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Abstract
Bacterial AlkB and three human AlkB homologues (ABH1, ABH2, and ABH3) are Fe2+/2-
oxoglutarate-dependent oxygenases that directly repair alkylation-damaged DNA. Here, we show
that ABH1 unexpectedly has a second activity, cleaving DNA at abasic (AP) sites such as those
arising spontaneously from alkylation-dependent depurination reactions. The DNA cleavage activity
of ABH1 does not require added Fe2+ or 2-oxoglutarate, is not inhibited by EDTA, and is unaffected
by mutation of the putative metal-binding residues, indicating that this activity arises from an active
site distinct from that used for demethylation. AP-specific DNA cleavage was shown to occur by a
lyase mechanism, rather than by hydrolysis, with the enzyme remaining associated with the DNA
product. ABH1 can cleave at closely spaced AP sites on opposite DNA strands yielding double-
strand breaks in vitro and this reaction may relate to the physiological role of this unexpected AP
lyase activity.
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1. Introduction
All living organisms possess a variety of DNA repair enzymes to retain the integrity of their
genetic information [1,2]. In 2002, a novel mechanism for direct repair of alkylated DNA was
discovered in Escherichia coli [3–5]; i.e., AlkB couples the oxidative decarboxylation of -
oxoglutarate to the hydroxylation of 1-methyl adenine (1-meA) or 3-methyl cytosine (3-meC),
with the unstable intermediate decomposing to restore the normal base and release
formaldehyde (Supplemental Fig. S1). Humans possess eight AlkB homologues, referred to
as ABH1-ABH8 [6], and the related FTO dioxygenase associated with fat mass and obesity
[7]. ABH1 exhibits low levels of 3-meC demethylase activity when using single stranded (ss)-
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DNA and ss-RNA, but unlike AlkB it does not act on 1-meA or on methylated bases in double
stranded (ds)-DNA [8]. ABH2 and ABH3 catalyze the same oxidative demethylation reaction
as AlkB, albeit with ABH3 preferring ss-DNA and also acting on RNA whereas ABH2 acts
mainly on ds-DNA [3,9]. The enzymatic properties of ABH4-ABH8 have not been reported,
but human ABH8 was recently linked to the progression of bladder cancer [10]. The FTO gene
product demethylates 3-methyl thymine and 3-methyl uracil and its inactivation protects mice
from obesity [7,11–13]. The crystal structures of AlkB, ABH2, and ABH3 have been solved
[14–16] and reveal a common double-stranded β-sheet core, but with fundamental changes in
the oligonucleotide-binding regions [17].

ABH1 is the human homologue with closest similarity to AlkB [6]; however, it is longer by
173 residues (71 at the amino terminus, 42 at the carboxyl terminus, and the remainder within
the sequence). The full-length sequence of ABH1 is strongly conserved in humans, mouse, and
chicken (70–83% identity), suggesting that the extensions have functional significance.
ABH1(−/−) knockout mice have been created, but the only phenotype thus far reported relates
to deficiencies in placental trophoblast lineage differentiation [18]. The tissue distribution of
ABH1 is a matter of some dispute. One study used Northern blot analysis to show highest
mRNA expression in heart and muscle tissue [8]. Other authors used real time PCR and
microarray analysis to show that ABH1 is most highly expressed in spleen [19,20]. Three lines
of evidence (i.e., transient expression of an ABH1-EYFP fusion protein followed by
fluorescence microscopy, immunocytochemical studies using anti-ABH1 antibodies, and
subcellular fractionation) suggest a mitochondrial location of the protein [8]. Only very low
levels of 3-meC demethylase activity were detected using recombinant ABH1, where this
activity was shown to depend on Fe2+ plus 2-oxoglutarate, and it was abolished in the putative
Fe2+-ligand alanine mutants [8]. The weak demethylase activity of ABH1 coupled with the
sequence conservation of the ABH1 extensions raise the plausible hypothesis that this protein
might have additional roles in vivo.

In this study, we further investigate the properties of ABH1. Using human ABH1
heterologously expressed in E. coli and Sf9 insect cells, we demonstrate the ability of this
protein to cleave DNA at apurinic/apyrimidinic (AP) or abasic sites. We show that this
enzymatic reaction occurs independently of Fe2+ or 2-oxoglutarate, and that it uses a lyase
mechanism to produce a DNA nick on the 3′ side of the abasic site leaving a 3′-phospho-α,β-
unsaturated aldehyde and a 5′ phosphate. ABH1 acts on both ss-DNA and ds-DNA and is able
to produce double-strand breaks (DSB) when the abasic sites are in close proximity on opposed
DNA strands.

2 Materials and methods
2.1 Constructions of plasmids and mutants

Plasmid pBAR67, encoding a His6-tagged version of human ABH1 [3], was kindly provided
by B. Sedgwick. The H231A, D233A, and H287A mutants were constructed by site-directed
mutagenesis using the Quickchange site-directed mutagenesis kit (Stratagene) with the primers
listed in Supplemental Table S1 and using pBAR67 as a template. Each mutation was
confirmed by sequencing (Davis Sequencing). To produce ABH1 in Sf9 cells, the gene was
cloned into the baculovirus vector pAcHLT-B (BD Biosciences). First, ABH1 was amplified
with primers ABH1_pAcHLTb-for (5′-ggcagcaccatggggaagatggc-3′) and ABH1_pAcHLTb-
rev (5′-gttagcagccggtacctcgaggtctc-3) to introduce an NcoI site at the start codon and a KpnI
site after the stop codon (underlined). The PCR fragment was cloned into pGEM-t easy, the
sequence was confirmed by sequencing and the fragment was subcloned into pAcHLT-B with
the above mentioned restriction sites.
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2.2 Overexpression of ABH1 and purification of ABH1
The His6-tagged fusion of ABH1 was overproduced in E. coli BL21(DE3)-CodonPlus RIPL
(Stratagene) containing pBAR67 or the derived mutant plasmids. Cells were grown at 25 °C
until reaching OD600 of 0.7 and protein production was induced by addition of 0.1 mM
isopropyl-β-D-1-thiogalactoside. His6-tagged ABH1 was purified in a single step by using Ni-
bound nitrilotriacetic acid (Ni-NTA) Sepharose (GE Healthcare) chromatography to achieve
about ~95% purity (Supplemental Fig. S2). The His6-ABH1-containing fractions were
immediately subjected to buffer exchange into 20 mM Tris, pH 8, by using a disposable
desalting column (GE Healthcare). When necessary, His6-ABH1 containing samples were
concentrated by using an Amicon Ultra-4 centrifugal filter unit. For additional purification,
Ni-NTA Sepharose-purified ABH1 was loaded onto a Q-Sepharose column equilibrated with
20 mM Tris, pH 8, buffer and eluted with a linear gradient to 20 mM Tris, pH 8, buffer
containing 1 M NaCl in five column volumes. Alternatively, the Ni-NTA Sepharose-purified
His6-ABH1 was subjected to gel filtration chromatography (Superdex-75, GE Healthcare) in
20 mM Tris (pH 8) buffer containing 20 mM NaCl. For ABH1 purification from Sf9 cells,
recombinant baculovirus particles containing the ABH1 gene were generated according to the
manufacturer’s instructions (BD Biosciences). The recombinant baculoviruses were plaque
purified, amplified, and used in over-expression studies. Sf9 cells were transfected with
recombinant ABH1-baculovirus or wild type virus, respectively, and grown for 70 h at 27 °C.
Cells were harvested and lysed by sonication in buffer A (25 mM Tris [pH 8], 150 mM KCl,
10% glycerol). His6-tagged ABH1 was bound to Ni-NTA agarose beads by incubation for 1 h
at 4 °C. Nonspecifically bound protein was removed by washing the beads three times with
buffer A containing 30 mM imidazole. The samples were washed three times with 20 mM Tris
(pH 8) to remove salt and imidazole and the bead-bound ABH1 was directly used in activity
assays.

2.3 DNA substrates used in assays
Plasmid pUC18 DNA was treated with N-methyl-N′-nitro-N-nitrosoguanidine (MNNG, 5 mg/
ml in 10% dimethylsulfoxide) and dithiothreitol (10 mM) for 10 min at room temperature. The
reaction was stopped by addition of sodium thiosulfate (10 mM). The methylated DNA was
isolated from reagents by using PCR purification columns (Qiagen) and the concentration was
determined spectrophotometrically. The CpG methyltransferase M.SssI (New England
Biolabs) was used to introduce 5-methylcytosine (5-meC) sites into pUC18 according to the
instructions of the manufacturer. Oligonucleotide substrates were purchased from Integrated
DNA Technologies and are listed in Table 1. Equimolar amounts of the complementary
oligonucleotides were annealed by incubating at 95 °C and slowly cooling to room temperature.
To create abasic sites, deoxyuridine (dU)-containing ds-DNA was treated with uracil-DNA
N-glycosylase (UDG, 2 U per 5 μM ds-DNA) for 30 min to 1 h at 37 °C. The AP-containing
oligonucleotides were purified with PCR purification columns (Qiagen) and the final DNA
concentration was determined spectrophotometrically. In case of the 30-mers, the last step was
omitted and the oligonucleotides were used in the activity assays without further purification.
To produce AP-sites, oligo2 (Table 1) annealed to oligo2c was treated with UDG for 15 min
at 37 °C. Tetrahydrofuran (THF)-containing oligonucleotides (Table 1) were purchased from
Midland.

2.4. Electrophoretic mobility shift assays
ABH1 was incubated with polynucleotides (150 – 250 ng) in a total volume of 10 μl in 20 mM
Tris, pH 8, buffer for 15 min at 37 °C. Samples with plasmid substrates were examined by
using 1% agarose gels and those with oligonucleotides were analyzed by using native 6%
polyacrylamide gels. The enzyme:DNA complexes were separated from the unbound DNA by
electrophoresis in Tris-borate EDTA buffer and the DNA was visualized with EtBr (5 μg/ml).
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2.5 Non-radioactive DNA cleavage assays
ABH1 (10 μM) was incubated with plasmid substrates in 20 mM Tris (pH 8) for 3 h at 37 °C
in a total reaction volume of 50 μl. Proteinase K (4 U per reaction, Invitrogen) was added to
the samples to stop the reaction and the mixtures were incubated for 15 min at 65 °C to allow
for protein digestion. The DNA samples were further purified by using DNA spin columns
(Qiagen). Samples were loaded onto a 1% agarose gel, separated by electrophoresis, and
visualized by EtBr staining. For DSB cleavage assays, ABH1 (5 μM) was incubated with AP-
oligo2 annealed to AP-oligo2c (0.5 – 1 μM) for varied times (15–120 min) in 20 mM Tris, pH
8. Activity was stopped by addition of proteinase K (1 U) plus sodium dodecyl sulfate (SDS,
0.5%) and incubation at 65 °C for 15 min. The samples were directly loaded onto a 13.5%
polyacrylamide gel, electrophoretically separated, and visualized as described before. Activity
assays of Ape1, EndoIII, and EndoVIII (all from NEB) were carried out similarly.

2.6 32P-labeled substrate cleavage assays
For the 5′ labeling reaction, oligonucleotides (1 or 10 μM) were incubated with T4
polynucleotide kinase and [γ-32P]-ATP for 1 h at 37 °C and annealed to equimolar amounts of
the complementary strand by heating the sample to 95 °C and slowly cooling to room
temperature. The dU-containing substrates were treated with UDG either prior to or during
incubation with ABH1 as indicated for the respective experiments. Activity assays were carried
out in a total volume of 10 μL in 20 mM Tris, pH 8, and UDG-buffer (in some cases containing
1 mM ascorbate, 200 μM (NH4)2FeSO4, and 1 mM 2-oxoglutarate) for the times indicated in
the experiments. The assays with 5 and 10 μM oligonucleotides contained 1 μM labeled
oligonucleotide and were supplemented with the respective non-labeled ds- or ss-
oligonucleotide to the final concentration. All reactions were terminated by addition of
proteinase K and incubation at 65 °C for up to 1 h. When necessary, the samples were further
purified by phenol-chloroform isolation and ethanol precipitation. The samples were loaded
onto different % polyacrylamide denaturing gels (7 M urea) and the substrate and product bands
were separated by electrophoresis. The gels were either dried and exposed to a Typhoon 9410
phosphorimager (GE Healthcare) or exposed to a Hyblot CL film (Denville Scientific Inc.).
To calculate specific activity or the amount of product formed, autoradiographs were scanned
and analyzed using the program ImageJ [21].

2.7 Trapping of intermediates
For the NaBH4 trapping of intermediates, 5 μM ABH1 and 0.1 μM oligonucleotide substrate
labeled at the 5′ end were incubated in a total volume of 20 μl in the presence of 20 mM
NaBH4 for 30 min at 37 °C. The reactions with EndoIII (20 U) were carried out identically.
The reactions were stopped by addition of SDS-polyacrylamide gel electrophoresis (PAGE)
loading dye and heated for 3′ at 95 °C. The trapped intermediates were visualized on a 10%
SDS-PAGE gel exposed to a Hyblot CL film.

3. Results
3.1 DNA binding and AP-specific cleavage activity

Highly purified human ABH1 from recombinant E. coli cells (Supplemental Fig. S2) was
examined for its ability to bind to nucleic acids by electrophoretic mobility shift assays (Fig.
1A). Highly enriched ABH1 binds to DNA (untreated, methylated by MNNG-treatment, or
containing 5-meC) and to RNA. To our surprise, we observed that extended incubation (3 h at
37 °C) of plasmid DNA with ABH1 results in complete degradation of MNNG-methylated,
but not 5-meC-containing or non-methylated DNA (Fig. 1B). The results indicated that ABH1
has DNA cleavage activity that targets aberrantly methylated DNA. Because certain
methylated bases (for instance 7-meG, 7-meA, 3-meG, and 3-meA) are labile and undergo
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spontaneous depurination reactions [22], we considered whether the actual substrate of ABH1
is an AP site. To purposely enhance the content of abasic sites, the MNNG-treated samples
were incubated at 50 °C for 6 h before being incubated with ABH1. DNA containing AP sites
undergoes a slow rate of spontaneous cleavage under these conditions due to β-elimination of
the open-ring aldehyde species [23]. Nevertheless, this treatment was shown to significantly
increase the rate of DNA degradation by ABH1 (data not shown) suggesting that abasic sites
(as opposed to methylated bases) may be the actual target of ABH1’s DNA cleavage activity.

To more stringently investigate the specificity of the unexpected ABH1 activity,
complementary 60-mer oligonucleotides were synthesized (Table 1) with some samples
containing a single internal dU base. The ds-oligomer was treated with UDG to create an abasic
site. DNA binding assays with non-labeled oligonucleotides revealed that ABH1 binds with
higher affinity to DNA containing an AP-site compared to the DNA containing dU (Fig. 1C).
Cleavage assays were performed with 32P end-labeled substrates containing abasic sites. As
can be seen (Fig. 1D), cleavage of the labeled substrate is dependent on the presence of ABH1.
To determine whether ABH1 can generate DSB by cleaving closely spaced abasic sites on
opposite strands, a ds 60-mer substrate (oligo2 annealed to oligo2c) that contains one dU on
each strand in close proximity (Table 1) was prepared. Incubation of the substrate with UDG
and ABH1 resulted in ds cleavage to produce two fragments, with cleavage dependent on both
enzymes (Fig. 1E). We conclude that ABH1 cleaves DNA at AP sites.

To address the possibility that a contaminating DNA-cleaving enzyme copurified with ABH1,
three different experimental approaches were used. First, the ABH1 purified with the Ni-NTA
Sepharose column was further purified by chromatography on Q-Sepharose. The peak ABH1-
containing fractions coincided with AP-specific DNA cleavage activity (Fig. 2A and 2B).
Second, the His-tagged ABH1 purified on the Ni-NTA resin was subjected to Superdex-75 gel
filtration chromatography. The ABH1 eluted as a monomer (MW = 53 ± 6 kDa, in close
agreement with the theoretical mass of 46.8 kDa) and these fractions showed AP-specific
cleavage activity (Fig. 2C and 2D). Activity coincided with ABH1 in the fractions, and was
not associated with larger complexes or with contaminating ~30-kDa species (possible
degradation products of ABH1). The absence of activity for fractions containing larger species
excludes the possibility of a contaminating DNA-cleaving enzyme tightly bound to ABH1.
Finally, to completely rule out a contaminating prokaryotic AP-specific DNA cleaving enzyme,
a different expression system was chosen and ABH1 was produced as a His-tagged fusion
protein in Sf9 insect cells. The protein was purified by using Ni-NTA agarose beads (Fig. 3A)
and AP-specific DNA cleavage was assayed with ABH1 still bound to the Ni-NTA agarose.
As expected, this sample was active whereas a control sample purified from cells expressing
wild type virus showed no DNA cleaving activity (Fig. 3B). Significantly, the activity of the
purified enzyme from insect cells approximated that of the His-tagged ABH1 produced in E.
coli as judged by comparing the amounts of product formed from equivalent amounts of
proteins. Both samples purified from Sf9 cells contained small amounts of contaminating
exonuclease activity, but it did not obscure the AP-specific DNA cleavage activity and the
ABH1 product can still be visualized. Taken together, these results demonstrate that AP-
specific DNA cleavage activity is inherent to ABH1.

3.2 Cofactors and cosubstrate requirements
The Fe2+, 2-oxoglutarate, and ascorbate requirements of ABH1’s DNA cleavage activity were
examined. These cofactors are needed for the reactivity of Fe2+/2-oxoglutarate dioxygenases
that coordinate Fe2+ via a 2-His-1-carboxylate motif [17,24], a feature that is conserved in both
human and murine ABH1. The addition of EDTA had no effect on the ability of ABH1 to
cleave the oligonucleotide substrate, in contrast to the inhibitory effect of EDTA for the
dioxygenase activities of many members of this enzyme family. Moreover, the exclusion of
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Fe2+, 2-oxoglutarate, and ascorbate from the reaction did not hinder activity; indeed, the
presence of these additives appeared somewhat inhibitory to UDG or ABH1 (Supplemental
Fig. 3A). Similarly, three point variants of potential Fe2+ ligands (H231A, D233A, and
H287A), shown to be inactive for the demethylase activity [8], were unaffected in their ability
to cleave abasic sites (Supplemental Fig. 3B). Furthermore, metal analysis by inductively-
coupled plasma emission-mass spectrometry confirmed that Fe2+ was absent in purified
protein. We conclude that, in contrast to the AlkB, ABH1, ABH2, or ABH3 demethylase
activities, the AP-specific DNA cleaving activity of ABH1 does not require Fe2+, 2-
oxoglutarate, or ascorbate as cofactors. Moreover, the ABH1 activity was unaffected by added
Mg2+, Mn2+, or Zn2+.

3.3 ABH1 is an AP-lyase that catalyzes a β-elimination reaction
Enzymes that cleave at abasic sites can operate by either of two mechanistically distinct
processes (Fig. 4A). Hydrolases, such as the human AP endonuclease 1 (Ape1), cleave to the
5′ side of the lesion while lyases, such as E. coli endonuclease III (EndoIII), employ a β-
elimination reaction to yield the 3′-α,β-unsaturated aldehyde, trans-4-hydroxy-2-pentenal 5-
phosphate [23,25]. We sought to distinguish which of the two mechanisms is utilized by ABH1
using two approaches.

First, the reactivity of ABH1 was examined with oligonucleotides containing THF, a modified
AP-site. The β-elimination reaction, but not the hydrolase activity, is prevented by replacing
the abasic site with this reduced analog [26]. The ABH1 activity was abolished in the THF-
containing oligonucleotide, similar to that for EndoIII and unlike Ape1, providing evidence
that the cleavage reaction proceeds according to lyase-type chemistry (Fig. 4B).

As an independent approach to assess the cleavage mechanism, the size of the product resulting
from ABH1 activity was examined by using 32P-end-labeled samples and PAGE. 5′-[32P]-
labeled ds-oligonucleotides containing the AP site were incubated with ABH1, Ape1, or
EndoIII and the 5′ products were compared (Fig. 4C). The ABH1 product is clearly larger than
that of Ape1, but also is slightly larger than that of EndoIII. Additional studies revealed the
ABH1-derived 5′ product to be distinct from that obtained with EndoVIII, which catalyzes a
β-elimination followed by a δ-elimination to leave a 3′ phosphate (Supplemental Fig. S4).
Furthermore, treatment of these samples with polynucleotide kinase resulted in a shift in
position of the EndoVIII product, consistent with removal of a 3′-terminal phosphate by this
phosphatase, whereas the migration behavior of products from ABH1 and other enzymes were
unchanged (Supplemental Fig. S4). These results corroborate the reaction of ABH1 as a lyase
that catalyzes β-elimination, but not δ-elimination, and produces a product lacking a 3′
phosphate. We attribute the slight increases in apparent sizes of the substrate and products for
the ABH1 samples, compared to those of Ape1 and EndoIII, to tight binding of ABH1
fragments to the oligonucleotides (see 4. Discussion).

Having shown that ABH1 cleaves DNA at abasic sites by a lyase mechanism, we tested whether
a covalent enzyme-DNA complex could be trapped by chemical reduction as is typical for
other enzymes catalyzing β-elimination reactions [27]. When ABH1 was incubated with
5′-32P labeled substrate containing an AP-site in the presence of NaBH4, a complex was
observed migrating at a larger apparent molecular weight than ABH1 alone during SDS-PAGE
(Fig. 4D). Enzyme-DNA complexes of similar sizes were observed when ABH1 was trapped
with ds-DNA containing one or two AP-sites, and a distinct species was found with ss-DNA
containing one AP-site. The appearance of a second complex in each of the lyase-containing
samples may arise from incomplete denaturation of the samples and has been observed by
others [25,27]. This result probably can be attributed to a complex consisting of two proteins
bound to the DNA, as seen in the band at a higher molecular weight in the ABH1 samples, or
to a protein-product complex as seen for EndoIII with a slower migrating band than the protein-
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substrate complex. When ABH1 was treated with the reducing agent in the presence of DNA
lacking an AP-site, no complexes were formed. Analogous results were obtained using enzyme
obtained from Sf9 cells (data not shown). These findings confirm that ABH1 is an AP-lyase
that uses a covalent catalytic mechanism to cleave at AP-sites according to a β-elimination
mechanism.

3.4 Turnover, stoichiometry, and oligonucleotide specificity of ABH1’s AP-lyase activity
The DNA cleavage assay was used to examine the kinetics of the lyase activity of ABH1. When
ABH1 was present in five-fold molar excess over the ds-DNA substrate, product formation
was approximately linear for forty min before starting to level off (Fig. 5A). Essentially all of
the substrate was converted to product by 3 h if one accounts for the 0.2 μM AP-site cleavages
arising from the slow rate of spontaneous chemical cleavage under these conditions [23]. The
specific activity calculated for ABH1 under these conditions, calculated on the basis of the
initial rate, was 0.070 ± 0.004 nmol of AP-sites cleaved per min per mg protein.

The lyase activity of ABH1 was examined at greater substrate-to-enzyme ratio, using a one h
time point (Fig. 5B, left). Product formation increased nearly three-fold (corresponding to an
initial rate of at least 0.16 ± 0.031 nmol of AP-sites cleaved per min per mg protein when
enzyme and substrate were in equimolar amounts (i.e., 5-fold over the initial ratio), but turnover
did not further increase when the substrate concentration was again doubled to become 2-fold
over the enzyme concentration. Indeed, the concentration of product formed was always
substoichiometric to the concentration of enzyme. We attribute these results to the formation
of a tight complex between enzyme and product (see 4. Discussion).

The demethylase activity of ABH1 was reported to act exclusively on ss-DNA [8], in contrast
to the AP-lyase activity described above. To further explore the AP lyase oliognucleotide
specificity, we incubated ABH1 with ds-DNA containing an AP-site on one strand and with
AP-containing ss-DNA to compare with the standard (ds-DNA with dual AP-sites) activity
(Fig. 5B). ABH1 catalyzed strand cleavage with all three substrates, but showed a preference
for ds-DNA with two AP-sites in close proximity on opposite strands over ss-DNA or ds-DNA
with only one AP-site. The substrate preference did not change when the DNA concentration
was varied.

4 Discussion
Our studies show the unexpected finding that human ABH1 exhibits DNA cleaving activity at
abasic sites. ABH1 cleaves 3′ of the AP sites using a lyase mechanism as shown by the inability
of enzyme to utilize THF-containing DNA as a substrate, the size of the product formed, and
the ability to trap a covalent crosslink between enzyme and substrate/product with NaBH4.
Several lines of evidence demonstrate the lyase activity is inherent to ABH1 and not due to a
contaminating endonuclease. The lyase activity was coincident with ABH1 when
chromatographed on two different resins beyond the initial Ni-NTA purification. In particular,
the lyase activity matches the size of monomeric ABH1 and cannot accommodate a
contaminating protein that forms a complex with ABH1. Furthermore, similar levels of lyase
activity were associated with ABH1 whether produced in bacterial or Sf9 insect cells. Thus,
ABH1 exhibits AP-lyase activity in addition to its previously documented demethylase activity
[8].

In contrast to the 3-meC demethylase activity reported for ABH1 [8], its AP lyase activity is
independent of Fe2+ or 2-oxoglutarate. Both activities require DNA binding, and our assays
confirm that ABH1 binds to ds-DNA and show that it prefers binding to DNA containing an
abasic site over native or dU-containing oligonucleotides. Contrary to the demethylase activity
that was limited to ss-DNA the lyase activity of ABH1 cleaves both ss-DNA and ds-DNA at
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abasic sites, with the greatest activity found using ds-DNA containing two AP-sites. These
findings suggest that the AP lyase and demethylase activities of ABH1 utilize distinct active
sites.

The low level of AP lyase activity exhibited by ABH1 under the conditions tested here mirrors
the low level of 3-meC demethylase activity previously measured for this protein [8]. For
example, Westbye et al. reported that approximately half of a fluorescently-labeled 49-mer
containing a single 3-meC was cleaved after a 15 min incubation with ABH1 in 20-fold excess
over substrate. We considered various explanations to account for these low turnover numbers.
One possibility is that the low activities reflect improper folding or incorrect post-translational
processing due to heterologous expression of a mammalian enzyme in E. coli. For example, a
recent study of activation-induced cytidine deaminase reported that only 1 in 5000 copies of
the protein was active when synthesized in E. coli [28]. We showed, however, that the AP-
lyase activity of ABH1 isolated from E. coli cells approximated that of the enzyme purified
from Sf9 insect cells, decreasing the likelihood of this explanation. An alternative possibility
is that the low activity arises due to the absence of a critical protein-protein interaction. Many
DNA repair enzymes, such as those involved in base excision repair (BER) or DSB repair,
require interactions with other proteins for activation, DNA binding, or dissociation from the
DNA [29–34]. As described below, we have supporting evidence for the slow dissociation of
ABH1 from its product.

Several findings from our in vitro investigations suggest that ABH1, once bound to the DNA,
is not easily removed from its product. Only after proteinase K digestions at elevated
temperatures could the product be visualized by gel electrophoresis and even after this
treatment, small peptides appear to be associated with the DNA as indicated by the slower
migration of the oligonucleotides in the ABH1 samples. Furthermore, ABH1 activity does not
increase when the substrate-to-enzyme ratio increases from one to two. In addition, the
presence of ABH1 protects the DNA product from exonuclease digestion in enriched samples
from insect cells. Taken together, these findings suggest that isolated ABH1 catalyzes a single
turnover reaction under the conditions examined, with the product being tightly bound to the
protein. In this context, it is of interest that ABH1 prefers ds-DNA containing two AP-sites
over ds-DNA containing one AP-site allowing ABH1 to introduce a DSB. Stoichiometric
turnover and tight binding of ABH1 to the product of the DSB in vivo may be important for
protecting the cleaved DNA ends from degradation until the DNA repair machinery can
guarantee proper repair. Binding of DNA-modifying enzymes to DNA products has been
reported for several mammalian glycosylases [29,35,36,37]. Thus the tight binding of ABH1
to the DNA cleavage products, and the consequently low(er) turnover rate, might be intrinsic
to the enzyme and crucial for cell survival.

To our knowledge, human ABH1 is the first mammalian AlkB-homologue shown to exhibit
an activity other than demethylation. Possibly related to this finding is the observation that an
ABH1 isoform exists which only consists of the N-terminal 185 amino acid residues of the
protein, thus removing the putative Fe2+ ligands and parts of the 2-oxoglutarate dioxygenase
region. Furthermore, while the first 72 residues of ABH1 are conserved among ABH1
homologues, they exhibit no significant homology to other mammalian AlkB homologues.
This result could indicate an important, demethylase-independent role for this region of the
protein. We attempted to test whether the AP lyase activity is localized within a terminal
domain by creating mutants of ABH1 truncated at each end. Unfortunately, these variants
(missing 71 amino acids at the N-terminus with Val-72 changed to Met or missing 53 amino
acids at the C-terminus) were produced as inclusion bodies in E. coli. Of interest, an isoform
of ABH2 also is known to exist [20]. In that case, a splice variant lacking exon 3 results in a
product of 157 amino acids missing the C-terminal 2-oxoglutarate dioxygenase domain. ABH8
also is thought to have different isoforms because the initially deposited sequence of 717 bp
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appears to be a splice variant of a longer form (~2 kbp) that encodes at least three distinct
domains; namely, an RNA recognition motif, a methyltransferase domain as well as the 2-
oxoglutarate dioxygenase domain [20]. These findings suggest that several AlkB homologues
exhibit activities different from, or in addition to, the demethylase activity and which are
independent of the dioxygenase domain.

Our findings lead us to consider hypotheses about the in vivo roles of ABH1. AP-endonuclease
activity is important in all DNA repair pathways. In BER, a monofunctional glycosylase
removes the damaged base leading to the AP-site which is then cleaved [38–41]. In mammalian
cells, Ape1 is the main enzyme responsible for this activity. It is possible that ABH1 is involved
in an alternative BER pathway, but no evidence has been found for an additional activity and
the ubiquitous expression of Ape1 makes this an unlikely hypothesis. Alternatively, ABH1
could play a role in mitochondrial DNA repair. This is in agreement with recent studies that
demonstrated a mitochondrial localization of ABH1. Mitochondria are exposed to oxidative
stress and several mitochondrial DNA repair pathways have been described [42,43]. Due to
the high susceptibility to oxidative damage, BER is an important repair pathway and several
nuclear enzymes such as UDG, 8-oxoguanine DNA glycosylase/lyase OGG1 or Ape1 have
been shown to have a mitochondrial form and to play a role in mitochondrial DNA repair. This
raises the possibility that ABH1 also functions in mitochondrial BER in addition to any role
in direct DNA repair by oxidative demethylation. In contrast, other authors had noted that
ABH1 strongly interacts with Mrj, an essential placental gene product that mediates gene
repression by recruitment of class II histone deacetylase, indicating a possible role in gene
regulation [18]. It is interesting to point out that Ape1 also is a multifunctional enzyme and
acts as a transcriptional activator in addition to its AP-endonuclease and 3′-diesterase activity
[44,45]. To conclude, ABH1 has two different catalytic activities, an AP-lyase and a
demethylase activity. Our current efforts are focused on investigating ABH1’s in vivo
functions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Binding and cleavage of DNA by ABH1. (A) ABH1 binds to DNA and RNA. Linearized
pUC18 (0.3 – 0.5 μg) was used directly, treated with MNNG to produce predominantly 7-meG
and 3-meA, or subjected to SssI methyltransferase and S-adenosyl methionine to generate 5-
meC-containing DNA. ABH1 was mixed with these samples, electrophoresed on 1% agarose,
and stained with EtBr. (B) Degradation of MNNG-treated DNA by ABH1. Unmodified, SssI-
methylated, and MNNG-treated linearized pUC18 (appr. 0.5 μg) were incubated with ABH1
(10 μM) for 3 h at 37 °C, electrophoresed, and stained. (C) ABH1 binding to dU- and AP-
containing oligonucleotides. ABH1 was mixed with 100 ng of (i) oligo1 (dU at position 28)
annealed to the complementary oligo1c, (ii) oligo1+oligo1c treated with UDG (30 min at 37
°C) to generate an abasic site (depicted as a star), and (iii) oligo2+oligo2c (both with dU) treated
with UDG. The samples were electrophoretically analyzed. (D) ABH1 cleavage of
oligonucleotides containing an abasic site. Oligo1 labeled with 32P at its 5′ end was annealed
to oligo1c and treated with UDG. The effect of ABH1 (1 μM, 1 h at 37 °C) on DNA cleavage
was examined by gel electrophoresis. (E) ABH1 cleavage of ds-DNA. ABH1 (5 μM) was
incubated at 37 °C with oligo2 annealed to oligo2c (0.3 μg) containing either dUs or abasic
sites in close proximity on opposed strands. After 90 min, samples were incubated with
proteinase K at 65 °C for 1 h and analyzed by electrophoresis.
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Fig. 2.
AP-specific DNA cleavage activity of ABH1 after further purification. (A) SDS-PAGE of
ABH1 eluted from Q-Sepharose. The fractions eluting from the Q-Sepharose column were
pooled as indicated and aliquots were denatured in SDS, run on a 12% SDS-polyacrylamide
gel, and visualized by Coomassie-blue staining. (B) Oligo2+oligo2C was treated with UDG,
incubated with His6-ABH1 (8.6 μM for the Ni-NTA pool and 10 μM for the Q-Sepharose pool)
for 2 h, digested with proteinase K at 65 °C for 15 min, analyzed by electrophoresis using a
13.5% polyacrylamide gel, and visualized by EtBr staining. No ABH1 added in the negative
control. (C) SDS-PAGE of ABH1 fractions eluted from Sephadex-75 analyzed by using 12%
SDS-PAGE with visualization by Coomassie-blue staining. (D) Cleavage of AP-containing
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oligonucleotides by His6-ABH1 eluted from the Sephadex-75 gel filtration (GF) column.
Fractions (9 μl) were incubated with UDG-treated oligo2+2c (containing AP sites on both
strands) for 2 h at 37 °C, subjected to proteinase K treatment, separated on a 13.5% PAGE gel,
and visualized by EtBr staining. No ABH1 was added to nc; Ni-NTA purified ABH1 is
analyzed in Ni-NTA.
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Fig. 3.
ABH1 purified from Sf9 cells exhibits AP-specific DNA cleavage activity. (A) Analysis of
fractions obtained during purification of ABH1 from Sf9 cells. Insect cell extracts were
incubated with Ni-NTA beads and fractions were examined by SDS-PAGE: lane 1, supernatant
after removing beads; 2, wash of beads; 3, material bound to Ni-NTA beads; 4 and 5, material
bound to Ni-NTA beads (after wash) from Sf9 cells expressing wild-type virus and from E.
coli cells expressing His-tagged ABH1, respectively. Proteins were visualized by staining with
Coomassie blue. The slight difference in sizes of the two His-tagged proteins is due to different
linkers between the His-tag and the start residue of ABH1. (B) Activity assays of ABH1 purified
from Sf9-cells. ABH1 purified from Sf9 cells or E. coli cells, along with Ni-NTA-enriched
sample from insect cells containing wild type virus or no added ABH1, were incubated with
end-labeled oligo3+3c and UDG for one hour at 37 °C. The reaction was stopped by addition
of proteinase K and incubation at 65 °C for 15 min. The samples were loaded on a 20%
denaturing polyacrylamide gel and the labeled products visualized by exposing to HyBlot film.
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Fig. 4.
ABH1’s DNA-cleaving reaction mechanism. (A) Comparison of AP-hydrolase and AP-lyase
mechanisms. (B) Activity of ABH1 and other AP-cleavage enzymes with modified abasic sites.
The oligo2 and AP-oligo2c were synthesized with THF on both strands at the position of the
dU and annealed. The activity of ABH1, EndoIII, and Ape1 with these substrates (0.4 μg) was
compared to the unmodified AP-oligonucleotide (5 μM ABH1, 90 min at 37 °C). (C) Analysis
of ABH1 product size. Oligo1 with 5′-32P was annealed to the complementary strand, treated
with UDG, and cleavage products were compared for ABH1, ApeI, and EndoIII. (D) Trapping
of intermediates with NaBH4. ABH1 (5 μM), EndoIII (1 unit), and a non-enzyme control were
incubated with 0.1 μM 5′-32P substrates (lanes 1 and 2, oligo3 annealed to either oligo3c or
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oligo3c2; lane 3, ss-oligo3) in the presence of UDG and NaBH4, and analyzed by SDS-PAGE.
DNA examined without added protein migrates off the bottom of the gel.
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Fig. 5.
Time dependence and oligonucleotide specificity of ABH1 AP lyase activity. (A) Time
dependence. ABH1 (5 μM) was incubated with oligo3+3c (1 μM) plus UDG, and aliquots were
stopped at the indicated time points by addition of proteinase K and incubation at 65 °C. The
experiment was performed with two independently expressed and purified ABH1 batches and
activities were measured with each batch twice. (B) Substrate specificity and concentration
dependence. ABH1 (5 μM) was incubated with UDG and ds-DNA (oligo3 annealed to either
oligo3c or oligo3c2) or ss-DNA (oligo3) at the indicated concentrations (black bars, 1 μM;
light grey, 5 μM; dark grey 10 μM) for one h at 37 °C. All activities were assayed in duplicate
with at least three different preparations of ABH1. The measurement of AP-sites cleaved for
ds-DNA with two AP-sites is multiplied by two to account for the two cleavages required to
give rise to the product. The error bars represent standard deviations.
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Table 1

Oligonucleotides used as DNA substrates

Name sequence

Oligo1 5′-agt aga cag cta cca tgc ctg cac gaa Uta agc aat tcg taa tca tgg tca tag cta gta-3′

Oligo1c 5′-tac tag cta tga cca tga tta cga att gct tag ttc gtg cag gca tgg tag ctg tct act-3′

Oligo2 5′-agt aga cag cta cca tgc ctg cac gaa gUt agc aat tcg taa tca tgg tca tag cta gta-3′

Oligo2c 5′-tac tag cta tga cca tga tta cga att gct agU ttc gtg cag gca tgg tag ctg tct act-3′

Oligo2-THF 5′-agt aga cag cta cca tgc ctg cac gaa g(THF)t agc aat tcg taa tca tgg tca tag cta gta-3′

Oligo2c-THF 5′-tac tag cta tga cca tga tta cga att gct ag(THF) ttc gtg cag gca tgg tag ctg tct act-3′

Oligo3 5′-agt aga caa gUt acc atg cct gca cga agt t-3′

Oligo3c 5′-aac ttc gtg cag gca tgg tag Utt gtc tac t-3′

Oligo3c2 5′-aac ttc gtg cag gca tgg tag ctt gtc tac t-3′
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