
Differential repair of etheno-DNA adducts by bacterial and 
human AlkB proteins

Daria Zdżalika,1, Anna Domańskaa,b,1, Paulina Prorokb,1, Konrad Kosickia, Erwin van den 
Bornc, Pål Ø. Falnesc, Carmelo J. Rizzod, F. Peter Guengeriche, and Barbara Tudeka,b,*

aInstitute of Genetics and Biotechnology, Faculty of Biology, University of Warsaw, Warsaw, 
Poland bInstitute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland 
cDepartment of Biosciences, University of Oslo, Oslo, Norway dDepartment of Chemistry, Center 
in Molecular Toxicology, and Vanderbilt Ingram Cancer Center, Vanderbilt University, Nashville, 
TN, USA eDepartment of Biochemistry, Center in Molecular Toxicology, and Vanderbilt Ingram 
Cancer Center, Vanderbilt University School of Medicine, Nashville, TN, USA

Abstract

AlkB proteins are evolutionary conserved Fe(II)/2-oxoglutarate-dependent dioxygenases, which 

remove alkyl and highly promutagenic etheno (ε)-DNA adducts, but their substrate specificity has 

not been fully determined. We developed a novel assay for the repair of ε-adducts by AlkB 

enzymes using oligodeoxynucleotides with a single lesion and specific DNA glycosylases and AP-

endonuclease for identification of the repair products. We compared the repair of three ε-adducts, 

1,N6-ethenoadenine (εA), 3,N4-ethenocytosine (εC) and 1,N2-ethenoguanine (1,N2-εG) by nine 

bacterial and two human AlkBs, representing four different structural groups defined on the basis 

of conserved amino acids in the nucleotide recognition lid, engaged in the enzyme binding to the 

substrate.

Two bacterial AlkB proteins, MT-2B (from Mycobacterium tuberculosis) and SC-2B 

(Streptomyces coelicolor) did not repair these lesions in either double-stranded (ds) or single-

stranded (ss) DNA. Three proteins, RE-2A (Rhizobium etli), SA-2B (Streptomyces avermitilis), 

and XC-2B (Xanthomonas campestris) efficiently removed all three lesions from the DNA 

substrates. Interestingly, XC-2B and RE-2A are the first AlkB proteins shown to be specialized for 

ε-adducts, since they do not repair methylated bases. Three other proteins, EcAlkB (Escherichia 

coli), SA-1A, and XC-1B removed εA and εC from ds and ssDNA but were inactive toward 1,N2-

εG. SC-1A repaired only εA with the preference for dsDNA. The human enzyme ALKBH2 

repaired all three ε-adducts in dsDNA, while only εA and εC in ssDNA and repair was less 

efficient in ssDNA. ALKBH3 repaired only εC in ssDNA Altogether, we have shown for the first 

time that some AlkB proteins, namely ALKBH2, RE-2A, SA-2B and XC-2B can repair 1,N2-εG 
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and that ALKBH3 removes only εC from ssDNA. Our results also suggest that the nucleotide 

recognition lid is not the sole determinant of the substrate specificity of AlkB proteins.
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1. Introduction

AlkB proteins belong to the superfamily of Fe(II)/2-oxoglutarate-dependent dioxygenases, 

and the first AlkB member was discovered in Escherichia coli (EcAlkB) [1–5]. EcAlkB is a 

nucleic acid repair enzyme that hydroxylates alkyl groups bound to the nitrogen atoms at 

position 1 of purines and 3 of pyrimidines. The resulting unstable hydroxylalkyl group is 

then spontaneously released as an aldehyde, which leads to the regeneration of the 

unmodified base (Fig. 1) [2,3]. The main substrates repaired by EcAlkB are 1-

methyladenine (m1A) and 3-methylcytosine (m3C) in single-stranded (ssDNA) and double-

stranded DNA (dsDNA) [2,3,6–8]. Intriguingly, EcAlkB is also able to remove methyl 

lesions from RNA, suggesting a role for AlkB proteins in RNA repair [9–12]. In addition to 

the methyl lesions, EcAlkB repairs larger groups, e.g. ethyl, hydroxyethyl, propyl, 

hydroxypropyl, and some exocyclic DNA adducts (ε-adducts) [13–15].

Homologues of EcAlkB are present in numerous bacteria, eukaryotes, and certain plant 

RNA viruses. Nine AlkB homologues have been identified in humans: ALKBH1-ALKBH8 

(AlkB homologue) and fat mass and obesity-associated protein FTO [1,16–18]. ALKBH2 

and ALKBH3 are the sole human homologues that complement AlkB deficiency in E. coli 

regarding reactivation of ssDNA phages in response to methylating agents (e.g., methyl 

methane sulfonate (MMS) [9,13]. ALKBH3 demethylates m1A and m3C in ssDNA and 

RNA but is inactive toward these lesions in dsDNA [8–10, 19–21]. ALKBH2 repairs 

alkylated bases only in DNA, preferentially in dsDNA [9,19,20]. Among vertebrate AlkB 

proteins, only ALKBH2 is considered a true repair enzyme, since ALKBH2-null mice 

accumulate m1A in their genomes, but ALKBH3-null mice do not [22]. Recently, the 

function of ALKBH proteins has been expanded beyond nucleic acid repair. FTO and 

ALKBH5 were found to demethylate N6-methyladenine in mRNA [23–25], whereas 

ALKBH8 catalyzes the final two step modifications of wobble uridine in tRNA anticodons 

[26–29]. Finally, ALKBH1 and ALKBH4 have been proposed to demethylate lysine in 

histone H2A and actin, respectively [30,31].

AlkB proteins also repair the highly mutagenic exocyclic ε-adducts [15,32–36], e.g. 1,N6-

ethenoadenine (sA) and 3,N4-ethenocytosine (εC). During the AlkB-mediated repair by 

oxidative dealkylation, the etheno bridge is converted to an epoxide and the product 

undergoes non-enzymatic hydration to a glycol which is then released as glyoxal (Fig. 1B) 

[32,34]. These lesions, as well as N2,3-ethenoguanine (N2,3-εG), and 1,N2-ethenoguanine 

(1,N2-εG) are formed in the reaction of a variety of reactive bifunctional electrophilic agents 

with a nitrogen atom of the DNA base, followed by dehydration and ring closure [37,38]. 

These ubiquitous lesions are generated in cellular DNA either by endogenous metabolic 
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processes, e.g., oxidative stress-induced lipid peroxidation, or by the reaction of the DNA 

with diverse chemical carcinogens, e.g., bioactivated derivatives of vinyl chloride or 

urethane [39–42]. Since the additional exocyclic ring disrupts the Watson-Crick hydrogen 

bonding, the ε-lesions generate a broad spectrum of base substitutions (transitions and 

transversions) or frameshift mutations [41,43]. It is estimated that in mammalian DNA from 

14% to 60% of ε-adducts give rise to mutations, while only 3% of 8-oxoguanine residues are 

pro-mutagenic in cells with functional DNA repair [44–46]. These promutagenic properties 

of ε-lesions strongly underlie their contribution to carcinogenesis in mammals [47–49].

It is commonly believed that the main mechanism for removal of the ε-adducts from DNA is 

base excision repair (BER) initiated by specific DNA glycosylases. In mammalian cells εA 

and 1,N2-εG are removed by N-methylpurine-DNA glycosylase (ANPG) [50,51], and εC is 

repaired by mismatch-specific thymine-DNA glycosylase (TDG) [52,53]. In addition to 

TDG, a protein that binds methylated CpG islands (MBD4/MED1) and uracil-DNA 

glycosylase specific for ssDNA (SMUG1) are also capable of excising εC from the DNA 

[54,55]. In E. coli, N2,3-εG is excised by alkyl-N-purine-DNA glycosylase AlkA, which also 

excises εA, but the latter with a very low efficiency [50,56]. Mismatch-specific uracil-DNA 

glycosylase from E. coli, Mug excises from the DNA εC and 1,N2-εG [51,53,57]. Recently 

it has been shown that εA and εC can also be repaired via an alternative nucleotide incision 

repair (NIR) pathway, in which human AP endonuclease APE1 makes an incision 5′ to the 

ε-base in a DNA glycosylase-independent manner [58]. Additionally, εA and εC are 

removed from the DNA in vitro by EcAlkB and ALKBH2 [15,32–36].

AlkB proteins are widespread among bacteria, and some bacterial species possess two or 

three AlkBs, but their substrate specificities are poorly characterized. Based on sequence 

alignment and phylogeny analysis bacterial AlkB proteins have been divided into four 

groups 1A, 1B, 2A, and 2B each characterized by the presence of specific conserved amino 

acid residues in the nucleotide recognition lid, which has been postulated to specify 

substrate recognition, at least partially [59].

The main goal of this work was to gain insight into repair of ε-adducts by bacterial and 

human AlkB proteins. To reach this goal we developed a new, sensitive, and time and cost 

effective BER-mediated assay, and analyzed the ability of nine bacterial and two human 

AlkB proteins representing all four groups mentioned above (1A, 1B, 2A, and 2B) to 

remove from the DNA εA, εC and 1,N2-εG in vitro in ss and dsDNA. To the best of our 

knowledge repair of 1,N2-εG has not been presented before, and for several of the studied 

enzymes repair of εC was not studied as well. In this newly developed assay the DNA with a 

single lesion is subjected to AlkB protein, and subsequently digested with an appropriate 

DNA glycosylase excising the damaged base and AP-endonuclease, which cleaves the DNA 

at the site of the lesion if the damage was not repaired by AlkB protein.

The majority of the bacterial AlkBs tested were able to repair ε-lesions. Three of the 

proteins analyzed, SA-2B (Streptomyces avermitilis), XC-2B (Xanthomonas campestris), 

and RE-2A (Rhizobium etli) appeared to be specialized toward ε-adducts, since exhibited 

significant activity against all the ε-adducts tested without being active toward methylated 

bases. Altogether, our data suggest that AlkB-mediated removal of ε-lesions could be an 
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important mechanism responsible for the repair of these lesions in some bacteria. 

Additionally, we analyzed the in vitro repair of εA, εC, and 1,N2-εG in ss and dsDNA by 

human ALKBH2 and ALKBH3. We confirmed that ALKBH2 is active toward εA and εC in 

dsDNA and showed a lower activity against these lesions in ss DNA Finally, we have shown 

for the first time that ALKBH2 repairs 1,N2-εG in dsDNA and ALKBH3 εC in ssDNA.

2. Materials and methods

2.1. Plasmids and protein expression

pET-28a(+)-derived plasmids encoding N-terminally 6× Histagged bacterial and human 

AlkB proteins were obtained as described previously [9,59], and were used to transform E. 

coli strain BL21-CodonPlus(DE3)-RIPL (Stratagene, La Jolla, CA, USA). Bacteria were 

cultured and when the optical density reached 1 measured at 600 nm (OD600), expression of 

recombinant proteins was induced by adding isopropyl-β-D-thiogalactopyranoside (IPTG) to 

a final concentration of 0.5 mM and incubation was continued at 16 °C for 16 h. Then, the 

bacteria were harvested by centrifugation at 5000 ×g for 10 min at 4°C and stored at −80°C 

until use.

2.2. Purification of AlkB proteins

Bacterial pellets were resuspended in a buffer containing 50 mM sodium phosphate (pH 

7.0), 150mM NaCl, 5mM β-mercaptoethanol, 0.5% Nonidet NP-40 detergent (v/v), 10% 

glycerol (v/v), 5 mM imidazole, and EDTA-free Complete-Protease Inhibitor (Roche). The 

cells were lysed by the addition of lysozyme to a final concentration of 1 mg/mL, incubation 

on ice for 30 min, and subsequent sonication with three 11 W pulses of 30 s (with 30 s 

intervals). Cell debris was removed by centrifugation at 12,000 × g for 10 min at 4 °C. The 

resulting supernatant was directly mixed with HisPur™ Cobalt Resin (Thermo Scientific) 

and recombinant proteins were obtained by a single affinity purification step according to 

the manufacturer’s instructions. Protein purity and yield were assessed by 15% (w/v) SDS-

PAGE followed by Coomassie Brilliant Blue (R-250) staining of the gel. Fractions 

containing AlkB proteins were pooled and dialysed in a buffer containing 50 mM Tris–HCl 

pH 7.0,100 mM NaCl, 5 mM β-mercaptoethanol. Then 1 volume of storage buffer (20 mM 

Tris–HCl (pH 7.5), 100mM NaCl, 50% glycerol (v/v) was added, and the concentration of 

purified proteins was estimated using a Bradford reagent (Sigma) assay.

2.3. Preparation of32P-labeled oligodeoxynucleotide substrates

The oligodeoxynucleotide substrates containing a single εA (40-mer, 5′-

d(GCTACCTACCTAGCGACCTεACGACTGTCCCACTGCT-CGAA)-3′, Eurogentec 

S.A., Belgium), εC (25-mer, 5′-d(ATTCTCGTT-AGGATεCGCGTCAAGCC)-3′, 

Chemgenes Corporation, USA), or 1,N2-εG (18-mer, 5′-

(TCACεGAATCCTTACGAGCCCCC)-3′, [60,61] were 32P-labeled at the 5′ end by T4 

polynucleotide kinase (Takara) with an excess of [γ-32P]ATP (3000 Ci/mmol, Hartmann 

Analytic). Radiolabeled oligodeoxynucleotides were purified from unincorporated 

radioactivity using Micro Bio-Spin P-30 columns (Bio-Rad) according to the manufacturer’s 

instructions. The 32P-labeled oligodeoxynucleotides, when necessary, were annealed to their 

complementary oligonucleotides (present in a 2-fold molar excess) by incubation for 2 min 
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at 90 °C and subsequent cooling to room temperature. Formation of duplexes was verified 

by nondenaturing PAGE.

2.4. In vitro repair assay of DNA etheno adducts

Repair reactions of the ε-adducts in DNA with bacterial AlkB proteins were performed by 

incubating 100 pmol of the appropriate bacterial AlkB protein with 1 pmol of ss or ds 32P-

labeled DNA oligodeoxynucleotide at 37 °C for 30 min in a 50 μL reaction mixture 

containing 50 mM Tris-HCl (pH 7.0), 2 mM ascorbic acid, 1 mM 2-oxoglutarate, and 80 μM 

(NH4)2Fe(SO4)2. The repair activity of the ε-adducts by ALKBH2 and ALKBH3 was 

estimated by incubating 1 pmol of the appropriate 32P-labeled oligodeoxynucleotide 

substrate with different amounts of the tested protein (10, 25 and 50 pmol) using the reaction 

conditions as above. Additionally, to determine specific repair activity of ALKBH2 and 

ALKBH3 toward etheno lesions, reactions with increasing amount of recombinant proteins 

and various times of incubation were performed as indicated in Section 3. All AlkB-

mediated reactions were stopped by incubation at 65 °C for 20 min. The AlkB protein was 

removed by addition of 1 μL of proteinase K (20 mg/mL, Sigma-Aldrich) to the reaction and 

further incubation for 15 min at 42 °C followed by heat-inactivation of proteinase K at 90 °C 

for 10 min. When ssDNA substrates were used in the reaction, prior to the BER enzyme 

digestion the complementary DNA oligodeoxynucleotide was added and annealed as 

described.

In order to distinguish the repaired oligodeoxynucleotide from the unrepaired one, the 32P-

labeled DNA was incubated with the excess of the appropriate DNA glycosylase and the 

resulting abasic site was cleaved with the excess of human AP-endonuclease 1 (APE1). The 

amounts of DNA glycosylases and AP-endonuclease necessary to completely cleave 

oligodeoxynucleotide at the site of the lesion were verified by applying a series of enzymes 

dilutions in reaction buffers supplemented with BSA (0.1 mg/mL). Briefly, 5 μL of AlkB 

reaction mixture was incubated for 30 min at 37 °C with human alkyl-N-purine-DNA 

glycosylase (ANPG) for εA or with E. coli uracil-DNA glycosylase Mug for εC and 1,N2-

εG, followed by cleavage with the excess of APE1 for 30 min at 37°C. Buffers for DNA 

glycosylases contained 70 mM Tris-HCl pH 7.8, 1 mM EDTA pH 8.0, 100 mM KCl, 5 mM 

β-mercaptoethanol, 100μg/mL BSA, while for APE1 endonuclease, 20 mM Tris-HCl pH 

7.5, 0.1 mM EDTA pH 8.0, 50 mM KCl, 5 mM MgCl2, 1 mM β-mercaptoethanol, 100 

μg/mL BSA. Two controls were performed for each reaction: a negative control containing 

untreated oligodeoxynucleotide, and a positive control of the activity of the BER enzymes 

with the oligodeoxynucleotide subjected to the action of ANPG/Mug and APE1 without 

previous AlkB treatment. Finally, the reaction products were separated by denaturing 20% 

(w/v) PAGE containing 7 M urea. The scheme of the method is shown in Fig. 2. A digital 

image of the separated radioactive oligodeoxynucleotides was captured by phosphorimaging 

using FLA-7000 (Fujifilm), and the radioactivity of the bands was quantified using Multi 

Gauge Analysis software (Fujifilm).

Since we and others have previously shown that ethenoadenine decomposes slowly into 

derivatives, which are not recognized by ANPG glycosylase, which excises ethenoA 

[62,63], and other ethenoadducts are also unstable, we have taken this into consideration 
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during calculation of the results. In each experiment the negative control reaction without 

AlkB protein was performed, and percent of “repair” was calculated also for this negative 

control reaction. Percent of oligodeoxynucleotide in apparently “repaired band” was then 

subtracted from the percent of repair by each AlkB protein. Such procedure enabled to avoid 

false results as this background was included during calculation of the percent of in vitro 

AlkB-mediated repair.

2.5. In vivo repair of DNA etheno adducts by the studied enzymes

pJB658-derived plasmids bearing the studied AlkB enzymes were prepared as described 

before [59]. Cultures of E. coli strain HK 82/F′ which were transformed with pJB658-

derived plasmids bearing the studied AlkB enzymes were induced with 2 mM toluic acid 

(Sigma) at OD600 = 0.1, and further grown until they reached A600 = 0.5. Bacteria in 500 μL 

of the culture were pelleted, resus-pended in 250 μL of M9 minimum salt medium, and then 

mixed with an equal volume of minimum salt medium containing an appropriate 

concentration of chloroacetaldehyde (CAA). Bacteria were incubated with CAA for 30 min 

in 37 °C, subsequently diluted 10,000-fold and plated at LB plates. Colonies were counted 

after 24 h incubation at 37 °C.

3. Results

3.1. In vitro repair of etheno lesions in ss and dsDNA by bacterial AlkB proteins

We studied the repair activity of nine bacterial AlkB proteins (Table 1) toward εA, εC, and 

1,N2-εG using a newly developed DNA glycosylase/AP-endonuclease digestion assay. The 

N-terminally 6× His-tagged bacterial and human AlkB proteins cloned into pET-28a(+)-

derived plasmids were overexpressed in E. coli strain BL21-CodonPlus(DE3)-RIPL strains 

and purified by affinity chromatography on His Pur™ Cobalt Resin. The purity of received 

enzymes was verified by PAGE, and is shown in Supplementary data, Fig. S1. Most of the 

studied AlkBs were homogenous, only three of them, MT-2B, RE-2A and SC-2B contained 

one or few additional faint protein bands. The proteins chosen represented all four structural 

AlkB groups (1A, 1B, 2A, and 2B), distinguished on the basis of the amino acid sequence of 

their nucleotide-recognizing domains. Previously, van den Born et al. [59] showed that the 

majority of bacterial AlkB proteins studied in the present work remove methyl groups from 

m1A and m3C. They also found that AlkBs from X. campestris (XC-1B and XC-2B) and 

one from R. etli (RE-2A) displayed a high repair activity toward εA in both ss and dsDNA. 

Interestingly, XC-2B and RE-2A showed negligible repair activity toward the methyl 

lesions, suggesting that those enzymes might have evolved to repair bulky alkylated DNA 

adduct such as ε-lesions [59]. In this study we further characterized the repair potential of 

these AlkBs toward two additional DNA ε-adducts, εC and 1,N2-εG, using the novel assay 

with BER enzymes described in Section 2 (Fig. 2). Since van den Born et al. [59] 

characterized the εA repair activity utilizing an established digestion assay based on the 

methylation-sensitive restrictase Dpn II [22], we additionally reexamined the repair of this 

lesion but using our BER-based assay. The recombinant proteins were incubated with 5′-

[32P]-labeled oligodeoxynucleotides containing a single εA, εC, or 1,N2-εG. The AlkB 

repair of the lesions was visualized by DNA glycosylase treatment followed by the cleavage 
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of the resulting abasic sites with AP-endonuclease (Fig. 2), and the obtained results are 

shown in Fig. 3.

Supplementary Fig. S1 related to this article can be found, in the online version, at http://

dx.doi.org/10.1016/j.dnarep.2015.02.021.

We found that AlkB from E. coli (EcAlkB), which belongs to group 1A, exhibits a 

substantial repair activity toward εA and εC in both ss and dsDNA, but negligible activity 

toward 1,N2-εG and only in ssDNA. The second AlkB protein tested belonging to group 1A, 

SA-1A from S. avermitilis, showed similar activity, albeit it was slightly lower toward εC in 

comparison with EcAlkB. Unexpectedly, the third protein from that group, SC-1A from S. 

coelicolor, removed only εA and was more active on the dsDNA substrate. XC-1B from X. 

campestris, the only AlkB protein from group 1B studied in this work, was active toward εA 

and εC and clearly preferred dsDNA. The AlkB proteins from group 2B showed a strongly 

divergent ε-base repair capacity. Those from M. tuberculosis (MT-2B) and S. coelicolor 

(SC-2B) were inactive toward all three ε-adducts examined, whereas SA-2B from S. 

avermitilis and XC-2B X campestris were very active toward all the ε-bases tested in both ss 

and dsDNA. Finally, the R. etli (RE-2A) AlkB protein from group 2A exhibited substantial 

repair activity toward εA and εC in both ss and dsDNA, and toward 1,N2-εG in dsDNA.

3.2. In vitro repair of etheno lesions in ss and dsDNA by human ALKBH2 and ALKBH3 
proteins

Repair of ε-adducts by human AlkB proteins has been studied by several laboratories; 

however, conflicting results have been obtained. Repair of εA and εC by ALKBH2 was 

demonstrated by Ringvolletal. [35] and Fu and Samson [33], respectively. The repair 

specificity for ALKBH3 is more controversial. While Mishina et al. [34] reported that 

human ALKBH3 repaired εA in vitro in the specific trinucleotide substrate T(εA)T, albeit 

with a much lower activity than E. coli AlkB, Ringvoll et al. [35] did not confirm this 

finding in mammalian cells. Because of these discrepancies and the general paucity of data 

on those enzymes, we decided to study the repair activity of ALKBH2 and ALKBH3 toward 

εA, εC and 1,N2-εG in ss and dsDNA substrates in more detail using a BER enzyme-based 

assay. First, in order to check if ALKBH2 and ALKBH3 are able to remove ε-adducts in 

vitro, we incubated 5′-[32P]-labeled ss or dsDNA oligodeoxynucleotides containing εA, εC, 

or 1,N2-εG with 10, 25, or 50 pmol of each recombinant protein. As shown in Fig. 4, 

ALKBH2 repaired εA and εC in both ss and dsDNA and 1,N2-εG in dsDNA. Similar to 

Ringvoll et al. [35], we did not observe any repair activity of ALKBH3 with εA; 1,N2-εG 

was not removed by this protein either. However, we observed that ALKBH3 repaired εC in 

ssDNA (Fig. 4).

To characterize the repair efficiency of ALKBH2 and ALKBH3 toward ε-lesions in more 

detail, we measured specific activities of these enzymes toward three ε-adducts studied. The 

reaction duration and the amount of the recombinant protein were chosen to give a linear 

reaction rate. ALKBH2 exhibited a considerably higher specific repair activity against εA 

and εC in ds DNA than in ss DNA (Fig. 5). Thus, likewise to the methyl lesions, the ε-

adducts are preferentially repaired by ALKBH2 in dsDNA. The ALKBH2 activity against 
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these two ε-lesions in ds DNA was very similar, in both cases reaching a plateau of ~70% of 

the total repaired substrate after 5 min of incubation with 1 pmol of the enzyme in the 

reaction (Fig. 5). The measured specific activities toward εA and εC of ALKBH2 were 

almost identical, 69 and 66 fmol min−1 pmol enzyme−1, respectively (Table 2). In ssDNA, 

ALKBH2 repaired εA about 2-fold more efficiently than εC, with specific activities of 21 

and 11 fmolmin−1 pmolprotein−1, respectively (Table 2). The repair of εA in ssDNA 

reached a plateau of 70% of the repaired substrate after 10 min of incubation with 6 pmol of 

the enzyme, and the repair of εC in ssDNA reached only a plateau of ~50% of the repaired 

substrate after 20 min with 6 pmol of the enzyme (Fig. 5). The ALKBH2-mediated repair of 

1,N2-εG in dsDNA was an order of magnitude less efficient than the repair of εA and εC 

with the specific activity being 5 fmolmin−1 pmol ALKBH2−1 (Table 2). A plateau of ~60% 

of the repaired substrate was reached after 30 min of incubation at ~6pmols of the enzyme 

(Fig. 5). For ALKBH3, we studied only the repair of εC in ssDNA, because the earlier 

qualitative analysis showed that other ε-lesions were not repaired by that enzyme. The rate 

of εC repair was rather low, with a specific activity of 6 fmol min−1 pmol ALKBH3−1 

(Table 2), and a plateau was reached at only ~35% of the repaired substrate after 20 min of 

incubation with 8 pmol of the enzyme (Fig. 5).

3.3. In vivo repair of ε-adducts by bacterial AlkB proteins

The in vivo importance of reported in vitro repair activities of nine bacterial AlkBs was 

partially addressed by van den Born and coworkers [59] who tested in vivo repair of etheno 

lesions in ssDNA by these AlkBs, and showed that expression of SA-1A, SC-1A, RE-2A, 

SA-2B andXC-2B proteins in EcAlkB-deficient E. coli complemented its repair deficiency 

with activity comparable to that of EcAlkB. We have extended these studies on e-adducts 

repair in dsDNA. A set of alkB deficient E. coli strains, bearing plasmids coding for the 

studied AlkB proteins was constructed, and sensitivity of these strains to chloroacetaldehyde 

was verified (Fig. 6). AlkB deficient strain (HK 82/F′) was more sensitive to CAA than the 

strain bearing AlkB from E. coli (Fig. 6). Also all other studied enzymes increased viability 

of AlkB-deficient E. coli strain upon treatment with CAA. This was surprising, since two 

AlkBs, MT-2B and SC-2B did not repair any ε-adduct in vitro or repair was very inefficient. 

However, similar complementation was observed by van den Born and coworkers [59] when 

ssDNA of M13 phage damaged with CAA was transformed into E. coli expressing AlkBs 

studied here. This might suggest that even a remnant activity of AlkB is sufficient in vivo to 

protect bacteria from deleterious effects of ε-adducts.

4. Discussion

The mutation spectra in repair mutants of E. coli exposed to chloroacetaldehyde (CAA), 

which efficiently creates ε-adducts of A, C, and G, suggest that their repair is executed by 

both base excision repair and AlkB-mediated oxidative dealkylation [36]. However, the rates 

of repair by AlkBs of particular lesions induced by CAA have not been established, and the 

removal of 1,N2-εG has not been investigated thus far. The latter, although a minor lesion in 

dsDNA, has strong mutagenic potential, and is introduced by chemical carcinogens to 

ssDNA with a similar frequency as N2,3-εG. We have established a new BER enzyme-based 

assay for quantifying the repair of ε-lesions in DNA by AlkB proteins. In this assay, 
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following incubation with an AlkB protein the DNA substrates are treated with an 

appropriate DNA glycosylase and the resulting abasic sites are cleaved with AP-

endonuclease. The DNA glycosylase/AP endonuclease cleavage occurs only if the ε-lesion 

is not repaired by oxidative dealkylation mediated by the AlkB protein. The method 

elaborated by us for measuring AlkB activity against ethenoadducts is an alternative to 

HPLC and restriction nuclease methods. Its simplicity and speed enables to test many AlkB 

enzymes at once. In comparison to HPLC method it needs much less expensive substrate 

(about 100–500 times less), and either less or the same amount of AlkB enzyme [15]. In 

comparison to restriction nucleases method, BER-mediated assay needs less enzyme (1 

pmol vs 100 pmol in restriction nucleases analysis [22,59]). In addition, restriction nuclease 

method requires that modified base is incorporated in a specific sequence recognized by this 

nuclease, while in BER-mediated assay any sequence can be modified, and sequence-

specificity of AlkB enzymes can be investigated. Limitation of the method is availability of 

BER enzymes recognizing the studied lesions. In practice, the method is currently limited to 

etheno-DNA adducts.

We established the in vitro repair activity toward εA, εC, and 1,N2-εG in ss and dsDNA of 

nine bacterial AlkBs representing each of the four structural groups defined earlier. The 

majority of the bacterial AlkB proteins tested, similar to EcAlkB, remove εA and εC from 

DNA. This in vitro repair activity toward ε-adducts suggests that AlkB proteins constitute an 

alternative repair mechanism to the BER pathway for removing ε-lesions from genomic 

DNA in vivo. The conclusion that EcAlkB plays a major role in the DNA repair in E. coli is 

further supported by the fact that it decreases the AT → TA mutations generated by εA [64]. 

Furthermore, because the bacterial AlkBs tested were active toward ε-adducts in ssDNA, 

they could also play an essential role in repairing ε-lesions in the replication forks and 

transcription bubbles during replication and transcription, respectively. It is worth 

mentioning that an earlier study showed that although SA-1A and SC-1A proteins efficiently 

reactivated CAA-treated M13 ssDNA in vivo, they displayed negligible levels of εA repair 

in vitro in ss and dsDNA substrates using a DpnII-based method [59]. In contrast, using our 

BER digestion assay we found that these proteins in fact are able to remove εA from the 

DNA with similar efficiency to that of EcAlkB. The in vitro repair activity of SA-1A and 

SC-1A toward εA (and for SA-1A also εC), demonstrated here, explains their ability to 

reactivate CAA-treated M13 in vivo. Our studies also show that these enzymes repair 

ethenoadducts in vivo in dsDNA (Fig. 6).

The present study showed for the first time that AlkB proteins can also repair the minor, but 

highly mutagenic 1,N2-εG adduct. The three bacterial AlkBs, i.e. SA-2B, XC-2B and 

RE-2A, displayed a high repair activity against all the ε-adducts tested. They are the first 

AlkBs for which such a substantial activity against εA, εC, and 1,N2-εG has been shown. In 

addition, XC-2B and RE-2A are the first AlkBs that show repair activity toward εA, εC, and 

1,N2-εG without displaying any activity toward 1-me A and 3-me C.X. campestris, S. 

avermitilis, and R. etli are soil bacteria, and therefore they can be exposed to industrial 

pollutants present in the soil. It has been shown that some common industrial solvents, e.g. 

tetrachloroethylene, which are among the most frequent contaminants found in groundwater, 

can be biotransformed to vinyl chloride [65]. Given this, it seems plausible that XC-2B, 
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SA-2B, and RE-2A AlkB proteins might have evolved to protect these soil bacteria against 

DNA ε-adducts introduced by vinyl chloride generated in the soil.

It has been suggested that the amino acids composition of nucleotide recognition lid 

determines the substrate specificity of AlkB proteins. Accordingly, AlkB proteins belonging 

to the same group are expected to have similar repair profiles against diverse DNA lesions. 

However, we observed that proteins from group 2B displayed substantial differences in their 

repair activities toward the ε-adducts; SA-2B and XC-2B efficiently removed all the ε-

adducts tested, while MT-2B and SC-2B were not active against these lesions, and van den 

Born et al. [59] observed divergent repair activities of methyl lesions among this group of 

proteins. Also the AlkBs from group 1A displayed contrasting activities against εC, because 

SA-1A and EcAlkB removed εC whereas SC-1A did not. Altogether, the results obtained 

here (as well as the data presented by van den Born et al. [59]) indicate that AlkB proteins 

belonging to a given group can in fact show diverse repair activities against given DNA 

lesions. Thus, it is not possible to predict the substrate specificity of AlkB proteins based 

solely on their classification according to the amino acid composition of their nucleotide 

recognition lid. Indeed, recent studies have shown that substrate recognition by EcAlkB is a 

complex process and is also determined by aminoacids in the active site, which is located in 

enzyme flexible loop between aminoacids K134 to L139 [66]. The mechanism of repair of 

propano-type guanine adducts by AlkB from E. coli involved several stages, during which 

transient complexes were formed with ring-opened aldehydic form and ring-closed form, 

and AlkB repaired ring-opened form only [67]. Finally the efficiency of catalysis is 

determined by the dynamics of a specific conformational transition, which facilitates the 

proper sequential order of catalysis steps, that is oxidation of 2-oxoglutarate, formation of 

enzyme-bound oxyferryl intermediate, and hydroxylation of an alkylated nucleobase [68].

It has been demonstrated that human ALKBH2, similar to the E. coli AlkB protein, is able to 

repair εA and εC in DNA [33,35]. Using our BER-based digestion assay we confirmed here 

that ALKBH2 exhibits an in vitro activity toward εA and εC in ss and dsDNA. Similar to 

methylated bases, ALKBH2 repaired εA and εC more efficiently in dsDNA than in ssDNA. 

Based on the ability of recombinant ALKBH2 to remove εA and εC observed by us and 

others [33,35], it seems reasonable that this enzyme could be engaged in the repair of these 

lesions in vivo. However, it has been demonstrated that Alkbh2−/− mice, in contrast to 

Anpg−/− mice, do not accumulate εA in genomic DNA [35]. Given this, it seems that the 

direct reversal of εA by ALKBH2 is not sufficient to remove endogenously generated εA, 

and the main enzyme responsible for removing this lesion from DNA in vivo is the ANPG 

glycosylase [35]. However, further studies inAlkbh2−/−/Anpg−/− double mutant mice are 

needed to elucidate fully the importance of ALKBH2-mediated repair of εA in vivo. 

Likewise, the in vivo significance of εC repair by recombinant ALKBH2 observed here, as 

well as by Fu and Samson [33] needs further experimental verification. Some insight into 

this problem was recently provided by the study of Calvo et al. [69], in which a knockout of 

three enzymes ANPG, ALKBH2, and ALKBH3 made mice particularly susceptible to 

inducers of colon inflammation, and all mice died following the first instillation of a pro-

inflammatory compound. It has been established that εC can be excised from the DNA in 

vitro by three different DNA glycosylases: TDG [52,53], MBD4/MED1 [55], and 
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SMUG1[54]. However, the primary substrates of these glycosylases are oxidation and 

deamination products of 5-methylcytosine in a CpG context [70,71]. Given this, it seems 

likely that another repair enzyme responsible for εC repair in vivo exists, and ALKBH2 

could be this one. We further found that recombinant ALKBH2 can remove 1,N2-εG from 

dsDNA. However, an ALKBH2-mediated repair of 1,N2-εG does not seem to play a major 

physiological role, because the in vitro activity of ALKBH2 against this lesion was 

considerably lower than the corresponding activity toward εA or εC. Finally, in agreement 

with the results of Ringvoll et al. [35], we showed that recombinant ALKBH3 does not 

remove εA from DNA. These data are in contrast with the results of Mishina et al. [34] who 

reported that ALKBH3 was able to repair εA in vitro. However, it should be mentioned that 

those authors incubated ALKBH3 with the DNA substrates for 16 h under non-physiological 

conditions (pH 6.0) [34]. Notably, we observed a weak repair activity of ALKBH3 against 

εC in ss DNA but doubt that it has a biological significance.

In conclusion, we have shown that nine of eleven AlkB proteins studied (7 bacterial and 2 

human) are able to repair ε-lesions in vitro. Additionally, we posit that DNA ε-adducts could 

be the primary substrates for some bacterial AlkBs in vivo since they exhibit a marked in 

vitro repair activity toward ε-lesions and lacking such activity toward DNA methyl lesions.
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ε etheno

εA 1,N6-ethenoadenine

εC 3,N4-ethenocytosine

1,N2-εG 1,N2-ethenoguanine

1-meA 1-methyladenine

3-meC 3-methylcytosine
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Fig. 1. 
The mechanism of AlkB-mediated DNA repair through oxidative dealkylation of 1-

methyladenine (m1 A) (A) and 1,N6-ethenoadenine (εA) (B).
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Fig. 2. 
Schematic representation of the BER enzymes digestion assay for visualization of AlkB-

mediated repair of ε-lesions.32 P-labeled ssDNA ordsDNA oligodeoxynucleotides 

containing single ε-lesion are incubated with AlkB protein. Subsequently, to visualize the 

AlkB-mediated repair, oligodeoxynucleotides are treated with the appropriate DNA 

glycosylase (G) followed by AP endonuclease 1 (AP). Reaction products are separated by 

denaturing PAGE and visualized by phosporimaging. The dashed line indicates the 

complementary, lesion-free unlabeled oligodeoxynucleotide, which is either present during 

the repair reaction (dsDNA repair) or is added post-repair (ssDNA repair). G/AP cleavage of 

the DNA substrate occurs only if the ε-lesion is not removed. A repaired substrate will 

appear as a slower-migrating band on PAGE.
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Fig. 3. 
In vitro repair activity of bacterial AlkB proteins toward DNA ε-adducts. (A) 1 pmol of 32P-

labeled oligodeoxynucleotide was incubated with 25 or 50pmol of tested AlkB protein for 

30 min at 37 °C, digested with the excess of an appropriate DNA glycosylase (G)and 

APendonuclease(AP), and separated by 20%(w/v) denaturing PAGE. (B) Quantification of 

results from experiments exemplified in A. Values represent the means ± SD of three 

independent experiments.
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Fig. 4. 
In vitro repair activity of human ALKBH2 and ALKBH3 toward DNA ε-adducts. ss or 

ds 32P-5′-labeled oligodeoxynucleotides (1 pmol), containing εA, εC or 1,N2-εG, were 

incubated with 10,25, or 50 pmol of recombinant ALKBH2 or ALKBH3 for 30 min at37 °C, 

digested with the appropriate DNA glycosylase (G) and AP endonuclease (AP), separated by 

20% (w/v) denaturing PAGE and labeled DNA was visualized by phosphorimaging.
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Fig. 5. 
Comparison of in vitro repair efficiency of DNA ε-adducts by recombinant human 

ALKBH2 and ALKBH3. (A) ss or ds 32P-end-labeled oligonucleotides containing εA, εC, 

or 1,N2-εG (1 pmol) were incubated with increasing amounts of recombinant ALKBH2 or 

ALKBH3 for the indicated time at 37 °C, then digested with the appropriate DNA 

glycosylase (G) and AP endonuclease (AP), separated by 20% (w/v) denaturing PAGE. 

Radioactive DNA was visualized by phosphorimaging. (B) Quantification of results from 

experiments shown in A. Each data point shows the mean of three independent 

measurements, error bars indicate SD. Calculated specific repair activities are given in Table 

2.
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Fig. 6. 
In vivo repair of chloroacetaldehyde induced damage in E. coli by bacterial AlkB proteins. 

AlkB-deficient E. coli carrying either an empty expression plasmid (Ec−), or corresponding 

plasmids for expression of the indicated bacterial AlkB proteins or EcAlkB (Ec+) were 

treated with the indicated concentrations of CAA, and the bacterial survival was assessed.
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Table 1

AlkB proteins tested in the study.

Origin AlkB Accession No. Gi number Size (aa)

Escherichia coli EcAlkB NP_754639 26248599 216

Mycobacterium tuberculosis MT-2B NP_335465 15840428 205

Rhizobium etli RE-2A YP_472140 86360251 189

Streptomyces avermitilis SA-1A NP_822618 29827984 222

Streptomyces avermitilis SA-2B NP_822306 29827672 208

Streptomyces coelicolor SC-1A NP_625335 21219556 216

Streptomyces coelicolor SC-2B NP_631357 21225578 210

Xanthomonas campestris XC-1B NP_636023 21230106 201

Xanthomonas campestris XC-2B NP_636458 21230541 211

Homo sapiens ALKBH2 NP_001001655 48717226 261

Homo sapiens ALKBH3 NP_631917 21040275 286
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Table 2

Specific repair activity of human recombinant ALKBH2 and ALKBH3 proteins against etheno lesions.

Protein ε-lesion ss/ds DNA Specific repair activity [fmol of product min−1 pmol protein−1]

ALKBH2 εA ss 21.4 ± 3.3

ds 69.4 ± 3.6

εC ss 11.1 ± 2.7

ds 65.8 ± 1.2

εG ds 4.6 ±1.3

ALKBH3 εC ss 5.8 ± 1.1
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