plates containing 0.005-0.01% MMS. Ap-
proximately 8000 surviving colonies were scraped from the
plates, plasmid DNA (pool 1) was isolated and reintroduced
into MV1932, and the process was repeated to generate DNA
pool 2. Pool 2 DNA was reintroduced into MV1932, and
transformants were plated on LB ampicillin plates without
MMS; 300 transformants were individually screened for
MMS resistance as described (6), and several transformants
were found to be MMS resistant. Each plasmid in the
resistant transformants contained the same ¢cDNA insert
(data not shown). One plasmid, called pP5-3, was used for
detailed analysis. ,

Survival Curves and DNA Glycosylase Activity. For survival
measurements, bacteria wereé grown in LB medium to 108
cells per ml; MMS was added to 0.05%, and aliquots were
removed at various times, diluted in M9 salts, and spread on
LB plates to estimate cell survival. For measurements of
3-MeAde DNA glycosylase activity, cell extracts were pre-
pared as described (13) in 50 mM Hepes adjusted with KOH
to pH 7.6/100 mM KCl/1 mM EDTA/5 mM dithiothreitol.
Extract protein was incubated for 1 hr at 37°C with 33,000
cpm of di[*H]lmethyl sulfate-treated calf thymus DNA (250
cpm/ug) prepared according to Samson and Linn (14), and
the release of 3-MeAde and 7-methylguanine (7-MeGua) was
measured by paper chromatography as described (6).

Southern and Northern Blot Analysis. Bacterial (15), mam-
malian (12), and yeast (16) DNAs were isolated as described,
and the corresponding RN As were isolated as described (12).
A “‘zoo blot’’ purchased from Clontech containied the EcoRI-
digested human, monkey, rat, mouse, dog, cow, rabbit,
chicken, and yeast DNAs (8 ug per lane). A mapping panel
blot, purchased from Bios (New Haven, CT), consisted of
BamHI-digested DNA of human, hamster, and 25 human-
hamster hybrids. DNA from human—mouse hybrid GM10567
(containing human chromosome 16) was purchased from the
NIGMS Human Genetic Cell Repository, Camden, NJ.
Northern blot analysis was as described (12). The blots were
probed with a 32P-labeled 0.5-kilobase (kb) Pst I fragment
from the pP5-3 cDNA insert, and the final filter washes were
at high stringency.

DNA Sequence Analysis. Three Pst I fragments of 0.3, 0.4,
and 0.5 kb were subcloned from the pP5-3 cDNA insert into
pTZ18R and pTZ19R (Pharmacia, LKB), transformed into E.
coliNM522, and sequenced in both directions. We confirmed
the fragmeént order by sequencing across the Pst I sites in
pP5-3, using the appropriate oligonucleotide primers to se-
quence from the double-stranded pP5-3 plasmid.
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RESULTS AND DISCUSSION

Isolation of a Human 3-MeAde DNA Glycosylase cDNA. Our
aim was to isolate a human cDNA whose expression rescues
3-MeAde-DNA-glycosylase-deficient alkA tag E. coli from
killing by MMS. The expression library was constiucted by
Prochownik et al. (10) by cloning human liver cDNAs under
the B-lactamase promoter of the pBR322 derivative pKT218
(11); each cDNA insert replaced most of the B-lactamase
coding sequence and could potentially be expressed either as
a fusion protein or from its own ATG translation initiation
codon. The library was transformed into the E. coli alkA tag
strain MV1932 (9), and a population of 10’ independent
transformants was enriched for alkylation-resistant cells by
repeated challenges with MMS. Individual colonies from the
enriched population were streaked onto MMS plates and
control plates; several transformants formed colonies on the
MMS plates, arid the responsible plasmids were isolated from
the control plate bacteria and checked for their ability to
transmit MMS resistance. In this way we identified plasmid
pP5-3 with a 1.2-kb cDNA insert that rescued alkA tag E. coli
from the killing effects of MMS (Fig. 14) and MNNG (data
not shown). Although alkA tag/pP5-3 cells were consider-
ably more resistant than alkA tag cells, they were not as
resistant as wild-type AB1157 cells. We eliminated the pos-
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Fi1G. 1. Characterization of the phenotype conferred by pP5-3. (A
and B) Bacteria were grown in LB broth to 108 cells per ml; MMS was
added to 0.05%, and aliquots were removed at various times, diluted,
and plated on LB agar to estimate cell survival. The strains are: O,
AB1157 (wild type); 0O, MV1932 (alkA tag); m, MV1932 (alkA
tag/pP5-3); o, MV1902 (alkA105::ApSG1); and a, MV1902
(alkA105::ApSG1/pP5-3). (C and D) Extract protein was incubated
for 1 hr at 37°C with di[*H]lmethyl sulfate-treated calf thymus DNA
as described, and the release of 3-MeAde (C) and 7-MeGua (D) was
measured by paper chromatography. Extrdacts were from AB1157
(0), MV1932 (alkA tag) (D), and MV1932 (alkA tag/pP5-3) (m).
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sibility that pP5-3 conferred resistance to MV1932 by sup-
pression of the point mutation in alkA or tag by showing that
pP5-3 also conferred alkylation resistance to a nonsuppress-
ible E. coli strain bearing a A phage insertion in the alkA gene
(Fig. 1B). Further experiments showed that pP5-3 encodes a
3-MeAde DNA glycosylase. Fig. 1C shows that alkA tag/
pP5-3 cells contained 3-MeAde DNA glycosylase activity,
although not as much as in wild-type AB1157 cells, which
agrees with the observation that alkA tag/pP5-3 are not as
alkylation-resistant as AB1157 (Fig. 1C). The pP5-3-encoded
glycosylase in crude E. coli cell extracts did not release
7-MeGua from alkylated DNA (Fig. 1D), and it remains to be
determined whether it releases 3-methylguanine (3-MeGua)
or O%methylpyrimidines as the E. coli AIKA glycosylase
does (3). It was previously shown that the partially purified
human 3-MeAde DNA glycosylase releases 7-MeGua and
3-MeGua from alkylated DNA, in addition to 3-MeAde, albeit
at a slow rate (17, 18); although our human glycosylase
preparations did not release any 7-MeGua in crude E. coli cell
extracts, this activity may be detectable when the enzyme is
purified.

Characterization of the Human 3-MeAde DNA Glycosylase
¢DNA. A pP5-3 cDNA insert fragment hybridized to human
genomic DNA (Fig. 2A) and to a 1.2- to 1.3-kb human mRNA
(Fig. 2B), indicating that we had cloned a virtually full-length
human cDNA encoding 3-MeAde DNA glycosylase. Hybrid-
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Fi1G. 2. Hybridization analysis of the pP5-3 cDNA insert. (A)
Southern blot analysis. DNAs [10 ug of human (lanes 1 and 4), 10 ug
of hamster (lane 5), 2.5 ug of S. cerevisiae (lane 2), and 5.0 ug of E.
coli (lane 3)] were digested with BamHI and probed with a 32P-labeled
0.5-kb Pst I fragment from the pP5-3 cDNA insert. Final filter washes
were at high stringency. (B) Northern blot analysis. RNA from HeLa
CCL2 and HeLa S3 cells (30 ug of total RNA), separated in
formaldehyde/1% agarose (12), was probed with a 0.5-kb Pst 1
fragment from the pP5-3 cDNA insert and washed at high stringency.
(C) Southern zoo blot analysis. A ‘‘zoo blot’’, purchased from
Clontech, was probed with a 0.5-kb Pst I fragment of the pP5-3 cDNA
insert and was washed at high stringency. The EcoRI-digested DNAs
(8 ug per lane) were from the following species: human (lane 1);
monkey (lane 2); rat (lane 3); mouse (lane 4); dog (lane 5); cow (lane
6); rabbit (lane 7); chicken (lane 8); and yeast (lane 9).
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ization of the pP5-3 cDNA also detected a 1.2-kb mRNA in
baboon, which was expressed in all tissues examined (data
not shown). The abundance of the mRNA varied as follows:
spleen > muscle, liver and heart > kidney and brain.
3-MeAde DNA glycosylase activity also varies in mouse
tissues, with spleen expressing up to 10-fold more activity
than brain tissue (19). O%-methylguanine DNA methyltrans-
ferase is the only other alkylation-specific DNA repair en-
zyme known in mammalian tissues, but it does not appear to
be coordinately expressed with the 3-MeAde DNA glyco-
sylase (at least in mice) because, while spleen has the highest
level of glycosylase activity relative to other tissues, it has
one of the lowest levels of O%-methylguanine DNA methyl-
transferase activity (19-21).

The human glycosylase cDNA did not hybridize to §.
cerevisiae or E. coli DNA (Fig. 2 A and C), but it did exhibit
cross-species hybridization to six of eight vertebrate DNAs
tested—namely, hamster (Fig. 2A), monkey, rat, mouse,
cow, and chicken; surprisingly, it did not hybridize to dog or
rabbit DNA (Fig. 2C). The cloned human cDNA detected the
same size EcoRI band (7 kb) reported to hybridize to the rat
3-MeAde DNA glycosylase cDNA (8), suggesting that the
DNA fragments hybridizing to the human glycosylase cDNA
in the six positive species (Fig. 24) probably represent
homologous glycosylase genes.

The sequence of the cloned cDNA showed an 894-base-
pair open reading frame, beginning with its own ATG and
displaying a consensus AATAAA sequence to signal
poly(A)* addition downstream of the TGA translation stop
codon (Fig. 3A). The glycosylase cDNA open reading frame
predicts a 32,894-Da enzyme. This is significantly larger than
the 25-kDa enzyme isolated from human placenta (18), sug-
gesting that there may be more than one human 3-MeAde
DNA glycosylase or that the placental glycosylase is a
cleavage product from a larger precursor. The amino acid
sequence of the human glycosylase displayed no significant
similarity to the E. coli AIKA or Tag glycosylases or the S.
cerevisiae MAG glycosylase. However, a 176-amino acid
stretch of the human glycosylase shares 85% identity with the
middle of the predicted rat glycosylase polypeptide (Fig. 3B)
(8). Clearly the rat and human glycosylases share a common
origin, and we have named the human gene AAG for 3-al-
kyladenine DNA glycosylase. Further analysis showed that
two frameshifts in the rat cDN A sequence would lengthen the
predicted rat glycosylase to 275 amino acids and extend the
homologous region to the end of the human glycosylase (Fig.
30).

The AAG Gene Maps to Human Chromosome 16. A panel of
BamHI-digested DN As from 25 human-hamster somatic cell
hybrids was probed with AAG cDNA. The human and
hamster DNA hybridization patterns were easily distinguish-
able (Fig. 24), and Table 1 shows that the AAG gene was only
detected in hybrids 967 and 1079, whose common human
chromosomes are 5 and 16. Since 20 of the other hybrids in
the panel carried chromosome 5 it seemed likely that AAG
maps to human chromosome 16. However, for one hybrid
cell line, the results were unclear; hybrid 904 DNA did not
hybridize to AAG even though 5% of the 904 cells are
reported to contain human chromosome 16 (Table 1). There-
fore, we confirmed the chromosome 16 assignment by prob-
ing DNA from a human-mouse hybrid cell line (GM10567)
carrying chromosome 16 (and no other human chromosome)
in 98% of the cells; the AAG gene was clearly present (Fig.
4). Because the single 6.0-kb mouse EcoRI band and one of
the human EcoRI bands comigrated (Fig. 4, lanes 1 and 3), the
identity of the human-mouse hybrid DNA loaded in lane 2
was confirmed by reprobing the same blot with a human
chromosome 11-specific probe—namely, catalase (22); as
expected for a probe not derived from human chromosome
16, the banding patterns in the human-mouse hybrid and the
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Fi1G. 3. Sequence analysis of the human 3-MeAde DNA glycosylase cDNA. (A) cDNA and predicted amino acid sequence. Three Pst I
fragments of 0.3, 0.4, and 0.5 kb were subcloned from the pPS-3 cDNA insert into pTZ18R and pTZ19R and sequenced. The Pst I fragment
order was confirmed by sequencing across the Pst I sites in pP5-3 with the appropriate oligonucleotide primers. Numbering is in relation to the
first base of the ATG translation initiation codon at position +1. A putative polyadenylylation signal is underlined. (B) Comparison of the human
and rat 3-MeAde DNA glycosylase amino acid sequences. The rat glycosylase sequence is taken from O’Connor and Laval (8). Exact matches
are indicated by solid lines, similar amino acids by asterisks, and gaps by a dash. Note the sudden loss of identity near the carboxyl-terminal
ends of the two glycosylases. (C) Slight modification of the rat glycosylase cDNA sequence extends homology. A —2 frameshift at nucleotide
745, and a +1 frameshift at nucleotide 777 in the rat 3-MeAde DNA glycosylase cDNA sequence (8) brings the rat glycosylase into exact register

with the human glycosylase protein sequence.

mouse DNAs were similar to each other and different from
human DNA.

None of the clinical disorders that have been mapped to
chromosome 16 (23, 24) are suggestive of a DNA repair
disorder; i.e., they are not known to involve spontaneous
chromosome damage, a predisposition to cancer, or sensi-
tivity to DNA-damaging agents such as chemotherapeutic
drugs. However, another DNA repair gene—namely,
ERCC4—has already been assigned to human chromosome
16 based upon the observation that this chromosome restores
resistance to UV light to a UV-sensitive Chinese hamster
ovary cell line belonging to complementation group 4 (25). It
seems unlikely that the human 3-MeAde DNA glycosylase
protects mammalian cells from UV-induced DNA damage,
since it is unprecedented for 3-MeAde DNA glycosylases to
provide UV resistance in either E. coli or S. cerevisiae cells
(5). Therefore, it is improbable that ERCC4 and AAG are
allelic. However, it is formally possible that the substrates of
this human 3-MeAde DNA glycosylase include UV-damaged
bases. Until the AAG substrates have been identified, the
ERCC4 gene cloned and characterized, and the two genes
more finely mapped on chromosome 16, the possibility that
AAG and ERCC4 encode the same DN A-repair enzyme can
not be eliminated.

Until recently the isolation of human DNA repair genes by
functional complementation was limited with respect to ev-
olutionary distance; E. coli genes were cloned by suppressing
E. coli repair defects, mammalian genes by suppressing
mammalian repair defects, and so on. Clearly these bound-

aries can now be crossed, and eukaryotic DNA repair genes
can be cloned by the suppression of E. coli DNA repair
defects. So far this approach has been used to clone a yeast
3-MeAde DNA glycosylase gene (6), a human OS%-
methylguanine DNA methyltransferase ¢cDNA (26), a rat
3-MeAde DNA glycosylase cDNA (8), and now a human
3-MeAde DNA glycosylase cDNA (AAG). Moreover, this
method of cloning mammalian DNA repair genes can be
successful even when the cloned gene is not well expressed
in E. coli (Fig. 1).

FiG. 4. Hybridization of the AAG cDNA to human chromosome
16. Eight micrograms of EcoRI-digested human DNA (lanes 1 and 4),
DNA from the GM10567 human—mouse hybrid containing human
chromosome 16 (lanes 2 and 5), and mouse DNA (lanes 3 and 6) were
probed with a 0.5-kb Pst I fragment from the pP5-3 cDNA (lanes 1-3)
and a catalase gene fragment (lanes 3-6).
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Table 1.
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Presence (+) or absence (—) of each human chromosome and the AAG gene in each hybrid line is indicated. A plus sign in parentheses indicates
that <55% of the cells possess the given chromosome. The letter D indicates a deletion, and q indicates the long arm.

Cloning the AAG cDNA represents a critical step towards
defining the in vivo role of the human 3-MeAde DNA
glycosylase repair enzyme; the cloned gene can now be used
to generate cell lines or animal strains that either overexpress
or underexpress 3-MeAde DNA glycosylase. The AAG
cDNA can be overexpressed from a strong promoter in
human cell lines and transgenic mice. It can also be used to
generate 3-MeAde DNA glycosylase-deficient human cell
lines by antisense inhibition of enzyme production and tar-
geted gene disruptions. Further, it may be possible to gen-
erate glycosylase-deficient mice by using the cloned mouse
glycosylase gene and mouse embryonic stem cells. Such
glycosylase mutants might reveal whether 3-MeAde repair
prevents cell death, mutation, and chromosome damage
induced by endogenous and exogenous alkylating agents, and
whether this DNA repair function contributes to protecting
animals against the carcinogenic effects of alkylating agents.
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