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DNA is challenged by endogenous or environmental alkylation agents that modify heterocyclic
bases and backbones.1 Many of these lesions can have mutagenic or cytotoxic consequences,
and thus they must be promptly detected and repaired. Recently, it was found that Escherichia
coli AlkB and its human homologues catalyze a unique oxidative repair of alkylated DNA
bases. E. coli AlkB belongs to a superfamily of iron-/α-ketoglutarate-dependent dioxygenases.
2 This protein and its two human homologues have been shown to oxidize the methyl groups
of N1-methyladenine and N3-methylcytosine in single-stranded DNA (ssDNA), double-
stranded DNA (dsDNA), and single-stranded RNA (ssRNA).3 The corresponding alcohol
products spontaneously decompose in water to give the undamaged bases and formaldehyde.
These proteins have also been shown to directly repair N3-methylthymine and N1-
methylguanine lesions through the same proposed mechanism.3e,4 The native iron(II)-
containing AlkB has been isolated from E. coli and spectroscopically characterized.5

The base lesions repaired by AlkB are generated in unpaired bases in DNA.1b,c These lesions
can no longer form Watson–Crick base pairs with the opposite bases and are cytotoxic. The
AlkB proteins possess the ability to specifically locate the weakened base pairs containing
these modifications.6 Exocyclic DNA adducts, such as 1,N6-ethenoadenine (εA), 3,N4-
ethenocytosine (εC), and 1,N2-ethenoguanine (εG), also block Watson–Crick base pairing
(Scheme 1).7 These adducts arise from treatment of DNA with chloroethylene oxide or
chloroacetaldehyde. In particular, it has been shown that lipid peroxidation products generated
under oxidative stress lead to the formation of εA, εC, and, εG,7b,d which have been linked
to the cytotoxic and genotoxic effects observed for lipid peroxidation.

We speculated that the exocyclic lesion εA may serve as a substrate for AlkB. The putative
iron(IV)–oxo intermediate formed from the reaction of Fe(II)–AlkB with dioxygen and
cofactor α-ketoglutarate could oxidize the exocyclic section of εA. For instance, an epoxidation
of the exocyclic double bond would afford epoxide 1, which can be hydrolyzed by water to
produce the repaired base and glyoxal (Figure 1).

To test this hypothesis, εA was incorporated into a 3-mer DNA T(εA)T. This substrate (0.1
mM) was treated with E. coli AlkB (0.01 mM, 10 mol %) under standard conditions in 100 µL
of buffer solution at pH 7.0 for 1 h.3a,d,h The HPLC analysis of the product mixture showed
the complete disappearance of the T(εA)T peak and an appearance of a new peak that represents
TAT (Figure 2A). TAT was added into the same mixture, which was then analyzed by HPLC.
An intensity increase in the new peak confirmed that TAT was obtained as the final product.
A control experiment was performed under the exact same conditions with T(εA)T, Fe
(NH4)2(SO4)2, α-ketoglutarate, and ascorbate in MES or HEPES buffer while excluding AlkB.
HPLC analysis of this mixture indicated that no repair reaction had occurred in the absence of
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AlkB (Figure 2B). The identities of TAT and TεAT in solutions were further confirmed by
MALDI mass spectrometry (graphs C and D of Figure 2).

We next studied the pH dependency of this repair reaction. Quantitative conversion of T(εA)
T to TAT was observed with 5 mol % of AlkB after 5 min incubation at both pH 4.0 and 5.0
(Figure 3A). Complete repair was also observed at pH 6.0 after 20 min reaction (Figure 3B).
At neutral pH, the reaction proceeds catalytically as 8 turnovers were achieved after 30 min.
Doubling the concentration of AlkB led to an increase of the repair rate by approximately 2-
fold. The pH-rate profile of this repair reaction may suggest an acid-assisted step in the repair
process. The kinetics shown here and factors that may determine the pH dependency will be
carefully studied in the future.

A longer DNA, TTTTT(εA)TTTTT, with εA incorporated in the middle of an 11-mer strand
was prepared and tested as the substrate as well. After reaction with AlkB under standard
conditions, the DNA was digested to nucleosides,9a and HPLC analysis of the digested
DNA9b confirmed that treatment with 5 mol % of AlkB led to complete repair of εA to A in
30 min at both pH 6.0 and 7.0 (Figure S1). In addition, we were able to detect glyoxal, a small
molecule that would be produced from the oxidative repair process proposed in Figure 1, by
using a previously established procedure (Figures S2 and S3).10

ABH3 also repairs T(εA)T, but with a much lower activity compared to that of AlkB. Treatment
of varying concentrations of ABH3 (10 and 50 mol %, and 1 equiv) with T(εA)T for 16 h at
pH 6.0 at room temperature (to prevent aggregation of ABH3) led to a portion of the T(εA)T
(16, 51, and 67%, respectively) being converted into TAT (Figures S4) as determined by HPLC
analysis. It has been shown that the recombinant ABH3 overexpressed from E. coli has only
2% of AlkB’s activity in vitro when assayed with N1-methyladenine.3e The reason for the low
activity observed for the human homologues of AlkB is unclear.3e,g,h The biological relevance
and physiological importance of the activity reported here for ABH3 need to be carefully
evaluated in the future.

The 1,N6-ethenoadenine (εA), 3,N4-ethenocytosine (εC), and 1,N2- and N2,3-ethenoguanine
(εG) adducts are produced from endogenous metabolic processes, such as lipid peroxidation,
in humans.8 These exocyclic adducts have miscoding potentials that can lead to mutagenic
consequences. For instance, G, T, and A are readily incorporated opposite εC during DNA
synthesis;11a,b formation of εA can lead to a predominant εA → G transition.11c,d It was
found that εA and εC are particularly mutagenic in mammalian cells. These mutations, upon
accumulation, contribute to genetic alterations that can lead to aging and disease. The repair
of exocyclic DNA adducts has been shown to be mediated by DNA base glycosylases.12 We
demonstrated here that one of these lesions, εA, can be directly reversed by E. coli AlkB and
human ABH3 in vitro. This result suggests that the AlkB proteins may play a role in eliminating
exocyclic DNA base adducts, and thus suppressing the cytotoxic and mutagenic consequences
derived from the damage. Since the AlkB proteins have been shown to work on ssDNA,
dsDNA, and RNA substrates,3 they may play different/complementary roles to the
glycosylases to fix exocyclic DNA lesions. More thorough investigations on the mechanism
and physiological importance of the repair process discovered here are in progress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proposed repair of εA in DNA by the AlkB proteins.
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Figure 2.
Repair of T(εA)T by E. coli AlkB. (A) A reaction of T(εA)T (0.1 mM) with E. coli AlkB (0.01
mM) under the standard repair conditions (50 mM MES or HEPES, 0.2 mM Fe
(NH4)2(SO4)2, 2.6 mM α-ketoglutarate, 5.2 mM ascorbate) at pH 7.0 for 1 h at 37 °C led to
the formation of TAT, which was resolved by HPLC and detected at A254. (B) A control
experiment under the same conditions as (A) but in the absence of AlkB gave only the starting
material T(εA)T. (C) The reaction mixture of (A) was analyzed by MALDI-TOF mass
spectrometry. The negative molecular peak of TAT at 858.2 was detected. (D) The mixture of
the control reaction in (B) was analyzed by MALDI-TOF mass spectrometry, and the negative
molecular peak of T(εA)T at 882.2 was observed.
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Figure 3.
The pH dependency and time courses for the repair of T(εA)T by AlkB. (A) T(εA)T (0.1 mM)
was treated with 5 µM of AlkB at different pH, and the reactions were quenched after 5 min.
Time courses for reactions between 0.1 mM of T(εA)T and AlkB at 37 °C; (B) 5 µM AlkB at
pH 6.0, (C) 5 µM AlkB at pH 7.0, and (D) 10 µM of AlkB with pH 8.0 are also shown. Standard
repair conditions were used with MES (for pH 4.0–6.5) or HEPES (for pH 7.0–8.5) as the
buffers in 100 µL of solution.
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Scheme 1.
Exocyclic DNA Adducts
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