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Abstract

Alkylation lesions in DNA and RNA result from endogenous compounds, environmental agents and alkylating drugs. Simple methylating
agents, e.g. methylnitrosourea, tobacco-specific nitrosamines and drugs like temozolomide or streptozotocin, form adducts at N- and O-atoms
in DNA bases. These lesions are mainly repaired by direct base repair, base excision repair, and to some extent by nucleotide excision repair
(NER). The identified carcinogenicity ofO6-methylguanine (O6-meG) is largely caused by its miscoding properties. Mutations from this
lesion are prevented byO6-alkylG-DNA alkyltransferase (MGMT or AGT) that repairs the base in one step. However, the genotoxicity and
cytotoxicity of O6-meG is mainly due to recognition ofO6-meG/T (or C) mispairs by the mismatch repair system (MMR) and induction of
futile repair cycles, eventually resulting in cytotoxic double-strand breaks. Therefore, inactivation of the MMR system in an AGT-defective
background causes resistance to the killing effects ofO6-alkylating agents, but not to the mutagenic effect. Bifunctional alkylating agents,
such as chlorambucil or carmustine (BCNU), are commonly used anti-cancer drugs. DNA lesions caused by these agents are complex and
require complex repair mechanisms. Thus, primary chloroethyl adducts atO6-G are repaired by AGT, while the secondary highly cytotoxic
interstrand cross-links (ICLs) require nucleotide excision repair factors (e.g. XPF-ERCC1) for incision and homologous recombination to
complete repair. Recently,Escherichia coli protein AlkB and human homologues were shown to be oxidative demethylases that repair cytotoxic
1-methyladenine (1-meA) and 3-methylcytosine (3-meC) residues. Numerous AlkB homologues are found in viruses, bacteria and eukaryotes,
including eight human homologues (hABH1-8). These have distinct locations in subcellular compartments and their functions are only starting
to become understood. Surprisingly, AlkB and hABH3 also repair RNA. An evaluation of the biological effects of environmental mutagens,
as well as understanding the mechanism of action and resistance to alkylating drugs require a detailed understanding of DNA repair processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Humans are exposed to alkylating compounds produced
endogenously[1,2] and in the environment[3–5]. In addi-
tion, alkylating agents are used as cytostatic drugs in cancer
therapy in doses that by far exceed those humans are ex-
posed to from other sources[6]. Alkylating agents are mu-
tagenic and genotoxic. The focus of research has therefore
been on their ability to damage DNA, and on the process-
ing and consequences of such damage. However, alkylating
agents also form adducts with RNA and protein and this is

∗ Corresponding author. Tel.:+47 73598695; fax:+47 7359880.
E-mail address: hans.krokan@ntnu.no (H.E. Krokan).

likely to contribute to the cytotoxicity. All organisms exam-
ined have repair systems for alkylation damage to DNA and
the type of repair system involved depends on the type of
lesion (reviewed in[7]).

In total, DNA damage from all endogenous sources give
rise to some 20,000 lesions per day per cell. Of these, spon-
taneous depurination, damage from reactive oxygen species
and deamination of bases represent the main sources[8],
while the relative contribution of alkylation damage is not
well established. However, the mere existence of several spe-
cific repair systems for alkylation damage indicates that en-
dogenous and environmental exposures must be significant.
In fact, all the main mechanisms of DNA repair (direct dam-
age reversal, base excision repair, nucleotide excision repair
(NER), mismatch repair and recombination repair[9]) are
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involved in the processing of either primary alkylation prod-
ucts (e.g. methylations and chloroethylations), or secondary
damage from such products (e.g. abasic sites, strand breaks
and interstrand cross-links (ICLs)).

It has only recently become evident that at least some
types of RNA alkylations are also repaired. Whereas the sig-
nificance of repair of alkylations in DNA is well established,
the significance of RNA repair is less clear, but it does op-
erate in vivo inEscherichia coli to increase the survival of
alkylation-damaged RNA bacteriophages[10]. Considering
the elaborate apparatus involved in quality control of RNA
species at different levels during their synthesis[11–13], re-
pair of RNA should possibly not come as a total surprise.
Furthermore, proteins are repaired both at the amino acid
level, and at the structural level, and failure to repair dam-
aged amino acid residues in protein is fatal in mouse models
[14–16](reviewed in[17]). This underlines the significance
of repair of macromolecules downstream of the DNA level.

Defective DNA repair generally causes cancer, develop-
mental abnormalities and early aging (reviewed in[7]). It is
now established from clinical syndromes and/or from mouse
models that defects in each of the major DNA repair path-
ways are associated with increased risk of cancer (reviewed
in [9,18]). Furthermore, modulation of DNA repair capac-
ity may improve the usefulness of alkylating therapeutic
drugs[19,20]. A detailed understanding of how cells handle
macromolecular damage is therefore potentially very impor-
tant for several aspects of clinical medicine.

Table 1
Methylation patterns of single-stranded vs. double-stranded nucleic acids upon reaction with MMS and MNUa,b

Site of methylation MMS MNU

ssDNA/RNAc RNAd dsDNA ssDNA/RNAc RNAd dsDNA

Adenine
N1- 18 11 3.8 2.8 2 1.3
N3- 1.4 1.5 10.4 2.6 nde 9
N7- 3.8 nd 1.8 1.8 nd 1.7

Guanine
N3- ∼1 nd 0.6 0.4 1 0.8
O6- – 0.2 0.3 3 4 6.3
N7- 68 72 83 69 80 67

Uracil/thymine
O2- nd nd nd nd nd 0.11
N3- nd 0.4 nd nd nd 0.3
O4- nd nd nd nd nd 0.4

Cytosine
O2- nd nd – nd nd 0.1
N3- 10 7 <1 2.3 1.5 0.6
Diester 2 nd 0.8 ∼10 nd 17

a Adopted from refs.[24,25].
b Expressed as percent of the total methylation.
c The values are from data compilation by[25], and originate from experiments with the ssDNA phage M13, and RNA from TMV, yeast, HeLa cells,

animal ribosomes, and�2 phage.
d These data are from the original work of[24] and indicate methylation pattern in RNA from bacteriophage R17. The values are percent of the total

radioactivity analysed for methylation. 92% (MMS) and 89% (MNU) of the total radioactivity were recovered as identifiable and detectable residues
(>0.5% of total radioactivity).

e nd: not determined.

The present mini review focuses on alkylation damage to
macromolecules, their processing and their biological con-
sequences in the cell. In this context, we also present an in
depth analysis of properties, evolution and possible func-
tions of the AlkB family of genes and their proteins. We
also briefly discuss how modulation and chemical manipu-
lation of such defense mechanisms can be exploited thera-
peutically.

2. Alkylating agents are formed endogenously and in
the environment, and are used as anti-cancer drugs

Alkylating agents are ubiquitous. They are generated en-
dogenously during the metabolism, and are found in the air,
water and foods, although generally in low concentrations.
Patients are exposed to alkylating agents in much higher
doses from alkylating anti-cancer drugs. By selectively de-
creasing repair capacity in target tissues, or by enhancing
repair in other tissues, improved therapy may be achieved.
Some examples of such efforts will be discussed below.
Alkylating agents may form adducts at all O- and N-atoms
in nucleobases, as well as on O-atoms in phosphodiesters.
The alkylation pattern depends on the agent, the posi-
tion in DNA/RNA, and is different in single-stranded and
double-stranded nucleic acids (Table 1). Base alkylations
are both genotoxic and cytotoxic. In general,O-alkylations
(O6-alkylG and O4-alkylT) are highly mutagenic and
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genotoxic, whereasN-alkylations (e.g. 3-alkylA and
1-alkylA) are cytotoxic, but relatively less mutagenic
[19,21–23]. The quantitatively dominating type of lesion in
both DNA and RNA is 7-alkylG, which is considered as
relatively harmless in itself. However, it is subject to rapid
spontaneous depurination and enzymatic removal, thus cre-
ating cytotoxic abasic sites. Alkylation damage in RNA
generally follow the same pattern as for single-stranded
DNA [24]. Alkylating agents of the SN1-type (e.g.
N-methyl-N-nitrosourea, MNU) alkylate both oxygens and
nitrogens in nucleic acids, whereas SN2 reagents (e.g.
methyl methanesulfonate, MMS) mainly alkylate nitrogens
[25,26]. As discussed in more detail below, bifunctional
alkylating agents, most commonly chloroethylating drugs,
to a large extent generate more complex lesions, including
interstrand cross-links. Monofunctional and bifunctional
agents both generate toxic repair intermediates. Thus, even
after induction of a simple lesion like 3-methyladenine
(3-meA) in DNA using methyl-lexitropsin (Me-lex) that
targets adenine in the minor groove of DNA, a wide range
of effects is observed. These include sister chromatid ex-
change, DNA breaks, S-phase arrest, accumulation of p53,
and apoptosis[27].

2.1. Endogenous alkylating agents

There are many possible sources of endogenous alky-
lating agents and several compounds have been iden-
tified, but their relative significance remains unknown.
S-Adenosylmethionine, a methyl-donor in many biochem-
ical reactions, is also a weak chemical methylating agent
that has been shown to induce mutations in DNA. It mainly
generates 7-meG and 3-meA, but littleO6-meG[1,28]. Ni-
trosated amines and related compounds inE. coli generate
directly acting mutagenic alkylating agents, particularly in
cells that are Ada- and Ogt-deficient and consequently defi-
cient in repair ofO6-alkylG. This strongly indicates that the
agents formed endogenously generate O-alkylating agents.
The nitrosation reactions are predominantly enzymatic and
occur to a higher degree in starving bacterial cells[2].
Probably such reactions will also take place in the large
intestine. Several mutagenicN-alkyl-N-nitrosocompounds
shown to cause alkylation ofO6-G in DNA are generated by
nitrosation of glycine and glycine derivatives[29,30]. Fur-
thermore, bile acids may be nitrosated to give O-alkylating
mutagenic compounds[31]. Generation of endogenous
alkylating agents byE. coli and from bile acids and amines
is consistent with the significant content ofO6-meG and
7-meG found in DNA from colo-rectal tissues, although the
source causing the adducts remains uncertain. Interestingly,
the interindividual adduct levels vary at least 100-fold, but
tend to be highest in the distal colon and rectum where
cancers are most frequent (reviewed in[32]). Somewhat
surprisingly, there does not seem to be a general correlation
between adduct levels in individuals and frequency of can-
cer, whereas there is an inverse correlation between activity

of the repair enzymeO6-alkylguanine-DNA alkyltransferase
(AGT or MGMT) and cancer risk[32].

2.2. Environmental alkylating agents

The most abundant atmospheric halocarbon is chloro-
methane (methyl chloride) gas which is generated in many
terrestrial environments, e.g. by plants and fungi, but also
industrially. Apparently, a large fraction is made abioti-
cally in plant material[5]. Some 3.5–5 million tons of
chloromethane is produced per year. In marine environ-
ments, bromomethane and other bromo-compounds are
more abundant. Iodomethane is also formed in the envi-
ronment [4]. Chloromethane and other halocarbons are
present in the ambient air in small, but measurable concen-
trations[33]. Such compounds alkylate DNA, hence being
mutagenic[34] and possibly carcinogenic[35]. However,
presently there is inadequate evidence for the carcinogenic-
ity of chloromethane to animals and humans[36].

Although not quantitatively dominating in the envi-
ronment,N-nitroso compounds formed in tobacco smoke
may represent the major environmental source of ex-
posure to alkylating agents for humans. However, food
compounds may also be nitrosated to agents that alkylate
DNA, as discussed briefly below. Tobacco smoke contains
both tobacco-specificN-nitroso compounds and several
other nitroso compounds, e.g.N-nitrosodimethylamine
[37]. Among the seven known tobacco-specific ni-
trosamines, the most carcinogenic in laboratory animals are
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),
and N′-nitrosonornicotine (NNN). After metabolic activa-
tion they give rise to DNA alkylations (reviewed in[3]).
NNK and its metabolite NNAL give rise toO6-meG and
other methylated bases. In addition, NNK and NNAL, as
well as NNN, may give rise to the larger pyridyloxobutyl
DNA adducts atO6-G (Fig. 1) and other positions[3].

To monitor environmental exposure to tobacco-specific
nitrosamines, several potential biomarkers have been eval-
uated. Among these NNAL currently seems best suited.
NNAL and its glucuronides are metabolites of NNK and give
specific and reasonably quantitative information on exposure
to tobacco smoke. Whereas NNAL is also a carcinogen, the
glucuronides are detoxification products. The ratio between
NNAL and glucuronides varies over 10-fold between smok-
ers and this ratio has been suggested as a useful indicator of
cancer risk (reviewed in[38]). Tobacco-specificN-nitroso
compounds are probably mainly formed from tobacco alka-
loids during the curing and smoking of tobacco. However,
at least some of the tobacco-specific nitrosamines may also
be formed by endogenous nitrosation of tobacco alkaloids
[39]. One of the tobacco alkaloids, myosmine, is also present
in a variety of foods, including several fruits, vegetables
and even milk, and it is easily nitrosated to DNA-alkylating
compounds, including NNN[40]. It is also evident that dif-
ferent foods may contain nitrosating agents such as NOx
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Fig. 1. Overview of metabolism and DNA adduct formation by the
tobacco-specific nitrosamines NNK, NNAL and NNN. Results are con-
clusions from studies in laboratory animals and humans. Some of the
metabolites and potential adducts are not shown.

and compounds, e.g. amines, that can be nitrosated to mu-
tagenic compounds (reviewed in[41]). Furthermore, cured
foods and fish may contain significant amounts ofN-nitroso
compounds and at least in some parts of the world, e.g. re-
gions of China and Japan, this may be an important cause
of gastric and esophageal cancers (reviewed in[41]).

2.3. Alkylating drugs

Alkylating drugs are the oldest anti-cancer drugs and
remain important for treatment of several types of can-
cer (reviewed in[6,42]). The effects of these drugs are
strongly modulated by DNA repair processes. Under-
standing and controlling repair processes may therefore
allow development of new therapies by protecting nor-
mal tissues or by potentiating effects in target tissues
[43]. Alkylating drugs are mostly methylating agents
(e.g. temozolomide and streptozotocin, an antibiotic) or
chloroethylating agents (e.g. carmustin, lomustine and fote-
mustine). In both casesO6-G is an important target for
alkylation, but several other sites are also alkylated. The

chloroethylating agents have complex effects. First they
generateO6-chloroethylG and other chloroethyl-adducts.
At the O6-position this is followed by dechlorination,
formation of an unstable 1-O6-ethanoguanine adduct
and subsequent cross-linking between the ring nitro-
gens in 1-position of guanine and 3-position of cyto-
sine (1-(3-cytosinyl)-2-(1-guanosinyl)-ethane) (reviewed in
[19,43]). Several other drugs also target theO6-G position
and generateO6-meG or cross-links. However, some alky-
lating drugs exert their strongest effects through alkylation
of other positions and other types of cross-links[43]. In
contrast to many important environmental alkylating agents,
the therapeutic drugs do not require metabolic activation,
but are spontaneously decomposed in aqueous solutions.

3. Repair of alkylation lesions—more complex
than the lesions

In E. coli, as well as in eukaryote cells, at least four dif-
ferent mechanisms are involved in repair of primary damage
to DNA caused by simple monofunctional alkylating agents.
These are direct base repair either by methyltransferases[44]
(reviewed in[7]) or by oxidative demethylases[10,45–47],
base excision repair initiated by DNA glycosylases (BER)
[48] (reviewed in[22,23]) and nucleotide excision repair
[49,50]. In addition, recombination repair may be signifi-
cant, possibly mainly for repair of secondary lesions such
as strand breaks (Fig. 2) [49]. Except after treatment with
alkylating agents, the level of exposure is likely to be much
smaller than the doses normally used in experimental set-
tings. Possibly, some of these repair systems are mainly op-
erative after such massive damage. Which mechanism(s) are
most important after low level endogenous or environmen-
tal exposure remains undetermined, but would presumably
be alkyltransferases repairingO-alkylations, and BER and
oxidative demethylases repairingN-alkylations, with NER
as a backup for at least some of these lesions.

Several types of primary alkylation products, e.g.
O6-chloroethylguanine, as well as secondary lesions, e.g.
DNA–DNA cross-links, mismatches, strand breaks, and
even protein–DNA cross-links, occur as main products
after exposure to bifunctional agents[51]. AGT repairs
O6-chloroethylG, whereas other repair systems, e.g. mis-
match repair and homologous recombination, are important
for repair of secondary lesions (Figs. 2 and 3). The sig-
nificance of homologous recombination and double-strand
break repair may be limited to the types of damage inflicted
by bifunctional alkylating agents, and after extensive ex-
perimental damage. Knowledge about repair of alkylation
lesions inE. coli has been instrumental in the discovery
of similar repair processes in eukaryotes. The inducible
Ada regulon has been particularly important in this respect
(reviewed in[52]), although the corresponding defense sys-
tems in mammalians are not regulated in the same way. The
repair proteins encoded by genes in the Ada-regulon com-
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Fig. 2. Pathways for alkylation damage and repair of DNA and RNA bases.
N-alkylations are repaired either directly by oxidative demethylases (DNA
and RNA) or by BER (DNA).O-alkylations are repaired either directly by
AGT or by NER. If not processed prior to replication,O6-alkG:T mispairs
may be recognized by the MMR system, thereby inducing futile repair
cycles eventually leading to DSBs, cytogenetic changes and cell death.

prise the methyltransferase Ada, which after receiving the
methyl-group is the principal transcription factor in the reg-
ulon, the DNA glycosylase AlkA, the oxidative demethylase
AlkB and the less well understood AidB (reviewed in[52]).
Human cells have homologues of Ada, AlkB and AidB, but
apparently no AlkA homologue. Instead, mammalian cells
have an unrelated broad specificity DNA glycosylase (MPG
or ANPG) that repairs many of the same DNA lesions[22].

3.1. Repair of O6-alkylG and O4-alkylT in DNA by
alkyltransferases

O6-alkylG in DNA is probably the principal mutagenic
damage formed by alkylating agents. In bacteria, yeast and
eukaryotes this lesion is repaired in one step by transferases
(Fig. 2). O6-Alkyl transferases are highly conserved in
bacteria[52], lower eukaryotes[53] to mammalian species

Fig. 3. Sources of DNA interstrand cross-links (ICLs) and potential routes
for ICL processing in mammals. Formation of ICL from chloroethylating
agents is shown as an example. Note that factors from several DNA
metabolizing pathways may contribute, and the mechanism of choice
apparently depends on the type of cross-linking agent, the cell type and
the proliferative status of the cell.

[54]. E. coli has two genes for DNA repair methyltrans-
ferases, the inducibleada of the Ada regulon, andogt
which is constitutively expressed[7,52]. Ada and Ogt are
O-alkylltransferase that transfer the methyl group to a cys-
teine residue in the repair protein itself, which is thereby
permanently inactivated. Ada and Ogt repairO6-meG and
O4-meT, and in addition Ada repairs alkylphosphotriesters.
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The 39 kDa Ada protein contains a 19 kDa domain which
repairs O6-meG andO4-meT and a 20 kDa N-terminal
domain which repairs alkylphosphotriester (reviewed in
[52,55]). The 19 kDa Ogt protein has properties similar to
the 18 kDa domain of Ada, but is more efficient than Ada
in removingO4-alkylthymines[56,57] (reviewed in[55]).
O6-meG was shown to be repaired by a similar, irreversibly
inactivatedO6-alkylguanine-DNA alkyltransferase (AGT or
MGMT), in mice [58], rats and humans[59] (reviewed in
[54]). Mammalian AGT repairsO4-meT very inefficiently
and possibly not phosphotriesters at all. Rather, it may bind
to O4-meT and shield it from repair by other repair systems,
for instance NER, thereby actually enhancing mutations
from this minor but strongly miscoding lesion[60,61].
AGT prefers lesions in double-stranded B-DNA and repair
Z-DNA, DNA:RNA hybrids and single-stranded DNA more
slowly (reviewed in[54]). Although AGT has preference for
O6-meG, it also removes longer alkyl groups such as ethyl-,
n-propyl, n-butyl and 2-chloroethyl from theO6-position.
The latter is probably the most important primary adduct of
chloroethylating anti-cancer drugs, such as chlorambucil,
carmustine (BCNU), fotemustine and lomustine (CCNU)
[51].

It follows from the irreversible inactivation of AGT after
reaction with a substrate that any substrate for the protein
will act as an irreversible inhibitor. This can in principle be
exploited therapeutically to enhance sensitivity of a tumor to
alkylating drugs.O6-Benzylguanine is a candidate for this
approach. It forms anS-benzylcysteine adduct at the active
site of AGT and has been shown to sensitize several different
cancer types to treatment with methylating and chloroethy-
lating drugs[54,62,63].

The large gene (∼300 kb) for human AGT is located in
chromosomal position 10q26 and contains five exons and a
very large second intron (170 kb)[64]. The∼24 kDa AGT
protein contains the methyl-acceptor cysteine[59] in po-
sition 145 in a highly conserved PCRVV motif[65,66].
AGT-activity varies several-fold between different individu-
als[67], organs[65,67]and cell types within organs[68–70].
At the cellular level, the sensitivity to SN1 alkylating agents
inversely correlates with AGT content, but whether the large
interindividual variation in AGT activity has a genetic or
environmental basis remains poorly understood, in spite of
considerable efforts[65].

Transgenic mice overexpressing human AGT were found
to be protected from developing thymic lymphomas after
exposure to MNU[71]. In contrast, knockout mice defi-
cient in AGT activity are hypersensitive to the killing ef-
fect of alkylating agents and develop numerous lymphomas
[72,73]. Loss of AGT activity also renders the mice sensi-
tive to chemotherapeutic alkylating agents[74]. In cell lines,
loss of AGT activity is relatively common due to promoter
hypermethylation or mutations and these cells are sensitive
to the killing effect of alkylating agents. However, loss of
capacity for mismatch repair surprisingly abolished the alky-
lation sensitivity in such cell lines, suggesting that mismatch

repair proteins are involved in the cytotoxicity from alky-
lating agents[75–77]. In the AGT-defective mice, inactiva-
tion of mismatch repair by mutation in a central mismatch
repair gene (MLH1) restored alkylation resistance in terms
of survival, but not in terms of tumorigenesis since the oc-
currence of lymphomas remained high[78]. These obser-
vations demonstrate the genotoxicity and tumorigenicity of
O6-meG, but also reveal the significance of the MMR system
for genotoxicity. This is highly relevant for understanding
the rather complex mechanism of cell killing and develop-
ment of resistance after treatment with alkylating anti-cancer
drugs.

As a consequence of studies on cell lines and mouse mod-
els, the current view regarding the mechanism of action of
monofunctional alkylating cytostatic drugs, e.g. streptozo-
tocin or temozolomide, is that replication over unrepaired
O6-meG:C results in anO6-meG:T mismatch (or possibly an
O6-meG:C ambiguous pair). In the next round of replication
this results in an A:T transition mutation, and again to an
O6-meG:C pair or anO6-meG:T mismatch. TheO6-meG:T
or C pair is recognized by the MutS� complex (hMSH2 and
hMSH6) which initiates MMR that creates a gapped duplex
after incision of the newly replicated strand. SinceO6-meG
remains in the template, this process may be repeated in a
“futile repair loop” that eventually results in highly toxic
double-strand breaks that are intermediates both in apoptotic
and recombination pathways[51] (Fig. 2).

3.2. Repair of O6-chloroethylguanine, 1-O6-ethanoguanine
and interstrand cross-links

Bifunctional alkylating drugs have two reactive groups
that react with DNA. Here the activated chloroethyl group
attacks theO6-G position formingO6-chloroethylG that is
substrate for direct repair by AGT (Fig. 3). If not repaired,
spontaneous dechlorination is followed by formation of
1-O6-ethanoguanine, which is a substrate for AGT, but the
protein remains covalently bound to DNA through the link-
age to the N1 atom (Fig. 3). Thus, AGT is inactivated and
remains covalently bound as an AGT-DNA adduct[79,80]
(reviewed in[19,51]).

If not acted upon by AGT, the 1-O6-ethanoguanine
adduct may react with cytosine in the complementary
strand to yield a highly toxic DNA–DNA cross-link be-
tween position 1 in guanine and position 3 in cytosine
(1-(3-cytosinyl)-2-(1-guanosinyl)-ethane)[81,82], reviewed
in [51]. Fanconi anemia (FA) is a rare autosomal recessive
genetic disorder characterized by congenital abnormali-
ties, progressive bone marrow failure and increased risk of
leukemia and other cancers. A marked chromosomal insta-
bility and hypersensitivity to interstrand cross-linking agents
are cell biological hallmarks of the disease and are impor-
tant for establishing the diagnosis[83]. FA cells have also
been important for clarifying some aspects of the repair of
interstrand cross-links, which have many different structures
depending on the inducing agent (e.g. BCNU,cis-platin,
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mitomycin C). The repair mechanism for this type of DNA
interstrand cross-link seems to use a combination of FA
proteins, nucleotide excision repair factors and factors used
in homologous recombination (HR)[84]. Double-strand
breaks occurring as a consequence of replication encoun-
tering single-strand regions may require non-homologous
end-joining (NHEJ). Thus, NER, HR, NHEJ, and possibly
even translesion synthesis, may all be involved in repair
of secondary lesions, and may be operative in the vicinity
of each other, in part on the same substrates[85]. Recent
results indicate that different FA proteins are involved in
positive and negative regulation of the choice of pathway
(HR or NHEJ)[86]. However, the details in the repair pro-
cess remain unclear and are not necessarily identical for all
types of cross-links. Recent research indicates that initial
steps in the repair pathway involve incisions at one or both
sides of the lesion by the ERCC1/XPF complex and/or
other NER factors. These steps are carried out independent
of proteins involved in the FA/BRCA pathway and are cell
cycle independent. However, the next steps are S-phase de-
pendent and require factors in the FA/BRCA pathway and
factors required for homologous recombination[87]. Based
on data discussed above we present a model for repair of
primary and secondary adducts resulting from chloroethy-
lating drugs inFig. 3.

3.3. Repair of alkylation lesions by base excision repair
(BER)

After the original discovery of a glycosylase that removed
3-meA from DNA[48], such activity has been identified in
most, if not all, organisms examined. While 7-meG is the
quantitatively major adduct from SN1 and SN2 methylating
agents in double-stranded and single-stranded DNA, 3-meA
is thought to be a major cytotoxic adduct generated in
double-stranded, and to a smaller extent in single-stranded
DNA. Like DNA glycosylases that recognize oxidative
damage, DNA glycosylases that recognize alkylated bases
generally have a strong preference for double-stranded
DNA substrate, althoughE. coli AlkA, but not Tag, works
reasonably well on single-stranded DNA[88]. The broad
specificity DNA glycosylase AlkA is inducible while the
narrow specificity enzyme Tag is constitutively expressed.
These enzymes are not related at the sequence level. While
Tag recognizes only 3-meA and 3-meG, AlkA recognizes a
wide variety of substrates, including alkylation products, the
deamination product of adenine (hypoxanthine), ring opened
purines, certain oxidation products and others, including
some etheno-adducts and evenO2-alkylated pyrimidines
[22,23,89]. Mammalian species apparently have only one
glycosylase that recognizes alkylation lesions. The human
methyl-purine DNA glycosylase (MPG, ANPG or AAG), is
not related to AlkA or Tag at the sequence level, nor at the
structural level, but has a broad specificity that resembles
that of AlkA, except that it does not removeO2-alkylated
pyrimidines[22]. Apparently, MPG does not release prod-

ucts generated by chloroethylating agents[90]. Further-
more, targeted disruption of the MPG-gene in mouse, only
resulted in a modestly increased sensitivity to MMS, but not
to the chloroethylating agent BCNU[91]. Also expression
of human MPG in CHO cells did not increase resistance to
BCNU [92]. However, in one study targeted disruption of
the mouse gene encoding MPG rendered the mouse cells
sensitive to both BCNU and mitomycin C, so the possible
function of MPG in repair of chloroethyl adducts is not
excluded for all cell types[93], but must presumably have
a minor role in repair of these lesions.

AlkA, MPG and the corresponding enzyme fromSaccha-
romyces cerevisiae also promote release of intact guanines
with very low, but significant frequencies. AlkA is in fact
able to remove all the normal bases, although especially
pyrimidines are removed at very low rates[94]. In agreement
with these results, transformation ofE. coli with plasmids
expressing different levels of AlkA resulted in increased
spontaneous mutation frequencies that correlated with the
expression levels. It was therefore suggested that the release
of these structurally highly diverse substrates depended on
weakening of the glycosylic bond as a common property
[94]. However, while there is a correlation between removal
rates and weakening of the glycosylic bond, the mechanism
is more complex[95]. Like several other enzymes acting on
modified bases, base removal by MPG requires flipping of
the damaged nucleotide from the interior of the helix into
the catalytic cavity. Binding and release of the base then de-
pend on the shape of the base, hydrogen bonding character-
istics, aromaticity and salt bridging between the enzyme and
flanking phosphates in DNA[96]. A water molecule is po-
sitioned and deprotonated by Glu125. The resulting nucle-
ophile then attacks the glycosylic bond[96]. Thekcat/Km is
highest for 3-meA and 7-meG, but only two-fold higher than
for hypoxanthine and some 10-fold higher than for ethenoad-
enine (εA). However, due to the positive charges on 3-meA
and 7-meG these are lost spontaneously at very high rates,
whereas the glycosylic bond of the uncharged hypoxanthine
is three to four orders of magnitude more stable. The enzy-
matic rate enhancement is therefore by far highest for re-
moval of hypoxanthine and it was suggested that MPG may
have evolved in response to this lesion[95]. Etheno-adducts
at guanine, adenine or cytosine result from lipid peroxi-
dation and from exposure to vinyl chloride. A very recent
study reported thatεA, in contrast toεG, is not released,
but that MPG binds strongly to this lesion when present in
single-stranded or double-stranded DNA. This “hijacking”
of MPG by εA inhibits BER of other substrates for MPG
thus increasing cytotoxicity and possibly mutagenicity[97].

In contrast with effects of AGT, overexpression of MPG
does not protect from the killing effect after exposure to alky-
lating agents, but rather enhances it. This effect was found
to be more pronounced when MPG was engineered to be
targeted to mitochondria. This may indicate that a balanced
expression of MPG is important for its function in BER of
alkylation damage[98]. This is consistent with the previ-



1396 F. Drabløs et al. / DNA Repair 3 (2004) 1389–1407

ously observed lack of correlation between MPG activity
and alkylation resistance, whereas AGT activity is clearly
important for resistance[99]. Furthermore, MPG-deficient
myeloid progenitor cells in the bone marrow were more
resistant to MMS and MeLex than wild-type cells[100].
However, embryonic stem cells from mice deficient in MPG
have increased sensitivity to alkylating agents, in this case
a chloroethylating agent[93]. These findings indicate that
protection or sensitisation by MPG to the killing effects of
alkylating agents may be tissue-specific and dependent upon
the type of chemical. Furthermore, MPG only seems to offer
protection within regulated levels of expression[101]. Sim-
ilar findings were previously observed when overexpressing
AlkA in E. coli [102]. This was also a conclusion after over-
expression of AlkA, Tag or the yeast enzyme Mag1 inE.
coli. Here the broad specificity enzymes Mag1 and AlkA
were more toxic and mutagenic thanE. coli Tag that only
removes 3-meA and 3-meG[103]. High expression gives
rise to a large number of abasic sites, from removal of both
damaged and normal bases, and this repair intermediate may
be the cause of toxicity and mutagenicity.

These observations indicate that a balanced expression of
BER proteins is essential. Too rapid removal of damaged
bases results in generation of too many cytotoxic and mu-
tagenic abasic sites. It actually seems that MPG also has a
built-in property that ensures that the rate is not too high.
First, the single turnover rate of release of alkylated bases
is generally relatively low, and some 10-fold lower for the
most abundant lesion 7-meG, as compared with 3-meA (1.1
and 11 min−1, respectively)[95]. Second, MPG has a strong
affinity for the abasic site, thus shielding the fragile and
toxic abasic site until BER can proceed[104]. Third, crude
extracts from mammalian cells remove 7-meG more slowly
than the less abundant 3-meA[91].

Deficiencies in the subsequent common steps in BER
result in enhanced sensitivity to alkylating agents. Thus,
fibroblasts from a mouse DNA polymerase� null mutant
have strongly increased sensitivity to monofunctional alky-
lating agents, but not to BCNU[105]. Poly(ADP-ribose)
polymerase-1 (PARP-1) is activated by strand breaks and
participates in gap-sealing together with DNA ligase 3
and XRCC1. Inhibition of PARP-1 using a novel inhibitor,
AG14361, restores sensitivity to the methylating drug temo-
zolomide in mismatch-repair deficient cells, which have lost
killing sensitivity to O6-meG via the AGT/MMR pathway
[106]. Like other monofunctional agents, temozolomide
produces approximately 10-fold more 7-meG thanO6-meG,
but under normal circumstances, the major cytotoxicity is
presumably mediated via the AGT/MMR pathway and not
the BER pathway. However, when the cytotoxicity from
O6-alkylation is abolished by inactivation of mismatch re-
pair, the toxicity from substrates recognized by the BER
pathway becomes important. Inhibition of DNA polymerase
� or PARP-1 may be a means to overcome resistance that
frequently develops due to selection of mismatch repair
deficient cells during therapy.

4. Improved cancer therapy by modulation of
alkylation sensitivity

The types of lesion, as well as the mechanisms of toxicity
and resistance are clearly different for monofunctional and
bifunctional agents. Identification of the most likely success-
ful targets therefore depends on a thorough understanding
of these factors. In principle, successful treatment can be
achieved either by specifically sensitizing the cancer cells or
enhancing resistance of non-target cells. Some of the strate-
gies that are being explored are: (a) sensitizing target tissues
by inhibiting the activity of AGT; (b) protection of non-target
tissues by expressing Ada or related transferases; (c) di-
rect application of alkylating agents to target tissues, with
or without sensitization; (d) examining expression levels of
AGT in tissues to guide dose of alkylating agent; (e) inac-
tivating common steps in the BER pathway; (f) interfering
with signaling pathways controlling interstrand cross-link
repair; (g) development of novel cross-linkers that produce
cross-links that are not efficiently repaired. Some examples
of clinical results are described below. For more extensive
and broader information, other reviews should be consulted
[6,43,54,107].

AGT prevents killing by both methylating and chlorethy-
lating drugs. The response to treatment has been shown to
correlate inversely with the AGT activity in several studies
[108–110]. Clinical phase I and II trials are underway, and
some completed, with regard to modulation of AGT activity.
Several studies have also been carried out with mouse mod-
els, either in animals with targeted gene disruptions, or by
testing of inhibitors in animals carrying tumor xenografts. As
mentioned,O6-benzylguanine efficiently inactivates AGT by
being a pesudosubstrate. Mice carrying xenografts have been
shown to have improved therapeutic effects from alkylating
agents when givenO6-benzylguanine, thus paving the way
for clinical trials (reviewed in[111,112]). A phase II study
on humans has now been completed for glioblastoma mul-
tiforme patients. This study comprised 58 patients at their
first relapse after surgery and radiotherapy, but they had
not previously received chemotherapy. The patients received
O6-benzylguanine, procarbazine, carmustine (BCNU) and
vincristine (PCV). The progression-free survival at 6 months
was better than historical data, but substantially more side ef-
fects were also observed than with the classical PCV regime
[113].

Inactivation of BER as a target for enhanced therapy with
alkylating drugs has been explored in cell lines and mice
carrying xenografts, but to our knowledge not in humans.
As discussed above, the initial step involving MPG does
not seem promising as a target. However, inhibition of the
common steps by methoxyamine that reacts with abasic
sites sensitizes cells or xenografts to the methylating agent
temozolomide[114]. Inhibition of PARP-1, which is in-
volved in repair of single-strand breaks, with AG14361,
potentiated the effect of temozolomide in cell lines. More
importantly, the potentiating effect was relatively larger in
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MMR-deficient cells that are resistant to alkylating agents.
Thus, this could possibly be a means to overcome tolerance
due to selection of MMR-deficient cells during chemother-
apy [106].

Interstrand cross-links and double-strand breaks are
highly cytotoxic and their mechanisms of repair are com-
plex. Drugs that interfere with these processes, including
signaling of such damage, could therefore be attractive
drug candidates. The c-abl kinase inhibitor imatinab was
recently shown to enhance the cytotoxic effect of chlo-
rambucil (CLB) in chronic lymphatic leukemia cells in
vitro, probably by decreasing Rad51-related DNA repair of
CLB-induced DNA lesions[115].

5. Direct reversal of alkylation damage by AlkB
homologues

TheE. coli protein AlkB was recently shown to be an ox-
idative DNA demethylase that repairs the cytotoxic lesions
1-meA and 3-meC in DNA. This makes it an important com-
ponent for maintenance of genetic information. A detailed
mapping of homologues in the human genome has iden-
tified eight human AlkB homologues (hABH). In general,
most multicellular eukaryotes seem to have several ABHs,
whereas bacteria only have one. This is probably an impor-
tant difference that is linked to the detailed function of each
homologue. We know that the ABHs are directed to differ-
ent cellular compartments, and the extra homologues may
at least partly be a consequence of that. However, the actual
reason for the difference is still unknown.

Although AlkB was first discovered more than 20 years
ago, the most significant progress in the field has occurred
during the last 3–4 years. The progress has generated novel
knowledge in the field of DNA–RNA repair, which justifies a
thorough overview and discussion at this stage. This section
will give an introduction to AlkB-like proteins, and discuss
the current status.

5.1. Twenty years of AlkB research—a brief overview

The alkB gene ofE. coli was identified more than 20
years ago[116]. It was shown thatalkB mutants had in-
creased sensitivity towards the SN2-type methylating agent
MMS, and experiments based on the survival of alkylated
� phage in wild-type cells andalkB mutant cells indicated
that it was involved in DNA repair. Subsequent studies
showed that thealkB gene was adjacent to theada gene
on theE. coli chromosome[117], and that they constituted
an operon[118]. It was later demonstrated that increased
alkylation resistance was an intrinsic property of AlkB it-
self, as the expression ofE. coli AlkB in human cell lines
gave the same alkylation-resistant phenotype as inE. coli
[119]. Shortly after this the first human AlkB homologue
was identified[120]. A bioinformatics approach was used,
searching with theE. coli AlkB sequence in a library of

human EST sequences, and the prediction was confirmed
by showing that the full-length hABH protein could par-
tially rescue anE. coli alkB mutant from MMS-induced
cell death. mRNA for hABH1was shown to be present in
all human tissues tested, indicating that it could be a house-
keeping gene playing a fundamental role in most tissues.
Data from Caulobacter crescentus showed that thealkB
gene there was cell cycle regulated, and the cycling pattern
was similar to genes involved in DNA replication[121]. It
was also shown thatE. coli alkB mutants mainly were de-
fect in processing of methylation damage in single-stranded
DNA [122], and that the most likely substrates for AlkB
were 1-meA and 3-meC. However, the actual mechanism of
AlkB remained elusive until Aravind and Koonin[123] used
a bioinformatics approach to show that the protein belongs
to a large class of enzymes known as the 2-oxoglutarate
(2OG) and Fe(II)-dependent oxygenase superfamily. They
used a profile-based iterative search method to cluster to-
gether all sequences in the non-redundant NCBI protein
sequence database that potentially shared the fold of this
superfamily. The common feature in most of these proteins
seems to be that they use Fe2+ and 2-oxogluarate (also
known as �-ketoglutarate) to oxidize organic substrates
with O2 [124]. They showed that the essential residues for
enzymatic activity were conserved, using a structural model
of the catalytic domain. This was a breakthrough because
a specific mechanism could then be tested. The analysis
showed that AlkB homologues were found in most bacteria
and eukaryotes as well as in some viruses, and that eukary-
otes often had several homologues. They also suggested that
AlkB homologues could be involved in RNA processing
as it was found in RNA viruses. Shortly later two groups
were able to confirm the predicted enzyme activity[45,46].
It was shown that AlkB could repair 1-meA and 3-meC in
single- and double-stranded DNA using molecular oxygen,
2-oxoglutarate and Fe(II) to oxidize the methyl group re-
sulting in direct reversal of the damage upon spontaneous
release of formaldehyde (Fig. 4). Shortly after this two ad-
ditional human AlkB homologues, hABH2 at chromosomal
localization 12q24.1 and hABH3 at position 11q11, were
reported. In addition, a corrected hABH sequence (hABH1)
was reported[10,47]. hABH1 is similar to the previously
published hABH, but with corrected N and C termini cor-
responding to a predicted conceptual splicing of genomic
DNA from chromosome 14q24. However, previous sugges-
tions that hABH1 is a functional AlkB homologue[120]
could not be confirmed. It was shown that both hABH2 and
hABH3 removed methyl groups from 1-meA and 3-meC in
methylated polynucleotides in a 2-oxoglutarate-dependent
manner, which was slightly stimulated by ascorbate and in-
hibited by EDTA. This is characteristic of 2OG-FeII oxyge-
nase activity. hABH2 localized to cell nuclei, where it was
present diffusely throughout nucleoplasm and accumulated
in nucleoli, whereas hABH3 was present diffusely in nuclei
and to a lesser extent in cytoplasm. It was also shown that
hABH3, but not hABH2, repairs methylated RNA (Fig. 4)
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Fig. 4. E. coli AlkB and the human homologues hABH2 and hABH3
repair 1-meAand 3-meC in nucleic acids by oxidative demethylation.
AlkB and hABH3 act upon both RNA and DNA, and have a preference
for single-stranded substrate. hABH2 is specific for DNA, and prefers
double-stranded substrate.

[10], and that hABH2 has a preference for double-stranded
DNA, whereas AlkB and hABH3 acts more efficiently on
single-stranded nucleic acids. It was shown that hABH2 re-
locates to replication foci in S-phase, which suggested that
hABH2 repairs DNA close to replication forks, whereas
hABH3 has a role in maintenance of nuclear single-stranded
DNA and RNA, potentially with genes undergoing tran-
scription as main targets. The preference of AlkB for ssDNA
was confirmed using chemical cross-linking[125], only
very small amounts of H131C-mutated AlkB cross-linked
to dsDNA compared to ssDNA. An extensive bioinfor-
matics mapping of bacterial AlkB proteins using iterative
profile-based searches[126] showed that AlkB homologues
can be classified in sub-families, based on phylogenetic
properties, and that a small number of bacteria have an ad-
ditional AlkB homologue. A similar approach was used to
identify five additional human AlkB homologues[127], ris-
ing the total number of potential hABH sequences to eight.

5.2. Important properties of the 2OG-FeII oxygenase
superfamily

The 2OG-FeII oxygenase superfamily is widespread in
eukaryotes and bacteria[123], and is currently the largest
known family of oxidising enzymes without a heme group
[124]. These enzymes catalyze a variety of different reac-

tions involving oxidation of an organic substrate using a
dioxygen molecule. In almost all cases the oxidation of the
substrate is coupled to the conversion of 2OG into succinate
and CO2, where one of the oxygen atoms from the dioxy-
gen molecule is incorporated into the succinate. The 3D
structure of several oxygenases is known, including isopeni-
cillin N synthase[128], deacetoxycephalosporin C synthase
[129], clavaminate synthase[130], proline 3-hydroxylase
[131], anthocyanidin synthase[132] and taurine dioxyge-
nase[133]. These structures share a common fold with a
structurally conserved jelly roll�-sheet core with flanking
helices. Very few residues are conserved across these struc-
tures, basically just two histidines and an aspartic acid in-
volved in co-ordination of the Fe(II) ion and an arginine
involved in co-ordination of the 2-oxoglutarate.

Although the requirement for 2OG seems to be a general
feature, some enzymes are functionally active also in the ab-
sence of 2OG[124]. Two important examples are isopeni-
cillin N synthase (IPNS) and 1-aminocyclopropane-1-car-
boxylic acid oxidase (ACCO). The ACCO activity is HCO3

−
dependent and strongly stimulated by ascorbate[134].

5.3. hABH1–8—human homologues of AlkB

The hABH sequences identified by Kurowski et al. are
listed inTable 2and an alignment of the conserved core of
AlkB and hABH1–8 is shown inFig. 5, with one important
difference. As commented by Kurowski et al. the human
transcript for ABH8 is split into two domains compared to
orthologues from other genomes. However, this split goes
right through the AlkB-domain, and seems to be a potential
error. Osada et al.[135] used cDNAs fromMacaca fascicu-
laris to identify novel human genes, including the gene an-
notated as ABH8 here. They identified a potential full-length
version of the human gene, although they also reported in-
dications of alternative splicing. The protein sequence pre-
dicted by Osada et al. is identical to the sequence generated
with the Genewise program[136] when theMacaca protein
sequence (id BAB60797) is used to scan the human genome
(F. Drabløs, unpublished). The predicted hABH8 sequence
has 99% sequence identity to theMacaca sequence at the
protein level. The difference between the sequence predicted
from genomic data and the sequence found in the NCBI li-
brary is that exons 6, 9 and 10 are missing, and that there
are frameshift errors in the (potentially alternative) splic-
ing at these positions. The experimental human cDNA was
identified from leiomyosarcoma tissue, which may indicate
a possible defect in the mechanism for (alternative) mRNA
splicing for this cell line. Therefore, the orthologousM. fas-
cicularis sequence is used for this discussion.

Also the hABH6 transcript found in the NCBI nr
database may be truncated. It is significantly shorter than
the corresponding proteins from some other organisms
in Table 2. Three different variants are available in the
NCBI nr database; isoform 1 (NP942567, 161 aa), iso-
form 2 (NP116267, 140 aa) and slightly longer third form



F. Drabløs et al. / DNA Repair 3 (2004) 1389–1407 1399

Table 2
AlkB homologues in selected eukaryotes

Name Homo sapiensa,b Mus musculusa Rattus norvegicusa Anopheles gambiaea Drosophila melanogastera C. elegansa

ABH1 NP 006011 XP127049 XP343093 XP310984 NP493970
gi5174385 gi38050498 gi34867478 gi31204071 gi17537375
299 aa 369 aa 301 aa 286 aa 169 aa
14q24

ABH2 XP 058581 NP778181 XP222273
gi17474993 gi33239413 gi27666578
261 aa 239 aa 239 aa
12q24.12

ABH3 NP 631917 XP130317 XP342470
gi21040275 gi25056889 gi34856575
286 aa 286 aa 314 aa
11p11.2

ABH4 NP 060091 XP132400 XP222071 XP318611 NP609314 NP741141
gi8923019 gi20846125 gi27664044 gi31231897 gi24583140 gi25148697
302 aa 300 aa 301 aa 303 aa 304 aa 291 aa
7q22.1

ABH5 NP 060228 NP766531 XP220525
gi40353210 gi31044423 gi34871526
458 aa 395 aa 395 aa
17p11.2

ABH6 AAH07601 NP 932144 XP214896 XP310425 NP609414 NP502522
gi14043223 gi38569508 gi34855673 gi31202953 gi24583454 gi17538328
169 aa 238 aa 238 aa 217 aa 213 aa 160 aa
19q13.13

ABH7 NP 115682 NP079814 XP217314 XP311296 NP648511 CAE18012
gi14150066 gi21313470 gi27672438 gi31204695 gi24662930 gi33300627
221 aa 221 aa 221 aa 262 aa 206 aa 227 aa
19p13.3

ABH8 (BAB60797 XP 134612 XP345767 XP320626 NP611690 NP497751
gi14388555 gi38089703 gi34862443 gi31240425 gi24658267 gi17552176
664 aa)c 664 aa 688 aa 510 aa 615 aa 591 aa
NP 620130
gi20270315
238 aa
11q23.1

a For each sequence the identifier, gi number and length (aa) is listed. Identifiers and gi numbers are taken from the NCBI nr database. In general,
the entries are from the RefSeq reference sequence database subset[162], except for entries shown initalics.

b For H. sapiens chromosomal location is also listed.
c This is theM. fascicularis sequence, which is 98% identical to the corresponding full-length protein sequence encoded in theH. sapiens genome.

Fig. 5. Multiple alignment of AlkB homologues. The alignment is a subset of the alignment used forFig. 6, and is numbered according to the full
alignment. Sequences are numbered according to Kurowski et al.[127] (Table 2).
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(AAH07601, 169 aa). Isoform 2 has a different (and shorter)
C-terminal compared to isoform 1, possibly from using a
different splice site. The third form shares 43 residues with
isoform 1. It has a longer C-terminal region (including the
AlkB-like domain), but is missing the C-terminal part of
isoform 1 and 2. A combined sequence generated from
these three forms is >90% identical to the full-length mouse
and rat sequences.

Some of the human genes found by Kurowski et al. had
been identified previously. Aravind and Koonin[123] iden-
tified hABH1, hABH4 and hABH5, although they focussed
mainly on the larger 2OG-Fe(II) oxygenase superfamily.
Duncan et al.[47] and Aas et al.[10] identified hABH2 and
hABH3, and showed that they are enzymatically active. The
hABH6, hABH7 and hABH8 seem to be novel AlkB ho-
mologues. Interestingly, whereas bacteria have just one or
at most twoalkB-like genes, eukaryotes may have as many
as eight. This may reflect that eukaryotes are more com-
plex, e.g. with an increased compartmentalization. We have
studied some of these genes and the corresponding enzymes
for some time, and at least hABH1, 2–4 and 6 show sig-
nificant differences in subcellular localization. However, the
increased number of homologues may also reflect that some
alkB-genes have taken on new roles in eukaryotes.

An important property of enzymes that do demethylation
by direct reversal, compared to glycosylases, is that they can
work safely on single-stranded substrates without the risk
of introducing strand breaks. This is consistent with the fact
that AlkB targets 1-meA and 3-meC. These methylations
interfere with A–T and C–G hydrogen bonding and occur
more readily in single-stranded substrates. Repair capacity
for single-stranded substrates (RNA and ssDNA) may there-
fore be important in several contexts, e.g. in transcription as
well as in some replication processes.

However, in particular for the novel AlkB homologues
(hABH4–8), the actual function is in general still unknown.
Osada et al.[135] identified hABH8 as an RNA-binding
methyl transferase, and this seems to be confirmed by Pfam
[137] searches. Searching with theM. fascicularis sequence
against the Pfam database identifies a 2OG-FeII oxygenase
domain and an RNA recognition motif (RRM). However, the
RRM motif has also been found in some single-strand DNA
binding proteins[138]. The search also identifies a weak
similarity to a DNA-binding helix-turn-helix motif and a pu-
tative S-AdoMet methyltransferase. It is possible that ABH8
is involved in control of normal methylation and demethyla-
tion of ssDNA or RNA. Experimental verification of activity
is ongoing for all novel AlkB homologues.

5.4. Conserved properties of the AlkB homologues

The alignment inFig. 5shows 5 completely conserved po-
sitions; a HxD motif, a single H, and a RxxxxxR motif (given
in single letter amino acid codes). The last motif may also be
written as RhphphR, where h and p are hydrophobic and po-
lar residues, respectively. This is consistent with a�-strand

structure, where one side faces a polar substrate binding
cleft whereas the other side faces the hydrophobic core of
the protein. The positions that are conserved in this align-
ment are conserved also in complete alignments of all AlkB
homologues identified by iterative searches. The H and D
residues have previously been associated with co-ordination
of the Fe(II) ion, whereas the first R most likely binds the
oxoglutarate[47,123,129]. The last R may be involved in
AlkB-specific substrate binding. The alignment made by Ar-
avind and Koonin[123] shows that the R at this position is
found almost exclusively in the AlkB sub-family, the other
sub-families mainly have large aromatic residues like W, Y
and F at this position. In the structure of clavaminic acid
synthase in complex with proclavaminic acid[130] the Y
found at this position points directly towards the substrate.
Similarly, in the structure of anthocyanidin synthase in com-
plex with trans-dihydroquercetin[132] there is a stacking
interaction between the corresponding F and the substrate.
One structure has an R at this position, corresponding to the
AlkB sequence. This is the protein coded by thegabT gene
in E. coli (entry 1jr7 [139] in PDB), which is part of the
gab operon involved in the degradation of�-aminobutyric
acid (GABA). This sequence is not included in the align-
ment carried out by Aravind and Koonin. The structure does
not include any substrate. However, it has been suggested
that the GabT protein is involved in conversion of GABA
(�-aminobutyric acid) into succinic semialdehyde[140], and
the R is therefore possibly important for co-ordination of
the acidic group in the substrate. In the case of AlkB the
conserved R may be involved in co-ordination of the sub-
strate e.g. through hydrogen bonding or stacking interactions
[141,142].

5.5. Phylogenetic distribution of AlkB homologues

A phylogenetic tree based on reliably aligned regions
from an alignment of all non-viral ABH sequences identi-
fied through iterative searches (F. Drabløs, unpublished) is
shown in Fig. 6. This tree consists of two sub-trees, one
bacterial/eukaryote sub-tree that includes ABH1–3, and one
eukaryote sub-tree with ABH4–8. The bacterial/eukaryote
sub-tree can possibly be divided further into two additional
sub-trees, where ABH1 is found in one, ABH2 and 3 is
found in the other. The tree has to be interpreted with some
care, as it is based on a relatively short alignment of just 60
positions. In general, a phylogenetic tree gets more robust
when the length of the alignment is increased[143,144].
However, in this case, the degree of sequence conservation
outside the active site region is low, therefore the full-length
alignment will not be reliable. Focusing on the conserved
regions of the alignment reduces the noise from mis-aligned
residues, and the confidence in the major branching pattern
of the tree seems to be good.

The split of the tree into eukaryote and mixed bacte-
rial/eukaryote sub-trees is interesting, because it indicates
that ABH1–3 are of relatively ancient origin, whereas the
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Fig. 6. Phylogenetic tree of AlkB homologues. Sequences with AlkB
homologues were identified using PSI-Blast[163,164], and the tree is
based on conserved regions in a ClustalX alignment[165] of these se-
quences (alignment positions 458–463, 476–490, 538–558 and 609–615,
seeFig. 5). The phylogeny was computed in Mega2[166] with the Mini-
mum Evolution algorithm using the Poisson correction for amino acid dis-
tances, complete deletion of gap sites, and a Close-Neighbour-Interchange
search starting from the Neighbour-Joining tree. Bacteria and eukaryotes
are indicated with open and filled spheres, respectively. Numbers rep-
resent confidence probability (%) from a bootstrap interior branch test,
showing values >80%. For species with more than one ABH-type gene
this is indicated with letters (A, B) or numbers (1, 2, 3, etc.).

origin of ABH4–8 is more recent, possibly initiated by spe-
cific requirements in eukaryote organisms. However, there
are two interesting exceptions to this pattern, as AlkB ho-
mologues fromAgrobacterium tumefaciens andSinorhizo-
bium meliloti are found in the eukaryote sub-tree. These two
bacteria are related, belonging to the Rhizobiaceae group of

proteobacteria, and both live in a closely integrated relation-
ship with plants.S. meliloti (formerlyRhizobium meliloti) is
a soil bacterium that forms symbiotic nitrogen-fixing nod-
ules on the roots of certain genera of leguminous plants.
The genome consists of one chromosome (3.65 Mb) and
two megaplasmids, pSymA (1.35 Mb) and pSymB (1.68 Mb)
[145]. Previous investigation of the pSymB plasmid has
shown that it most likely plays a role in adaption of the bac-
terium to an endosymbiotic lifestyle[146]. A. tumefaciens
is the causative agent of crown gall disease in plants, which
involves transfer of DNA from the bacterium to the plant
(T-DNA), and integration of this DNA into the DNA of the
plant. The genome consists of four replicons, a circular chro-
mosome (2.84 Mb), a linear chromosome (2.08 Mb) and two
plasmids, pAt (0.54 Mb) and pTi (0.21 Mb)[147,148]. The
T-DNA is found on the Ti plasmid.

A. tumefaciens seems to have only one ABH gene, which
is found on the circular chromosome. InS. meliloti, the
“bacterium-like” ABH gene is found on the chromosome
and the “eukaryote-like” gene on the pSymB plasmid. The
fact that the copy on the plasmid is similar to eukaryote ABH
sequences rather than bacterial may indicate that the plasmid
ABH is important for host adaption of the bacterium. The
adaption at a genetic level may have been achieved either
by gene duplication and convergent evolution towards the
function of the eukaryote analogues, or it may be a result of
horizontal gene transfer.

5.6. Current status of research on AlkB homologues

It is a relevant question whether all active demethylases
in the human genome now have been identified. From a
sequence-similarity point of view it seems very likely that
at least all AlkB homologues have been identified. The
extensive searching by Kurowski et al. identified eight dif-
ferent homologues[127]. Searching the human proteome
with Pfam-type profiles generated from all bacterial AlkB
homologues and/or all eukaryote AlkB homologues do not
identify any additional human homologues. Searching the
human genome with each of the hABH sequences using all
three reading frames in both directions also fails to iden-
tify any additional homologues (F. Drabløs, unpublished).
However, from a functional point of view the answer is less
clear. As shown inTable 2the bacterial-like AlkB homo-
logues, hABH1, 2 and 3 may be at least partly missing in
non-vertebrates. It is a relevant question whether the activ-
ities of these proteins are maintained by other AlkB homo-
logues or by completely different enzymes. InE. coli, the
alkB gene is part of the ada regulon, as described above. This
is part of the adaptive response to methylation. However,
some of the genes involved in the adaptive response have
functional counterparts that are constitutively expressed.
For ada, the corresponding gene isogt and foralkA it is tag.
So far no constitutively expressed analog of AlkB has been
identified, possibly indicating that AlkB type of activity is
found only in the adaptive response inE. coli. However, the
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situation is different in other bacteria, e.g. inCaulobacter
crecentus transcription of thealkB homolog is cell cycle
regulated[121], possibly linked to DNA replication, and not
part of any adaptive response. This may indicate that AlkB
is an “opportunistic” protein that is able to take on different
roles. However, it also indicates that repair mechanisms are
dynamic, where enzymes may be recruited into new roles
as part of the adaption process to new challenges. The large
number of AlkB homologues in eukaryotes may be con-
sistent with this. Some bacteria have an extra copy of the
alkB gene. These bacteria are in general either soil bacteria,
where extra protection against harmful compounds may
be useful, or plant-infecting bacteria that may need coun-
termeasures against the post-transcriptional gene silencing
(PTGS) mechanism of plants. The PTGS system includes
methylation of foreign DNA and RNA as a signal for degra-
dation, and the fact that a number of plant-infecting viruses
also havealkB genes in their genomes is consistent with this
[149]. However, only a small number of plant-infecting bac-
teria do have extraalkB genes. Some bacteria do not have
any obvious AlkB homologues, and archaea seem to lack
alkB genes completely although some of them live in very
hostile environments. However, it is still relevant to look for
alternative repair pathways for direct reversal of alkylation
damage in ssDNA and RNA. It is also relevant in this con-
text that the borderline between regulation and repair is not
very clear in all cases. A relevant example is demethylation
of the C5-cytosine in CpG. DNA methylation of CpG is im-
portant for long-term gene silencing[150]. It was recently
shown that a silenced interleukin-2 gene may be activated
by rapid demethylation of the promoter-enhancer region,
and that this occurs by an active enzymatic mechanism
[151]. However, the identity of this enzyme is unknown. It
has been indicated that MbD2b may act as a demethylase
for mCpG DNA [152], but the experimental support is not
very strong. It has also been suggested that some of the
AlkB homologues may have this type of activity[153–155],
but this remains to be verified. However, this indicates that
repair enzymes also may have regulatory functions (directly
or via homologues), and vice versa.

To sum up, although we most likely have a good under-
standing of the distribution of AlkB homologues, we are far
from understanding the function of all ABHs, and there may
be unidentified demethylases that complement their function
in various contexts.

6. Is there a threshold for carcinogenic effects of
alkylating agents?

For risk assessment the question of threshold versus
non-threshold for potential carcinogens is highly important,
and still controversial. Traditionally, a non-threshold policy
has been adopted in evaluation of risk. This is to a large
degree a political decision, for safety reasons, due to the
lack of adequate data for very low doses. The non-threshold

approach implies linear extrapolation of data from animal
experiments, using carcinogen doses that are mostly several
orders of magnitude larger than those humans are exposed
to. In general, a linear extrapolation would tend to over-
estimate risk if detoxification by metabolism and repair of
lesions are reasonably efficient for a particular chemical.
Linear extrapolation may be adequate for risk assessment
of some chemicals, but almost certainly not for all. Thus,
as an example there appears to be a threshold for a number
of chemicals, including vinyl acetate (reviewed in[156]).
For N-nitroso compounds, the situation has not been fully
resolved, and may be dependent on the compound. In a
study that involved 4080 rats, it was originally concluded
that there was no evidence of a threshold for the carcino-
genicity of N-nitrosodiethylamine[157]. However, a recent
reanalysis of the same data concluded that there was a clear
threshold at 1017.1 molecules/kg day)[158]. Also in other
studies, a lack of dose–response relationship at low doses
has been reported forN-nitrosamines and other chemicals,
indicating a threshold[159,160](reviewed in[161]). In con-
clusion, evidence is accumulating suggesting that for many
chemicals there is a threshold below which many potential
carcinogens are not carcinogenic. DNA repair processes are
likely to contribute to this effect.

7. Concluding remarks

Alkylating agents are ubiquitously present in the environ-
ment and are produced endogenously, yet their significance
for human disease remains obscure. However, it appears
to be well established thatN-nitroso compounds in some
foods, as well as in main stream tobacco smoke, cause
cancer. Available evidence strongly implicates mutagenic
alkylations as the mechanism by which these agents cause
cancer. The prevention of disease by DNA repair processes
is also generally well documented. However, particularly
with respect to repair of mutagenicO6-alkylations there is a
high, in some cases over 50-fold, variation in repair capacity
in some organs. Since the repair of this lesion takes place
by direct one-step repair, the variation is likely to be signif-
icant, but the cause of the variation remains unknown. This
variation in repair capacity may also be significant for the
response to treatment of cancer with alkylating drugs, and
there is evidence for an inverse correlation between effect
and repair capacity. The possibility to enhance effects of
drugs by chemicals that inhibit repair is also presently being
explored. The success of such approaches will presumably
depend on the ability to improve the selectivity, since lit-
tle is gained if the sensitivity of the tumor and non-target
tissues, e.g. bone marrow, increases equally much.

The recently discovered oxidative demethylation of
1-meA and 3-meC by AlkB and human homologues ex-
pands the concept of alkylation repair, not only with respect
to DNA, but also RNA as well. Although the biological
significance of RNA repair remains to be proven, it seems



F. Drabløs et al. / DNA Repair 3 (2004) 1389–1407 1403

likely that it will be established on the growing list of
mechanisms for macromolecular repair. The present review
has explored in some detail the occurrence and evolution of
AlkB homologues in viruses, prokaryotes and eukaryotes.
It is also intriguing that while in humans there is apparently
only one methyltransferase for repair ofO6-alkylations, and
only one alkyl glycosylase, there are at least eight human
AlkB homologues. These are located in different subcel-
lular compartments. The functions of several of these are
not yet well understood, but presently explored both in our
laboratory and other laboratories. While some of the human
AlkB homologues are already known to repair alkylation
damage, others are likely to have different functions.
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