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Abstract

The ALKBH family of Fe(II) and 2-oxoglutarate dependent oxygenases comprises enzymes that display sequence homology
to AlkB from E. coli, a DNA repair enzyme that uses an oxidative mechanism to dealkylate methyl and etheno adducts on the
nucleobases. Humans have nine different ALKBH proteins, ALKBH1–8 and FTO. Mammalian and plant ALKBH8 are tRNA
hydroxylases targeting 5-methoxycarbonylmethyl-modified uridine (mcm5U) at the wobble position of tRNAGly(UCC). In
contrast, the genomes of some bacteria encode a protein with strong sequence homology to ALKBH8, and robust DNA
repair activity was previously demonstrated for one such protein. To further explore this apparent functional duality of the
ALKBH8 proteins, we have here enzymatically characterized a panel of such proteins, originating from bacteria, protozoa
and mimivirus. All the enzymes showed DNA repair activity in vitro, but, interestingly, two protozoan ALKBH8s also
catalyzed wobble uridine modification of tRNA, thus displaying a dual in vitro activity. Also, we found the modification
status of tRNAGly(UCC) to be unaltered in an ALKBH8 deficient mutant of Agrobacterium tumefaciens, indicating that bacterial
ALKBH8s have a function different from that of their eukaryotic counterparts. The present study provides new insights on
the function and evolution of the ALKBH8 family of proteins.
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Introduction

Over 30 years ago, inactivation of the alkB gene of Escherichia coli

was shown to result in hypersensitivity towards certain methylation

agents that target the DNA bases, such as methyl methane

sulfonate (MMS) [1]. Correspondingly, E. coli AlkB (EcAlkB) was

later shown to be a repair enzyme that was able to demethylate the

DNA lesions 1-methyladenine and 3-methylcytosine, as well as

their structural analogs 1-methylguanine and 3-methylthymine [2–

6]. AlkB belongs to the superfamily of Fe(II) and 2-oxoglutarate

(2OG) dependent dioxygenases, a group of enzymes which require

ferrous iron and couple the oxidation of a primary substrate to the

decarboxylation of the co-substrate 2OG [7,8]. In the AlkB

reaction, hydroxylation of the deleterious methyl group is followed

by spontaneous release of the resulting hydroxymethyl moiety as

formaldehyde (Fig. 1A) [3,6]. EcAlkB is active both on single-

stranded (ss) and double-stranded (ds) DNA, and, intriguingly, also

on RNA substrates, suggesting a possible role in RNA repair [9–

11]. In addition to methyl lesions, EcAlkB can also repair bulkier

adducts, such as ethyl, hydroxyethyl, propyl and hydroxypropyl

groups, as well as exocyclic etheno, ethano, hydroxyethano, and

hydroxypropano adducts [12–18]. Repair of etheno adduct leads

to the release of the etheno moiety as glyoxal (Fig. 1B) [12].

Mammals have nine different AlkB homologues (ALKBH):

ALKBH1 to ALKBH8, as well as the fat mass- and obesity-

associated protein FTO [7,19,20]. In vitro and in vivo studies

indicated that ALKBH2 and ALKBH3 are repair enzymes with a

function similar to that of EcAlkB, while non-repair functions have

been demonstrated for several other ALKBHs [9,10,13,21,22].

ALKBH8 was shown to be a bifunctional tRNA modification

enzyme (see below), while FTO and ALKBH5 both demethylate

the mRNA modification N6-methyladenine [23,24]. Knock-out

mice lacking ALKBH1 or ALKBH4 displayed elevated levels of

methylation on specific lysine residues in histone 2B or actin,

respectively, suggesting that these proteins may be lysine-specific

protein demethylases [25,26].

tRNAs from all three kingdoms of life are subject to extensive

post-transcriptional modification, and approximately 100 distinct-
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ly modified tRNA nucleosides have been identified [27]. Uridine,

when present at the wobble position of the anticodon (position 34),

is usually modified, and such modification substantially affects

tRNA decoding properties [28]. In eukaryotes, wobble uridines

are modified to either 5-methoxycarbonylmethyluridine (mcm5U),

5-carbamoylmethyluridine (ncm5U), or derivatives thereof [29]. In

the yeast Saccharomyces cerevisiae, the last step in the synthesis of

mcm5U is mediated by Trm9, a methyltransferase (MTase)

catalyzing the methyl-esterification of 5-carboxymethyluridine

(cm5U) into mcm5U [30]. In mammals, this reaction is catalyzed

by the Trm9-like, C-terminal MTase domain of ALKBH8,

together with the accessory protein TRM112 (Fig. 1C) [31,32].

Mammalian ALKBH8 also contains an N-proximal AlkB domain

flanked by a RNA-recognition motif (RRM) and a cysteine-rich

zinc-finger (ZnF) (Fig. 1D). Recently, the RRM/AlkB/ZnF

portion of ALKBH8 was shown to hydroxylate mcm5U, leading

to the formation of wobble (S)-5-methoxycarbonylhydroxymethy-

Figure 1. Selected ALKBH8 homologues and modification/repair reactions catalyzed by ALKBH8/AlkB. (A) AlkB-catalyzed DNA repair
reaction on the methyl adduct m1A. (B) AlkB-catalyzed DNA repair reaction on the etheno adduct 1, N6-eA. (C) ALKBH8-catalyzed modification
reactions on tRNA. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine. (D) Overview of presently investigated and canonical ALKBH8
proteins and their domain architecture. Gene identification (gi) numbers of the investigated proteins are as follows (size is indicated in parenthesis):
AT (195 aa), 159184347; RF (188 aa), 67458989; RD (195 aa), 115345714; TT (199 aa), 118368517; MV (210 aa), 311978317; CP (350 aa), 66362644; HS
(664 aa), 195927056.
doi:10.1371/journal.pone.0098729.g001
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luridine [(S)-mchm5U] specifically in tRNAGly(UCC) (Fig. 1C)

[33,34].

ALKBHs appear to be present in all multicellular eukaryotes

and in a wide range of unicellular eukaryotes and prokaryotes

[35,36]. Moreover, AlkB-like proteins are also found in viruses,

particularly in RNA viruses that infect plants, and these proteins

display repair activities similar to EcAlkB, suggesting that they

may be involved in removing methyl lesions from the viral RNA

genome [37]. Bacterial AlkB proteins can be subdivided into four

groups based on sequence similarity. Three of the groups comprise

proteins with similarity to the mammalian repair proteins

ALKBH2 and ALKBH3, whereas members of the fourth group

are similar to ALKBH8, but lack the RRM, ZnF and MTase

domains (Fig. 1D) [38]. Interestingly, when AlkB proteins from the

four groups were investigated, the tested proteins all displayed

repair activity on DNA. Notably, the tested ALKBH8-like protein,

originating from Rhizobium etli (R. etli), did not show DNA repair

activity on methylated bases, but rather on etheno adducts [38].

Plants, such as Arabidopsis thaliana, possess putative orthologues of

several of the ALKBH proteins found in mammals, including

ALKBH8. The plant orthologue of the mammalian ALKBH8

oxygenase contains the RRM/AlkB/ZnF moiety (Fig. 1D),

whereas a different gene encodes a Trm9-like MTase. In

Arabidopsis, these two proteins were shown to represent the

functional equivalent of the bifunctional mammalian ALKBH8

[39].

As both repair and modification activities have been demon-

strated for ALKBH8 proteins, we have here sought to further

illuminate their biological function by investigating such proteins

from several different organisms. The proteins were investigated

both for DNA repair activity and for the ability to convert mcm5U

to (S)-mchm5U in tRNA. We detected in vitro DNA repair activity

for all tested recombinant proteins, and for two protozoan

ALKBH8s we could also detect tRNA modifying activity. To

analyse whether bacterial ALKBH8, like its mammalian counter-

part, is involved in wobble uridine modification of tRNAGly(UCC),

we also generated an ALKBH8-deficient strain of Agrobacterium

tumefaciens, and analysed the tRNAGly(UCC) modification status. We

found the wobble uridine modification status of tRNAGly(UCC) to

be unaltered in this ALKBH8-deficient strain, indicating that

bacterial ALKBH8s are not involved in modifying this site.

Materials and Methods

Bioinformatics Analysis
Protein sequences of putative ALKBH8 homologues were

retrieved from BLAST searches and previous publications

[34,38,40]. Multiple sequence alignments were constructed using

the MUSCLE algorithm [41]. Alignments were manually edited in

the Jalview package [42].

Plasmid Construction
Genes encoding ALKBH8 proteins were amplified by polymer-

ase chain reaction (PCR) from genomic DNA in case of bacterial

or protozoan AlkB genes, and a plasmid in case of the mimivirus

AlkB protein. For expression purposes, all Tetrahymena thermophila

TAA and TAG codons were changed to CAA and CAG,

respectively, by PCR-mediated mutagenesis, since T. thermophila

uses an alternative genetic code where UAA and UAG (which

normally are stop codons) code for glutamine. Primers used for

PCR are listed in Table S1. The PCR products were subsequently

cloned into the appropriate restriction sites in plasmid pET-28a(+)
(Novagen, Darmstadt, Germany), which was used for expression of

recombinant protein in E. coli. For bacterial reactivation assays

AlkB-encoding fragments from the pET-28a(+)-derived plasmids

were subcloned to pJB658 using appropriate restriction sites [43].

The construction of plasmids encoding EcAlkB, human ALKBH2,

human ALKBH8, or its AlkB domain (RRM-AlkB; aa 1–354), and

subsequent protein expression and purification were previously

described [9,32,38]. To remove the RRM domain from both

ALKBH8 and RRM-AlkB, a PCR was performed to obtain the

coding regions for AlkB-MTase (aa 129–664) and for the AlkB

core (aa 129–338), respectively. To inactivate the Zn-finger, three

Zn-coordinating cysteines were mutated to alanine (i.e. Cys341Ala,

Cys343Ala and Cys349Ala) by fusion PCR. PCR products were

placed into the pET28a(+) vector using the NdeI and SalI

restriction sites.

Protein Expression and Purification
Plasmids pET-28a(+) containing sequences coding for N-

terminally 6xHis-tagged ALKBH8 proteins were transformed into

the E. coli strain BL21-CodonPlus(DE3)-RIPL (Stratagene, La

Jolla, CA, USA). When the bacterial culture reached an optical

density of 1 measured at 600 nm (OD600), expression of

recombinant proteins was induced by adding isopropyl-beta-D-

thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM

and incubation was continued at 16uC for 16 hours. Cells were

harvested by centrifugation at 50006g for 10 min at 4uC and

resuspended in a buffer containing 50 mM sodium phosphate

(pH 7.0), 150 mM NaCl, 5 mM imidazole, 0.01% Tween 20,

EDTA-free Complete-Protease inhibitor (Roche), and 5 mM b-
mercaptoethanol. The cells were lysed by 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 sec with

30 sec intervals. Cell debris was removed by centrifugation at

12,0006g for 10 min at 4uC. The obtained supernatant was

directly mixed with TALON Metal Affinity Resin (Clontech,

Mountain View, CA, USA) 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% SDS–PAGE followed by coomassie brilliant blue-staining

of the gel.

Bacterial Survival Assay and Phage Reactivation Assay
To test the ability of ALKBH8 proteins for complementation of

the repair function of EcAlkB protein, pJB658-derived plasmids

encoding these proteins were transformed into the F-pilus-

expressing, alkB-deficient E. coli strain HK82/F’. Protein expres-

sion was induced by the addition of 2 mM toluic acid (Fluka/

Sigma-Aldrich). To introduce methyl lesions or etheno adducts,

ssDNA bacteriophage M13mp18, ssRNA bacteriophage MS2 or

bacteria were treated with methyl methanesulphonate (MMS;

Sigma-Aldrich) or chloroacetaldehyde (CAA; Sigma-Aldrich),

respectively. Phage and bacteria survival was scored by counting

the resulting plaques or bacterial colonies, respectively. The

experiments were performed essentially as previously described

[38].

Assay for AlkB-mediated Decarboxylation of 2-
oxoglutarate
To determine whether the recombinant ALKBH8 proteins can

catalyze uncouple decarboxylation of 2OG, we used the method

described earlier [37], which measures the level of radioactive

[1-14C] succinate produced as a result of decarboxylation of

[5-14C] 2-oxoglutarate.

Dual Activity of ALKBH8 Proteins
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In vitro DNA Repair Assay
The oligonucleotide substrates containing m1A, m3C, 1, N6-

ethenoadenine (1, N6-eA) and 3, N4-ethenocytosine (3, N4-eC) were
purchased from Chemgenes Corporation, USA. Repair reactions

were performed by incubating 100 pmoles of AlkB protein with

1 pmol of 32P-labeled ssDNA or dsDNA oligonucleotides at 37uC
for 30 min in a 50 ml reaction mixture containing 50 mM Tris-

HCl (pH 8.0), 2 mM ascorbic acid, 1 mM 2-oxoglutarate, and

80 mM (NH4)2Fe(SO4)2N6H2O. Reactions were stopped by incu-

bation at 65uC for 20 minutes. In order to remove AlkB proteins,

the reaction mixtures were incubated with 1 ml of 20 mg/ml

proteinase K (Sigma-Aldrich) for 15 min at 42uC, and then

proteinase K was heat inactivated at 90uC for 10 minutes. When

reactions were performed with ssDNA substrates, the comple-

mentary DNA oligonucleotide was added prior to the next step.

AlkB-treated oligonucleotides with methyl lesions were incubated

with 20 units of DpnII for 1 hour at 37uC [22], whereas the

oligonucleotides containing etheno adducts were incubated for

30 min at 37uC with human alkyl-N-purine-DNA glycosylase

(ANPG) for 1, N6-eA or E. coli uracil-DNA glycosylase Mug in case

of 3, N4-eC and 1, N2-eG, followed by abasic site cleavage with

human AP endonuclease 1 (HAP1) for 30 minutes at 37uC.
Reaction products were resolved by 20% denaturing PAGE in the

presence of 7 M urea and visualized by phosphorimaging using

FLA-7000 screens (Fujifilm). Quantification was performed by

using MultiGauge Software (Fujifilm).

Construction of an Agrobacterium tumefaciens alkB Null
Mutant
An Agrobacterium tumefaciens C58 alkB null mutant (A. tumefaciens

C58 alkB2) was made by insertion of a group II intron using the

TargeTron Gene Knockout System (Sigma Aldrich) according to

the provided manual. An alkB-targeted intron was generated by

PCR using primers designed by using the TargeTron algorithm

(SigmaAldrich) (Table S1) [44]. The generated PCR products

were cloned into the HindIII and BsrGI sites of the pBL1 plasmid,

which was a kind gift from Dr. Alan Lambowitz [45]. The donor

plasmid, pBL1/alkB, was transformed into A. tumefaciens C58 by

electroporation and the bacteria were selected on YEB agar plates

containing 2 mg/ml tetracycline and 100 mg/ml ampicillin. For

gene targeting, A. tumefaciens C58 containing pBL1/alkB was grown

at 30uC in YEB medium containing 2 mg/ml tetracycline and

expression of the TargeTron cassette was induced by adding m-

toluic acid to a final concentration of 5 mM when the culture

reached early log phase (OD600 = 0.3 to 0.4) followed by 3 h

growth under the same conditions. After induction, cells were

selected on YEB agar plates containing 2 mg/ml tetracycline and

100 mg/ml ampicillin, and incubated at 30uC until colonies were

formed (2–3 days). Colonies were screened by colony PCR using

ALKBH8-specific primers. Bacteria from a single colony contain-

ing the TargeTron cassette inserted into the alkB gene were cured

of the TargeTron donor plasmid by several passages on YEB agar

plates with ampicillin, but without tetracycline. Intron insertion

was confirmed by sequencing analysis.

Survival of Agrobacterium tumefaciens C58 Wild-type and
alkB Mutant after MMS Treatment
A. tumefaciens C58 wild-type and alkB mutant were grown at

30uC in YEB medium with 50 mg/ml ampicillin. As a negative

and positive control HK82/F’, E. coli containing pJB658 or

pJB658-EcAlkB, respectively, were used. The MMS and CAA

treatment was done as described above for the bacterial survival

assay with the difference that the induction step with toluic acid

was omitted for A. tumefaciens C58.

Total tRNA and Isoacceptor Isolation
Total tRNA from S. cerevisiae and E. coli were purchased from

Roche. Total tRNA from A. tumefaciens C58 wild-type and alkB

mutant was purified using an RNA/DNA maxi kit (Qiagen)

according to the manual provided. tRNAGly(UCC) was purified

from total tRNA using 39-biotinylated oligonucleotides (Table S1),

as previously described [32].

Enzymatic Treatment of tRNA
tRNA from S. cerevisiae (5 to 10 mg) was incubated with

100 pmoles of recombinant proteins for 30 min at 37uC in a

50 ml reaction mixture containing 50 mM HEPES-KOH pH 7.5,

0.5 mM MgCl2, 2 mM ascorbic acid, 100 mM 2-oxoglutarate,

40 mM FeSO4, and 10 U RNasin Plus RNase inhibitor (Promega).

Reactions were stopped by incubation for 15 min at 42uC with

1 ml of 20 mg/ml protease K (Sigma-Aldrich). tRNA was

extracted with 1 volume of acidic phenol pH 4.0 and chloroform,

followed by precipitation with 1 volume of isopropanol in the

presence of 1 M NH4Ac and 10 mg of glycogen. Pellets were

washed with 70% EtOH, dried and dissolved in H2O. The

samples were subjected to nucleoside analysis by LC–MS/MS.

Mass Spectrometry
LC-MS/MS of nucleosides was performed essentially as

described previously [32]. Briefly, tRNA was enzymatically

digested to nucleosides [46], which were separated by reverse

phase high-performance liquid chromatography, followed by mass

spectrometry detection. Quantification was performed by com-

parison with pure nucleoside standards run in between the

samples.

For MALDI-TOF mass spectrometry, tRNA isoacceptors were

digested with RNase T1 (Ambion) and samples prepared for

MALDI mass spectrometry as previously described [32].

Results

Selection and Bioinformatics Analysis of ALKBH8 Proteins
from Various Organisms
Previous studies have established a tRNA modification function

for ALKBH8 proteins from animals and plants, whereas robust

DNA repair activity on etheno lesions was detected for ALKBH8

from the a-proteobacterium R. etli [33,34,38,39]. To further

address the function of the ALKBH8 proteins, for the present

study we selected such proteins from a wide range of organisms for

analysis with respect to both tRNA modification and DNA repair

capabilities.

Bacterial ALKBH8 proteins are primarily found in a-proteo-
bacteria, and from this group we chose to examine the ones from

Rickettsia felis (RF), Roseobacter denitrificans (RD), and Agrobacterium

tumefaciens (AT). In fact, the AT protein was investigated by us

previously, but we failed to purify soluble recombinant protein

[38]. It is included here because it is possible to generate gene

knock-outs of the corresponding bacterium by the so-called

TargeTron technology [45]. We also included in our study

ALKBH8 proteins from the protozoan Tetrahymena thermophila (TT)

and from the mimivirus Acanthamoeba polyphaga mimivirus (MV),

which, like the bacterial ALKBHs, lack annotated domains apart

from the defining AlkB domain. In addition, we chose to study the

ALKBH8 protein from the protozoan Cryptosporidium parvum (CP)

which, similarly to plant ALKBH8, has an RRM/AlkB/ZnF

Dual Activity of ALKBH8 Proteins
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domain architecture. The selected proteins and their domain

architecture are outlined in Fig. 1D.

To illustrate the degree of sequence similarity between the

ALKBH8 proteins, we generated a sequence alignment of the

proteins selected for the current study, as well as human and

Arabidopsis ALKBH8, which have been the focus of previous

studies. The alignment shows that these proteins, despite their

diverse origins, have a relatively high degree of sequence

similarity, both in the core oxygenase region and in the so-called

NRL (nucleotide recognition lid) region, which has been

implicated in specific binding of the nucleic acid substrate [47].

Moreover, Fe(II)-coordinating residues characteristic of the 2OG/

Fe(II)-dependent oxygenases, as well as residues characteristic of

the ALKBH subfamily, are conserved between these proteins

(Fig. 2).

Uncoupled Enzymatic Activity of Recombinant ALKBH8
Proteins
Many members of the 2OG/Fe(II)-dependent oxygenase

superfamily, including several AlkB proteins, are able to convert

2-oxoglutarate to succinate and carbon dioxide at a low rate in the

absence of their true substrate, in the so-called uncoupled reaction.

As an initial characterization of the ALKBH8 proteins, we

expressed and purified hexahistidine (6xHis) tagged recombinant

proteins from E. coli, and tested their ability to catalyse the

uncoupled reaction. The RF protein, which was expressed and

purified at very low yield (Fig. 3A), and the AT protein, which we

previously have failed to recover in a soluble form [38], were

excluded from this analysis. EcAlkB showed robust uncoupled

activity, the TT and CP proteins displayed lower, but significant

activity, whereas no activity was detected in the case of the MV

and RD proteins (Fig. 3B). These results establish the TT and CP

proteins as bona fide members of the 2OG/Fe(II)-dependent

oxygenase superfamily, but are inconclusive with respect to the

Figure 2. Sequence alignment of ALKBH8 proteins investigated in present study. The ALKBH8 proteins indicated in Fig. 1D were aligned
by using the MUSCLE algorithm. For comparison, the previously characterized ALKBH8 proteins from the plant Arabidopsis thaliana (Ath;
gi|159184347) and the bacterium Rhizobium etli (RE; gi|86360251) were also included. The dotted blue line indicates the nucleotide recognition lid, a
region implicated in the nucleic acid binding of the EcAlkB protein, whereas the red dotted line indicates the oxygenase core, the region shared
between all 2OG/Fe(II) dependent oxygenases. Asterisks indicate the HXDXnH triad involved in Fe(II) coordination and the RX5R motif characteristic of
the ALKBH family of proteins.
doi:10.1371/journal.pone.0098729.g002
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MV and RD proteins, since the extent of uncoupled activity varies

between 2OG/Fe(II)-dependent oxygenase superfamily members

[48].

In vitro Repair of Site Specific Lesions in DNA by
Recombinant ALKBH8 Proteins
To test the repair activity of the ALKBH8 proteins towards

methyl lesions we used oligonucleotides containing a single m1A or

m3C lesion within the recognition sequence (GATC) for the

methylation specific restriction enzyme DpnII as substrates [22].

Specifically, these were 25-mer 59-[32P]-end-labeled ssDNA or

dsDNA oligomers (the dsDNA substrates contained a lesion-free,

unlabeled complementary strand). After incubation with recom-

binant ALKBH8 protein, the DNA substrates were treated with

DpnII to distinguish repaired from unrepaired oligonucleotides, as

DpnII cleavage will only occur if the methyl lesion has been

removed (Fig. 4A). When ssDNA oligonucleotides were used in the

reaction, they were annealed to the complementary (unlabeled)

strand after the repair reaction but prior to DpnII digestion, since

DpnII will cleave dsDNA but not ssDNA. Human ALKBH2 was

included as a positive control for repair of m1A and m3C. The

tested ALKBH8 proteins were unable to repair m1A lesions, with

the exception of MV AlkB, which showed a very weak repair

activity towards m1A in ssDNA (Fig. 4B,C). Two of the four tested

proteins, RD and TT, exhibited repair activity towards m3C in

ssDNA and dsDNA (Fig. 4B,C).

Etheno (e) lesions, such as 1, N6-ethenoadenine (1, N6-eA), 3, N4-

ethenocytosine (3, N4- eC), N2,3-ethenoguanine (N2,3-eG), and 1,

N2-ethenoguanine (1, N2-eG) represent exocyclic adducts resulting

from the formation of a new imidazole ring on nucleic acid bases,

typically induced by lipid peroxidation products or metabolites of

vinyl chloride. These highly mutagenic and cytotoxic lesions

interfere with normal Watson-Crick base pairing. Although the

etheno lesions are repaired mainly through the base excision

repair pathway [49], it has been shown that EcAlkB and its human

homologues ALKBH2 and ALKBH3 are also able to repair 1, N6-

eA and 3, N4-eC in vitro [12,18,50]. The simultaneous deletion of

ALKBH2, ALKBH3 and the alkyl adenine DNA glycosylase

(AAG) in the mouse confers a massively synergistic phenotype after

acute inflammation, indicative of overlapping substrate specificities

and an in vivo role for repairing etheno adducts [51]. It has also

been shown that some bacterial AlkB proteins efficiently repair

etheno adducts, while having low or no activity on methylated

bases [38]. To test the ability of the ALKBH8 proteins to repair

etheno adducts in vitro, they were incubated with 59-[32P]-end-

labeled oligonucleotides containing 1, N6-eA or 3, N4-eC. To assess
whether repair has occurred, the oligonucleotides were treated

with a DNA glycosylase which will only cleave the substrate if the

lesion is intact, i.e. a conceptually opposite approach to that of

using DpnII, and one which does not require a particular sequence

at the lesion site (Fig. 4D). For cleavage of 1, N6-eA containing

substrates, the DNA glycosylase ANPG (also known as AAG or

MPG) was used, while Mug was used for substrates with 3, N4-eC.
After treatment with DNA glycosylase, strand-breaks were

introduced at resulting abasic sites through cleavage with the

human AP endonuclease 1 (Fig. 4D). When single-stranded

oligonucleotides were used in the AlkB reaction, they were

annealed to their complementary strand prior to DNA glycosylase

treatment. Again, human ALKBH2 was included as a positive

control. The four recombinant ALKBH8 proteins (MV, CP, RD,

TT) showed strong repair activity towards 3, N4-eC and somewhat

weaker activity towards 1, N6-eA in vitro (Fig. 4E,F). The MV

protein was more active on ssDNA compared to dsDNA, whereas

the CP protein repaired 3, N4-eC and 1, N6-eA only in ssDNA

(Fig. 4E,F). In summary, the tested ALKBH8 proteins displayed

in vitro repair activity on DNA, and they are generally more active

on etheno adducts than on methyl lesions, similarly to the R. etli

ALKBH8 protein investigated previously [38].

ALKBH8-mediated Repair of Chemically Induced Methyl
and Etheno Lesions in vivo
E. coli alkBmutants are sensitive to the methylating agent methyl

methanesulfonate (MMS), due to their inability to repair

replication blocking lesions, such as m1A and m3C. Such lesions

are introduced at a particularly high frequency in ssDNA, relative

to dsDNA. Consequently, when infected by MMS-treated ssDNA

bacteriophage, alkB mutants show a dramatically reduced ability

to generate progeny phage, as they are unable to reactivate the

damaged phage DNA through removal of deleterious methyl

lesions [52]. To examine if the ALKBH8 proteins were able to

complement the MMS-sensitive phenotype, they were expressed

in AlkB-deficient bacteria, which were subsequently exposed to

MMS and their survival assessed. While the expression of EcAlkB

complemented the MMS-sensitive phenotype of the mutant

bacteria, none of the ALKBH8 proteins had this effect (Fig. 5A).

Similarly, only EcAlkB was able to increase the reactivation of the

MMS-treated ssDNA phage M13 (Fig. 5B).

To test the ability of the ALKBH8 proteins to repair etheno

adducts, they were expressed in alkB E. coli, and their ability to

reactivate chloroacetaldehyde (CAA)-treated ssDNA phage M13

Figure 3. Purification and initial characterization of ALKBH8 proteins. (A) Purification of recombinant His-tagged ALKBH8 proteins used in
present study. Proteins were expressed in E. coli, purified by metal affinity chromatography and visualized on a Coomassie stained SDS–PAGE gel. (B)
Uncoupled activity of recombinant ALKBH8 proteins. [5-14C] 2-oxoglutarate was incubated for 30 min at 37uC with 100 pmoles of examined proteins,
and remaining [5-14C] 2-oxoglutarate was precipitated with 2,4-dinitrophenylhydrazine. The generated [1-14C] succinate present in the supernatant
was measured by scintillation counting.
doi:10.1371/journal.pone.0098729.g003
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was measured. CAA causes the formation of exocyclic DNA

adducts with the following relative efficiencies: 1, N6-eA.3, N4-

eC.N2,3-eG.1, N2-eG [53,54]. The majority of the ALKBH8

proteins were unable to reactivate CAA-treated ssDNA phage;

only the TT (T. thermophila) and RF (Rickettsia felis) proteins caused a

modest increase in progeny phage formation, but the effect was

substantially lower than that observed for EcAlkB (Fig. 5C).

Figure 4. In vitro repair activity of ALKBH8 proteins. (A, D) Schematic representation of assay for repair of site specific methyl (A) and etheno
lesions (D) in DNA. The dashed line indicates the complementary, lesion-free unlabeled oligonucleotide, which was either present during the repair
reaction (dsDNA repair) or added post-repair (ssDNA repair). For repair of methyl lesions, lesion-free oligonucleotide substrates were selectively
cleaved by DpnII (A), whereas for etheno adduct repair (D) the lesion-containing base was selectively removed by a glycosylase (G), followed by
conversion of the resulting AP site into a single-strand break by an AP endonuclease (AP). (B) Repair activity of purified ALKBH8 proteins on m1A and
m3C in ssDNA and dsDNA. (C) Quantification of results from experiments exemplified in (B). (E) Repair activity of purified ALKBH8 proteins on 1, N6-eA
and 3, N4-eC in ssDNA and dsDNA. The DNA glycosylase ANPG was used on 1, N6-eA containing substrates, while Mug was used for substrates with 3,
N4-eC. (F) Quantification of results from experiments exemplified in (E).
doi:10.1371/journal.pone.0098729.g004
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Certain AlkB proteins are able to repair methyl lesions in RNA

in vitro, and can reactivate MMS treated RNA phage when

expressed in AlkB-deficient E. coli [9,11,37]. To test the activity of

the ALKBH8 proteins towards RNA, alkB E. coli expressing these

proteins were infected with MMS-treated RNA phage MS2. While

overexpression of the EcAlkB protein substantially increased the

survival of MMS-treated phage MS2, this was not the case for any

of the ALKBH8 proteins (Fig. 5D), indicating that they are not

RNA repair proteins.

These in vivo complementation experiments indicate, similarly

to the in vitro repair assays, that ALKBH8 proteins prefer etheno

adducts over methyl lesions, but they also indicate that these

enzymes do not efficiently repair canonical EcAlkB substrates.

MMS/CAA Sensitivity and tRNAGly(UCC) Modification
Status of ALKBH8-deficient Agrobacterium tumefaciens
In our previous study, the ALKBH8 protein from the bacterium

R. etli showed robust repair activity on etheno adducts [38]. On

the other hand, the bacterial ALKBH8 proteins display a high

degree of sequence similarity to human ALKBH8 not only in the

core oxygenase domain, but also in the so-called nucleotide

recognition lid region (Fig. 2), pointing towards a role in tRNA

modification. Human and plant ALKBH8 are both involved in

wobble uridine modification of tRNAGly(UCC), and the sequence of

this tRNA is rather well conserved from humans to bacteria,

especially in the anticodon loop, which is identical. To address the

potential role of bacterial ALKBH8 proteins in tRNA modifica-

tion, we decided to investigate the wobble uridine modification

status of tRNAGly(UCC) in ALKBH8-deficient versus wild-type

bacteria. For this purpose, we selected Agrobacterium tumefaciens,

which can be subjected to gene knock-out by the so-called

TargeTron technology [44,45].

When using the TargeTron technology, the gene of interest can

be disrupted by site specific insertion of a redesigned Group II

intron [44,45]. We found the ALKBH8-encoding gene to be

efficiently targeted; 3 out of 7 clones tested by colony-PCR carried

the inserted intron (Fig. 6A). As the majority of bacterial AlkB

proteins appear to be DNA repair enzymes, it was first investigated

if disruption of the A. tumefaciens alkB gene caused sensitivity

towards the genotoxic agents MMS and CAA. AlkB-deficient and

wild-type A. tumefaciens bacteria were similarly sensitive as to MMS

and CAA treatments, whereas AlkB-deficient E. coli, as expected

and previously reported, were more sensitive to treatment with

these DNA damaging agents than bacteria expressing EcAlkB

(Fig. 6B,C). These results showed that the AT protein does not

protect A. tumefaciens against the tested DNA damaging agents,

suggesting that the AT protein does not play an important role in

repair of methyl and etheno lesions.

To assess the wobble uridine modification status, MALDI-TOF

mass spectrometry analysis was performed on RNase T1 digested

tRNAGly(UCC) isolated from A. tumefaciens. The data indicated that

A. tumefaciens tRNAGly(UCC) contains 5-hydroxyuridine (ho5U) at

the wobble position, as an RNase T1 fragment containing the

anticodon displayed a mass increase of 16 Da relative to the

unmodified sequence (Fig. 6D,E), a result compatible with the

action of a hydroxylase such as ALKBH8. However, this uridine

modification was also present in the ALKBH8-deficient bacteria,

showing that ALKBH8 is not involved in wobble uridine

Figure 5. ALKBH8mediated repair of MMS- or CAA induced lesions in E. coli. AlkB-deficient (alkB) E. coli carrying either an empty expression
plasmid (Ec–), or corresponding plasmids for expression of the indicated ALKBH8 proteins or EcAlkB (Ec+) were used in all experiments. (A) MMS-
sensitivity of bacteria. (B) survival of MMS-treated ssDNA phage M13. (C) survival of CAA-treated ssDNA phage M13. (D) survival of MMS-treated
ssRNA phage MS2.
doi:10.1371/journal.pone.0098729.g005
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modification of tRNAGly(UCC), and suggesting that this may also be

the case for other bacterial ALKBH8 proteins.

ALKBH8-mediated Hydroxylation of mcm5U in tRNA
Mammalian and plant ALKBH8 specifically hydroxylate

mcm5U into (S)-mchm5U at the wobble position of the anticodon

in tRNAGly(UCC) (Fig. 1C) [33,34]. As S. cerevisiae lacks an

ALKBH8 orthologue, yeast tRNAGly(UCC) contains wobble

mcm5U, and total yeast tRNA is thus a suitable substrate for

testing the potential mcm5U hydroxylating ability of ALKBH8

proteins [34]. Yeast tRNA was incubated with various ALKBH8

enzymes in the presence of appropriate cofactors, and then

enzymatically digested to nucleosides, which were analyzed by

LC–MS/MS. The RRM/AlkB/ZnF portion of human ALKBH8

(RRM-AlkB; aa 1–354) was included as a positive control. Only

for the two eukaryotic, protozoan ALKBH8 proteins, CP and TT,

was conversion of mcm5U to (S)-mchm5U observed (Fig. 7A).

These results suggest that the ALKBH8 proteins from the

protozoa C. parvum and T. thermophila are involved in biosynthesis

of wobble (S)-mchm5U.

Enzymatic Activity of Deletion Mutants of Human
ALKBH8
The CP protein was the most active out of the two protozoan

ALKBH8 proteins that showed tRNA modification activity, and

also contained all three domains found in plant ALKBH8, i.e.

RRM/AlkB/ZnF. The less active TT protein, in contrast, only

consisted of an AlkB moiety, suggesting that the RRM and ZnF

domains may contribute positively to ALKBH8 activity. To

investigate this, we tested the tRNA modifying activity of various

mutants of human ALKBH8, containing deletions or point

mutations in these domains, depicted in Fig. 7B. As substrate in

these assays, we used tRNA from a gene-targeted mouse (denoted

KI(MT+)) expressing the MTase activity, but not the oxygenase

activity of ALKBH8, thereby showing an accumulation of mcm5U

[34]. We found that changing three of the conserved cysteine

residues to alanine in the ZnF domain did not affect ALKBH8

activity, indicating that this structure is not crucial for ALKBH8

activity (Fig. 7C). In contrast, the two mutants lacking the RRM

domain (‘‘AlkB core’’ and ‘‘AlkB-MTase’’) were devoid of

enzymatic activity, indicating the importance of this domain.

Discussion

While ALKBH8 proteins from mammals and plants have been

established as tRNA modification enzymes, ALKBH8 from the

bacterium R. etli was shown to possess repair activity towards

etheno adducts in DNA [33,34,38,39]. Based on this apparent

duality of the ALKBH8 proteins, we have here investigated such

proteins from a wide range of species, both with respect to DNA/

Figure 6. Generation and characterization of AT-deficient Agrobacterium tumefaciens. (A) Inactivation of the A. tumefaciens alkB (AT) gene
by site specific intron insertion. After intron induction, bacteria were plated and resulting colonies were subject to colony PCR using alkB (AT) specific
primers. The lower arrow indicates the 0.6 kb fragment resulting from the non-disrupted gene (colonies 1, 4, 5, and 6), while the upper arrow
indicates 1.5 kb fragment generated from the alkB gene disrupted by intron integration (colonies 2, 3, and 7). (B) MMS sensitivity of AT-deficient (AT–)
versus AT-proficient (AT+) A. tumefacies. Bacteria were incubated in the presence of the indicated concentrations of MMS, then plated on agar plates,
and survival scored by colony counting. E. coli served as control. (C), CAA sensitivity of AT-deficient (AT–) versus AT-proficient (AT+) A. tumefacies.
Same as (B), but CAA was used instead of MMS. (D) Anticodon stem-loop of tRNAGly(UCC) from A. tumefaciens. Black print indicates the anticodon-
containing fragment generated by cleavage with RNase T1 (at arrows). (E) Wobble uridine modification status of tRNAGly(UCC) from wild-type and alkB
(AT) mutant A. tumefaciens. MALDI-TOF MS spectra of the anticodon-containing RNase T1 fragment illustrated in (D) are shown, and measured masses
indicated. Calculated masses for the unmodified and ho5U modified versions of the fragment (CCUUCCAAG) are 2836.37 and 2852.37, respectively
(the masses refer to fragments with 29–39 cyclic phosphate termini, which represent the major digestion products).
doi:10.1371/journal.pone.0098729.g006
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RNA repair and tRNA modification activities, and the results are

summarized in Table 1. The major findings in our study were that

DNA repair activity actually could be detected in vitro for all tested

proteins, and that two ALKBH8 proteins, originating from

protozoa, also displayed tRNA modification activity similar to

that of ALKBH8 from multicellular eukaryotes.

Many enzymes display promiscuous activities in vitro, i.e.

activities that are different from the one for which the enzyme

evolved, and that have no physiological role [55]. It is believed

that such promiscuity may play an important part in the evolution

of novel enzyme functions through gene duplication and mutation.

Gene duplication allows for the retention of the original activity by

one gene copy, whereas the other copy can be subjected to

optimization of the promiscuous activity through amino acid

substitution, until the promiscuous activity actually becomes a

physiologically beneficial and selectable trait. Bacteria typically

have 1–2 AlkB proteins, and the vast majority (.90%) of these

appear to be DNA repair enzymes, whereas multicellular

eukaryotes typically have several ALKBH proteins, most of which

have other roles, e.g. in RNA modification. Thus, it is rather likely

that the ALKBH family of enzymes in eukaryotes has evolved

from an ancestral DNA repair enzyme, and it is not very surprising

that some DNA repair activity can be detected in vitro for ALKBH

proteins involved in other processes. AlkB proteins that function in

DNA repair, such as the founding member E. coli AlkB, are in

themselves rather promiscuous, as they can repair a wide range of

DNA adducts (methyl, etheno, ethano, etc) on several different

nucleobases independent of sequence context. In contrast, the

tRNA modification activity of ALKBH8 is much more specific, as

it appears to exclusively occur on a single mcm5U-containing

tRNA species, tRNAGly(UCC). We therefore believe that the tRNA

modification activity observed with the protozoan CP and TT

proteins in vitro reflect their true, physiologically relevant function,

whereas the detected repair activity represents a ‘‘ghost’’ of an

evolutionary precursor, now manifested as a promiscuous activity.

Indeed, a similar promiscuity has previously been observed for the

mammalian ALKBH1 proteins, which show activity on methyl

lesions in ssDNA and ssRNA as well as on histone proteins

[26,56].

Two of the ALKBH8 proteins studied here, TT and CP, both of

which originate from protozoa, catalyzed the hydroxylation of

mcm5U into (S)-mchm5U in tRNA. The observed activity of the

CP protein is not very surprising, as this protein has a RRM/

AlkB/ZnF architecture also found in the tRNA-modifying

ALKBH8s from mammals and plants. The importance of the

RRM and ZnF domains in human ALKBH8 was recently

demonstrated; the RRM domain provides affinity towards RNA

(whereas the AlkB domain does not contribute to RNA binding),

and the ZnF moiety increases the overall stability of the protein

[57]. Accordingly, we observed that deletion of the RRM moiety

abolished the activity of human ALKBH8, whereas mutation of

the conserved Cys residues of the ZnF moiety had no effect.

Therefore, the observed activity of the TT protein was somewhat

unexpected, as this protein solely consists of an AlkB domain.

Figure 7. In vitro analysis of tRNA modifying activity of ALKBH8 proteins. (A) tRNA modifying activity of ALKBH8 proteins from various
organisms. The indicated proteins were incubated with S. cerevisiae tRNA, and the ability of enzymes to catalyze the conversion of mcm5U to (S)-
mchm5U was investigated by LC-MS/MS analysis of tRNA nucleosides. The RRM-AlkB part of human ALKBH8 was used as positive control. (B, C)
Analysis of the tRNA modifying activity of deletion and point mutants of human ALKBH8. (B) Overview of tested proteins. ‘‘CRA in ZnF’’ refers to a
mutant where the three conserved Cys residues (Cys341, Cys 343 and Cys 349) of the ZnF moiety have been replaced by alanine. (C) The indicated
proteins were incubated with mcm5U containing tRNA from the so-called KI(MT+) mouse, i.e. a gene-targeted mouse expressing the ALKBH8 MTase,
but not the oxygenase (AlkB) activity. Enzymatic conversion of mcm5U to (S)-mchm5U was investigated by LC-MS/MS analysis of tRNA nucleosides.
doi:10.1371/journal.pone.0098729.g007

Dual Activity of ALKBH8 Proteins

PLOS ONE | www.plosone.org 10 June 2014 | Volume 9 | Issue 6 | e98729



However, this result gives important clues regarding the evolution

of the tRNA modifying ALKBH8 function: point mutations in an

ancestral repair protein may have yielded a beneficial, but

suboptimal tRNA modifying activity, followed by the acquisition

of RRM and ZnF domains, giving improved substrate affinity and

enzyme stability, respectively. Finally, the fusion between the

RRM/AlkB/ZnF moiety and a Trm9-like methyltransferase in

animals has likely further improved the efficacy of the modification

system by providing a direct channeling of mcm5U-modified

tRNAGly(UCC) from the ALKBH8 methyltransferase to the

hydroxylase.

We have here generated an A. tumefaciens mutant with an

inactivated ALKBH8 gene and found the modification status of

tRNAGly(UCC) to be unaltered relative to the wild-type bacterium.

This clearly suggests that bacterial ALKBH8s, unlike their

eukaryotic counterparts, do not target the wobble uridine of

tRNAGly(UCC). However, the close sequence similarity between

bacterial and eukaryotic ALKBH8s in the so-called nucleotide lid

region (NRL), which is responsible for interaction with the nucleic

acid substrate, may still suggest that bacterial ALKBH8s are RNA

modification enzymes. Also, our demonstration of tRNA modifi-

cation activity for the TT protein, which, like the bacterial

ALKBH8s, lacks the RRM- and ZnF-domains, supports this

notion. We have previously studied the ALKBH8 protein from the

bacterium R. etli, and found it to be as efficient as E. coli AlkB in

reactivating CAA-treated (etheno adduct-containing) ssDNA

phage [38]. In contrast, the two bacterial ALKBH8 proteins

studied here, RD and RF, showed substantially lower (RF) or

negligible (RD) repair activity, and also considerably lower than

for the protozoan TT protein, which also displayed tRNA

modifying activity. Moreover, it should be noted that the R. etli

ALKBH8 protein, when compared with the RD and RF proteins,

is less similar to eukaryotic ALKBH8s, and lacks several of the

conserved residues shared between other ALKBH8s (Fig. 2). Based

on the above, we favor the notion that the ‘‘canonical’’ bacterial

ALKBH8s such as RF and RD are RNA modification enzymes

targeting a (yet unidentified) substrate resembling the mcm5U

moiety recognized by the eukaryotic ALKBHs.

The present work provides important insights on the ALKBH8

proteins, but many key questions remain unanswered. It will be of

great interest to reveal the physiologically relevant substrate(s) of

the bacterial ALKBH8 proteins. Here, the A. tumefaciens mutant

described in the present work may represent a useful tool.

Conceivably, a systematic, global analysis of the RNA modifica-

tion pattern in the mutant versus wild-type bacteria may uncover

this substrate. Furthermore, we have here shown that the

ALKBH8 protein (TT) from Tetrahymena thermophilus, unlike its

mammalian counterpart, is able to catalyse mcm5U hydroxylation

even in the absence of an RRM domain. This indicates that its

AlkB domain (catalytic moiety) has an intrinsic affinity for the

tRNA substrate, suggesting that this protein may be particularly

well suited for structural studies aimed at solving the structure of

an enzyme/substrate complex, thereby yielding insights on the

detailed ALKBH8 mechanism.
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(Université de la Méditerranée) for providing Rickettsia felis URRWXCal2

genomic DNA, and Bob Coyne (J. Craig Venter Institute) for providing

Tetrahymena thermophila SB210 genomic DNA. Human alkyl-N-purine-DNA

glycosylase ANPG, E. coli uracil-DNA glycosylase Mug and human AP

endonuclease 1 HAP-1 were a kind gift from Dr. M. Saparbaev (Institut

Gustave Roussy, Villejuif, France). We would like to thank the Proteomics

and Metabolomics Core Facility, PROMEC, at NTNU, supported in part

by the Faculty of Medicine and the Central Norway Regional Health

Authority.

Author Contributions

Conceived and designed the experiments: DZ CBV FK ED AP AMM

EvdB PØF. Performed the experiments: DZ CBV FK ED AP AMM EvdB.

Analyzed the data: DZ CBV FK ED AP AMM BT EvdB PØF.

Contributed reagents/materials/analysis tools: CBV FK HEK AK BT.

Contributed to the writing of the manuscript: DZ EvdB PØF.

References

1. Kataoka H, Yamamoto Y, Sekiguchi M (1983) A new gene (alkB) of Escherichia

coli that controls sensitivity to methyl methane sulfonate. J Bacteriol 153: 1301–

1307.

2. Delaney JC, Essigmann JM (2004) Mutagenesis, genotoxicity, and repair of 1-

methyladenine, 3-alkylcytosines, 1-methylguanine, and 3-methylthymine in alkB

Escherichia coli. Proc Natl Acad Sci U S A 101: 14051–14056.

3. Falnes PO, Johansen RF, Seeberg E (2002) AlkB-mediated oxidative

demethylation reverses DNA damage in Escherichia coli. Nature 419: 178–182.

4. Falnes PO (2004) Repair of 3-methylthymine and 1-methylguanine lesions by

bacterial and human AlkB proteins. Nucleic Acids Res 32: 6260–6267.

5. Koivisto P, Robins P, Lindahl T, Sedgwick B (2004) Demethylation of 3-

methylthymine in DNA by bacterial and human DNA dioxygenases. J Biol

Chem 279: 40470–40474.

6. Trewick SC, Henshaw TF, Hausinger RP, Lindahl T, Sedgwick B (2002)

Oxidative demethylation by Escherichia coli AlkB directly reverts DNA base

damage. Nature 419: 174–178.

7. Aravind L, Koonin EV (2001) The DNA-repair protein AlkB, EGL-9, and

leprecan define new families of 2-oxoglutarate- and iron-dependent dioxy-

genases. Genome Biol 2: RESEARCH0007.

8. Loenarz C, Schofield CJ (2008) Expanding chemical biology of 2-oxoglutarate

oxygenases. Nat Chem Biol 4: 152–156.

9. Aas PA, Otterlei M, Falnes PO, Vagbo CB, Skorpen F, et al. (2003) Human and

bacterial oxidative demethylases repair alkylation damage in both RNA and

DNA. Nature 421: 859–863.

10. Falnes PO, Bjoras M, Aas PA, Sundheim O, Seeberg E (2004) Substrate

specificities of bacterial and human AlkB proteins. Nucleic Acids Res 32: 3456–

3461.

11. Ougland R, Zhang CM, Liiv A, Johansen RF, Seeberg E, et al. (2004) AlkB

restores the biological function of mRNA and tRNA inactivated by chemical

methylation. Mol Cell 16: 107–116.

12. Delaney JC, Smeester L, Wong C, Frick LE, Taghizadeh K, et al. (2005) AlkB

reverses etheno DNA lesions caused by lipid oxidation in vitro and in vivo. Nat

Struct Mol Biol 12: 855–860.

13. Duncan T, Trewick SC, Koivisto P, Bates PA, Lindahl T, et al. (2002) Reversal

of DNA alkylation damage by two human dioxygenases. Proc Natl Acad

Sci U S A 99: 16660–16665.

14. Frick LE, Delaney JC, Wong C, Drennan CL, Essigmann JM (2007) Alleviation

of 1, N6-ethanoadenine genotoxicity by the Escherichia coli adaptive response

protein AlkB. Proc Natl Acad Sci U S A 104: 755–760.

15. Koivisto P, Duncan T, Lindahl T, Sedgwick B (2003) Minimal methylated

substrate and extended substrate range of Escherichia coli AlkB protein, a 1-

methyladenine-DNA dioxygenase. J Biol Chem 278: 44348–44354.

16. Maciejewska AM, Ruszel KP, Nieminuszczy J, Lewicka J, Sokolowska B, et al.

(2010) Chloroacetaldehyde-induced mutagenesis in Escherichia coli: the role of

AlkB protein in repair of 3, N(4)-ethenocytosine and 3, N(4)-alpha-hydro-

xyethanocytosine. Mutat Res 684: 24–34.

17. Maciejewska AM, Poznanski J, Kaczmarska Z, Krowisz B, Nieminuszczy J, et al.

(2013) AlkB dioxygenase preferentially repairs protonated substrates: specificity

against exocyclic adducts and molecular mechanism of action. J Biol Chem 288:

432–441.

18. Mishina Y, Yang CG, He C (2005) Direct repair of the exocyclic DNA adduct 1,

N6-ethenoadenine by the DNA repair AlkB proteins. J Am Chem Soc 127:

14594–14595.

19. Gerken T, Girard CA, Tung YC, Webby CJ, Saudek V, et al. (2007) The

obesity-associated FTO gene encodes a 2-oxoglutarate-dependent nucleic acid

demethylase. Science 318: 1469–1472.

20. Kurowski MA, Bhagwat AS, Papaj G, Bujnicki JM (2003) Phylogenomic

identification of five new human homologs of the DNA repair enzyme AlkB.

BMC Genomics 4: 48.

21. Dango S, Mosammaparast N, Sowa ME, Xiong LJ, Wu F, et al. (2011) DNA

unwinding by ASCC3 helicase is coupled to ALKBH3-dependent DNA

alkylation repair and cancer cell proliferation. Mol Cell 44: 373–384.

22. Ringvoll J, Nordstrand LM, Vagbo CB, Talstad V, Reite K, et al. (2006) Repair

deficient mice reveal mABH2 as the primary oxidative demethylase for repairing

1meA and 3meC lesions in DNA. EMBO J 25: 2189–2198.

23. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang CM, et al. (2013) ALKBH5 is a

mammalian RNA demethylase that impacts RNA metabolism and mouse

fertility. Mol Cell 49: 18–29.

24. Jia G, Fu Y, Zhao X, Dai Q, Zheng G, et al. (2011) N6-methyladenosine in

nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol

7: 885–887.

25. Li MM, Nilsen A, Shi Y, Fusser M, Ding YH, et al. (2013) ALKBH4-dependent

demethylation of actin regulates actomyosin dynamics. Nat Commun 4: 1832.

26. Ougland R, Lando D, Jonson I, Dahl JA, Moen MN, et al. (2012) ALKBH1 is a

histone H2A dioxygenase involved in neural differentiation. Stem Cells 30:

2672–2682.

27. Cantara WA, Crain PF, Rozenski J, McCloskey JA, Harris KA, et al. (2011) The

RNA Modification Database, RNAMDB: 2011 update. Nucleic Acids Res 39:

D195–D201.

28. Agris PF, Vendeix FA, Graham WD (2007) tRNA’s wobble decoding of the

genome: 40 years of modification. J Mol Biol 366: 1–13.

29. Johansson MJ, Esberg A, Huang B, Bjork GR, Bystrom AS (2008) Eukaryotic

wobble uridine modifications promote a functionally redundant decoding

system. Mol Cell Biol 28: 3301–3312.

30. Kalhor HR, Clarke S (2003) Novel methyltransferase for modified uridine

residues at the wobble position of tRNA. Mol Cell Biol 23: 9283–9292.

31. Fu D, Brophy JA, Chan CT, Atmore KA, Begley U, et al. (2010) Human AlkB

homolog ABH8 Is a tRNA methyltransferase required for wobble uridine

modification and DNA damage survival. Mol Cell Biol 30: 2449–2459.

32. Songe-Moller L, van den Born E, Leihne V, Vagbo CB, Kristoffersen T, et al.

(2010) Mammalian ALKBH8 possesses tRNA methyltransferase activity

required for the biogenesis of multiple wobble uridine modifications implicated

in translational decoding. Mol Cell Biol 30: 1814–1827.

33. Fu Y, Dai Q, Zhang W, Ren J, Pan T, et al. (2010) The AlkB domain of

mammalian ABH8 catalyzes hydroxylation of 5-methoxycarbonylmethyluridine

at the wobble position of tRNA. Angew Chem Int Ed Engl 49: 8885–8888.

34. van den Born E, Vagbo CB, Songe-Moller L, Leihne V, Lien GF, et al. (2011)

ALKBH8-mediated formation of a novel diastereomeric pair of wobble

nucleosides in mammalian tRNA. Nat Commun 2: 172.

35. Drablos F, Feyzi E, Aas PA, Vaagbo CB, Kavli B, et al. (2004) Alkylation

damage in DNA and RNA–repair mechanisms and medical significance. DNA

Repair (Amst) 3: 1389–1407.

36. Falnes PO, Rognes T (2003) DNA repair by bacterial AlkB proteins. Res

Microbiol 154: 531–538.

37. van den Born E, Omelchenko MV, Bekkelund A, Leihne V, Koonin EV, et al.

(2008) Viral AlkB proteins repair RNA damage by oxidative demethylation.

Nucleic Acids Res 36: 5451–5461.

38. van den Born E, Bekkelund A, Moen MN, Omelchenko MV, Klungland A, et

al. (2009) Bioinformatics and functional analysis define four distinct groups of

AlkB DNA-dioxygenases in bacteria. Nucleic Acids Res 21: 7124–7136.

39. Leihne V, Kirpekar F, Vagbo CB, van den Born E, Krokan HE, et al. (2011)

Roles of Trm9- and ALKBH8-like proteins in the formation of modified wobble

uridines in Arabidopsis tRNA. Nucleic Acids Res 39: 7688–7701.

40. Altschul SF, Koonin EV (1998) Iterated profile searches with PSI-BLAST–a tool

for discovery in protein databases. Trends Biochem Sci 23: 444–447.

41. Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy

and high throughput. Nucleic Acids Res 32: 1792–1797.

42. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview

Version 2–a multiple sequence alignment editor and analysis workbench.

Bioinformatics 25: 1189–1191.

43. Blatny JM, Brautaset T, Winther-Larsen HC, Haugan K, Valla S (1997)

Construction and use of a versatile set of broad-host-range cloning and

expression vectors based on the RK2 replicon. Appl Environ Microbiol 63: 370–

379.

44. Perutka J, Wang W, Goerlitz D, Lambowitz AM (2004) Use of computer-

designed group II introns to disrupt Escherichia coli DExH/D-box protein and

DNA helicase genes. J Mol Biol 336: 421–439.

45. Yao J, Lambowitz AM (2007) Gene targeting in gram-negative bacteria by use of

a mobile group II intron (‘‘Targetron’’) expressed from a broad-host-range

vector. Appl Environ Microbiol 73: 2735–2743.

46. Crain PF (1990) Preparation and enzymatic hydrolysis of DNA and RNA for

mass spectrometry. Methods Enzymol 193: 782–790.

47. Yu B, Edstrom WC, Benach J, Hamuro Y, Weber PC, et al. (2006) Crystal

structures of catalytic complexes of the oxidative DNA/RNA repair enzyme

AlkB. Nature 439: 879–884.

Dual Activity of ALKBH8 Proteins

PLOS ONE | www.plosone.org 12 June 2014 | Volume 9 | Issue 6 | e98729



48. Mantri M, Zhang Z, McDonough MA, Schofield CJ (2012) Autocatalysed

oxidative modifications to 2-oxoglutarate dependent oxygenases. FEBS J 279:
1563–1575.

49. Gros L, Ishchenko AA, Saparbaev M (2003) Enzymology of repair of etheno-

adducts. Mutat Res 531: 219–229.
50. Ringvoll J, Moen MN, Nordstrand LM, Meira LB, Pang B, et al. (2008) AlkB

homologue 2-mediated repair of ethenoadenine lesions in mammalian DNA.
Cancer Res 68: 4142–4149.

51. Calvo JA, Meira LB, Lee CY, Moroski-Erkul CA, Abolhassani N, et al. (2012)

DNA repair is indispensable for survival after acute inflammation. J Clin Invest
122: 2680–2689.

52. Dinglay S, Trewick SC, Lindahl T, Sedgwick B (2000) Defective processing of
methylated single-stranded DNA by E. coli AlkB mutants. Genes Dev 14: 2097–

2105.
53. Dosanjh MK, Chenna A, Kim E, Fraenkel-Conrat H, Samson L, et al. (1994)

All four known cyclic adducts formed in DNA by the vinyl chloride metabolite

chloroacetaldehyde are released by a human DNA glycosylase. Proc Natl Acad

Sci U S A 91: 1024–1028.

54. Kim MY, Zhou X, Delaney JC, Taghizadeh K, Dedon PC, et al. (2007) AlkB

influences the chloroacetaldehyde-induced mutation spectra and toxicity in the

pSP189 supF shuttle vector. Chem Res Toxicol 20: 1075–1083.

55. Khersonsky O, Tawfik DS (2010) Enzyme promiscuity: a mechanistic and

evolutionary perspective. Annu Rev Biochem 79: 471–505.

56. Westbye MP, Feyzi E, Aas PA, Vagbo CB, Talstad VA, et al. (2008) Human

AlkB homolog 1 is a mitochondrial protein that demethylates 3-methylcytosine

in DNA and RNA. J Biol Chem 283: 25046–25056.

57. Pastore C, Topalidou I, Forouhar F, Yan AC, Levy M, et al. (2012) Crystal

structure and RNA binding properties of the RNA recognition motif (RRM) and

AlkB domains in human AlkB homolog 8 (ABH8), an enzyme catalyzing tRNA

hypermodification. J Biol Chem 287: 2130–2143.

Dual Activity of ALKBH8 Proteins

PLOS ONE | www.plosone.org 13 June 2014 | Volume 9 | Issue 6 | e98729


